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FOREWORD

Recycling of existing asphalt pavements for pavement rehabilitation or reconstruction has the
following advantages: (a) reduced costs of construction, (b) conservation of asphalt and
aggregate, (c) preservation of the existing pavement geometrics, (d) preservation of the
environment, and (e) conservation of energy. Recycling is no longer considered an experimental
process by many highway agencies. These agencies permit recycling alternate on aroutine basis
in the|r standard hlghway constructlon specmcatl ons and/or special prowsons Thereisaneed to

aspects of recycling of asphalt pavements.

The objectives of this 2-day training course are to pr
1. An understanding of the various methods and t
asphalt pavements.

2. The ability to determine when asphalt recycli
alternative.

3. The knowledge of how to select the
4. Information on equipment, construgii
The 2-day training will provide an j

te asphalt recycling method.

d QC/QA involved in recycling.
wledge of the following

tch and drum plants), hot in-place

the 2- day workshop,
a set of visual aids is av

The training can b
being added or de
session mod

esign and pavement design engineers.
ndependent, self contained session modules capable of

r to address the following audience: (1) administrators, (2)
mix design engineers/technicians, and (4) construction

this participant’s reference book represents a corresponding workshop
kshop. Some repetitions in a few chapters are inevitable because some
e interested to read all chapters if they are attending a specialized, shorte
2-day workshop. Each chapter contains a list of references at the end for further
desired.

. Mike Moravec of FHWA's Office of Technology Applications is the Contracting
Officer’'s Technical Representative for this project. This manual was co-authored by:

Prithvi S. Kandhal
Associate Director, NCAT

Rajib B. Mallick
December 1997 Senior Research Associate, NCAT
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CHAPTER 1. INTRODUCTION TO PAVEMENT RECYCLING

Recycling or reuse of pavement material is a very simple but powerful concept. Recycling of
existing pavement materials to produce new pavement materials results in considerable savings of
material, money, and energy. At the same time, recycling of existing materia also helps to solve
disposal problems. Because of the reuse of existing material, pavement geometrics and thickness
can aso be maintained during construction. In some cases, traffic disruption is less than that for
other rehabilitation techniques. The specific benefits of recycling can be summag ollows:
Reduced costs of construction.

Conservation of aggregate and binders.
Preservation of the existing pavement geometrics.
Preservation of the environment.
Conservation of energy.

Less user delay.

SurwWNE

RECYCLING ASA REHABILITATION ALTERNATIV

Severa studies™? have shown that it costs highw,
certain acceptable level of serviceability. Accordi Worl urces,® each $1.00 spent
during the first 40 percent drop in quality wi to $5.00 IT delayed until the pavement
loses 80 percent of its origina quality (figure 1- ehalilitation is needed to maintain the

pavement at a certain condition. Rehakilitation also needed due to the following
reasons:

1.

2. Excessive pav
3. Reduced surfac
4, EXxcessive maint
5
6

for planned use or projected traffic.

8l rehabilitation alternatives available for asphalt pavements.®
jnomon methods are thick or thin hot mix asphalt (HMA) overlay. The choice
e depends on observed pavement distress, laboratory and field

Aerial, and design parameters.) Also, maintenance of geometrics and
original t ements, especially in underpasses, influence the choice of rehabilitation
method. H@Wever, recycling has some unique advantages which are not available with other types
of rehabilitafien techniques. For example, recycling can result in savings, help in conservation of
natural resources, and can maintain pavement geometrics as well as thickness. Different recycling
methods are now available to address specific pavement distress and structural needs.

1-1



1. Introduction to Pavement Recycling

The Asphalt Recycling and R
methods: (1) hot recycling;
depth reclamation.

75% time Recycled
Pavement
P 100
A
VvV A 1st 40% drop
E 80 By recyclin - in quality
M at this point A
E pavement life >
N 60 is extended
T
C 40
(0] 2nd 40% drop
N in quality
D
| 20 12% Tlrne
T
|
(ON1]
N
0 4

iation® defines four different types of recycling
ling; (3) cold in-place recycling; and (4) full

y'sometimes along with a recycling agent, to produce hot mix
oth batch and drum type hot mix plants are used to produce
al can be obtained by milling or ripping and crushing operation.
and compaction equipment and procedures are the same as for regular

deformation, and cracking.

Hot in-place recycling (HIR) consists of a method in which the existing pavement is heated
and softened, and then scarified/milled to a specified depth. New HMA (with/without RAP)
and/or recycling agent may be added to the scarified RAP material during the recycling
process. HIR can be performed either as a single pass or as a multiple pass operation. In single
pass operation, the scarified in-place material can be combined with new materia if needed or
desired. In multiple pass operation, the restored RAP material is recompacted first,

1-2



1. Introduction to Pavement Recyclin

Figure 1-2. Introduction@

Figure 1-3. Surface recycling.




1. Introduction to Pavement Recycling

and a new wearing surface is applied later. The depth of treatment varies between 20 to 50

mm (% in to 2 in). The Asphalt Recycling and Reclaiming Association (ARRA) has identified
three HIR processes; (1) surface recycling, (b) repaving, and (c) remixing. Figure 1-3 shows a
surface recycling operation. This is a type of HIR operation in which the existing asphalt
surface is heated and scarified to a specified depth. The scarified material is combined with
aggregate and/or recycling agent. The mix is then compacted. A new overlay may or may not
be placed in the recycled mix. In the second type of HIR method, repaving, the surface
recycling method is combined with a simultaneous overlay of new hot mix asphalt (HMA).
Figure 1-4 shows a HIR operation with the application of an overlay. Both the scarified mix

scarified RAP material is mixed with virgin HMA in a pugmill, and X is laid
down as a single mix. The advantages of hot in-place recycling a @cracks can be
eliminated, ruts and shoves and bumps can be corrected, iS rejus@nated,
aggregate gradation and asphalt content can be modifie ' i

Cold in-place recycling (CIR) involves reuse of the e aterial without the
application of heat. Except for any recycling agent, no of materials is usually
required, and aggregate can be added, the cost is'very low. Normally, an asphalt
emulsion is added as a recycling agent obi . Ision is proportioned as a
percentage by weight of the RAP. Fly ash klime may also be added. These
additives are effective for over aspha stability mixes. The process includes

placement, and compaction. T«
screening, crushing and mixing
a windrow from the mixi i
conventional hot mix
typically from 75 to 1

mon. The processed material is deposited in
re it is picked up, placed, and compacted with

rolling equipment. The depth of treatment is

. The advantages of cold in-place recycling include

st pavement distress, improvement of ride quality,

lems, and capability of pavement widening. Figure 1-6

surface or a wearing course. If the in-place material is not sufficient to provide the desired
depth of the treated base, new materials may be imported and included in the processing. New
aggregates can also be added to the in-place material to obtain a particular gradation of
material. This method of recycling is normally performed to a depth of 200 mm to 300 mm (4

to 12 in)® Figure 1-7 shows a full depth reclamation train in action. The train consists of
recycling machine hooked to a water tanker and steel drum roller with pad foot shell. The
advantages of full depth reclamation are that most pavement distresses are treated, hauling
costs are minimized, significant structural improvements can be made




1. Introduction to Pavement Recycling

Figure 1-4. Hot in-place recycling ope¥@ti application of overlay (repaving).

Figure 1-5. Remixing.




1. Introduction to Pavement Recycling

R

Figure 1-7. Full depth reclamation.




1. Introduction to Pavement Recycling

(especially in base), material disposal problems are eliminated, and ride quality is improved.

PAVEMENT DISTRESS

The majority of pavement distress can be categorized as surface distress or deformation or cracks,
or acombination of these three. Surface distress, such as raveling (figure 1-8) or bleeding (figure
1-9) or aggregate polishing (figure 1-10) can be treated with either hot mix or hot in-place

recycling. Deformation in the form of corrugation (figure 1-11) can be treated with hot mix or hot
in-place recycling, whereas rutting (figure 1-12) can be treated with hot or cold in-place recycling

equipment, availability of experienced contractors, cost and @
considerations are discussed in detail in chapter 3.
Figure 1-8. Rav

]

SUMMARY

Recycling is one of the several alternatives available for rehabilitation of pavements. Other
methods include overlay and complete removal and replacement. Recycling is

increasingly being used because of the following advantages: (a) reduced cost of construction,
(b) conservation of aggregate and binders, (c) preservation of existing pavement geometrics, (d)

1-7



1. Introduction to Pavement Recycling

Figure 1-10. Aggregate polishing.




1. Introduction to Pavement Recycling

Figure 1-12. Rutting.

1-9



1. Introduction to Pavement Recycling

preservation of environment, and (e) .
available to address specific pavement ement structural requirements. The four
are hot mix recycling, hot in-place recycling,

. The choice of a particular technique depends
distress and structural strength), availability of

ced contractor, initial cost, construction impact on

Roads Cost Less (Pavement Rehabilitation Needs, Benefits, and Costs
DOT-MR-77-8, Utah DOT, Sdlt Lake, UT, 1977.

ycling and Reclaiming Association. Hot In-Place Recycling, Presented by the Hot
ecycling Technical Committee, ARRA Convention, 1996.

3. JA. Epps, D.N. Little, R.J. Holmgreen, and R.L. Terrel. Guidelines for Recycling Pavement
Materials, NCHRP Report 224, TRB. National Research Council, Washington, DC, 1980.

4. J.A. Epps, R.L. Terrel, and D.N. Little. “Recycling Pavement Materid®sy'al and Urban
Roads, May 1978.
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1. Introduction to Pavement Recycling

5. An Overview of Recycling and Reclamation Methods for Asphalt Pavement Rehabilitation.
Asphalt Recycling and Reclaiming Association, Annapolis, MD, 1992.

6. JA. Epps. Cold-Recycled Bituminous Concrete Using Bituminous Materials, NCHRP
Synthesis of Highway Practice 160. TRB, National Research Council, Washington, DC, 1990.
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CHAPTER 2. PERFORMANCE DATA OF RECYCLED MIXTURES

INTRODUCTION

Use of recycled asphalt pavements has increased appreciably since its inception in 1915 and
revival in the mid-1970s, when Arab oil embargo caused inflation of construction costs.
Experlence gal ined over the years by dlfferent states has shown that asphalt pavement recycllng is

states. The objective of this session isto present the laboratory and fi
recycled asphalt pavements.

PERFORMANCE OF HOT MIX ASPHALT RECYCLI

Hot mix asphalt recycling has been used extensively and rouiti
several years. It isno longer considered an experim
pavements have generally performed equal to or
Therefore, very few experimental projects which
recycled and conventional HMA pavements,
number of projects (mostly constructed in the

becausafecycled HMA
ional HMA pavements.
elative performance of
orted in the literature. A limited
orted here.

Florida
Florida has been using recyc . Pavements constructed by milling and
replacement by recycled H performing better than pavements constructed

Reflective cracks have been removed successfully by
ory and in-place evaluation of recycled HMA has
mpared to conventional HMA.® A comprehensive

Y and testing program is used by Florida DOT for recycling HMA. The

of conventional overlay an
full-depth milling of &

specification g
plans include :
between the new asphialt cement and aged binder in the recycled asphalt pavement (RAP).

surface courses in each of five projects ranging in age between 1% and 2¥4 years. The RAP
content in these mixes was mostly 25 percent with a range of 10 to 40 Betit.virgin and

the recycled sections were reported to be performing satisfactorily after 1% to 2% years of service
with no significant rutting, raveling and weathering, and fatigue cracking. The recycled sections
had an average rut depth of 2 mm (0.08 in), with no raveling or alligator cracking, and very few
transverse and longitudinal crac¢ksStatistical analysis revealed no significant difference in the
properties of in-service HMA mix and recovered asphalt cement, and performance of recycled
and conventional HMA test sections in these five projédesgures 2-1 and 2-2 show

2-1



2. Performance Data of Recycled Mixtures
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Figure 2-1. Comparison of air voids, resilient modulus, and creep modulus of
in-place cores from control and recycled mixes.
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2. Performance Data of Recycled Mixtures

comparisons of air voids and resilient modulus of pavement cores, creep moduli of recompacted
mixes, and properties of recovered asphalt binder from conventional (control) and recycled HMA
sections. It was concluded rutting properties were similar based on creep moduli, and the extent
of asphalt aging was equal for control and recycled mix based on the properties (both
conventional as well as Superpave) of the recovered asphalt binder.

Kansas
In aproject undertaken to evaluate performance of hot recycled mix, a 30-mm (1.2-in) HMA

conventional surface course was constructed over a 125-mm (5-in) recycled
after cold milling 90 mm (3.5 in) of the existing pavement A control sectiog

Louisana

A study® carried out to evaluate ten recycled pav about Six to nin€’year old) constructed
in the late seventies reported that both recycled i ingicourses performed similar to
conventional pavements. The pavements, co i -50 per P material, were compared

to conventional HMA pavements in terms of
analysis, and mixture and blnder propertles In

dition, serviceahility, structural
ygnificant difference was observed
s (ffom Mays Ridemeter and distress
survey) of the recycled and convention s. Structural parameters (from

conducted on recovered bi igrificant difference between the recycled and
conventional HMA pavem

mly cracked 8.6 km (5.3 mile) stretch of 1-290 comprised of
of existing pavement for the easterly two thirds of the project and

recycled HMA had 35 percent RAP and was produced in a batch plant. During production, the
original mix§@esign of 60 percent AC-5 and 40 percent AC-20 was modified to 80 percent AC-5
and 20 percent AC-20 to conform to the asphalt cement ductility and penetration speciftations.
Evaluations after 11 years of construction showed no signs of cracking or rutting in the pavement
sections. The Massachusetts Department of Public Works concluded that it is quite possible to
use RAP to produce HMA which conforms to specifications.

2-4



2. Performance Data of Recycled Mixtures

Minnesota

The first recycled HMA project was constructed in 1976 on a 4-lane urban highway, in which the

origina pavement was recycled and replaced with a 175-mm (6.9-in) recycled HMA base, a 40-

mm (1.6-in) recycled HMA binder and a 20-mm (34-in) surface wearing course. The recycled

HMA contained 50 percent RAP material. The recycled HMA base on the eastbound roadway
was placed in three lifts, and the recycled HMA base in the westbound roadway was placed in one
lit. A control section of full-depth conventional HMA section was also plé&t@&knkelman

beam deflections taken after one year of service showed similar measurements in the test sections
with recycled and conventional HMA This indicates that the structural s of recycled and
conventional HMA are comparable. The pavement with recycled HMA
a higher average deflection than the pavement with the recycled H
Visual examination of testing of cores taken in 1991 showed t C ixdrad a service
life comparable to the life of conventional HMA.

Washington

In a 1977 rehdliation project, 45 mm (1% in) of an existin as removed and

replaced with recycled HMA. A 20-mm (%4-in) o ction course was placed over the
recycled HMA. A test section using the recy:

constructed® The mix consisted of about 72 p rial, 0.75 percent recycling agent
and no new asphalt cement. The recyclin lication rate was selected to provide a
recycled binder comparable to an AR-4000 ment. Asphalt cement was extracted from
field cores obtained after each of construction. It was reported that the binder in

and that the average properties of the
jon requirements for absolute viscosity and penetration

ntional HNMPAThe recycled pavement had a 16 year
years of service life for the original HMA.

vement constructed in 1978 consistetlirgf 45 mm (1.8 in) of
at and replacing it with a recycled HMA. It was overlaid by an 18-mm (0.7-in)
r§&The RAP content was approximately 70 percent The recycled

recycled HMA as the weanng course. Performance evaluations were made for a period of six
years. Dataiyom recovered asphalt cement showed that the asphalt cement would have met
specification requirements for AR-4000W grade initially and over timaligesnodulus data
indicated that the recycled HMA did not age significantly over the evaluation pide:

improved HMA after recycling provided actual 15 years of service as compared to 6 years for the
original HMA.®

2-5



2. Performance Data of Recycled Mixtures

Wyoming

Thefirst two recycled HMA projects were constructed on two sections of 1-80 in the late
seventies. In the first project the existing mix on the pavement was removed and replaced with
recycled HMA containing 85 percent of RAP.“? The mix contained 0.5 percent new asphalt
binder and 1.0 percent lime. The pavement performed for 12 years before rehabilitation. The
second recycled mix used on 1-80 had 70 percent RAP materia™ and 1.0 percent new asphalt
binder. The project was performing satisfactorily as reported in June, 1992.%

PERFORMANCE OF HOT IN-PLACE RECYCLING (HIR)

Performance of HIR pavements is generally satisfactory based on ther
where it has been used. It should be noted, however, that the HIR t
equipment have significantly improved during the last several year

constructed in some stateﬁ. The projects rated poor in perfor

New Y ork is discussed below foIIowed by the general perform nationwide survey.

A recent reference'™® described the results o ied out in 1996 to evaluate the

performance of ten HIR test sections construct ince 1990. All of these sections were
processes in which the top 50 mm (2

—the top 25 mm (1 in) in the first step and
The recycled mix was laid down as a single course with
one pass of a recycling tr
randomly located in-plac
in the laboratory included It content, gradation of aggregate, penetration and
cement, binder film thickness and asphalt absorption. In

observed in one section only, and the authors observed that the
related to the full depth HMA pavement and were not related to the HIR
slight transverse cracks were considered as reflected cracks and not

ck deterioration or spalllng along cracks were not evident at any of the sites.

e average 1996 rut depths were reported to be between 3 mm (0.1 in) and 7 mm

in). Pavements with greater traffic loadings were found to have higher rut depth.

The authors indicate the causes of relatively greater amounts of rutting in one section
to be high asphalt content and increased thickness.

4. No significant in-place aging of binder was observed for the test sections in the six-
year performance period. In most of the cases, the recovered binder penetration values
were found to have remained unchanged (or increased) over the six-year performance
period.

5. The air voids were found to have stabilized after four years of service.

2-6



2. Performance Data of Recycled Mixtures

Figures 2-3 and 2-4 show before and after recycling photographs of a pavement in Canada.
New York
Eight hot in-place recycled projects were completed in New Y ork from 1987 to 1992. All of these

projects were reported to be performing satisfactorily in 1992.%® Of the eight projects, six were
on Interstates with average daily traffic volumes of 9,000 to 62,000 vehicles.

A comprehensive nationwide information on performance of
available. Some reports which contain performance evaluatio
pavements, are available in the literature. However, these repo
defining performance. The general performance dat ted byf8tates thal have constructed a
number of projects indicate that performance h r very good, particularly

with respect to cracking.®®

California

In an evaluation study of thirteen cold asph ements constructed between 1979 and
1983, about 70 percent of the W und to have good performance.™® The poor
performance of the rest of th€projects was ted to incomplete mix design and nonuniform
distribution of the binder.

Indiana

Roughness, dé @ d vi evaluation made after one year of construction (1986) indicated

better performarié@i@l’a cold in-place recycled mix section compared to a conventional resurfaced
(7 Transvehse reflection cracks and longitudinal cracks were found in the conventional

p the cold recycled mix section.

been minimized by the use of full depth reclamation procedure.*®
Nevada
Examination of cores and visual condition surveys done after seven years of service revealed areas

of bleeding and minor cracking in one cold recycled project.“® A large portion of the project was
found to have no distress. The authors mention that the bleeding was probably

2-7



2. Performance Data of Recycled Mixtures

recycling.

Figure 2-4. Pavement after HIR.
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Table 2-1. Results of U.S. survey on hot in-place recycling (HIPR).(modified from14)

Surface Seal g

Methods Used Milling Depth Class of Highways for HIPR grmance of HIPR Pavements
State Range, mm (in.)
Heater Low
Scarifi- | Repave | Remi Major Secondary | Volume Good Fair Poor
cation X

Alabama X X 50 (2) X
Alaska X X X
Arizona X 25(1) X X X
Arkansas X 25-32 (1-1v4) X X
California X X (19-38) 34-1% X X
Colorado X X 38-50 (1v2-2) X
Connecticut X 38-50 (1v2-2)
Delaware
Florida X X X
Georgia
Hawaii
Idaho X
lllinois X X X X X
Indiana
lowa X X X X
Kansas X X X X

SOINIXIN Paokday 10 ereq souew o} ed ¢
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Table 2-1. Results of U.S. survey on hot in-place recycling (HIPR) (continued).(modfied from 149

Methods Used Milling Depth Class of Highways for HIPR grmance of HIPR Pavements

State

Range, mm (in.)
Heater Low

Scarifi- | Repave | Remi Major Secondary | Volume
cation X

Good Fair Poor

Kentucky

Louisiana

X X X 19-38 X X
(%+-1v2)

Maine

Massachusetts|

Maryland

X 38-50
(1%4-2)

Michigan

Minnesota

Mississippi

Missouri

Montana

X (interstate) X

Nebraska

Nevada

32 (1%4)

New
Hampshire

New Jersey

New Mexico

SOINIXIN Paokday 10 ereq souew o} ed ¢



Table 2-1. Results of U.S. survey on hot in-place recycling (HIPR) (continued

) (modified from 14)

State

Methods Used

Heater
Scarifi-
cation

Repave

Remi

Milling Depth
Range, mm (in.)

Class of Highways for HIPR

Surface Seal Q

Major

Low

Secondary | Volume

mance of HIPR Pavements

New York

25-38 (1-1%)

Fair

Poor

N. Carolina

N. Dakota

Ohio

38 (1%)

X (remix)

X (with heat
scar)

x (heater
scar)

Oklahoma

25 (1)

X

Oregon

Pennsylvania

Rhode Island

S. Carolina

S. Dakota

Tennessee

Texas

Utah

Vermont

Virginia

Washington

Wyoming

T1-C
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Table 2-2. Summary of selected case histories of hot in-place recycled pavemen

t (modified from 14)

Agency/ Description Condition of Old HIPR Milling Depth/ Rejuvenatip Performance/
Date Recycled of Job Pavement Process Overlay Depth Remarks
Used Mix perature
Repaving Process

FAA Carrabelle, Thompson Field Unknown Repaver 25 mm/25 mm Officials pleased that job met

FL 1990 Airport. 30 m x 212m (Lin/1in) specs and appeared cost
(98.4 ft x 695.6 ft) effective and had short down

runway time.

FloridaDOT USAL, Ft. Myers, FL Rutting, cracking, low Cutler 25 mm/19 mm PSI** increased from 3.43 to
1979 3.9km (2.4 mi), 6- friction; pavement Repaver (i 6 gal/yd) 3.89. After 14 years pavement

lane ADT-39,000

structure was OK.

4°C to 121°C
5° F to 250°F)

has 12 mm ruts, hairline
cracking, and fair ride quality.
Overall performance good.

Louisiana DOT
1980

Metairie RD from US
61-1H-10 5.8 Km (3.6
mi) curb and gutter
section

Cracking, rutting

Cutler
Repaver

Louisiana DOT
1986

11.4 km (7.1 mi) of
us71

City of Phoenix City collector street. Cutler 19 mm/25 mm Yes, Type and quantity Early performance good. Low
1990 8000 m2 longitudinal Repaver | (0.75in/1in) Unknown pollution favorable to city
distortions, officials.
Unknown
Lee County, lowa Rural ro Oxidized surface, Cutler 19 mm/25 mm Elf ETR-1 at 0.36 1/ Early performance good.
1990 X-38 and cracking, 13 mm (0.5 | Repaver | (0.75in/1 in) (0.08 gallyd) Officials pleased with

CSS-1, 0.45 1/A4(0.09
gallydf)

Unknown

Eliminated cracks, and
restored cross slope, and
minor improvement of
longitudinal undulations.
Began raveling in 6 mo.
Generally, satisfactory after §
years.

25 mm/38 mm
(1in/1%in)

ARA-1, 0.63 1/m
(0.13 gallyd)

Mat 65°C to 129°C (150-
265°F) with 102°C (215°F)
avg. behind paver

Difficult to achieve density.
Low mat temp. Recycled
section performing about
equivalent to control section.

in) ruts

relatively little traffic
disruption.
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=. -(mOdIerd from 14)

Agency/ Description Condition of Old HIPR Milling Depth/ Performance/
Date Recycled of Job Pavement Process Overlay Depth Remarks
Used
Repaving Process
FAA Texarkana, Airport. 2011 m Aged, brittle mix. Low | Cutler 25 mm/25 mm After 6 yrs a few surface
TX 1986 (6598 ft?) and friction. Repaver | (1in/1in) cracks have appeared in
25yrold isolated places. Otherwise,
performance is excellent.
Connecticut DOT | Rt. 15 at Westport, | Rutting. Otherwise Cutler Some reflection cracking.
1981 CT. 4.7 km (2.9 mi), | fairly good condion Repaver HIPR same as control.

4-lane divided

°C + 22°C (250°F +
30°F) by spec.

Recycling cost about 16%
more than conventional.

Transport Canadd

Prince George

Extensive longitudinal,

Taisei

Cyclogen-L at 0.36 1/f

Extraction tests verified
excellent control of

1988 Airport, British transverse, and rand (0.08 gallyd) Varied based
Columbia cracking w/ raveling. egate on observing flushing rejuvenator application rate.
Annual crack seali added 1o RAP. during heating Asphaltenes decreased by
24%; polar compounds
110°C-150°C (23,0,0': - increased 143%, which
302°F) was specified. indicates improved durability
Maintained at low end.

Defence Airfield pavements at 40 mm/50 mm RJO #3 at 0.4 1/A(0.08 Equipment was capable of
Construction Canadian Forces (1.6in/2in) gallycf) heater-scarification, repaving
Canada 1989 Base, Edmonto Only a overlaid later; or and remixing. Early

Alberta, 330,000 | small 40 mm/19 mm performance of pavement h
(412,500 y8 areawas | (1.6in/0.75in) been good. Author states th
remixed | repave 120°C (248°F) behind pavef pavement flushing is a
was targeted value concern, and that more
inspection and testing will be
required for all HIPR.
Texas DOT IH-10 and Severe rutting, age- Wirtgen 25mmto 3lmm | ARA-1 No drop off during
1991 near Beau hardened mix. Raising| Remixer | (1in/1.2in) construction enhances safety

elevation by overlaying
was impractical

About 116°C (240°F)

Early performance

satisfactory.

SOINIXIN Paokday 10 ereq souew o} ed ¢



4%

Table 2-2. Summary of selected case histories of hot in-place recycled pavement

=. -(mOdIerd from 14)

Agency/ Description Condition of Old HIPR Milling Depth/ Performance/
Date Recycled of Job Pavement Process Overlay Depth Remarks
Used
Repaving Process
Tennessee DOT Northern-most 9.7 km | Severerutting and Wirtgen 75 mm + 24 kg/m? Officials pleased with density,
1990 (6 miles) of IH-75in | other formsof distress | Remixer of new mix stability, asphalt content, and
Tennessee gradation. Overall early
performance very good.
Alabama DOT 6.4 km (4 mile) Cracking and rutting. | Wirtgen Minimal traffic disruption wa
1989 stretch of US 78 near Unsightly. Remixer important. Early performanc
Fruithurst OK.

Near 148°C (300°F)

Mississippi SHD

55 lane-km (34 lane-

Highly polished with

Yes, unknown

Early performance OK. DO

1990 mi) of IH-59 in some rutting. .5 . pleased with project.
2
Lauderdale County Ib{yd ) ®f new 110°C (230°F)
mix
Texas DOT IH-35in La Salle 0 mm + 8 kg/rA | None used. Asphalt was in | Officials believe process is
1990 County near Cotulla (1.5in+26.4 new mix. promising. Early performanc

Canadian Dept. Of
National Defense*
1989

Lancaster Park
Airfield near
Edmonton 4250m

British Columbia
Ministry of
Highways*

1989

Highway (Rt
Vancouver, 12
km (78 lane-

Ib/yd?) of new mix

Unknown

is OK.

o2

38 mm + 19 - 50

Shell RJO-3 at 0.19 1/n

Specs on density, temperatu

T

Rutting, surface

Repaver | mm (1.5in +0.75 | (0.04 gallyd) penetration, scar, depth and
and - 2in) overlay; 38 smoothness of surface were
Remixer | mm + 41 kg/m Unknown met. An acceptable econom
(1.5in+72.2 alternative.
Ib/yd®) new mix
Artec and | 38 mm to 63 mm | Unknown All specs were met. Ministry
cracking and other age} Taisei (1.5in+52.8 was satisfied with final resultg.
Remixers | Ib/yd? (no new Appears to be an acceptable

related distress

material added)

105°C (221°F) minimum

economic alternative.

Reduced traffic disruption.
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Agency/ Description Condition of Old HIPR Milling Depth/ Performance/
Date Recycled of Job Pavement Process Overlay Depth Remarks
Used
Repaving Process
Texas DOT IH-20 from Poor ride quality and Wirtgen 38 mm + 30k Officias pleases with early
1989 Louisiana, border to someraveling. An Remixer (L5in+52.8 performance. Pleased with
FM 450, 51 km (32 other portion was Iblyd?) new mix saf ety aspects of process.
mi), ADT-18,000 overasphalted. Good ride quality.
20% trucks
Texas DOT US 259 in Lone Star.| Oxidized, Block Cutler -5 used with new mix Early performance OK.
1987 Major arterial cracking. 25 mm (1- i Pleased with economics.
carrying heavy trucks| inch) ruts at inter- 93°C (200°F) behind screed
sections
Oregon DOT 82nd Ave from N.E. | Rutting, Cracking, ver Non-emulsified product Officials very happy with
1987 Wasco to S.E. poor drainage lous mew project outcome. Ride quality

Division a 5-lane
major arterial

Unknown

and early performance good.

South Carolina
DOT 1983

SC 291 from US 29 tg
N. St. in Greenville,
1.2 km (0.74 mi), 6-

lane, ADT-37,300

Unknown

41 kgInt (72.2
Ib/yd?) surface

Exxon AC-2.5 used in
virgin mix

mixed with 18
kg/m? (31.7
Ib/yd?) virgin mat

Mat behind screed 110°C
(230°F)

Stability, density and
workability compare well with
virgin mix. Durability of mix
is a concern.

Louisiana DOT
1990

US 90 from LA 99 t
Jennings

Wirtgen
Remixer

38 mm + 30 kg/m?
(1.5in+52.8
Ib/yd?) new mix

ARA-1 at 0.9 1/r4 (0.19
gallycf) AES-300RP used in
a short section

107°C - 148°C (225°F -
300°F)

Initial economic benefit
realized. Early performance
OK.

qT-¢
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2. Performance Data of Recycled Mixtures

caused by improper seal coat quality control or design. Examination of another three year old
project showed no distress other than joint raveling.™

New M exico

A total of 120 cold in-place asphalt recycling projects have been constructed in New Mexico since
1984. A recent performance evaluation of 45 projects located throughout New Mexico® shows
that all of the pavements are providing acceptable performance levels. The projects evaluated
were from 4 to 12 years old jobs. The traffic levels ranged from about 3,000 to 10,000 AADT and
average daily load in terms of 80 KN ESALS ranged from about 8 to 4,000. Bg
by visual inspection and evaluation of cores were made for the projects. Pa

fair to good condition. Comparison of density of cores obtained
the time of evaluation indicated no significant change in air voi

New York

cted inNew Y ork from 1990
age traffic volume range of
forming extremely well in

ycling photographs of two pavements

A total of four cold in-place asphalt recycling proj
to 1992. The four rural road projects total 57 |

1992.® Figures 2-5 through 2-8 show befor
inrural New York.

Oregon

used in the Oregongire y
specifications, ) n pavement with significant maintenance patches over a
uniform paverfign REC formed on low-volume highways where considerable variation
in pavement strue Xi

o high arecycle agent content in the early years. Contents more than 2 percent with
710 10 percent diluent were shown to create excessive softening.
2. Placing atight seal or dense wearing course too soon, resulting in trapping of water
and diluent, followed by stripping and rutting.
3. Depth of recycle stopped at a delaminated layer of old pavement, resulting in loss of
bond.
4. Failureto provide some type of seal before freeze/thaw conditions.
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Figure 2-6. Pavement after CIR.
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Figure 2-8. Pavement after CIR.
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2. Performance Data of Recycled Mixtures

A comparison of ride quality data obtained from pavement prior to recycling, and recycled
pavement showed that major improvement can be achieved with cold in-place recycling. Thisride
quality comparison is shown in figure 2-9.

R:‘:{H RIDE
200
] a Before CIR
) T ;/’ - W4 Ater CIR
150 ﬁ 7 [Z] After 1/4 in Overlay
" / : ]
% Slightly | 5 P ::/;,
O Hough | 4 '/'
o e i
W Average - /
= ) 7 v ﬁ
S " > 7 7
Smooth : 7 4 //é
1 Z % 7
a0 1
B % i
HWY—»7 20
MP-»75-B4 19-26 0-14 0-5
35-54
Figure 2-9. Pre- ride data from 1986 Oregon project.®)
Pennsylvania
Details of cons data for some cold in-place recycled pavements have
been presente@in iiresasl he first recycling job was on a pavement with a poor base
showing consid Imount Ofpatches and alligator cracking. The existing road was milled to a
depth and the resulting RAP was transferred to a mobile mixer-paver
(Moto e RAP was mixed with 2 percent MS-2 emulsion (approximately 0.02
liter per ton) of the RAP by weight) in the pugmill and laid through a screed. The

as laid to give a compacted base course of 125 mm (5 in) thickness. This base
course waS@verlaid with a 40-mm (1.5-in) thick HMA surface course after remaining open to the
traffic for a@@uple of weeks. The road, which carried alot of truck traffic, was reported to be
performing well.®*® Photographs of the pavement before and after recycling are shown in figures
2-10 and 2-11. Another cold in-place recycling project was completed on a narrow, badly
cracked, heavily patched road in 1983. The existing roadway (figure 2-12) was milled and
recycled to adepth of 75 mm (3in). A CSS -1h emulsion was used in this project. The recycled
pavement was provided with a single seal coat only, and was reported to be in very good
condition after the 1983-84 winter (figure 2-13). However, inspection in 1986 revealed a loss of
seal coat and developing potholes® (figure 2-14). The section in which 100 percent RAP was
used was found to have more potholes than the section in which a 50/50 blend of RAP and virgin
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2. Performance Data of Recycled Mixtures

Figure 2880. Pavgfflentefore fecycling.

Figure 2-11. Pavement after CIR.
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Figure 2-13. Pavement in good condition after CIR.
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2. Performance Data of Recycled Mixtures

emulsion by weight of the RAP was
eared quite dense and was covered with asingle
ecycled mix is not adequately water and abrasion
to protect it. Potholes developed on these projects

rs have recommended the use of at least a double seal

used. The compacted recycl
seal coat. The authors menti
resistant, a single coat may
after the loss of the first

surface treat ! . ition of the pavements were reported to be good in
1986.%

al agencies regarding full depth reclamation have been favorable. Depending on the
type of addifiise used in full depth reclamation, strong and durable bases have been obtained and in
many cases occurrence of pot holes and related deterioration have been avoided. With the help of
falling weight deflector meter tests, full depth reclamation has been shown to increase the material
strength (resilient modules), and capability to distribute loads.®®*) Figures 15 and 16 show two
photographs of before and after recycling pavements in New Hampshire.

SUMMARY

The experience of the different states indicates that in most cases the performance of the recycled
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Figure 2-16. View after FDR.
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2. Performance Data of Recycled Mixtures

asphalt pavements has been superior to or comparable to conventional asphalt pavements.

However, it was also observed that recycled pavements performed well only when good project
selection criteriawere followed, and they were designed properly and constructed under good
quality control and acceptance conditions. Hence, the conclusion from this literature review is that,
asin the case of conventional asphalt pavements, recycled asphalt mixtures must be designed to
meet proper specifications, produced with good quality control, and placed properly with no defects
or irregularities.
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CHAPTER 3. SELECTION OF PAVEMENT FOR RECYCLING AND
RECYCLING STRATEGIES

INTRODUCTION

All pavements deteriorate over time due to traffic and environmental factors. Rehabilitation is
needed to maintain the pavement at a certain condition. As mentioned in chapter 1, rehabilitation
may be required for any one or more of the following reasons.®

1. Inadequate ride quality.

2. Excessive pavement distress.

3. Reduced coefficient of friction between tire and pavement.
4. Excessive maintenance requirement.
5
6
7

. Unacceptable user costs.
. Inadequate structural capacity for planned use.
. Inadequate capacity to carry projected traffic volu

There are large numbers of rehabilitation alternativ ' ements. As shown
in figure 3-1 recycling is only one of the several r ives.” Some of the other

common methods are thick or thin hot mix
dense graded or open graded, as shown in fi
4) is aso used as a rehabilitation technique. Th
observed pavement dlstress laboratogy and f|

3-3 respectively. Cold milling (figure 3-
e rehabilitation alternative depends on

jnal thickness of pavements, especialy in
underpasse& ianuencethe choi ion method. HMA overlays can be used with or
without milling or recycling. ace recycling, all other recycling methods such as
hot mix or hot in-place or ¢ ing; have the potential to improve the structural
capacity of pavements. In ycllng has some unique advantages which are not
available with other

an help in conservation of natural resources by cutting down the need for
materials. Thistrandates to substantial savings in aggregate resources and

and for asphalt binder, especially during supply interruptions. Even though there

ay be an abundant supply of aggregates, the distribution of these sources does not
always coincide with the location of need. A pavement recycled by cold process may
need about one to three percent of asphalt binder compared to about six percent for a
new asphalt concrete pavement This amounts to savings of about 10 gallons of asphalt
binder per ton of the mix.®® Cold recycling can also substantially reduce energy
consumption by the pavement industry.
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Figure 3-3. Open-graded HMA overlay.
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3. Recycled materials have
HMA overlay on recycled
existing surface,
less stiff, can su
surface course.

eqlia to new materials in quality. An
ter than an HMA overlay on the
e of the same thickness, because the former, being
otential of reflective cracking through the

geometrics as well as pavement thickness. The
be strengthened by recycling without adding

Since recycling can also be combined with the use of overlays, the process of selection of
rehabilitation technique involves recycling methods as well as recycling with overlay or without
overlay, or some treatment without recycling. Table 3-1“ shows the different pavement
maintenance and rehabilitation method available for asphalt concrete pavements to address
specific pavement distress problems. Structural recycling refersto both hot and cold recycling.
The choice of rehabilitation technique should be based on engineering considerations, economic
considerations, and energy considerations. A discussion of these three considerations follows.
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Table 3-1. Pavement maintenance and rehabilitation alternatives.?

POSSIBLE CAUSE MAINTENANCE! TATION?
PROBLEM
Temp.or Patching & Open
Structural Mix Moisture Routine Fog Surface | Slurry Surface Th Graded ctural | Structural Recon-
Failure | Composition [ Changes | Const. | Maintenance | Seal | Treatment | Seal Surface erlay | Recycling | struction®
Alligator Cracking X x* x° X X X
Edge Joint Cracks X X X X
Reflection Cracks x° X X
Shrinkage Cracking X x° X X
Slippage Cracks
Rutting X X X X X
Corrugation X X X X X
Depressions X X X
Upheaval X X
Potholes X X
Raveling X
Flushing Asphalt X X
Polished Aggregate X X
Loss of Cover X
Aggregate

Notes:
'Refer to Asphalt in Pavement Maintenance (MS-16), T!
AWhen cracking exceeds 40 percent o
%|f problem is extensive enough
“Deep patch-permanent repair
*Temporary repair

®When accompanied by surface recycling
"When rutting is minor

80ver planed surface

halt Institute, for details

Saibare.s BuIjoAday pue Bui[oAday J0) JUSLBARd JO UONJSRS 'S



3. Sdection of Pavement for Recycling and Recycling Strategies

Engineering Consideration

The choice of arehahilitation technique should be based primarily on the condition and
performance history of the existing pavement. The major factors should include the following:®
The present condition of pavement, based on ride quality and type

The type, extent and severity of distress

The structural condition of the pavement

The environmental conditions of the region, primarily temperature and rainfall
Drainage conditions of pavement, including surface and subsurface drai

SurwWNE

structures, shoulders, median barriers and guardrails
The design life required for treatment

The material used in original construction and planned
The age of the pavement

© o N

10. Thetype, frequency and cost of past maintenanc
The most common factors considered are (1) the present condi t with regard to
distress, (2) traffic in terms of equivalent 18-kip axl [ for design period, and (3)

ust evaluate environmental and

ous structures. Since different
ifferént life cycle, the designer should

s available and user convenience. Design
of original surface (for example, PCC or asphalt) on
which the new overlay will : the question of whether to use a separating
overlay. And finally, perhaps the most important

unt and severity of distress conditions of the

Before choosing a rehabilitation alternative, t
drainage factors, and practical limitations impo.
rehabilitation techniques can produc
consider the expected life of the pav

sideration

niques can be evaluated on the basis of the cost of the pavements. The cost, or
worth, of a pavement can be defined in two ways:. (1) present worth (PW), or the present value,
and (2) equivalent uniform annual costs (EUAC). Present worth is defined as the money needed at
present to fund all costs of the pavement. The equivalent uniform annual cost (EUAC) is an
equivalent amount of money spread out over the analysis period.

The advantage of EUAC method is that aternatives with different lives can be conveniently
compared, and prices for aternatives are in dollar value ranges that can be easily comprehended.
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Life cycle costs of the rehabilitation aternatives must also be considered in economic analyss.
The life cycle is the period of time of actual use before replacement, reconstruction, or extensive
rehabilitation is required. Life cycle costs include the initial construction cost as well as the cost of
maintenance activities during the life cycle.

Appendix A contains a detailed discussion of economic considerations including an example of life
cycle cost analysis.

Energy Considerations

1970s that widespread attention was paid to recycling because of the oil e ) of
HMA pavements results in a considerable conservation of energy by g and
production of materials. However, the amount of savings depend

recycling used. Energy considerations required for selection of de the
following operations which consume energy: material manuf rtation, mix

The following energy requirement data for resurfaci
reported:®
. Heater Planer - 3.5-7.0 kWh/n? -
. Heater scarify - 3.5-7.0 kWh/n? -
. Hot milling - 0.27-0.55 kWh/m?-cm

Btu/yd®-3/4 in).
000-20,000 Btu/yd®-3/4 in).
Btu/yd®-in).

0-20,000 Btu/ydin).
KWH/rm-cm (20,000-25,000 Btulydin).

OO0 WNPE
0O
Q
o
3.
=
(]
1
©
[ERN
o
©
03]
a1
rS

The energy requirements foflbperations 4 only include energy associated with the equipment
used for pavement removal. proach for calculation of the energy requirements of
recycling operatio procedure for each phase of the operation using

. St cost.
4. L\ie cycle cost.

5. Traffic control.

6. Length of construction.

7. Impact on adjacent business.

8. Utility relocation and interference.
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Selection of a Recycling M ethod

If recycling is chosen as arehabilitation alternative, there is a variety of recycling methods
available for rehabilitation of HMA pavements. The primary options are hot mix recycling, hot in-
place recycling (HIR), cold in-place recycling (CIR), and full depth reclamation (FDR). These
recycling methods offer a number of advantages, which include the following.”

1. Allow the use of existing material with the elimination of disposal problems.

2. The asphalt mix may be improved through changes to the aggregate and/or asphalt

binder.
3. The pavement profile may be corrected and the ride improved.
4. Cost reductions may be achieved over conventional rehabilitatiqg

guidelines for selection of arecycling process are presented.

Hot mix recycling or hot recycling is a method in which the
and an asphalt cement or recycling agent to produce hot mix oth batch and
drum type hot mix plants are used to produce recyc ix. TheRAP is obtained from pavement
milling with arotary drum cold planing machine rocessed by ripping and
crushing operations, if needed. The mix layd ipment and procedures are

same as for conventional HMA. Theratio of aggregates depends on the mix design,
on the type of hot mix asphalt plants, and on th k emission generated. Typical RAP
to aggregate proportions vary betw : althdugh a maximum of 50:50 have been
reported for drum mix plants. The use nology has allowed the use of a higher
amount of RAP, because the be eated. The advantages of hot mix recycling are as

follows.®
1. Significant stru ts Can be obtained with little or no change in

ng asphalt materials.

A WN
)
:
3
8
8
2]

kS a method which is performed on site with the RAP material obtained

gt. The deteriorated asphalt pavement is heated and softened to allow it
to a specified depth. If required, new hot mix material and/or recycling
agent is P material. In this method, the existing pavement is typically processed to

combined with new material, if needed, and compacted. In a multiple-pass operation, the scarified
material is recompacted and then the new wearing surface is applied after a prescribed interval.
The advantages offered by this method include the follofing:
1. Cracks are interrupted and filled.
2. Aggregate which has lost the asphalt binder coating through stripping, is remixed and
recoated.
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3. Rutsand holes are filled, shoves and bumps are leveled, drainage and crowns are re-
established.

4. Hexibility isrestored by chemically rejuvenating the aged and brittle pavement.

5. Aggregate gradation and asphalt content may be modified by some variations of this

process.

Enhances highway safety through increased frictional resistance.

Reduces interruptions in traffic flow when compared to other conventional

rehabilitation techniques.

8. Hauling costs can be minimized.

9. Aggregate and asphalt binders are conserved.

N

compaction equipment are used to pick up the pr. ' m windrow, and subsequent
placement and compaction. The advantages include the following: %
1. Significant pavement structural i ay be achieved without changesin
horizontal and vertical geometry an Ider reconstruction.

amount of underlying materials are treated to produce a stabilized base course. The different types
of additives which can be used for improving the quality of the base include asphalt emulsion and
chemical agents such as calcium chloride, portland cement, fly ash, and lime. In some cases, new
material is added to obtain arequired depth of the improved base. In general, the technique
consists of pulverization, introduction of additive, shaping, compaction, and application of a
surface or wearing course. The advantages offered by full depth reclamation include the
following:™

1.  Cost effective method for creating improved sections and ride quality.

3-9
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Eliminates potential reflective cracking of new overlays.

Recycles existing materials saving natural resources and energy.

Process is accomplished in-place.

Heating, mixing, and hauling costs of conventional maintenance techniques can be
eliminated.

Roadway cross section can be maintained or adjusted; grade can be lowered in
curbed sections to regain curbs or reshaped in poor draining sections to improve
drainage.

Emergency and local traffic can usually continue to use roadway during construction.
Eliminate material disposal concerns.

Improved resistance to frost penetration of subgrade.
Savings realized by reducing total pavement thickness.

agrwWDd

o

© oo~

1

the type of distress shown by the existing pavement. Thisis ing methods are
not equally suited for treating different types of distress, and i St be made for the
particular method which is capable of rectifying the existing di The applicability of a

severity of the distress. For this reason, a compr i iOp\of the existing pavement is

necessary before attempting any recycling pr . ent and diversity of distresses
have been identified, candidate recycling pro
effectiveness and cost. The type of distressesr
sections.® Attempt should be made t i

RRA are discussed in the following
ress by using available methods such as

Pavement distresses can be
deformation, (3) cracking,

atching, (5) base/subgrade problems, and (6) poor
ride/roughness.® The differ i i

lained in the following sections.

ior cover aggregate loss has occurred. Figure 3-6 shows a bleeding surface. Loss of

gSistance (skid hazard or slipperiness) occurs as a result of polished aggregate and resulting
smooth pav@ment surface. This condition is particularly hazardous when the pavement is wet and has
afilm of water on the surface.

(2) Deformation: The different types of deformation include corrugations (wash boarding), wheelpath
rutting and shoving. Corrugations are ripples formed laterally across an asphalt pavement surface.
These occur as aresult of lack of stability of the HMA at location where traffic starts and stops or on
hills where vehicles brake downgrade. Figure 3-7 shows corrugation on aHMA pavement. The
causes of the lack of stahility are too much or too soft asphalt, a high sand content and excessive
presence of smooth and rounded aggregate in the mix.
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ing.

Surface bleedi

6

3

Figure
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3. Sdection of Pavement for Recycling and Recycling Strategies

Shoving occurs as localized bulging of the pavement surface. A typical example is shown in figure 3-
8. The cause of this type of distressis alack of mix stahility.

Rutting is the occurrence of longitudinal surface depressions or channels in the wheel path. Figure 3-
9 shows an example of rutting. This distress may be caused by an unstable mixture with very low air
voids or excessive wheel loads and tire pressure.

(3) Cracking: The different types of load and non-load associated cracks include alligator cracks,
wheel path cracks, pavement edge cracks, slippage cracks, block cracks, longitudina joint cracks,
transverse cracks, and reflection cracks.

Wheel path cracks appear as fractures or separation wi S. The cracking begins as
single or multiple longitudinal cracks and progresses with ern resembling alligator
cracking.

Pavement edge cracks are longitudinal cacks@ithin O. mm (1 to 2 ft) of the outer edge of the
pavement or at the joint between a pave idening. The cracking is due to the lack of lateral
(shoulder) support, base weakness frost ac dequate drainage.

Slippage cracks are typically cresce haped cracks produced when vehicles brake or

turn which cause the pave
lack of bond between sur

slide or push. This is caused by a low strength HMA or a

Longitudinal joi
constraetion techr

s develop at construction joints because of poorly paved joint or improper
e. A typical example is shown in figure 3-12.

Reflection cracks are cracks in asphalt overlays caused by cracks in the pavement structure
underneath. A typical example is shown in figure 3-14.

(4) Maintenance Patching: A patch is an area of distressed pavement which has been repaired with
new mixture (deep or pothole patching) or the placement of a thin overlay (skin patching).

The patching may be only a seal coating of the distressed area (spray patching). Figure 3-15 shows an
example of maintenance patching.
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Figure 3-8. Shoving.
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Figure 3-10. Alligator cracking.
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Figure 3-12. Longitudinal joint cracking.
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Figure 3-14. Reflection cracking.
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. Maintenance patching.

(5) Problem BagélS ade: tabilized or poorly drained base or subgrade can result in severe
cracking, setti€ment ang ig,of an asphalt pavement. A wet, soft base or subgrade can result in
adipossible ptimping/displacement of materials to the surface through cracks in

00

High spots are high areas in the pavement caused by paving operation or frost heaving or swelling of
the subgrade soil.

Based on these distresses, the ARRA recommends table 3-2 as a guideline for selecting arecycling
aternative. A detailed discussion of applicability for the use of different recycling techniques and
considerationsis presented in table 3-3.

3-17



3. Sdection of Pavement for Recycling and Recycling Strategies

Table 3.2. Guide for selection of recycling method.®”

Type of Pavement Distress Hot Hot In-Place | Cold In-Place Full Depth
Recycling Recycling Recycling Reclamation

Surface Defects

Raveling X X2

Bleeding (flushing) X x°

Slipperiness X X2
Deformation

Corrugations (washboarding) X x°

Rutting - shallow® X x5

Rutting - deep X x5
Cracking/Load Associated

Alligator X

Longitudinal - whed path X X8

Pavement edge X X

Slippage X x°
Cracking/Non-Load Associated

Block (shrinkage) X X

Longitudinal-joint X X0

Transverse (thermal) X X
Reflection X X
Maintenance Patching

Spray X X

Skin xH X

Pothole X X

Deep (hot mix) X X
Problem Base/Subgrade (Soft, X
Ride Quality/Roughness

Genera unevenness X X

Depressions (settl X2 X xB

High spats (heavi x*2 x*2 x4

Notes
1 A pavem ixtures are used for all courses above the subgrade or an improved subgrade

e-fly ash, fly ash or calcium chloride modification.
rface course thickness does not exceed 1%2".

ion of new aggregate may be required for unstable mixes.
ical stabilization of the subgrade may be required if the soil is soft, wet.
Applicable if the cracking is limited to the surface course of the pavement.
Applicable if the treatment is to a depth below the layer where the slippage is occuring.
0 Applicable if the cracking is limited to the surface course of the pavement.
! In some instances, spray and skin patches may be removed by cold planing prior to these treatments (considered
if very asphalt rich, bleeding).
2 May be only a temporary correction if the distress related to a subgrade problem.
13 Used if depressions due to a soft, wet subgrade condition.
14 Used if the high spots caused by frost heave or swelling of an expansive subgrade soil.

©© 0 N o
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Table 3-3.

Applicability and consideration for different recycling procedures.

Process

Applicability

Considerations

1. Hot Mix Recycling

Can be used to treat surface defects,
deformation, load and non-load
associated cracks, and maintenance
patching. Material obtained from an
existing pavement can be stockpiled
for future use. Also, stockpiled RAP
material can be carefully blended in a
plant with other materials to achieve
proper mix.

Percentage of RAP that can be used
depends on recycling mix properties
and the type of hot mix plant.
RAP/virgin material blend is typically
10:90 to 30:70, with a maximum of
50:50 (drum plant).

2. Hot In-Place
Recycling

3. Cald In-Place
Recycling

Can be used to treat surface defects,
corrugation and surface rutting, and
longitudinal and slippage cracking up
to 50 mm (2 in) depth. The existing
pavement material can be used fully,
resulting in a minimal demand for
virgin materials. Hence, substagti
savings in transportation ¢
realized. This method canr

cost effective. Also, sincethis
frequently involves long

ent trains, it may not be
suitable for local residential streets
with very limited space for
maneuvering of equipment . This
process can produce air quality
problems, for pavements with a
significant amount of patches made
with liquid bituminous materials
and/or crack sealing material.

rutting in asphalt
s below the surface; load

lock and thermal cracks;
and maintenance patching. The

isting pavement material can be
fully and, therefore, substantial
savings can be achieved by avoiding
transportation of new materials. Also,
since no heat is used in this technique,
there are no air quality concerns
associated with it, and savings are
also realized in energy and money.
This method can improve the
structural capacity on an existing
pavement. Also, disturbance to traffic
is limited and can be used for busy
highways which cannot be kept closed
for along time,

In most cases cold in-place recycled
materials require a curing period,
followed by an application of a
wearing course. Although smaller
machines are available, this technique
can involve long trains which may not
be suitable for local residential streets
with very limited space for
maneuvering of equipment.
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Table 3-3. Applicability and consideration for different recycling procedures (continued).

Process Applicability Considerations
4. Full Depth Can be used to treat rutting in layers Full depth reclamation usually results
Reclamation (FDR) below the surface, including base; in a new base, which must be covered
load associated, block and thermal with an appropriate wearing course.

cracking; and maintenance patching. Asin cold in-place recycling, a

This techniqueis particularly suitable | significant amount of curing period
for pavements with base problemsor | may berequired. At present, thereisa
insufficient structural capacity. Since | lack of proper cong guidelines
thisis basically a cold in-place ificati
process, it has all the advantages of S d by
cold in-place recycling, including - ince irpthi
savings in transportation cost and B eris
energy and no occurrence of air must

quality problems due to emissions.
Different manufacturers have large irable material
single machines which can complete [ large chunks of

this process in a single pass.

SUMMARY

Recycling is one of the many aternatives aval
required to keep pavements at aserwceable con

for ilitation of pavements. Rehabilitation is

in of surface roughness, distress or

an deteriorate at afaster rate and ultimately
cost much more to maintain than pav intai acertain level of serviceahility with the
help of proper rehabilitation. itation alternatives include various types of seal coats.
The particular choice of the e should be based on life cycle costs and the one
with the lowest life cycle c sidered. But simultaneously, engineering considerations
should also be made. ing consideration include present quality of pavement,

; unt of traffic, and the structural condition of the
pavement. Ecog [ be made by evaluating the cost of the pavement by any of the
different meth@ atworth or equivalent uniform annual cost. The user costs and

ould be accounted for. Consideration to energy requirements can
3iting energy expenditure for each phase of operaIion. The choice of a particular

savings in @@st of material and haulage, helps in resource conservatlon can improve pavement
performancegand help maintain original pavement geometries and thickness. Recycling can be
combined with overlays also. The relative advantages and disadvantages of the different recycling
alternatives should be considered before making a decision. Among other things, the merits and
demerits should include considerations about economy, removal of distress, effective quality control
and traffic disruptions.
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CHAPTER 4. ECONOMICSOF RECYCLING

INTRODUCTION

Although started as a method of reusing waste materials, recycling of asphalt pavement has
proved to be a cost effective method of pavement rehabilitation. When properly selected, al the
different types of recycling methods are usually cheaper than the conventional rehabilitation

cement, whereas the savings in hot in-place recycling comes by eliminatio cost
and use of very little amount of virgin material. The major savingsin t [

done at ambient temperature, elimination of transportation cost
percentage of virgin asphalt binder. The objective of this sesg
associated with the use of recycled asphalt materials. Expen isons with the

Estimated price associated with pavement constrycti jon and recycling operations
are presented in this chapter. These prices have
possible, prices collected from literature pu [ ter 1990 are generally reported. It
should be noted that recycling costs have chan ears because of continual
developments in the recycling techno . IR€osts for these operations are
available from state or local agency r contractors, they should be used instead
since alarge price variation epending on the location of the project and the time
of construction.

As presented here, the pav t cost is défined as the amount of monies that a contractor must
spend for labor, mates ntractors, and overhead to construct, rehabilitate or

8Ci ecycling can be presented on a material cost as well as construction cost
0

Also presented here. This example shows the amount of savings that can be made by

percent virgif mix with 6 percent asphalt comes out to be $11.90 (see table 4-1). If the contractor
uses a half-lane milling machine and hauls the RAP back to the HMA plant, his/her total cost for
RAP is $3.70 per ton, considering $1.70 per ton for machine and labor for milling, and $2.00 per
ton for trucking cost. Hence the savings, compared to using virgin material, is $8.20 per ton, as
shown in table 4-1. Table 4-2 shows the savings in using different percentages of RAP. It should
be noted that these savings are in first cost. Limiting life cycle costs, if any, must be considered
when using excessive amounts of RAP in recycled mixes. Typical cost savings with hot mix
recycling are shown in tables 4-3 and 4-4.




4. Economics of Recycling

Table 4-1. Comparison of cost for virgin and RAP mix.®

Item Cost per ton ($) | Percent used (%) Total Cost ($) per ton
Aggregate 5.00 94 4.70
Asphalt Binder 120.00 6 7.20
Virgin Mix 11.90
RAP
Trucking 2.00 2.00
Milling 1.70 .70
RAP Mix 3.70
Savingsin using 1 ton
of RAP instead of 1 8.20
ton of virgin mix

Table 4-2. Savings by using ( ence 2).
Percent of RAP Cost/T ings, $ton | Savings, %
0% 1.90
20% 164 14
30% 9.44 2.46 21
40% 8 3.28 28
280 4.10 34

HOT IN-PLAGER

pes of hot in-place recycling, as recognized by the Asphalt Recycling
n (ARRA). These are: surface recycling, repaving, and remixing.

ing to adepth of 25 mm (1 in) and addition of a recycling agent costs approximately
00/yd?).® A cost of approximately $2.05/m? ($1.64/yd?) is required for an additional
25-mm (1-inyoverlay. Hence the total cost of recycling and overlaying by two-pass method will
be approximately $3.3/m? ($2.64/yd?).® In the repaving method, placement of a 25-mm (1-in)
overlay along with recycling of the top 25 mm (1 in) of an existing pavement will cost
approximately $3.62/m? ($2.90/yd?).“*® A maximum of 25 percent cost savings over cold milling
and conventional overlaying procedure has been reported.® The cost of cutting 25 mm (1 in) and
remixing with 10 to 20 percent of virgin aggregate is approximately $2.24/n? ($1.79/yd?).©
Typical remixing price in Canada is reported to be between $2.78 and $3.70/n? for a 50-mm
treatment depth (between $2.22 and $2.96/yd? for a 2-in treatment depth).”
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4. Economics of Recycling

Table 4-3. Summary of cost savings - FHWA survey (1984).

Area Totd Average Average % Savings | Tota Savings
Tonnage Savings Per vs. 100% New ($1000)
(1000) 1984 Ton ($) Material(s)
Northeast 500 2.80 10 1,400
Southeast 4,000 5.67 20
North-central 12,000 5.26 18
South-central 2,000 5.32 20
Central-western 1,600 512 21
Total 20,000
Average 4.83
Table 4-4. Typical

Y

Agency

FloridaDOT 19 83 24-26
Saskatchwan 198 20-30
1986

1980-1985 39-49

Ina 101,156
used 2.6 trillid
Thiswas found

aving job in Florida, it was found that the recycling process
TU) less energy than that required by a conventional method.
ergy savings of 32 percent.®

Table
savings

ent summary of cost and savings data and case histories. The estimated
al construction methods ranges from 17 to 50 percent.©

COLD INSBLACE RECYCLING

The reported costs of cold in-place recycling are shown in Table 4-6.®) The representative cost
varies from approximately $1.71/m? ($1.37/yd? to $9.87/nv ($7.90/yd?) depending upon many
factors such as depth of recycling, equipment type, and thickness of overlay. The reported relative
savings of using cold in-place recycling in lieu of conventional construction methods are aso
shown in table 4-6. The initial savings have varied from 6 to 67 percent.

The mean cost from Oregon DOT cold in-place recycling projects in the 1989-1990 period was
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reported to be $2.51/n7? ($2.0/yd?) for a 50-mm (2-in) cold in-place recycling with a chip seal, and
about $1.80/n? ($1.44/yd?) without a chip seal.©

The mean cost for 48 New Mexico cold-in-place recycling projects ranged from $0.13 to
$0.44/m-c? ($0.27 to $0.92/yd-in?), with a mean of $0.26/m-cn?? ($0.54/yd-in%).® Recycling
cost increases with an increase in the use of virgin aggregates.

On a per square meter per cm basis cost of recycling is reduced with an increase in depth of cold
in-place recycling. For the New Mexico state projects, the mean cost per square mel
centimeter have been reported to be $0.31 for 75 mm ($0.64/yd-in? for 3 in), $8 85 mm
($0.56/yd*in for 3.4 in), $0.25 for 10 cm ($0.52/yd?*-in for 4 in), and $0.2
($0.44/yd?-in for 4.5 in) of cold in-place recycling.®

A recent study shows that the CIR savings in New Mexico amou
($1.52/yd?) ininitia cost and $2.05/n7 ($1.64/yd?) on the basis ,
shows typical sections resulting from conventional rehabilitai [ ions. Cost

figures based on initial cost and life cycle cost are also indicat@gi ' : savings on alife
cycle basis results from reduced frequency of maintenance for
maintenance for cracking is required after every fou and overlay projects, whereas
maintenance for cracking is required after eight

FULL DEPTH RECLAMATION

Cost comparisons of conventional r ue and recycling with full depth
reclamation and HMA wearing course iven i 7.%9 In this case, the cost of recycling
($7.25/n7, $5.80/yd?) islesst e conventional reconstruction technique

Apart from savig i g saves money by avoiding transportation cost and cost
of filling up |af@ 26y/Cling reuses non-renewable resources. Hence it should be
considered even ost of recycling is equal to the cost of conventional rehabilitation. Also, in

some
rails, r

ays are restricted to maintaining underpasses, or avoiding raising guard
pption compared to conventional rehabilitation methods.
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Table 4-5. Summary of selected case histories of hot in-place recycled pavements.®

Agency/ Cost Description HIR Milling Depth/ Rejuvenating
Date Recycled | Information of Job Process Overlay Depth Agent
Used

Mix Temperature

Repaving Process

FAA, $4.28/m? Thompson Field Repave 25 mm/25 mm Unknown
Carrabelle, FL ($3.42/yd?) Airport. 30 m x (Lin/lin)
1990 1212m (98 ft x
696 ft) runway
Florida DOT $2.99/m? US41, Ft. Cutler
1979 (3.39/yd?). A | Myers, FL 3.9 Repave
savings of km (2.4 mile),
25% 6-lane. ADT-
estimated 39,000 250°F)
City of Phoenix $3.59/n% City collector Cutler 19 5mm es, Type and
1990 street. 800 rh Repave (3/4 in quantity Unknown
(10,000 y@
Unknown
Lee County, $3.41/nt Rural roads X- utler m/25mm | EIf ETR-1 at 0.36
lowa 1990 ave 4in/1in) 1/
(0.08 gallyd)

105°C (223F)

25mm/25mm AE-300R 0.36

Connecticut $4.33/m.
Repave 2 in/1in) 1/m?

DOT 1981 16% more

than contr,
250°F £ 30°F by
spec.
FAA Texarkana, Cutler 25mm/25mm Type unknown
Texas 1986 Repave (2in/1in) 0.54 1/n3 (0.11
and 25 yr old gallych)

110°C (230°F)

Airfield Artec 40mm/50mm | RJO #3 at 0.4 1/f
the pavements at Remixer (1.6 in/2in) (0.08 gallyd)
40mm/19mm| Canadian Force$ - overlaid later; or
-- Base, Only a small 40mm/19mm
$4.17/n# for Edmonton, area was (1.6 in/0.75 in) 120°C (248F)
conv. 50 mm | Alberta, 330,000 remixed repave behind paver was
overlay m’ targeted value
(412,500 yg
Texas DOT $2.15/nt for IH-10 and SH- Wirtgen 25mm to 31mm ARA-1
1991 recycling 87 near Remixer
portion only Beaumont About
116°C(240°F)
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Table 4-5. Summary of selected case histories of hot in-place recycled pavements (continued).©

Agency/ Cost Description HIR Milling Depth/ Rejuvenating
Date Recycled | Information of Job Process Overlay Depth Agent
Used ]
Mix Temperature
Repaving Process
Mississippi SHD Unknown. 55 lane-km (34 Wirtgen 38 mm + 15 Y es, unknown
1990 40% savings | lane-mile) of IH- Remixer kg/m? of new
reported 59in Lauderdale i
County
British $1.70/nt for Trans-Canada | Artec and
Columbia recycling Highway (Rt 1) Taisei
Ministry of only near Vancouver, Remixers
Highways* 1989 126 lane-km (78
lane-mile)
Texas DOT $3.05/nt a US 259 in Lone Cutler
1987 savings of Star. Major Remixer new mix
34% over arterial carrying
conventional | heavy trucks 93F (200°F)
behind screed
Texas DOT $2.57/nt IH-20 fro ARA-1 at 0 to 0.71
1989 including 30 Louisiana, Re r kg/m? new mix 1/
kg/n? of new border to
mix FM 110°C (230°F)
Oregon DOT | 17% savi Taisei Up to 50mm + Non-emulsified
1987 estimat Remixer various new mix product
Unknown
Wirtgen 50-38 mm + ARA-1 at 0.1 0.45
Remixer 20% new mix | 1/n? (0.09 gall/yd)
107C (225°F)
$4.59/nt US 90 from LA Wirtgen 38 mm+ 30 | ARA-1at0.9I/n%.
including 99 to Jennings Remixer kg/m? new mix EIf AES-300RP
recycling, used in a short
rejuv. agent section
and
admixture

Note:

* Cost for jobs in Canada given in Canadian dollars.
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Table 4-6. Full and partial depth cold in-place recycling cost differences.®

Cost Difference (%)? Cold In-Place Recycling ($)
Agency Year Range | Rep. Vaue Range Rep. Vaue ($)
California 1979-83 | 15-43 31 16.16-26.73/Mg | 22.15/Mg (20.16/ton)

(14.71-24.32/ton)

Cdlifornia 37 24.17/Mg (22.00/ton)

Cdlifornia 1980 21
llinois 1982
Indiana 1976 13.13-24.17/
(11.95-22.
lowa 1988 67 7.58[\ g (6.90/ton)
Kansas 1977
Kansas 1988
Missouri 1978
Montana 1978 23.72/Mg (21.59/ton)

New Mexico® | 1984-86 -2.5/m? 1.75/m? (1.40/ycP)

1.05-2.00/yc?)

N. Carolina’ 1977 4.99/n? (3.99/ycP)
Oklahoma 1979 4.32/m? (3.46/ydP)
Oregon 24 1.99-3.02/n? 2.50/m? (2.00/yd?)
(1.81-2.42/ yd?)

Pennsylvania 16
Vermont 28 9.87/n (7.90/yd?)
31 1.7Un? (1.37/ycP)

0.14/m?-cm (0.29/yd?-
in)

5.9/ (4.72ly )

Notes:
2 Relative to commonly used rehabilitation alternatives used by identified states.
® Personal communication with D. Hanson (1987).
¢Cogt increase on one project.
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<<— oGgrc >
— New —>»

HMA

Existin
/éééééf «— m“g —>»
Untreated

< Aggregate — >

AANANANANAN € Subgrade — P>

Conventional
Rehabilitation
Savings Minimum Average
$/lane-km 1,593 7,094
$/square-m 0.53 1.90
Life Cycle Cost:
Initial Costs($)  Maintenance Cost ($) Tota Cost (%)
8.780 0.314 9.090
6.880 0.159 7.040
Cost Savings with CIR 1.900 0.155 2.050

Figure 4-1. Typical sections for conventional and recycled pavement.
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Table 4-7. Cost comparison (full depth reclamation versus conventional reconstruction).®
Option Cost

Fully reconstruct road: $16.12/m ($12.19/yd)

1) excavate existing 75 mm (3 in)
pavement and 45 cm (18 in) base
gravel;

2) Place, grade and compact 45 cm
(18 in) new gravel;

3) Pave with 65 mm (2% in) HMA

Full Depth Reclamation: $7,25 lyd)
1) Full depth reclamation of

existing pavement and base grave

with addition (twice) of liquid

calcium chloride; \

2) Add 50 mm (2 in) additional
gravel;

3) Pave with 65 m

SUMMARY

A review of curreg
by using hot mi -place recycling, and full depth reclamation, respectively.
These saving : hen one of the recycling methods is used in place of conventional
method or so v g method. In addition to the material and construction cost savings,
cost savings (in terms of user costs) can be realized by the reduced

‘@ enate a pavement or correct mix deficiency and conserve material and

ptions not available with the conventional paving techniques. A conventional overlay
may requif@ upgrading shoulders to maintain profile, raising guard rails to maintain the minimum
safety stan@dard, and restrict overlays below the bridges to maintain underpass height. On the other
hand, recycling can effectively be used to maintain the highway geometry and thus resulting in
substantial overall savings as well.
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CHAPTER 5. HOT MIX ASPHALT RECYCLING - BATCH PLANT
(CONSTRUCTION METHODS AND EQUIPMENT)
INTRODUCTION

When properly designed and constructed, recycled hot mix asphalt (HMA) has proved to be at
Ieast equal to conventlonal HMA mixes. Of the various types of recycllng options avallable hot

geometrics, or as a rehabilitation alternative where curb and bridge clearant
mix recycling can use the same materials repeatedly, needs minor modj

ement are cold milling, and ripping
owing sections.

Cold Milling

Of the two available metho [ existing pavement, cold milling is the most widely
used today. The adye illi evolutionized the recycling of asphalt pavements.
Cold milling has jée hod of automatically controlled removal of pavement to

adesired deptj ially designed equipment, and restoration of the surface to a specified
wtlts, and other imperfections. The Asphalt Recycling and

aeN (ARRA) guideline specification for cold milling requires that the milling
ted, self propelled and self sufficient in power, traction and stability to

grades n + 3 mm (within £ 1/8 in) along each edge of the machine by referencing from the
existing pav&ment by means of a ski or matching shoe, or from an independent grade line. A 12.2-
m (40-ft) skPhas been recommended by Brdckhe machine should have an automatic system

for controlling grade elevation and cross slope. The machine should be equipped with a means to
effectively control dust generated by cutting operafiohhe ARRA has defined five classes of

cold milling: (1) Class | consists of milling the existing sied to the extent necessary to remove
surface irregularities, (2) Class Il consistsriliing the existing sudce to a uniform depth as

shown in the plans, (3) Class Ill consistsrilfing the existing sugce to a uniform depth and

cross slope as shown in the plans and/or special provisions, (4) Class IV consists of milling the
entire depth of existing surfacing from the underlying base or
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subgrade, (5) ClassV consists of milling to a variable depth of the existing surfacing as shown in
the plans and/or special provisions.

The ARRA recommends that the surface resulting from cold milling operations should have
uniform, discontinuous longitudina striations or other uniform pattern and should not be gauged
or torn.® Figure 5-1 shows a typical surface resulting from cold milling.®® Milling should either
stay above an interface or cut into the next layer. Milling to interface can result in delamination;
shallow and flat depressions; and slabby RAP pieces.

measured by the Mg (ton).®

The basis of payment for cold milling should be the contract uni
yard) or per Mg (ton). The bid price should be full compen
equipments, tools, and incidentals to complete the work.®
Improvements to the design of the milling teeth hav endous’advancement of cold-
milling machines since the seventies. Figure 5-2¢ cold milling teeth.
Improvement in size and power has lowered antly. For example, for a
100-mm (4-in) cold milling the present cost as 30 percent of what it wasin the

from one meter to iMiMg depth can be from 20 cmto 38 cm (8 to 15 in).
Figures 5-3 and& ; d afull lane cold milling machine, respectively.

gy rippers (figures 5-5 and 5-6). The material isloaded into trucks and

. The type of ripping equipment to be used depends on the maximum size of
the crusher can handle. This method is particularly applicable where an existing
upgraded for heavier traffic and is of uniform material.®

The major advantage of cold milling over ripping and crushing is that crushing of RAP is achieved
at the same time and hence results in higher production rate. There is also no heat, and minimal
dust is produced. However, unlike ripping and crushing, cold milling produces a greater amount
of fines.®
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Figure 5-2. Teeth on drum of cold-milling machine.
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Figure 5-3. A one-f elimilling machine.

Figure 5-4. A full lane cold milling machine.
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Figure 5-6. Dozer with rear-mounted ripper tooth.
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The objective of crushing ist to the maximum acceptable particle size. One

of the RAP pass the 50 mm (2 in) sieve.© Cold

, Whereas in the ripping/crushing operation, front-end
ement material so that it can be loaded into atruck

of the HMA pavement.® For crushing in a central plant,
2available, for example, compression crushers and impact crushers.

figure 5-9) sometimes get plugged up with RAP material. Impact crushers are used
ary and secondary crushers. In a horizontal impact crusher (figure 5-10), solid

fixed to a solid rotor crush RAP particles against a striker plate. It can be used as
both primary and secondary crusher, and can also be used as a secondary crusher along with a jaw
(primary) crusher. In the case of hammermill impact crushers, the breaking bars pivot on a rotor
creating a swing-hammer type action (figure 5-11). It can be used both as a primary or as a
secondary crusher (with a jaw crusher). Sometimes a combination of jaw and roll crushers (figure
5-12) can be used effectively for sizing RAP material. The jaw crushes the slabs down to a more
manageable size, which is then reduced to usable size by a secondary roll crusher. Typically,
jaw/roll crushers are used in conjunction with a double deck screen for producing two products
for full depth RAP: a fine product (typically <12.5 mm) and a coarse product (12.5 - 19.0 mm).

5-6
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To produc&& homogeneous RAP product, the RAP material is first blended thoroughly with a
front end loader or a bulldozer and then crushed to downsize the top stone size in the RAP to one
smaller than the top size in the HMA being produced (for example, 16 mm for a 19.5 mm top size
mix). This is to ensure that the asphalt aggregate blend is broken as much as possible and there is
no oversize material. When a crusher is available at site at all times, smaller quantities are typically
crushed, sampled for consistency, and then used. Crushing in smaller quantities makes it easier to
sample the crushed product for consistency and keep the crushed product identified. Also, smaller
piles can be used quickly before they have a chance to gain moisture from being stored outside,
which increases drying costs and limits RAP percentage that can be used.

S-7
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Figure 5-10. Horizontal impact crusher.
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Figure 5-12. Combination crusher.

59
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Care should be taken to avoid removing the fines from the reclaimed HMA pavement since the
fines retain much of the aged asphalt that is to be recycled. The crusher should not also produce
an increase in fine size materia or new fractured faces which can require more virgin binder
material and hence increase in cost.©

RAP from different sources and containing different asphalt content and aggregates with different
gradations should be stockpiled separately. RAP can be stockpiled either before or after
processing and a front end loader or aradial stacker can be used for the purpose. Flgure 5-13%
shows aradial stacker used for stockpiling RAP. The two major problems associate
stockpiling are consolidation and moisture retention.

stockpiles which can result in re-agglomeration of RAP. However,
actually large, conical stockpiles are better® and that RAP does n

can be easily broken by afront end loader. Also, the crust t revent the rest
of the pile from recompacting. In the case of alow, horizont
in) crust is present. However, |t ismore dlfflcult for the front- orsto work

compaction of the underlying surface. The finer gt essed RAP material tend to
absorb and retain moisture. This increases themoi
primarily comes from the heated

e aggregates can be heated, either

Figure 5-13. Radial stackers for building up RAP stockpiles.

5-10
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content.® Figure 5-14 shows a plot of moisture content versus temperature required for drying to
produce recycled HMA. It shows that there is a significant increase in drying temperature per
degree increase in moisture content. An increase in moisture content of the RAP by even 0.5
percent will hinder HMA production capabilities seriously.® Hence, proper drainage of the
stockpile should be provided. Tall conical stockpiles provide better drainage compared to low, flat
stockpiles. Depending on the annual moisture level in the region, use of protective coverings such
as tarps and even structures should be also be evaluated.® Figure 5-15 shows a shed used for
storing RAP.

MODIFICATIONSTO BATCH PLANT FOR RECYCLING

directly with the virgin aggregates result in excessive smoke and mat inthe
dryer, hot elevator and screen tower.® The most widely used met

recycling is the “Maplewood Method?” Other recycling pro plant are
described later. Figure 5-15 shows the schematic of th d.” Even though

variations exist, basically a separate cold feed bin introd
the pugmill by a chute and belt conveyor. There the RAP
from the cold feed bins through the dryer and t ks. The temperature to which the
virgin aggregates are superheated depend he | f the RAP material.

Exhaust capacity of pugmill or weigh hoppekis i tant since a significant amount of steam is
generated when the dry virgin aggregates c in act with relatively moist and cold RAP.

e RAP charging chute or an exhaust duct fitted
t their pugmills or weigh hoppers into the

sing the pugmill and ducting into the exhaust steam

to the pugmill or weigh hopper. Ma
drier exhaust stream. This |
equipment®

Depending on the metho
modifications are

ed to copwey the RAP to the weigh hopper or the pugmill, different
cl A. The following modifications are né&ded.

in the dryer. An adequate veil must be maintained in front of the burner
at the end of each production period may be necessary to prevent

high temperatures.

Dryer Exhatist System
Modification of this system is necessary to prevent damage of baghouse collectors from the high
temperature exhaust gases which result from superheating of virgin aggregates. Several methods

may be adopted to lower the temperature of the exhaust gas. These include redesign of dryer
flights, use of longer duct work, addition of cooling air or water spray into the exhaust system.

5-11
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Temperature (C)
o
o
|
|
|

Moisture tent\(%)

. drying temperature.

Figure 5-15. Structure for protecting and minimizing moisture in RAP or aggregates.
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Screen Deck

To prevent excessive increase4 special lubricants may have to be used in the screen
bearings located inside the

Hot Bins
Depending on t e bin meaterial storage time, the outside of the hot bins may
have to be insllai abdrops in the superheated aggregate temperature.

The asp erdi@edler system should be modified to include a recycling agent discharge
nto the asphalt weigh bucket or the pugmill. However, thisis required only if a
Nt is used in the process.

RAP Cold Feed Bin

To avoid accumulation and bridging of the RAP material, the cold feed bin should be relatively
small with steep sides and a large discharge opening (figure 5-17).

RAP Feeder and Conveying System

To ensure continuous operation, the feeding and the conveying systems should have sufficient

5-13
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e
3~
-

capacity to deliver RAP into the weighi y delay. Also, if aspecial surge binis
|d be equipped with a heavy-duty motor

The entrance chutg should be as steep as possible, of constant width and
provided with ght dr e to prevent the escape of dust when the RAP is
introduced. T ghwite.should be capable of introducing the material at the center of the

ppper and Pugmill

ng for the weighing hopper and the pugmill should be provided to prevent build up
d dust emissions during mixing operations. The dust entrainment by the steam from
prevented by reducing the dry-mixing time also. The amount of steam produced
depends on the moisture content of RAP and the amount of RAP per batch of mix. Higher the
amount of moisture, and higher the amount of RAP per batch, higher isthe amount of steam
produced.

Storage Silos

Storage silos may be used to store the hot mix after it leaves the pugmill, so that it gets sufficient
time to attain temperature equilibrium throughout the mix.© This is because the transfer of heat

5-14
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from the superheated aggregate to the relatively cold RAP may not be completed in the relatively
short mixing time, especially since in many cases the mixing times are not atered from normal
mixing times used for virgin HMA mixes.

RECYCLING PROCESSESIN BATCH PLANT

In the recycling process the virgin aggregates must be superheated to a certain temperature to
transfer heat and dry the RAP material. Table 5-1) shows the temperatures to which the virgin
aggregates must be heated for different discharge temperatures of recycled mix an P moisture
content.

The different methods of batch plant operation for recycling are given belo

Method 1. The method isillustrated in figure 5-18. The superh
cold RAP are introduced into the boot of the hot elevator. The [ ed and

stored in hot bins. The scavenger system in the batch tower rated from
the RAP. Thereis no resulting emission problem in this oper

However, unless the screen cloth in the bottom decl mm (3716 to /4 in), relatively
low percentage of RAP may be used in this pro ' i the screens (especially 6.4

mm screen). It is necessary to avoid excessiv [ ent blinding of the screens.
Method 2. The batch tower is required to have 3 h0 in this method. The procedure is
shown in figure 5-19. The virgin aggréyate is 36re supérheated and then deposited at the

Steam Release
to Emissions
Control
Equipment

Figure 5-18. RAP into batch plant hot elevator.
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Table 5-1. Required aggregate temperatures for recycling.®”

Recycled Mix Discharge Temperature,
Reclaimed Material Moisture °C(°F)
(g;rgj;) 104°C | 115°C | 167°C | 138T
(220°F) | (240°F) | (260°F) | (280°F)
A. Ratio: 10% RAP/ 0 121(250)| 138(280) 152(304) 163(325)
90% Aggregate 1 127(260)| 143(290 5)
2 132(270)| 146(295 0)
3 138(280)| 149(300 345)
4 141(285) (390)
5 193(290) 182(36D)
B. Ratio: 20% RAP/ 0 138(280) ) 182(36D)
80% Aggregate 1 ) 191(375)
2 182(360) 196(38p)
3 177(350) 191(375) 204(4qQD)
85(365| 199(390) 213(415)
193(380) 207(409) 221(43D)
C. Ratio: 30% RAP/ 179(345) 191(375) 207(4Qp)
70% Aggregate 1 168(335)| 185(365) 202(395) 218(45)
182(360)| 199(390) 216(42d) 232(490)
3 196(385)| 213(415)| 229(445) 246(475)
4 210(410)| 227(440) 243(47Q) 260(50D)
5 224(435)| 241(465) 257(495) 274(52F)
0 179(355)| 199(390) 218(424) 138(46D)
1 199(390)| 218(425| 238(460) 257(495)
2 218(425)| 238(460) 257(495) 277(53D)
3 243(470)| 260(500f 279(534) 299(570)
4 260(500)| 279(535| 299(57q) 321(61p)
5 285(545)| 302(575) 321(610) 341(645)
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Table 5-1. Required aggregate temperatures for recycling®” (continued).

Reclaimed Material Recycled Mix Discharge Temperature,
Moisture °C(°F
Content

oo | e | e [ e [ e
210(410) | 235(455) | 257(495) | 282(540)
240(465) | 268(515) 0(590)
271(520) | 293(560)
302(575) | 327(620)
338(640)

365(690)

E. Ratio: 50% RAP/
50% Aggregate

a (b~ |w |IN|Fk|O

438(820)

Note:

Figure 5-19. Batch tower fifth hot bin for RAP.

boot of the i@t elevator along with the cold RAP. The blended material is introduced in the fifth
hot bin without going through the screens in the tower. This method allows the use of up to 40
percent RAP and also switching from RAP mixes to virgin mixes without emptying the hot bins
since the materials in the hot bin are not superheated. (Note that the figures for Method 1 and 2
are the same. This s because the procedures are similar, except for the fifth bin in Method 2).

Method 3. In this so called “Maplewood Method,” which is most commonly used (figure 5-20),
the cold pre-screened RAP is delivered directly into the weigh hopper of the batch tower along
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~A

Steam Release
to Emissions
Control
Equipment

ggregate

ivered from a RAP bin
process, the RAP material
igh hopper and before the material from
bins 2, 3 and 4 are added to the weigh hopper. Ithi e RAP is sandwiched between the

with the superheated virgin aggregate from a hot4di
through an inclined conveyor having automatic pl

To scavenge the mixer duri
required unless the dump ti
to build alarge chamber
exploding steam cafest

Q con d system (figure 5-21) in which the RAP is fed onto athird
RAP. After the RAP isweighed, it is dropped into a bin with a

pduces the RAP into the pugmill over a 20 to 30 seconds period. This

gore control of the generated steam by slowing down the batch cycle.

hopper isincreased. Another less practical method is
e chamber serves as a surge container into which the

Method s expensive system (figure 5-22) preheats the RAP in a separate dryer before
mixing it the virgin aggregates. Heated RAP materials are then conveyed to a separate,
heated storage bin which has its own weigh hopper on atypical batching tower. RAP materials
are weighed as a separate ingredient, then conveyed to the pugmill for production of recycled mix.
Variations in moisture content and oxygen available from the RAP heater make system control

difficult. However, 35 to 40 percent RAP have been used with this method.
Amount of RAP Used

Factors controlling the percentage of RAP are the temperature to which new aggregates must be
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Figure 5-21. Contr

Aggregate

Figure 5-22. RAP heater for batch plant.
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heated, moisture content of RAP, temperature of the RAP in stockpile, desired recycled HMA
mix temperature, HMA production rate, exhaust capacity of pugmill or weigh hopper, and the
percentage of material passing the 0.075 mm screen in the RAP.® According to the Asphalt
Recycling and Reclaiming Association, the practical limit for hot mix recycling in a batch plant is
20 percent RAP, although up to 40 percent RAP can be used. However, as high as 50 percent
RAP has been used if the moisture content of the RAP isminimal and the RAP is fed to the plant
at the ambient temperature. Generally, 30 to 35 percent RAP is considered to be the practical
limit with 10 to 20 percent RAP being atypical range.

have no limit on the amount of RAP that can be used For binder co
from 15 to 100. Approximately equal number of states (25.1 and
and unlimited amount respectively. A small number of states (2.
batch plant for binder course. For surface course, the allow.
100. A significant percent of states (22.9 percent) do not alo
the states allow unlimited RAP. Some states have special provi
surface mixes.

SUMMARY

Hot mix recycling has been proven to be a viabl abil n technique. When designed and
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Figure 5-23. Maximum RAP percent allowed for batch plant mix in base course.
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Figure 5-24. Maximum RAP percent al fo h plant mix in binder course.
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Figure 5-25. Maximum RAP percent allowed for batch plant mix in surface course.
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constructed properly, hot mix recycled pavements have performed similar to or better than
conventional HMA pavements. The method of hot mix recycling includes removal of existing
HMA pavement, crushing, stockpiling of RAP, mixing, lay down, and compaction. Except for lay
down and compaction, which are similar to conventional hot mix construction, the other
processes require some modification to existing plants or some new equipments. The most
commonly used method of hot recycling in batch plantsis the heat transfer method. The virgin
aggregates are superheated to a certain temperature to transfer heat and dry the RAP material.
Proper care should be taken in crushing to smaller sizes, and stockpiling the RAP to prevent
contamination, consolidation or moisture retention. Production of recycled hot mix must be made
under strict quality control to ensure satisfactory performance of the mix.
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CHAPTER 6. HOT-MIX ASPHALT RECYCLING - DRUM PLANT
(CONSTRUCTION METHODS AND EQUIPMENT)
INTRODUCTION

Recycled Asphalt Pavement (RAP) material, obtained by pavement milling or ripping and
crushing, can be combined with new aggregate and an asphalt cement or recycling agent to

Asin the case of conventional hot mix asphalt (HMA), hot mix recycling cé
batch (central) and drum mix plants. However, hot mix recycling in a
advantages over recycling in a batch plant which was discussed in
are.®
1. Portability: Drum mix plants are more portable
compared to batch plants.
2. Vesdtility: A relatively higher percentage of RAP
compared to a batch plant.
3. Production: Plant production rates aregel
acertain limit).
4. Mixing: A more homogeneous
heated and mixed with the virgin
time compared to the mix 4

affeeted by RAP percentages (up to

§S pro in adrum mix plant since the RAP is
halt binder for alonger period of

The Reclaimed Asphalt Pavgiment (RAP)giat cannot be processed in normal drum
mix plants since excessiv is produced when the RAP comes in contact with the
burner flame. The g iti gravated by build-up of fine aggregates and asphalt

binder on metaldiig has been suggestédhat most of the smoke problem is
caused by t : oft grade of asphalt binder used to rejuvenate the aged asphalt in the
RAP. Althougiithe SIMOK dlem could be solved by various processes such as lowering HMA
plant’s productio§f&te, increasing water content of the RAP, lowering discharge temperature of
the re gducing additional combustion air and decreasing percentage of RAP, it was
found cffe€tive way to rectify the problem was to modify the drum mix*plant.

Although vafiations exist in the process, basically the center entry method is the most widely used
method for hot mix recycling in a drum mix plant. In this method, shown in Figuré éi& RAP

is introduced into the drum downstream of the burner flame to mix with the superheated new
aggregates. The hot virgin aggregates heat up the RAP material by conduction. The RAP is
protected from coming in direct contact with the burner flame by a dense velil of aggregate added
prior to the point where the RAP is added. It is very important to have the veil of virgin
aggregate. Otherwise, overheating of RAP can result in “blue smoke,” and it may not be possible
to use the design amount of RAP material. Sometimes special flight design, steel ring dams, or
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VIRGIN
AGGREGATE
EXHAUST

LiQuiD
ASPHALT

HOT MIX

Figure 6-1. Schematic e with center entry.
circular steel flame shields are utiliz IX with the virgin aggregates before
being subjected to the high gas tre . Theseg@chniques eliminate “blue-smoke” problem.

Figure 6-2 shows a drum
of the drum and superhe
middle of the drum to inc
superheated aggaégate

r entry. The virgin aggregate is kept in the hot zone
0°F). Kicker flights or dams are included in the

gate dwell time in the first half of the drum. The

the RAP materials. The aggregate temperature drops as the
ure evaporated. The recycled mix is brought up to discharge

ion of the drum. The parallel flow drum mixers were effectively used

Os and "30s. However, the plants had difficulty in complying with the

estrictive emission standards. In some cases, the problem was caused by the

at distilled light oil from the virgin asphalt binders and®RARe

plant have B&en built to counter the emission problem. In general, in these methods the exposing
of the asphalt binder to the steam in the exhaust gas stream has been eliminated, and this has
eliminated the emission of light ends to the baghouse, except the minute amounts of light oil
emitted from recycled material when a high percentage of RAP is used. Different types of drum
mix plants are described below.

In a parallel-flow drum mixer with an isolated mixing area, the mixing device is welded to the
dryer shell so that it rotates with the dryer (figure 6-3). The gas stream is removed from the dryer
prior to the aggregate/RAP mixture entering the mixing area. Some designs vent to the mixing
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Figure 6-2. Drum mi

Gases to
Emissions Control
Equipment

Hot Mix

Figure 6-3. RAP in a paralel-flow drum with isolated mixing area.
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area back to the combustion area of the dryer. This equipment requires a primary collector for
capture of the larger dust particles. The particles collected are typically returned to the mixing
area of the dryer with a screw conveyor.

In aparallel-flow drum mixer with counterflow RAP drying tube, the RAP isintroduced into a
cooler portion of the dryer and travels against the gas stream to mix with the virgin aggregatesin
the area where the aggregate/RAP mixture enters the mixing area of the dryer (figure 6-4). In this
type of drum hydrocarbon levels are greatly reduced from the gas stream because the new liquid
asphalt is shielded from direct exposure to the gas stream, and the aggregate is g 7

acooler portion of the dryer.

In another type of parallel-flow dryer drum, the RAP isintroduced i

mixing device. The superheated virgin aggregates must hest
required for the moisture to be released from the RAP. To avi

which effectively burns any hydrocarbon left in th as Stkeam. However, the virgin
aggregate are superheated in a parale flow confi [ haust gas temperature is not
lower than the aggregate temperature. Henc that can be achieved with

The excessively high gas temperature changing the dryer configuration to a
counterflow dryer design (aggr ' low (figure 6-6). A heat exchange

combustion area of the dry
alonger residence time wit
conductively with aggigeg

virgin aggregates, and because RAP is heated
f the hottest part of the dryer shell.

« and the virgin asphalt binder, recycled fines from primary and secondary
itives are added in the mixing section that is attached and rotating with the

ounterflow dryer and continuous mixer (figure 6-9), a counterflow aggregate dryer

ith a continuous pugmill mixing device. The aggregate passes through the inside of

the counterfl®Ww dryer, and then is discharged with a fixed outer mixing shell where the mixing

paddles move the virgin aggregate “uphill” through a mixing bed from between the rotating drying
shell and the fixed rotor mixing shell. RAP is introduced at this point, along with virgin asphalt
binder, recycled fines and additives, to produce HMA. This concept has been utilized in the
“double barrel” drum, discussed later.
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Gases to
Emissions Control
Equipment

Aggregate

Figure 6-4. RAP in a drum miXgs with'@@unter-flow drying tube.

Gases to
Emissions Control
Equipment

Steam [ 7

Hot Mix

Figure 6-5. Parallel-flow dryer with RAP added in continuous mixer.
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Gases to
Emissions Control
Equipment

Hot Mix
Figure 6-6. Counter-flow dryer RAR@gded in continuous mixer.

Gases to
Emissions Control
Equipment

Hot Mix

Figure 6-7. RAP added in counter-flow dryer.
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Gases to
Emissions Control
Equipment

Aggregate i __ < |7

Figure 6-8. RAP in a€@unter- drum mixer.

Gases to
'/ Emissions Control

j Equipment

LTI

Hot Mix

Figure 6-9. RAP added in unitized dryer/mixer.
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Since the late 80s two new drum designs for more efficient heat transfer to RAP material during
mixing have been developed. These are double barrel and triple drum design.

The double barrel counterflow drum mix plant, shown in figure 6-10, has more mixing space
than a conventional drum mixer. The shell of the drum is used as the shaft of the coater. A 3 to
3.3-m (10 to 11-ft) diameter coater is created with an extremely large insulated mixing area. The
virgin aggregate material is dried in the inner drum and superheated to 315°C - 343°C (600° -
650°F) (when running 50 percent RAP). It then drops through the wall of the drum and meets
with the RAP in the annular space. Approximately 1% minutes of mixing tiaeseccurs in this outer
‘ other recycle
components to the process as they become necessary and availab e inside barrel is
transferred through the rotating shell to mixing in the annular spage. outer shell of the double

atmosphere occurs
A mix in the mixing

bags in the baghouse due to relatively lower e exhaust gases. As dust is

ouble barrel plant a screw
conveyor is used to transfer the mix bac - The holes through which the virgin
aggregates are directed into the outer she sponsible for channelizing any

EXHAUST VIRGIN
AGGREGATE

BURNER ‘ P

,:‘.‘-

\

LIQUID
ASPHALT

Figure 6-10. Double barrel drum mixer.
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smoke from the inner mixing section to the outer space. The pollutants go directly to the flame
where they are burnt. This results in reduced emission and blue smoke. The counterflow dryer
design also leads to higher production rates with much lower fuel consumption.

The triple drum design also uses an outer shell, however, a stainless steel cylinder is used to
enclose the combustion chamber (figure 6-11). This cylinder (without any flight or steps of a
regular drum) is believed to be effective in transferring heat to the RAP material through
conduction and radiation. The virgin aggregate is introduced from the opposite end of the burner
flame. The RAP material is introduced in the annular space formed by the outer
superheated virgin aggregates fall into the annular space and mingle with the

AMOUNT OF RAP USED

The factors controlling the production limit in a drum mix plant
ambient temperature of the RAP and new aggregate, the desir,
temperature and allowable moisture content in the final recy:
amount of RAP that can be used for recycling in a drum mix plgit i cent, although

the practical limit is about 50 percent. The use of 50 percent ire extremely high

gas temperature and in that case arelatively small in aggregates would be

available to protect the RAP from the flame. Wi blue smoke” problem in some

Figures 6-12 through 6-14 show plots con d fro@e results of a survey of allowable RAP
percentages for different stat&Fi aximum allowable percentage of RAP for
drum-mix plant in base cours common‘percentage is 50, allowed by 32 percent of
states, whereas 22 perce ve no limit on the amount of RAP that can be used.
Figure 6-13 shows the m
course. The limits range
percent) allow 50 pe

limited percentage of RAP. A large number of states (30
0 percent of the states have open or no limit provision for
ercentages of RAP for drum-mix plant in surface are

col@sfeed system can be used to supply crushed RAP to the drum mix plant.
However@it® allow easy discharge and avoid stacking problems, the bin should have relatively low
capacity, steep sides and long and wide bottom. The RAP material should not be supplied to
the bin as avinit drop as it can cause compaction of the RAP with resultant bridging, sticking and
discharge problems. Instead, the material should be dribbled as much as fJoskiblethe bin

should not be vibrated as this may lead to compaction of the RAP. Both belt and slat type feeders
have been used successfully. On warm days RAP should not be left in the bin for more than two
hours in case of plant shutdown. It is better to keep the bin half full and feed frequently. Feeders
should be fairly wide and should have sufficient horsepower to be used in a start-stop operation as
necessar{f) Vibratory type feeders are not recommended to avoid consolidation and sticking
problems?
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RAP ENTERS HERE
OUTER DRUM SHELL A—-—

RADIANT HEAT Th.. T'SIN ALL DIRECTIONS

Figure 6-11. Sch 2 drum mixer.

Per cent of States

15 25 30 40 50 60 70  NoLimit

M aximum RAP Percent Allowed

Figure 6-12. Maximum RAP percent allowed for drum-mix plant in base course.
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m-miX plant in binder course.

Figure 6-13. Maximum RAP percent allo

Per cent of States

30 40 70 N.L. SP.

M aximum RAP Percent Allowed

Figure 6-14. Maximum RAP percent allowed for drum-mix plant in surface course.
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With computerized controls, it is now possible to achieve automatic process control of mixing
operations. Mix designs can be effectively controlled by controlling belt speeds, liquid asphalt
flow, and blending.

SUMMARY

When properly designed and constructed, hot recycled mixed can be used to correct pavement
defects, and transform old, deficient pavements into good serviceable pavements. Hot mix
recycling offers many advantages over conventional HMA construction. It elimig he disposal
problems and can be done repeatedly using the same materials. Besides th
drum mix recycling, in particular, offers many advantages including portabi

widely used method is that with the center entry type drum mix . i ced into
the drum downstream of the burner flame to mix with the sup

fixtures such as flights or rings are provided to force the RA aggregates
before being subjected to the high gas temperature, thus avoi i smoke. Different
modifications have been devised to control emission problems dgi ' caused by high
moisture content of aggregates and the relatively [on re of the asphalt binder to
high temperature. Double and triple drum mix pl sed to prevent the virgin and
RAP materias from being exposed to hot g g process. The factors

controlling the production limit in a drum mix moisture content and ambient
temperature of the RAP and new aggr, , ical li f 30:70 (30 percent RAP and 70
percent new aggregate) has been rec
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CHAPTER 7. HOT MIX ASPHALT RECYCLING (MATERIALSAND MIX DESIGN)

INTRODUCTION

Hot mix recycling is the process in which reclaimed asphalt pavement materials are combined with
new materials, sometimes along with arecycling agent, to produce hot mix asphalt mixtures. Just
asin the case of conventional HMA, recycled mixtures must be designed properly to ensure
proper performance. When properly designed, recycled mixtures can have propg
those of new conventional hot mix asphalt mixtures.®

aggregate, the virgin asphalt binder and in some ca%, a recycllng
design procedure are material evaluation and mix design. The o
process is to determine the important properties of the comp up with an
optimum blend of materials to meet the mix requirements. T design step is
to determine the type and percentage of asphalt binder with th om compacted
test mixes. The specific steps of the material evaluatjga and mix desi are as follows.®
1. Obtain representative field samples of ghe [
2. Perform laboratory analysis:
1) determine composition and progexties e RAP
2) determine the proper amounts o i ates to be added
3) select the type and amaquint of th asphalt binder
4) mix, compact and test t '
3. Select the optimum '
criteria.

f mix components that meet the mix design

MATERIAL EVALUATI

The material evalidé of sampling and evaluation of the RAP, and the recycling
recycled mix. The RAP to be used in the recycled mix may come
WILH different compositions or stockpiles built with materials from
ice, representative samples must be obtained from existing pavements, RAP

Sampling frém Existing Pavements. Some highway agencies like to conduct a preliminary
sampling and evaluation program for including some important properties such as gradation,
asphalt content, penetration and viscosity, of the in-place mix in the Plans, Specification and
Estimates package.® Historical data such as construction plans, past condition surveys and
maintenance record may be utilized to delineate substantial differences in pavement section,
surface distresses, or increased structural capacity. These differences can be used to separate the
project into units of different construction materials or different depths of milling. A random
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

sampling plan should be used to obtain preliminary samples from each of the unitsin the
pavement. The following procedure for preliminary sampling is recommended. The pavement isto
be separated into construction units of similar composition by using historical records. Each
construction unit should be divided into six to eight sections of equal length. One sample should
be selected randomly from each section. Each sample should be of sufficient size (6.8 kg, 15 Ib,
minimum) for extraction, recovery and testing of asphalt binder. Each of the samples should be
tested individually. Table 7-1® shows sampling frequency and sample size for those state highway
agencies that perform evaluations during the project development stage. A minimum of one
sample (consisting of 3 cores) per 1.6 lane-km (1 lane-mile) is recommended. Although most of
the agencies core to the full depth of the pavements, after visual examination:
trimmed off to the proposed depth of removal. For detailed sampling plan th [(Shown in

material. Emphasis should be placed on the random sampling metho
on statistical principles and both cost and work may be reduced b

discussed later), the results should be analyzed to determine t d deviation, and
outliers, if any, should be detected. Pavement sections correspopgli tlier results should
be treated separately.

Sampling from RAP Hauling Trucks: RA
RAP from the milling site to the HMA plant
in the flow chart (figure 7-1). AASHTO T2,

from the trucks hauling

. Random sampling is done as shown
ates, (pertaining to the samples from
P from trucks.

Sampling from RAP Stockpj resentative samples from RAP stockpiles, 10
samples from different locati@ns i ould be obtained, and to minimize the effect of
segregation, at least 150 mmay(6 in) of th from the surface of the stockpile should be

ped off and the material retained on the 50 mm (2 in)
sieve is discarded.
sampling, of whi€ one
mix design. Ir@iidual sam should be used for extraction for aggregate gradation and asphalt

content.® Five sSampls mended for conducting Abson recovery and determining asphalt
binder pkgperties. A TO T2 Sampling Aggregates (pertaining to the samples from a stockpile)

sed for mix composition testing and the other half used for

can be'lis Jui or sampling RAP from the RAP stockpiles. Since the crushing or
milling G gphalt pavement may alter the gradation of the aggregate portion, Samples
from RA feed stockpiles at the plant site should be tested. In addition to the guidelines
available inggeveral references, engineering judgement should always be used to develop an

assign it a number such as 96-3 (Stockpile No. 3 of year 1996) which is then referenced in the
recycled mix design for that stockpile. No further RAP material is allowed to be added to that
stockpile once the final sampling is made for the mix design. Asin the case of sampling from
existing roadway, test results from RAP stockpiles should be analyzed to identify any outlier.
Material from stockpiles corresponding to the outliers should not be included in mix design.
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Table 7-1. Pavement evaluation sampling frequency and size.®

State Sample Frequency Sample Size
Arizona 3 cored1.6 lane-km 150 mm diameter for the full
depth of structure
Florida 1 set of 3 cores/1.6 lane-km. | 150 mm diameter for the full
Minimum 2 sets of 3 cores | depth of structure
per lane.

Kansas 3 Cores/1.6 lane-km 100 mm diameter 4
Minimum 30 cores. '

Nevada 1 core/750 lane-m
Texas 10 cores/project
Wisconsin 1 core/800 m
Wyoming 2 coreskm 1 ilameter for the full
depth of structure

Evaluation of RAP

The RAP materia needsto
and oxidation certain signifi
the lighter fractionsand ac
(increase in viscosity)
degradation cau
be determined ai

e the actual mix design. Thisis because with aging
the HMA. For the binder, this includes loss of
in the proportions of the asphaltenes, hardening
he gradation of the aggregate may change due to
environment. Hence the composition of the RAP must
encies determine aggregate gradation, asphalt content,

e reclaimed asphalt pavement. The aged asphalt binder must
be extracted fro sample of the RAP to determine these properties. The

' i e suggested for aggregate and binder evaluation.®

, Sieve Analysis of Fine and Coarse Aggregates, should be used to perform asieve
aggregate extracted from the RAP. Any deficiency can be corrected by blending

e fractions of virgin and/or reclaimed aggregate with reclaimed asphalt pavement
aggregate. It is also recommended to examine the angularity of both coarse and fine aggregates.
Extraction: AASHTO T 164, Quantitative Extraction of Bitumen from Bituminous Paving

Mixtures should be used to quantitatively extract the asphalt binder from RAP if the extracted

binder isto be recovered and tested for further evaluation. The National Center for Asphalt
Technology's (NCAT'S) ignition test can be used to determine the RAP composition (asphalt
content and aggregate gradation) if the asphalt binder is not intended to be recovered.
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

Asphalt Binder Evaluation: The extracted asphalt is recovered from the solution by AASHTO
T 170. Recovery of Asphalt from Solution by Abson Method. SHRP has developed an improved
method of recovering asphalt binder from solution: SHRP Designation B-006 Extraction and
Recovery of Asphalt Cement for Rheological Testing. This method is preferable to AASHTO
T170. AASHTO T 202 should then be used to check the consistency of the recovered asphalt
binder by measuring its viscosity at 60°C, to estimate the amount and grade of virgin asphalt
binder required in the recycled mix. Some agencies also test the penetration at 25°C of the
recovered asphalt binder.

If no more than 15-20 percent RAP is used in the recycled mix, testing of the g
not required by many highway agencies and the grade of the virgin asphalt b
asthat of the conventional mix.

Recycling Agents

There are four basic purposes for using recycling agents” T
asphalt binder characteristics to a consistency level appropri ' urposes and end

provide sufficient additional binder to coat any virgi led to the recycled mix; and
(4) provide sufficient additional binder to satisfy i '

viscosity characteristics of the combi indel” and the recycling agent are the
determining factors. These agents are ing agents, reclaiming agents,

atic oils.(” The Pacific Coast User-Producer Group
has defined recycling agent
restore aged asphalt binder §@ requir
definition, softer asphalt andiggecialty pr
cements can be usgdWWiign an '

of clrrent asphalt binder specifications. Under this
cts can be classified as recycling agents.” Asphalt
tal binder content of the recycled mix is required and

the specific grag e aged asphalt binder in the RAP to yield an asphalt
binder meetingith ired ifications. Generally, AC-10, AC-5 or AC 2.5 (85-100, 120-150 or
200-300 pen; AR 000 or AR-1000) asphalt cements are used for this purpose.”” Use
of such gsphalt binder in hot mix recycling is more prevalent in the U.S. compared
to the € ] ecycling agents. If the aged asphalt binder has a very high viscosity (or
low pen g percentage of RAP in the recycled HMA is much greater than 50 percent,

capable of adding two binder materials.® Recycling agents in emulsion form have the potential
advantages of improved fluxing, mixing and temperature control to prevent localized overheating
in drum mixers. Furthermore, the formulation of the emulsion can be adjusted to provide the
design end result viscosity of the binder in the recycled HMA mix. A disadvantage is that
additional heat is required to remove the 30 to 35 percent water contained in the emulsion.® To
ensure the proper function of the modifiers, the following properties are suggested for
specification purposes:”)

1. Beeasy to dispersein recycled mixture.
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N

Capable of altering the viscosity of aged asphalt binder in the RAP to the desired level.
Be compatible with the aged asphalt binder to ensure that syneresis (exudation of
paraffins from asphalts) will not occur.

Have the ability to redisperse the asphaltenes in the aged asphalt binder.

Improve the life expectancy of the recycled HMA mix.

Be uniform in properties from batch to batch.

Be resistant to smoking and flashing.

w

No oA

Severa tests have been investigated by various agencies for evaluation of recycling agents. Table
7-2 shows the physical properties of hot mix recycling agents contained in A nda
Practice D4552 Classifying Hot-Mix Recycling Agents.? The important p
are asfollows:
1. Viscosity at 60°C is used to measure asphalt binder cons
ensure uniformity.
2. Flash point is an important guide for evaluating the

d volatile loss during

> w

Weight loss must be evaluated to minimi
hot mix production.

5. Aging tests are needed to minimi
and to ensure durability.

the agent during hot mixing

The choice of Recycling Agent (RA)
in the aged pavement. In generdl, the

on the amount and hardness of the asphalt
types can be used to restore aged

Additionally, grades RA 1, 7599 will generally be most appropriate for hot
mix recycling of salvaged hen no more than 30 percent virgin aggregate is
added, while grades ill generally be most appropriate when more than 30
percent virgin i into the mix.“% Specifications for emulsified recycling
agents are norfgia be specifications for recycling agents with additional tests that are

MIX DESI@GN PROCEDURES
Figure 7-2 shows the flow chart recommended for the different stepsin mix design of recycled
mixes.” Conventional recycled mix design will be presented first followed by the Superpave
recycled mix design.

(1) Combined Aggregatesin the Recycled Mixture - Using the gradation of the aggregate from
the reclaimed asphalt pavement and new aggregate, a combined gradation meeting the desired
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Table 7-2. ASTM specification for hot mix r

TEST ASTM RA 1 RA 5 RA 500
Test
Method Min Max Min Max Max Min Max
Viscosity at 140°F, D 2170 or 50 175 176 900 37500 37501 60000
cSt D 2171
Flash point, COC, D92 425 425
°F
Saturates, wt% D 2007 30 30 30
Tests on residue D 2872 or
from RTFO or TFO D 1754
oven 325°F
Viscosity ratio® 3 3 3
Wt change + % 3
Specific gravity D 70 or Report Report Repoft
D 1298

(UBsa@ X1\ pue sfeLIeN) bulpAdsy 1reydsy XIN 10H L
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Table 7-3. Specification for emulsifying recycling agents.®®

TESTS Test Method ER-1 ER-2 ER-35

Min Max Min Max Min Max

On emulsion

Viscosity, 50°C, SSF D 244 100 20 450 20 450

Sieve, % D 244 0.1 0.1 0.1

Storage stahility, 24 h, % D 244 15 15 15

Residue, by distillation, % D 244 65 65

Dilution report?

Specific gravity D 70 report r eport

Compactibility ® varies report r ort

On residue from distillation

Viscosity, 60°C, cSt D 2170 50
Saturates, % D 2007
Solubility in trichloroethylene D 2042 97.5

On residue from distillation

after RTFO®

Penetration, 4°C,509g5s D5

RTFO, weight change, % D 2872
Notes:

A ER-1 shall be certified for dilution with potabl

B This specification allows a variety of emulsions,
should take the steps necessary to keep i i
would be prudent to have the chemi
cationic emulsions, or other testsasn

igh float emulsions, particle charge test for
e supplier.
the engineer the Thin Film Oven Test (Test Method D

specification requirements i . the blend of aggregate (aggregate in the RAP and
new aggregates) hay : ished, th& amount of new aggregate is expressed asr, in percent.

The
proporti
constant.

gate is 75 percent. Hence, r = 75. Table 7-4“ contains formulas for
for recycled HMA mixes where the blend of aggregates in the mix is kept

(2) Approximate Asphalt Binder Demand of the Combined Aggregates - The most practical
approach is to assume the asphalt demand of the combined aggregatesin the proposed recycled
HMA to be equal to the optimum asphalt content of 100 percent virgin HMA (without any RAP).
Therefore, the following procedure of determining the approximate asphalt demand may not be
necessary unless no mix design is available for 100 percent virgin mix.

The approximate asphalt demand of the combined aggregates may be determined by the
Centrifuge Kerosene Equivalent (CKE) test included in the Asphalt Institute Hveem Method of
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Aggregate Gradation, Asphalt Content, and
Viscosity of Extracted Binder from RAP

h 4

Gradation of New Aggregate

v
Determine Combined Gradation in
Recycled Mix

v
Determine Approximate Asphalt Dem
of Combined Aggregates '

(from Viscosity Blendin

[Run TridMix Desigrisby Marshall or

Hvee ethod

A 4

Select Job Mix Formula

ote: Instead of New Asphalt, Recycling Agent may be used

igure 7-2. Flow chart for mix design procedure.

Mix DesigRpor calculated by the following empirical formula:

P=0.035a+ 0.045b + Kc + F

where:
P = approximate total asphalt demand of recycled mix, percent by weight of mix
a = percent of mineral aggregate retained on 2.36 mm sieve, expressed as a whole
number
b = percent of mineral aggregate passing the 2.36 mm sieve and retained on the 75 um

sieve, expressed as a whole number
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Table 7-4. Formulas for proportioning materials for hot recycled mixtures.

For Asphalt Content

by weight of total mix by weight of aggregate

% New Asphalt, P, (LUU TP P, (LWU-T)Py p MWy
100(100-P.)  100-P. ©

% RAP, Py, 10U(LUU-T) \wv 1y (LUU T g) (LuU 1

100-P. 100-P. 10
% New Aggregate, P, Py

100

TOTAL 100
% New Asphalt to Total our o
Asphalt Content, R P.

Notes:
Py, = Percent salvaged mix (RAP) in recycled mj
P, = Asphalt content of recycled mix, %
Py = Asphalt content of salvaged mix (RAP), %
P., = Additional asphalt and/or recycl entinr
P, = Percent additional aggregate (n

r = Percent new aggregate material to tot i ed mix
R = Percent new asphalt and/g total asphalt in recycled mix
c = e passing the 75um sieve
K= ing 75 um sieve, 0.18 for 6-10 percent passing 75um
nt or less passing 75 pum sieve
F = on absorption of light or heavy aggregate. In the absence of

e of 0.7 is suggested

For example, suppose that the approximate asphalt demand was calculated to be 6.2 percent. A
mixes then range from 5.0 to 7.0 percent or from 5.5 to 7.5 percent.

(3) Estimated Percent of New Binder Asphalt in HMA Mixture - The quantity of new asphalt
binder to be added to the trial mixes of the recycled HMA mixture, expressed as percent by
weight of total mix is calculated by the following formula:

_ (10 -rPy )P, (100-1)Pg

" 100(100-P,)  100-P,
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where:
Pnb = Percent of new asphalt binder in recycled mix (plus recycling agent, if used),
expressed as whole number
r = new aggregate expressed as a percent of the total aggregate in the recycled mix

expressed as a whole number
P, = percent, estimated asphalt content of recycled mix (assumed to be the same as that
of 100 percent virgin HMA mix or determined as an approximate asphalt demand
of combined aggregates in the preceding step)
Py, = percent, asphalt content of reclaimed asphalt pavement (RAP) (plus recycling
agent, if used)

_ (100*-75X4.7)P,  (100-75)4.7
nb 100(100 - 4.7) 100-4.7

The percentages of new asphalt binder for any asphalt content
The formula above is for asphalt content expressed ag percent
contents are expressed as percent by weight of aggr
new asphalt binder is:

=1.01

(4) Select Grade of New
blend is selected. A commo
specified viscosity-graded

nt is the viscosity at the mid-range of the
r example, the target for an AC-20 asphalt binder

The percent o P,,, to thetotal asphalt content, P,, is expressed by the following
formula:

For exam suppose the mix described in Step (3) isto have an estimated total asphalt content
of 6.2 percéit. The amount of new asphalt to be added (from Step 3) is:

P, =1.01X 6.2-1.23 = 5.0 percent

Then:

_ 100(5.0) _
6.2

81
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The grade of new asphalt binder (and/or recycling agent) is determined using a log-log viscosity
versus percent new asphalt binder blending chart such as figure 7-3.“ A target viscosity for the
blend of recovered asphalt and the new asphalt (and/or recycling agent) is selected. As mentioned
earlier, the target viscosity is usually the viscosity of the mid range of the grade of asphalt binder
normally used depending on type of construction, climatic conditions, amount and nature of
traffic.

Plot the viscosity of the aged asphalt in the RAP on the left hand vertical scale, Point A, as
illustrated in figure 7-3. Draw a vertical line representing the percentage of new asphalt binder, R,

viscosity at Point C. To plot a point using the vertical scale,

using 10 raised to some power. For example, 75,000 poises o plot the point
on the vertical scale, 7.5 would be interpolated on the scale bet °. It is suggested
that when selecting a grade of asphalt cement for r [ following guide be used:

Up to 15 percent RAP = No change in asphalt bi ighway agencies use 20

fter than that normally specified for
ix. For example, use AC-10 in lieu of
change more than one viscosity grade unless the

is checked for resistance to rutting.

The formulas sho or proportioning the ingredients: new asphalt binder,

(6) Select Job- he optimum asphalt content is selected based on the test data
iNghi ng step. |f the Marshall mix design procedure is used, the optimum asphalt
4.0 percent air void content. Two mix design examples follow.

le 1: The reclaimed asphalt pavement has an asphalt content of 5.4 percent by

mix. The viscosity of the asphalt binder recovered from the reclaimed asphalt

P) is 46,000 poises at 60°C (140°F). The grade of asphalt cement normally used is
AC-20, and the target viscosity at a temperature of 60°C (140°F) is 2,000 poises. Gradation of
RAP and new aggregate is.
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Figure 7-3. Asphalt viscosity blending chart.®
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Percent Passing
Sieve Size RAP Agg. New Agg.

25.0mm (1in) 100 100
19.0 mm (3/4 in) 98 93
9.5 mm (3/8in) 85 53
4.75 mm (No. 4) 65 30
2.36 mm (No. 8) 52
300 um (No. 50) 22
75 um (No. 200) 8

Approximately 30 percent of RAP was selected becaus
recycling, (2) moisture content of the RAP was 5 percen
maintaining mix productions based on percent

Step 1 - Combined aggregatesin recycl

Sieve Size Combination Agg.
25.0 mm (1 in) 100.0
19.0 mm (3/4 in) 94.5
[53 X 0.7 = 37.1] 62.6
[30 X 0.7 = 21.0] 40.5
[16 X 0.7 = 11.2] 26.8
[22x0.3=6.6]| [5X0.7=3.5] 10.1
[8x0.3=24]| [1X0.7=0.7] 3.1

The job specification for aggregate gradation (for 19 mm nominal size) is:
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_ _ Percent Passing
Sleve Size Max. Size Combined Agg.
% Pass % Pass

25.0mm (1in) 100 100.0
19.0 mm (3/4 in) 90-100 94.5

9.5 mm (3/8in) 56-80 62.6
4.75 mm (No. 4) 35-65 4
2.36 mm (No. 8) 23-49
300 um (No. 50) 5-19
75 um (No. 200) 2-8

Step 2 - Approximate asphalt demand of combined

P =0.035a + 0.045b + Kc + F
=0.035 x 73.2 + 0.045 x 23.7 + 0.
= 5.2 percent

Step 3 - Estimated percent ind mix

The per@ . of new asphalt bindey,, Bo total asphalt, Pwill then be

_ 100(3.6) _
5.2

Step 4 - Select grade of new asphalt binder

69 percent

On figure 7-4, Point A is the viscosity of the aged asphalt binder at 46,000 poises (4.6 x 10
Point B is located from a target viscosity of 2,000 poises (2.G)<ahd R = 69. The projected

line from Point A through Point B to Point C indicated that the viscosity of the new asphalt binder

is 7.0 x 16 (700).
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

Since AC-20 is the normal grade of asphalt cement used in the area of construction, climate and
traffic, an AC-10 will be chosen for this project. The AC-10 when blended with the aged asphalt
binder in the RAP should result in an AC-20 within acceptable tolerances.

Step 5- Trial mix design

Using an aggregate blend of 70 percent new aggregate and 30 percent RAP aggregate, trial
mixes of different asphalt contents (varying in 0.5 percent increments on either side of the
estimated asphalt demand) are prepared according to standard Marshall or Hveem mix design
procedures.

The formulas in table 7-4 may be used to calculate the percentages of each
mixes. Since the formula for P,, was calculated in Step 3, the formul
P are

~100(100-r) (100-n)P,

P =
(100-P,)  (100-P,)
_ 100(100-70) (100-70)P,
100-6 100-6
= 31.91-0.32P,
rP, 70P
Ps=r-——=70-
100

Asphalt Content, P, 55 6.0 6.5
P,=102PR,- 171 3.9 4.4 4.9
29.9 29.8 29.6
66.2 65.8 65.5
100.0 100.0 100.0
Note:
Prs

g trial mixesin the laboratory, it is suggested that the RAP be heated to mixing

d maintained at that temperature. The new aggregates are normally heated to 10°C
he mixing temperature. When the aggregate and RAP have been weighed out, dry
mixing should begin to thoroughly blend the materials before adding new asphalt. Keeping the
RAP at elevated temperatures should be held to a minimum (not more than one hour). Otherwise,
normal mix design procedures are followed.

Step 6 - Select job mix formula

The optimum new asphalt content and the mix design are determined according to established
standard Marshall or Hveem mix design criteria (as is used for virgin materials).
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

Design Example 2: Reclaimed asphalt pavement has an asphalt content of 6.0 percent with a
viscosity of 100,000 poises. Gradation of RAP and new aggregate are the same as for Example 1.

Steps 1 and 2 - Same as Example 1

Step 3 - Estimate percent of new asphalt in mix

(100*-rPy)Pb (100-r)P_
" 100(100-P,)  100-P
(100%-70X6.0) _ (100-70)6.0

100(100-6.0)  100-6.0
1.02P,-1.91

For an approximate asphalt demand of 5.2 percent:
P, =1.02(5.2) - 1.91 = 3.4 percent
Step 4 - Select grade of new asphalt bind

On figure 7-5, Point A is the viscosity of the a r at 100,000 poises (9.0 x 10
bl target viscosity and R = 57,
(100R,/P, = 100 x 3.4/6.0) of new binder as . is projected through these two points

e design engineer is concerned with rutting and
normally uses an AC-20 i “%-@n be used to determine how much of the
recycling agent to blend ive an apparent viscosity of 180 poises.

the recycling agent is 1 poise. Plot this as Point E on the
Raints D and E with a straight line. Now determine what percentage, R,

should bef,000 p0|ses—W|th|n acceptelhlmzs
Step 5- Trial mix design

Using an aggregate blend of 70 percent new aggregate and 30 percent RAP aggregate, trial mixes
of different asphalt contents (varying in 0.5 percent increments on either side of the estimated
asphalt demand) are prepared according to standard Marshall or Hveem mix design procedures.
The formulas in table 7-4 may be used to calculate the percentages of each ingredient in the trial
mixes. Since the formula for,Rvas calculated in Step 3, the formulas for proportioningfRd

P are:
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VISCOSITY, POISES, 140°F (60°C)
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Figure 7-5. Asphalt viscosity blending chart (design example 2).
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70P,
- 70- = 70-0.70P,

100
Asphalt Content, P, 4.0 45 5.0 55 6.0
P, =102P,- 191 2.2 2.7 3.2 3.7 4.2
P, =3191-0.32P, 30.6 305| 303| 301| 300
P.= 70-0.70 P, 67.2 668| 665| 662| 658
Total 1000 | 1000| 100.0| 100.0| 100.0

Note P, = percentage of new aggregate
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

When preparing trial mixesin the laboratory, it is suggested that the RAP be heated to and

maintained at the mixing temperature. The aggregate is normally heated to mixing temperature

plus 10°C (50°F). When the aggregate and RAP have been weighed out, dry mixing should begin
to thoroughly blend the materials before adding new asphalt binder. Keeping the RAP at elevated
temperatures should be held to a minimum (not more than one hour). Otherwise, normal mix
design procedures are followed.

Step 6 - Select job-mix formula

performance-based specification for asphalt bingfele® T
binder is designed to improve the performance of HMA p
/sonmihimize rutting at high
pavement temperatures during summer, (b) i teiminimize fatigue cracking
at intermediate pavement service tempergture imum creep stiffness (S)

(2) Ap alt Binder Demand of the Combined Aggregate

This step §\also the same as conventional hot recycled mix design given earlier. An alternate
method is gilken in the Superpave volumetric mix design méthatlich calculates estimated

asphalt content based on the combined aggregate gradation. However, the procedure is very
tedious. It is recommended to assume the estimated asphalt content of the recycled HMA mixture
equal to that of 100 percent virgin HMA mixture.

(3) Estimate Percent of New Asphalt Binder in HMA Mixture

This step is also the same as conventional hot recycled mix design given earlier.

7-21



7. Hot Mix Asphalt Recycling (Materials and Mix Design)

Aggregate Gradation, Asphalt Content, and
G*/sind of Extracted Binder from RAP

v

Gradation of New Aggregate

Determine Combined Gradation in
Recycled Mix

Determine Approximate Asphal
of Combined Aggregates

A 4

Determine G*/sind of Préose

Select Job Mix Formula

re 7-7. Stepsin preparing hot recycled mix using Superpave technology.

(4) Select de of New Asphalt Binder

Based on the research conducted at the National Center for Asphalt Technology,™ the following

three tier procedure is recommended to select the Superpave PG grade of the new asphalt binder:

(@ Tier 1 (upto 15 percent RAP): If the minimum amount of the RAP in the recycled

mix is 15 percent or less, use the same PG grade as that used in 100 percent virgin
HMA mixture. For example, if the highway agency specifies a PG 64-28 asphalt
binder for 100 percent virgin mixtures, the same grade can be used in recycled
mixtures containing up to 15 percent RAP.
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(b) Tier 2 (16 to 25 percent RAP): If the amount of RAP in the recycled mix is more than
15 percent but equal to or less than 25 percent, the selected PG grade of the virgin
asphalt binder should be one grade below (both high and low temperature grade) the
Superpave specified PG grade. For example, if the Superpave specified PG grade is
PG 64-22 then a PG 58-28 asphalt binder should be selected. The use of blending
chart (as givenin Tier 3) to select the high temperature grade of the virgin asphalt
binder is optional.

(c) Tier 3 (26 percent or more RAP): If the amount of RAP in the recycled mix is 26

asphalt binder conforms to a specific PG grade. The X-
percen virgin asphalt binder (determined in Step 3) an

For example, if a highway agency uses a PG 64-
mixtures, G*/sind of the aged asphalt binder (rec

agency uses a PG 58-28 binder, th ged and proposed virgin binder
should be determined at 58°C (1 ' m and maximum amounts of of
virgin asphalt binder to obtain S are obtained from two

horizontal lines correspondin d 2 kPa stiffness (figure 7-8). Figure 7-9
shows an example of using the

Suppose PG 64-28 was aving project. The &h&asured at 64°C

of the aged and i inder (PG 64-28) were 100 kPa and 1.13 kPa,

i lotted as Point A and Point B as shown in figure 7-
2.0 kPa stiffness line at 85 percent. Therefore, the
inder PG 64-28 that can be added in the recycled mix

e virgin asphalt binder. The G*simeasured at 64°C for

3 0.65 kPa and plotted as point C in figure 7-9. The line AC

.0’kPa and 2.0 kPa stiffness lines at 72 percent and 89 percent,

. Therefore, the amount of the virgin asphalt binder PG 58-34 that can be
ecycled mix is 72 to 89 percent (or about 11 to 28 percent RAP).

oted that the low temperature grade of the selected virgin asphalt binder should
least one grade below the specified PG grade. For example, if the specified low
temperatur@igrade for 100 percent virgin mixtures is -28°C, then the low temperature grade of the
virgin binder should be -34°C.

Note: Research is continuing at the present time (1996) to develop Superpave blending charts
based on G*sif (fatigue factor) and low temperature properties of asphalt binder in addition to
G*sind (rutting factor) used here.
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7. Hot Mix Asphalt Recycling (Materials and Mix Design)

(5) Trial Mix Design

Trial mix designs are made using the Superpave gyratory compactor (SGC) following the
Superpave volumetric mix design procedures.® It may be necessary to evaluate different
aggregate gradations to obtain an acceptable aggregate structure meeting the Superpave criteria.
The preparation of recycled mixtures such as heating of RAP, new aggregate, and asphalt binder
and mixing procedures are similar to those used in conventional recycled mix design given earlier.

(6) Select Job Mix Formula

The optimum asphalt content is selected based on the test data obtained in th
volumetric mix design procedure (Step 5). The recycled mix must meet all ‘G
100 percent virgin mixtures.

SUMMARY

The two main steps in design of hot mix recycling are materi design. The
materials evaluated include the RAP and the recycling agent. A g plan should be
devised to obtain representative samples of the RAP, requency should be
decided based on historical, construction, and m eeded, the pavement may be
divided into different sub sections before sampling?

undergoes changes with time and traffic, its [ halt content, and rheological properties
of aged asphalt binder must be determined. Th [ ent should conform to the applicable

ves the determination of the
combined gradation of the aggregates unt of new aggregate to meet the
target gradation. Next, the am rgin) asphalt binder required in the recycled mix is
estimated. Blending charts ( i Superpave rutting factor G*/sind) are then used
to select the grade of virgin i es of trial mixes are then made with different

1 . Little, R.J. O'Neal, and B.M. Gallawixture Properties of Recycled
erials, American Society for Testing and Materials (ASTM), STP 662,
2. iment Recycling Guidelines for Local Governments - Reference Manual, Report No.

-TS-87-230, FHA, U.S. Department of Transportation, Washington, DC, 1987.

3. Pavement Recycling Executive Summary And Report, Publication No. FHWA-SA-95-
060, FHA, U.S. Department of Transportation, Washington, DC, 1995.

4. Asphalt Hot-Mix Recycling, The Asphalt Institute Manual Series No. 20 (MS-20), Second

Edition, 1986.

5. P.S. Kandhal, E.R. Brown, and S. Crd3sidelines for Hot Mix Recycling in Georgia,
Report No. FHWA-GA-89-8807, 1987.
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CHAPTER 8. HOT MIX ASPHALT RECYCLING (CASE HISTORY AND QC/QA)

INTRODUCTION

The purpose of this chapter is to present a selected case history of hot mix asphalt recycling, and a
summary of Quality Control/Quality Assurance (QC/QA) practices. Thefirst part of the chapter
presents a case history and the second part presents the specifications, and QC/QA practices.

CASE HISTORY

Performance
Data of Recycled Mixes.” Hot mix asphalt recycling is no lon
process. It is routinely used by most states in the U.S. Th
history which gives development of recycled mix design

of about 5,000, with

Iso constructed with conventional
recycled hot mix asphalt in the
material was obtained from Traffic Route 22

This stretch of the pavement had an average dai
approximately 10 percent truck traffic. A con

by milling to a depth of 40 mm (1%z in). The
base course. The RAP stockpile
extraction test to determine the a
asphalt content was determi
coarse aggregate (AASH
decided to use 20 perce
were determined so that

concrete base co

concrete base course. (BCBC).

ken to a hot mix plant for recycling as a
ations. The ten samples were subjected to
tent and gradation of the RAP. The average
percent. The average gradation of the RAP, virgin

fine aggregate (F.A.) are given in table 8-1. It was

d mix. The proportions of coarse and fine aggregate
met the Pennsylvania DOT specification for bituminous

n in table 8-1. It was assumed that the total asphalt content
sed in 100 percent virgin base course mix, which was 4.0

RAP AASHTO 57 F.A. Total
20.0% 63.3% 16.7% Blend Spec.
100 100 100 100 100
12.5 mm (¥2") 100 50 100 68 40-7"
4.75 mm (No. 4) 84 4 100 36 20-4]
2.36 mm (No. 8) 65 2 76 27 15-3
75 mm (No. 200) 18 0.3 6.5 4.9 2-6
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8. Hot Mix Asphalt Recycling (Case History and QC/QA)

(100°-rP) P, (100-NP,
100(100-P,) 100-P,

nb

P, = Percent of new asphalt binder in recycled mix (plus recycling agent, if used),

expressed as whole number
r= New aggregate expressed as a percent of the total aggregate in the recycled mix

expressed as a whole number

P,= Percent, estimated asphalt content of recycled mix assumed to be
of 100 percent virgin HMA mix or determined as an approxim
of combined aggregates

Py, = Percent, asphalt content of reclaimed asphalt pavement

e as that
emand

The percentage of new asphalt binder, P,,, was determined as foll
~ (100°-80%x5.4)4 (100-80)5.4
©100(100-5.4)  100-5.4
Therefore, percent virgin or new binder in the total binder =

nb

Asphalt cement was recovered from the RAP by t d its viscosity was

measured at 60°C. The viscosity was 60 The blending chart in figure 8-1 was used to
determine the grade of the virgin asphalt ¢ used in the recycled mix. According to the
blending chart, the virgin asphalt ave viscosity of about 800 poise. Therefore, an

the laboratory and teste i erties (such as air voids and VMA) and Marshall

stability and flow. The mi ylvania DOT specifications and, therefore, approved for
use.

A batch planiw producing the recycled base course mix containing 20 percent RAP.
The RAP was' [ 2d to the weigh hopper of the batch plant. The RAP was fed into

ont end loader. A RAP feedlng bin of small S|ze with steep S|des W|de and

&Inix was transported to the Traffic Route 72 site with trucks and laid with
conventional paver. The compaction was done with a vibratory roller. Quality control tests on the
recycled HMA mixture (such as asphalt content, gradation and volumetric properties) showed

that the recycled mix met all the Pennsylvania DOT specification requirements for 100 percent
virgin mix. Table 8-2 shows average test data (31 samples) on the percentage of material passing
2.36 mm (No. 8) and 0.075 mm (No. 200), percent asphalt content, and percent air voids in
compacted Marshall specimens. The test data is quite consistent and is equal to or better than that
of a 100 percent virgin mix. Control charts depicting the mix composition and volumetric

properties of the HMA were also maintained during the production of the recycled mix.
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Figure 8-1. Blending chart for selection of virgin asphalt cement grade.
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Table 8-2. Recycled mix production test data.

Percent Passing Asphalt Air Voids (%)
Content (%)

2.36 mm 0.075 mm

(No. 8) (No. 200)
Design 27.0 4.9 4.0 55
Average (N = 31) 26.5 5.6 4.0 4.5
Standard Deviation 1.3 0.6
95% Confidence Limits +2.6 +1.2

Distress surveys conducted after 10 years of recycling indic ' giween the

recycled and control sections in terms of rutting and crac
QUALITY CONTROL/QUALITY ASSURANCE (QC/Q

Good QC/QA practices are essential to obtain
tests necessary to control the HMA producti

HMA. @C normally refers to those
ine the quality of the HMA being

evaluated is indeed what the owner specifi
owner. QC/QA of recycled HMA i igni ent than those of conventional HMA

except that some additional tests ed when producing recycled HMA. For
example, the asphalt binder covered from the recycled mix and tested for consistency
(penetration, viscosity or InNg QC/QA procedures apply to both conventional

and recycled HMA mixes ically mentioned for recycled mixes.

Testing of the asp oduction is essential to ensure that a satisfactory product
is obtained. T performed during manufacture and placement of HMA may
include aggr adlation, asphalt content, temperature, mixture properties of laboratory

mixture is ost importance since this is the end product; however, the aggregate gradation
must be controlled at the other points to ensure that the gradation of the final product is
satisfactory. Since the RAP may have a significant amount of material passing 0.075 mm (No.
200) (generally referred to as the P200 fraction) sieve, the P200 in the total gradation must be
monitored closely.

The aggregate and RAP stockpiles should be sampled and tested during the mix design process
and approved for use. Once production begins, it is only necessary to sample new aggregate
material that is added to the aggregate stockpile since the overall stockpile gradation has already
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8. Hot Mix Asphalt Recycling (Case History and QC/QA)

been determined. The new material added to the stockpile must have the same gradation as the
origina stockpile, within reasonable tolerances, otherwise the gradation of the final mixture is
affected. Causes in gradation variations at the stockpile include changes at source, segregation
during hauling or stockpiling, and sampling and testing errors. No new RAP should be added to
the RAP stockpile which was used for developing the mix design.

The second typical location for taking aggregate samples is the cold feeder belt. This belt contains
the combined aggregate being fed into the HMA facility. Variability of gradation that results at
this point is caused by variations in stockpile gradations, segregation of aggregate, i
loading of cold feed bins, improper setting of individual cold feed bins, and sag
errors.

The third location for sampling aggregate isin the HMA batch plant i ts do
not have aggregate hot bins). Causes for variability here include i * om cold
feeder, erratic feed from dust collector system, changing produ ing €
changes with production rate), blinding screens, holesin scr
testing errors. The hot bins, if operated correctly, will partiall on fluctuations
coming into the plant.®

MA. The sample is normally
his test, which is performed
e one on which acceptance of the

The fourth location for determining gradation is
taken from loaded trucks but can be taken befai
on the finished product, must be controlled

mixture is normally based. Variability of gradati iISYeint (for a batch plant) could involve
incorrect hot bin gradations, incorr id from each hot bin, change in RAP
composition, segregation of aggregate he plant or in the storage silo, and
sampling and testing errors. F ant, the causes of variability at this point include

improper cold feed gradatio e dust collector, change in RAP composition,
segregation of aggregate traveli he plant or in the storage silo, and sampling and
testing errors.

cations allows the engineer to troubleshoot the gradation
he location where it is occurring. For instance, if the stockpile

0ld feed gradation changes, then the problem areas are likely to
e, improper loading of cold feed bins, or sampling and testing errors.
checked and modifications made to correct the problem.®

gradation is sati
be ion of

Another mix@sre property that must be evaluated is asphalt content. The asphalt content of HMA
is very important to ensure satisfactory performance. A HMA mixture with low asphalt content is
not durable, and one with high asphalt content is not stable. The actual asphalt content directly
affects mixture properties, such as asphalt film thickness, voids, stability (Hveem or Marshall),
and Marshall flow. Therefore, it isimportant to monitor asphalt content, but it is really these
mixture properties that need to be controlled.

The asphalt content of a mixture is measured by extraction test (AASHTO T 164) or witha
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nuclear gauge (ASTM D 4125). The extraction test involves adding a solvent to the asphalt
mixture to dissolve the asphalt cement. The asphalt cement and solvent are then passed through a
piece of filter paper, but the aggregate is now alowed to pass. Thisis not a highly accurate test
but it iswidely used for measuring asphalt content. One advantage of the extraction test when
compared to nuclear asphalt content gauge is that it allows determination of the aggregate
gradation of the mixture. A disadvantage of the extraction test isthat the solvent used is
hazardous and is difficult to dispose.?

the asphalt content of HMA mixtures by ignition. The test method is based o
1990 at NCAT.® Inthe NCAT ignition method, a sample of HMA mixtureg

the aggregate. NCAT's work has resulted in a test procedure

measures the asphalt content in 30-40 minutes. The gradin then be
determined using standard sieve analysis. Based on roun ICted by NCAT in
which 12 laboratories participated, the accuracy and pre&i ignition test was
found to be better than those of the solvent extraction , this test method

eliminated due to growing health and environm assoclated with the use of
chlorinated solvents.

Improper asphalt content can be cause everahfactors in a batch plant. These causes include
inaccurate aggregate scales, inaccurate as ce t scales, leaking valve in asphalt cement pot,
segregation, and sampling and tesii . ses of incorrect asphalt content in a drum mix
plant include inaccurate aggregate N perly calibrated asphalt cement meter,
incorrect moisture content i gregates, segregation, and sampling and testing

error®

(FHWA) Demonstration Project No. 74 has clearly shown
between the volumetric properties of the laboratory designed and
mixtureS. The volumetric properties include voids in the mineral aggregate
he total mix (VTM). The FHWA project concluded that a field mix

and laborat@y designed HMA mixes and effectively reconcile these differérities.National

Center for Asphalt Technology (NCAT) conducted a statistical analysis of field data from 24
FHWA demonstration projects to develop practical guidelines for the HMA contractors to
reconcile the differences, thereby assisting them to consistently produce high quality HMA
mixes® Recycled HMA mixtures were used on some projects. The field data was analyzed first
to identify and, if possible, quantify the independent variables (such as asphalt content and the
percentages of material passing 0.075 mm (No. 200) and other sieves) significantly affecting the
dependent variables such as VMA and VTM. The following conclusions were drawn from the
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8. Hot Mix Asphalt Recycling (Case History and QC/QA)

NCAT study:

1. Significant differences exist between the volumetric properties of the laboratory
designed and plant produced hot mix asphalt.

2. VMA ismogt affected by the amount of material passing 0.075 mm (No. 200) sieve
and the relative proportions of coarse and fine aggregates.

3. VMA can be increased by reducing the amount of material passing 0.075 mm (No.
200) sieve or natural sand in the HMA mixes. VMA can also be increased by moving
the aggregate gradation away from the maximum density line (MDL) especially for
HMA mixes with no natural sand.

4. VTM ismost affected by asphalt content, material passing 0.075 mg B0) sieve,
and the relative proportions of coarse and fine aggregates.

5. VTM can be increased by reducing asphalt content and material'y
(No. 200) sieve.

Flow charts were developed as general guidelines for reconcilingftbe V d VTMudifference
between the laboratory designed and plant produced HMA mixes. ow ¢l aregivenin
figures 8-2 and 8-3.

Construction
|d be ¢l nitored. The temperature

gregate and to allow for satisfactory
compaction. The temperature of the recycled mi monitored more closely when the

The temperature of the mixture during produgtion

The TMD (Theoretical Maxi ' uld be measured on a daily basis, since thisis
needed to calculate voidsin
TMD indicates a change in egate gradation, specific gravity and absorption
of the aggregate, RAP comp@siti ling and testing errors.

Compacting the@sp Isfactory in-place density is required for satisfactory
performance. o MethiB@sithat.are used for checking in-place density are nuclear gauges and
caggaliOe is generaly preferred for QC testing while cores are desirable for QA

Testing and Quality Control Charts

Testing Frequency. It isimpossible to establish one desired testing frequency for all projects.
Factors that may affect testing frequency include the size of project, importance of project, and
variability of materials. However, the suggested number of testsin Table 8-3 is provided as a
rough guide to the actual minimum number that should be conducted on a project. Obviously, the
specifying agency’s guidelines should be followed, if available.
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Figure 8-2. Guidelines 1@r reconciling the VMA difference between the laboratory designed and plant produced HMA mixes.
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8. Hot Mix Asphalt Recycling (Case History and QC/QA)

Technician Qualifications. Sampling and testing errors can be a high percentage of the overall
variations in test results. For thisreason it is essential that testing technicians be highly qualified to
ensure that sampling and testing errors (for some tests thisis over 50 percent of variability) are
minimized. Many states have begun to require certification of technicians (state and contractor)
that work on state or federally funded projects. More emphasis needs to be placed on this
technician certification program to ensure that all projects have qualified personnel performing
QC and QA tests.

Quality Control Charts. Analysis and evaluation of test results must be performed during the

Table 8-3. Suggested number of test
Test

Stockpile gradation
Cold feed gradation

er day

1 per day

Hot bin gradation (if applicable) 1 per day
Extracted asphalt content and gradati 2 per day
Laboratory compacted 2 sets per day
stability, flow
Theoretical maximu 2 per day
Temperature Regularly throughout day
6-10 per day
1 per week (more if RAP isvery
variable)
1 per 1000 tons of HMA (more at the
beginning of the project)

The use of hot mix asphalt recycling is no longer considered an experimental process. A selected
case history of hot mix asphalt recycling shows that the recycled mix met all DOT specification
requirements for 100 percent virgin mix. The test data on the recycled mix was found to be quite
consistent and equal to or better than that of a 100 percent virgin mix. However, it must be noted
that good quality control and quality assurance (QC/QA) practices are essential to obtain
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satisfactory results with recycled mix. Testing required for proper QC/QA control include testing
of asphalt mixture during production, gradation testing of aggregates from stockpile, feeder belt,
bins and extracted aggregates from asphalt mixtures. The asphalt content of the recycled mix and
the RAP materia should be determined. After design, during field production, the mix should be
verified for proper VMA and VTM. If any significant difference is found between designed and
produced mixes, the VTM or the VMA can be adjusted by changing the percent passing 0.075
mm sieve. During placement of the mix, proper temperature required for coating and compaction
of the mix must be obtained. For satisfactory compaction, the density of the in-place mix should
be checked in terms of the theoretical maximum density, which should be determined before
compaction. Finally, quality control charts should be maintained so asto identj which
may lead to HMA production out of specified tolerance limits.
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CHAPTER 9. HOT IN-PLACE RECYCLING
(CONSTRUCTION METHODS AND EQUIPMENT)

INTRODUCTION
Hot in-place recycling (HIR) has been described as an on-site, in-place method that rehabilitates

deteriorated asphalt pavements and thereby minimizes the use of new materials. Basically, this
process consists of four steps. (1) softening of the asphalt pavement surface with

recycling agent, asphalt binder, or new mix; and (4) laydown and paving o
the pavement surface. The primary purpose of hot in-place recycling i

shoves and bumps. It may be performed as a single-pass operati soperation. In
a single-pass operation the virgin materials are mixed with th '
pavement (RAP) material in a single-pass, whereas in the mu
course is added after recompacting the RAP materials. The ad -place recycling
are that elevations and overhead clearances are pr ,itis [ economical, and
needs less traffic control than the other rehabilitati i IS process can aso be used to

asphalt content, and improve surface frictio i Hot in-place recycling is usualy
performed to a depth of 20 mm to 50 mm (3/4 [ 25 mm (1 in) being atypical depth.

The Asphalt Recycling and Reclaméti i RA) recognizes three basic types of hot

in-place recycling processes: ( ling, (2) repaving, and (3) remixing. Recycling
agents for rguvenating the i ay be added in all the three methods, but virgin
aggregate isused only inr [ i erations. The three processes are described
below.

The Asphalt Regye Reelamation Association (ARRA) defines surface recycling as a

hat restores cracked, brittle, and irregular pavement in preparation for a
(@ |deal candidates for this process are pavements with stable and

a scarification depth of 50 mm (2 in) can be achieved, depths of 20 mm
) are common.®? If a hot mix asphalt overlay is placed as a separate

called a single-pass method.

The primary purpose of the surface recycling process is to eiminate surface irregularities and
cracks. It isalso used to restore the pavement surface to the desirable line, grade, and cross
section to ensure proper drainage.® Limited and short term surface frictional resistance
improvement may also be achieved.® Surface recycling has been reported to be successful in
removing reflective cracks when used prior to hot mix overlay.® This may be more effective if a
heater scarifier is used immediately before the overlay to improve the bond between old and new
layers.®
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9. Hot In-Place Recycling (Construction Methods and Equi pment)

Figure 9-1© shows a schematic of one of the surface recycling process. The equipment consists of
apreheating unit, a heating and recycling unit, and a rubber-tired roller. The preheating unit heats
up the old HMA pavement surface, the heating and recycling unit applies more heat and scarifies
the HMA pavement with a set of non-rotating teeth, and sprays the recycling agent. Then the old
pavement and recycling materials are mixed with a standard auger, and leveled off with a screed.
A rubber-tired roller is used for compacting the recycled mix. No new aggregate is generally
added in the surface recycling process. Figure 9-2 shows a surface recycling process.

two units traveling in tandem, each with a single set of heater. At |
normally used for heating. The temperature of the HMA pavemen

pavement. The spring-loaded mounting allows the scarifier t
manhole covers and concrete patches.™® To eliminate the eff
long term aging, and heating during the recycling process, recy@ling ag
pavement during the scarifying operation.®

added to the

PROPANE

HEAT DEFLECTORS

SCARIFYING
TEETH (NOT USED)

SPRAY BAR

TO APPLY

REJUVENATOR
SCREED

HEATING AND RECYCLING UNIT / ZAUGER TO DISTRIBUTE MIXTURE
]

CARIFYING
; %

TEETH
RUBBER-TIRED
ROLLER

Figure 9-1. A basic surface recycling process.
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9. Hot In-Place Recycling (Construction Methods and Equi pment)

Repaving is defined as surf [ mbined with simultaneous overlay of new hot
mix asphalt (HMA) to form @thermal bo the new and recycled layers.® It is basically
the surface recycling process overlay paving process. This processis used to
correct the pavemegifidieligi
, minor rutting, shrinkage cracking, and raveling can be
: paving process is useful when the surface recycling process is

e the pavement’s desirable surface requirements, or when a conventional
tical or not need&Very thin overlays (12 mm or 0.5 in) may be used in

The process consist of preheating, heating and scarifying and/or rotary milling, applying and

mixing a recycling agent, placing the recycled mix as a leveling course, and finally, placing a new
hot mix wearing cours&® In the single-pass repaving process, two screeds are used—one used to
level the scarified HMA mix and the other used to level off the new HMA layer. The steps up to
the placement of the recycled mix aimitar to those in the suate recycling process. Figure -5

shows a repaving process. With the first and the second heating units, the pavement is first heated
up through forced air or radiant heaters to a temperature of approximatety (BQ1°F) to a

depth of 22 mm to 30 mm (0.9 in to 1.2 )Scarifier teeth
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EQUIPMENT CONTROL
PANEL GAS TANK HEAT

RADUANT ™ METAL WHEELS
PREMEATING UNIT " fADANT

SCARIFYIN
_‘_-.\/- TEET|

HEATING AND SCARIFYNG UM \. OEFLELTORS

DRUMS TO

REJUVENATOR RE. NA

HOLDING TANK

[—

= QQQO

c O
. L
0 ORO ~2 A4
ADDING NEW ASPHALT MIX VIBRATORY
ROLLER

ure 9-3. MUltiple pass repaving process.

HOT MIX COMBINED
RECYCLED

AND
NEW MIX
th”1e 3"

METERED LEVELING MECYCLING "PAVING COMPACTION....
RADIANT HEATING SCARIFIERS  LIQUID BLADE SCREED  SCREED NEW PAVEMENT READY
HOODS APPLICATOR FOR TRAFFIC

MIXING AUGERS

Figure 9-4. Single pass repaving process.
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9. Hot In-Place Recycling (Construction Methods and Equi pment)

in the second heating unit are then u
mmto 25 mm (0.75 into 1in).¢
teeth, mounted in a stagger
desired depth and to work
is then added to the scarified
recycling agent, i
with an auger typ

ed HMA pavement to a depth of 20
individual scarifier tooth or sections of scarifier
ntrolled separately to alow scarification to a
les such as manhole covers.® A recycling agent
etermined rate. The RAP, along with the applied
and then moved transversely into a center windrow
mixes and coats the RAP particles with the recycling

ourse. Finally, new hot mix asphalt from the hopper is placed on
ond screed. The new mix is placed when the temperature of the

ely 104°C (219°F).® Conventional methods immediately after the

the new mix, to ensure monolithic bond between the new and the

The screeds used in this method may be with manual or automatic control. In
olled screeds, depth measurements are taken with hand and the screeds are adjusted
automatic screeds may be completely automated for grade, slope, or depth
control. Multiple lifts may be placed in a single-pass machine with two screeds, one trailing the
other.® Automatic screeds should be equipped with vibrators to achieve some initial compaction.®

Remixing M ethod and Equipment

The Asphalt Recycling and Reclamation Association (ARRA) defines remixing as a process which
consists of the following steps: heating of the roadway to a depth of 40 to 50 mm (1% in to 2 in),
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9. Hot In-Place Recycling (Construction Methods and Equi pment)

scarification and collection of the softened material into awindrow, mixing of the material with
virgin aggregates and recycling agents (and new HMA, if required) in a pugmill, and laying of the
recycled mix as a single, homogeneous mix.® This procedure is used when repaving method is not
sufficient to restore the pavement to its desirable properties and additional aggregates and/or new
HMA mix are required to provide strength and stability to the existing pavement.® The process
can effectively eliminate rutting, cracking, and oxidation (hardening) in the upper 50 mm (2 in) of
the pavement surface. Asphalt pavements with one seal coat are remixable, and the seal coat may
help in softening the recycled binder. However, pavements with multiple seal coats can create
smoke and fire at the surface and act as an insulator against the heating of the underlying
pavement.®

first heated and softened with a series of infrared heaters in preheatin
the asphalt pavement israised to 85°C to 104°C (185°F to 219°

scarified or milled, and then collected in awindrow. Scarificatio ary tines
(or milling heads), and may be followed by an additional set The
pavement IS generally scarified to a depth of 25 to 40 mn [ ough more than 50 mm

in Canada, because of the softer grade of asph in the‘existing p&k/dient.

material from the windrow is carried into a pu it isSfggombined with a recycling agent

and predetermined amount of virgin aggr alt, which is dumped from a truck
iXi a hopper. In some cases the recycling agent
is added prior to mixing in the pugmill to allo ICi ime for good dispersion and mixing. The
recycled mix is placed in a windro material is spread with a set of augers. A
vibrating, tamping screed is then us artially compact the fiafev@kexposed

surface on which the recycl is typically at aboi® §650°F)\%*" Finally, the

recycled mix is placed wit ed, and

Roller

Second mixer
New mix Screed

gl
‘ ; 'I ;:;.'_._, Crr

Heating  Scaritying 1 ang
Rejuvenating Leveling & Reprofiling

Compacting

Figure 9-6. Schematic concept of the remixing method.
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compacted in the usual method.>*#1%2) Figure 9-7 shows a single-pass remixing process. Since
remixing uses only 16 to 30 kg/m? (42 to 80 Ib/yd?)® of new material, fewer haul trucks are
required than for conventional HMA overlay operations, and hence results in shorter lane closure
time and less disruption to the motoring public.

The use of high intensity infrared heaters tend to overheat and damage the asphalt binder, causing
smoke and other undesirable emissions. However, if alessintense heat is applied, aggregate
fracturing can occur during milling. To solve this problem, one manufacturer has developed a
preheatlng equment WhICh uses acomblnatlon of hot ar and mfrared heating System. The

roller. A view of the equipment train is shown in figure 9-8.%
Emission Control System

gaseous
hydrocarbon and particulate emissions from the hot in-place recy@li t.© It has been
successfully used in the U.S. (Idaho, Montana, and ta, British

Columbia, Ontario, and Saskatchewan). The syst |
smoke through a vacuum duct and treating theeffl

racks, has been shown to reduce
flare-ups.®? If there is an excessive amo material present on the roadway then

the filler may have to be remoy,
SUMMARY

Hot in-place recyclig be y economical pavement rehallitation strategy which

can be used to existing p s by reusing existing material. However, this process is
0250 avements which have too much variation in HMA mix

not suitable fo
composmon with project limits. The three different types of hot in-place recycling

ling, repaving, and remixing, can be used to achieve different recycling
@l is used as a process to correct minor surface cracks or irregularities;
pnate rutting, shrinkage cracking, and raveling; and remixing is used to
restore th ent to a greater depth with the addition of virgin aggregate or hot mix asphalt.
rocedure might be, when done in a proper way, hot in-place recycling generally
resultsin s, and eliminates nonstructural pavement problems with minimum disturbance to
traffic, and at the same time maintains the pavement at the existing elevation.
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CHAPTER 10. HOT IN-PLACE RECYCLING (MATERIALS AND MI1X DESIGN)

INTRODUCTION

Hot in-place recycling (HIR) has proven to be a viable technique for rehabilitation of pavements
at low cost by using existing in-place materials. The Asphalt Recycling and Reclaiming
As@omatlon (ARRA) describes hot in-place recycling as an on- ste in-place method that

inadequacy, such as cracks, ruts and holes, and shoves and bumps. Bascal
of four steps: (1) softening of the pavement surface with heat, (2) m
surface material, (3) mixing of the material with recycling agent an

asphalt binder, and (4) laydown and paving of the recycled mix - The
advantages of hot in-place recycling are that elevations and o preserved, it

is comparatively cheap, and needs less traffic control than th hods. This

process can also be used to recoat stripped aggregates re-est rainage and

modify aggregate gradation and asphalt content, an [ al resistance.

According to the ARRA guidelines,® hot in-placgyec [ rmed typically to a depth of

20 mm to 40 mm (% to 1% in). Just as in the nal hot mix asphalt (HMA)
recycled mixtures must be designed pro ure proper performance. When properly
designed, recycled mixtures can have propef r to those of new conventional hot mix
asphalt mixture§)

MATERIAL EVALUATIO

The objective of the mat i ss is to sample, test and determine the important
properties of the compon [ come up with an optimum blend of materials to meet the
[ [ ireme sists of sampling and evaluation of the aged mix
(Reclaimed Aspif@ ve , the proposed recycling agent, and the proposed virgin

a detailed discussion on different steps of material evaluation, the reader
: gation section in chapter 7. In the case of hot in-place recycling the
ucks or stockpiles are however, not relevant. The reader should refer to the

recycling!”
1. Evaluation of salvaged materials.
2. Selection of type and amount of recycling agent.
3. Determination of the need for additional aggregates and/or asphalt binder and/or virgin
HMA.
4. Preparation and testing of paving mixtures.
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10. Hot In-Place Recycling (Materials and Mix Design)

5. Selection of optimum combination of new aggregates, asphalt binder, and recycling
agent or virgin HMA.

The following are the most important steps in mix design.®® The detailed steps are given in table
10- 1_(5, modified by 4)

Step A. Determine material properties and proportions

Step B. Prepare materials for mix design

Step C. Complete mixture design

Step D. Carry out quality control/quality assurance (QC/QA) tests

on mix design procedures in chapter 7. However, the reader should

which are to be dedlt in hot in-place recycling:
1. Amount of RAP is generally very high in hot in-plac
percent RAP is common in hot mix recycling, in t [ recycling 80-

2. Air voidsin hot in-place recycled mix
voids (as much as 6 percent) have
Canada.

4 percent. Higher design air
in hot in-place recycling in

Design Example: It was decided to u i ot in-place recycling operation. The
viscosity of the aged binder w, i be 50,000 poises, the target viscosity is 2,000
poises, and the available rec osity of 100 poises. Determine the percentage

Infigure 10-2, plo of aged binder (50,000 poises) and Point C as
viscosity of theg ses). Draw a horizontal line corresponding to the target
viscosity (2,00 and C. The abscissa of the point where the line AC cuts the target
viscosity line gi centage of the recycling agent (42 percent) in the binder

HIR

The read uld refer to section on hot recycled mix design with Superpave technology in

chapter 7 t@hgeneral guidelines. It is not certain at thistime (1997) whether the experience of hot
mix recycli ith Superpave technology is completely applicable to HIR.

SUMMARY

The two main steps in design of hot in-place recycling are material evaluation and mix design. The
meaterials evaluated include the RAP and the recycling agent. A random sampling plan should be
devised to obtain representative samples of the RAP. The sampling plan and frequency should be
decided based on historical, construction, and material data, and if needed, the
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10. Hot In-Place Recycling (Materials and Mix Design)

Table 10-1. Recycled hot mix design procedure,® modfied by 4)

DETERMINE MATERIAL PROPERTIES AND PROPORTIONS

Obtain representative samples of RAP?, new aggregates®, and new asphalt cement selected”.

Determine asphalt cement content of RAP (including penetration/viscosity of the recovered binder).”

Determine gradation of RAP aggregate, including bulk specific gravity.

Determine gradation, percent crushed, bulk specific gravity, and absorption of new aggregates.

gl DI I>

Determine mass of RAP, new aggregates,

COMPLETE MIXTURE DESIGN

Prepare compacted briquettes incorporati aggregates, and new binder.

NP IO[W NP D)o

Test briquettes - bulk specific g
appearance.

ecific gravity, stability, flow, air voids, VMA, and

with suitably heated new aggregates to give an overall mixing temperature meeting the
appropriate combined RAP asphalt cement and new asphalt cement mixing temperature viscosity.
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Aggregate Gradation, Asphalt Content, and
Viscosity of Extracted Binder from RAP

Gradation of New Aggregate I

i
4

A sphaltiPeman
gy

Determine Combined Gradation in -
Recycled Mix

M

Determine Approximate
of Combined Aggregates

DN
Estimate Percent W
N

de of NewrAsphalt Binder
i cosity Blending Chart)
A

Rumilrial Mix Designs by Marshall or
eem?Method

V'
Select Job Mix Formula |

Note: Instead of New Asphalt, Recycling Agent may be used

Figure 10-1. Flow chart of mix design procedure.
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10. Hot In-Place Recycling (Materials and Mix Design)

pavement may be divided into different sub sections before sampling. To evaluate the RAP
material, which undergoes changes with time and traffic, its gradation, asphalt content, and
rheological properties of aged asphalt binder must be determined. The recycling agent should
conform to the applicable AASHTO or ASTM standards. Hot in-place recycled mix design
involves the determination of the combined gradation of the aggregates and the required amount
of new aggregate, if required, to meet the target gradation. Next, the amount of new (virgin)
asphalt binder or recycling agent required in the recycled mix is estimated. Blending charts (based
on viscosity or Superpave rutting factor G*/sind) are then used to select the grade or amount of
virgin asphalt binder or recycling agent. A series of trial mixes are then made with different
asphalt contents. The optimum asphalt content for the recycled mix is select arshall,
Hveem, or Superpave volumetric mix design procedures.
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CHAPTER 11. HOT IN-PLACE RECYCLING (CASE HISTORIES AND QC/QA)

INTRODUCTION

Hot in-place recycling (HIR) is a hot process in which the existing asphalt pavement material is
recycled in place. Typically, the pavement is processed to a depth of 20 to 40 mm (3% t& 1% in).
The deteriorated asphalt pavement is heated and the softened material is scarified and mixed with

pass. In the case of multiple pass hot in-place recycling, the restoret
material is recompacted in one-pass and a new overlay is appli

Only the construction case history i iSs project in Florida, which used the repaving
process. It was decided to [ e recycling process to treat cracks in the existing
pavement (figure 11-1). T jon had a traffic count of 33,000 ADT with 10 percent
trucks. First the existing ' eal the curb (figure 11-2). The remaining
surface was preheated b amngediately in front of the single pass repaving
equipment (figure complished by using a forced air system. A flat flame was
A at combustion rather than blasting the pavement surface
ated a ceramic wool insulation at the top of the heating hood. The insulation

to avoid M@nholes and other obstacles. The scarifiers cut through the pavement and produced
loose matefials. The next step was the application of an emulsified recycling agent to modify the
properties oOf the existing aged binder. In this repaving equipment, six spinning cups delivered the
recycling agent to the hot scarified material (figure 11-6). The application rate was geared to the
forward speed of the machine, ensuring a constant rate of application. A heavy duty carbide mold
board in the repaving equipment gathered the scarified material and an auger-type conveyor
distributed the material transversely across the width being processed as the recycling agent was
applied. Next, the scarified material and the recycling agent were mixed. A four section, vibratory
screed (figure 11-7) was used to distribute and lay the recycled material as a leveling course prior
to placement of the final asphalt wearing surface. The temperature of the
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11. Hot In-Place Recycling (Case Histories and QC/QA)

Figure 11-1. Crack

Figure 11-2. Milling.
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Figure 11-4. Hesating unit of repaving machine.
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Figure 11-6. Spinning cups to spray recycling agent.
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11. Hot In-Place Recycling (Case Histories and QC/QA)

. Such a high temperature was felt
g and final course. A dump truck was
ing equipment. The mix was carried across the

electronic grade and slope
compact the new mix. The WBkk was dongiin a single lane and traffic flow was not blocked in the

was 3,040 with a design lane daily ESAL count of 188. Righaéibn was required primarily due

to poor ride quality caused by a relatively high incidence (50 to 70 cracks/km, 81 to 113
cracks/mile) of rough, distorted transverse cracks and minor to moderate amount of rutting (2 to
14 mm, 0.1 to 0.6 in). The existing shoulder material was extremely coarse and weathered with
areas containing small cold mix patches and raveling pavement. It was decided to use hot in-place
recycling to a depth of 40 mm (1.6 in), followed by a 60-mm (2.4-in) thick hot mix asphalt

overlay. To obtain samples of the existing material, the project was divided into two sections.
Core samples were obtained at a frequency of three cores per kilometers for a total of 18 cores in
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11. Hot In-Place Recycling (Case Histories and QC/QA)

y testi volved density measurement on each
core and penetration and viscQsi i e recovered asphalt binder from one lane from each
site. Test results from Secti ) showed average asphalt content of 5.88
percent, in-place air voids age binder penetration of 65 mm. During
construction, clean fine blen ation of the blend sand was as follows: 100, 99, 97,
70, 26.0, 9.2 perceptpassi 7 1.18 mm, 0.60 mm, 0.30 mm, 0.15 mm, and 0.075 mm
i ively 5 isting dense graded mix to increase the voids. No
as usedismee.the binder was found to be borderline acceptable (penetration of
‘ Highway 3:16) results showed an average asphalt content of 4.55

ids of 7.7 percent and average penetration of 93 dmm. Results from

process selected for hot in-place recycling operation was a “two-stage” process.

e pavement was done with both infrared heaters and open flame burners using liquid
The equipment train consisted of three units; a preheater with a simple row of 20
open flame burners, towed by a 3-ton truck, a self propelled unit containing improved heaters and
milling heads, and the final unit propelled by a standard paver containing milling head. The milling
heads in the second unit removed all but the center meters of the driving lane to one half of the
final treatment depth. A recycling agent, when required, was pumped through two nozzles; one
located near each of the twlling heads. The flow rate was positively interlocked to the speed

of that unit and was monitored with an in-line flow meter. The third unit milled

the center portion of the mat and picked up all of the millings from the first stage and transported
them through a drag-slot conveyor over top of the final series of heaters. The second stage milling

11-6
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was completed by a full lane width milling head that was located at the rear of the unit.

The first stage millings were then deposited on top of the final milled windrow directly behind the
milling head. A material transfer unit used a transversely mounted single shaft pugmill to mix and
pick up the windrowed material for placement with the paver hopper. A removable hopper was
mounted on the front of the third unit to receive an aggregate additive. The blend sand additive
was fed through a gate at the back of the hopper and dropped into the first windrow prior to
being picked and conveyed over the third set of heaters. A typical production rate for a full day
operation was approximately 2.5 lane km. A schematic of the equipment used is shown in figure
11-9. Figure 11-10 shows the condition of the pavement before recycling, figua shows the
recycling operation, and figure 11-12 show the condition of the pavement 3

Various nominal addition rates of “Cyclogen L” were used in the@iateria Section 2.

“— Exhoust Stack

Nl
‘—

incinerqior

S ===nnuu]

= ]
o en Flome Burners

Unit Number Gne P egter

LP Tan

y o - —
Two Rejuvenaig '
Spray Nozz

mber Two Heater/Miller

— o Exhaust Stock

|—-| Hopper
S
R LP Tank
N I T
e (” e
Conwyor_/ \ Finol Heaglers Siat N :\

Canier mnlhn
Dropalt Milling Head Conveyor Heod ond Pu:l?uo

Unit Number Three Hegter/Miller

Figure 11-9. Schematic of equipment used in HIR on Highway 3:14 and 3:16 in Canada.
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Figure 11-11. Recycling operation.
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finished hot in-place recycled surface was
mnV0.1 km (1.8 in/mile). The existing pavem graph Index of 24.1 mm/0.1 km (5.9
in/mile). Emission levels varied wid . The higher levels of emissions were
generally attributed to higher producti inds, and the presence of a seal coat

not overlaid. To date (Janu emained in good condition, except for some
spot patching on shoulders.

Material evaluation

following cost @ 5

ir voids, extracted binder content and gradation. The
on the basis of equa life cycle costs:

HIR HMA Overlay

$2.00 $3.21
$23.97 $25.67
Cost per kilometer (2-lane) $14,600.00 $41,400.00

Hot In-Plac&’Recycling in the City of Edmonton, Canada® (1993)

Three sections of roadway were selected for hot in-place recycling in the City of Edmonton.
These three sections included Victoria Park Road from the Goat Bridge Interchange I-115 Street,
137 Avenue eastbound from 113A Street to 97 Street and Learning Drive southbound from 167
Avenue to 144 Avenue and 50 Street to 137 Avenue. Each of the roadways had distress features
consistent with surface disintegration (figure 11-13). On Learning Drive, some slight rutting was
noted. Cores from each project were tested for density, asphalt content, and gradation.
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Penetration and viscosity tests on recovered asphalt binder were also conducted. Preliminary mix
design consisted of the following steps:

1

o o

© N

Cores from the project were taken and the top 50 mm (2 in) was obtained and used for

mix design. In-situ density and theoretical maximum density (TMD) measurements

were conducted on the top portion of the cores.

The top portion of the cores were heated to 135°C (275°F) and then some of the
material was used to compact Marshall briquettes using 75 blows per face. Marshall
density, stability, and flow were measured on these compacted samples.

Based on the information supplied by the city and design nomographs, 0.2 percent
“Cyclogen L” was added to the mix to soften the aged aspha
Four Marshall briquettes were made using the asphalt mi
blows per face.

The TMD was determined on the mix with “Cycloge
One of the four briquettes containing “Cyclogen L
and Abson tests. Viscosity and penetration wa overed asphalt
binder.
Marshall stability and flow were measured on
After examining the air void information for the

L” using 75

Figure 11-13. Condition of pavement before recycling.
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9. The material was reheated, mixed and compacted using 75 blows per face. Marshall
properties were then measured.

The mix design results indicated severa trends in the material properties. In-situ field air voids for

the projects before recycling ranged from 2.1 percent to 3.2 percent. After the addition of

“Cyclogen L,” the void content ranged from 1.2 percent to 2.2 percent. The air voids after the
addition of “Cyclogen L” was too low for two of the projects so the addition of blend sand was
considered. The addition of 7 percent blend sand resulted in the voids for 137 Avenue and
Victoria Park Road increasing to 2.0 to 3.2 percent, respectively. This level of air voids, although
slightly lower than desirable, was considered acceptable.

The field control parameters were as follows:
1. “Cyclogen L” addition rate varied from 0.15t0 0.2 p

2. The quantity of blend sand added was kept const

3. Coated blend sand was used. The amount of a

from 2.5 to 3.0 percent.

1. “Cyclogen” at the rate of 0.2 perc
2. 7 percent sand hot mix at 2.0 perc

me™stripping” of the larger aggregate particles was
evident. Some uncoated i ed during milling operations) were also observed to exist
as the recycled i [ ISi
amount of virgi#Paspha tent in the sand mix to aid, and ensure effective coating of the
aggregates e aspliaiiseement content was increased incrementally to 3.0 percent. After this, the
recycled mix ap d satistactory with respect to consistency, coating, and workability— both

ement. These settings/addition rates were maintained for the duration of the

ecycling operations on Victoria Park Road were completed on September 20, 1993
rations on 137 Avenue began on September 21, 1993, at the west end of the project
on the eastibound lanes. The start-up admixture (“cyclogen” and virgin sand mix) addition rates
for 137 Avenue Project were kept the same as that used on the Victoria Park Road Project.

With these settings in place, the recycling mix produced appeared to be relatively “drier” than that
achieved on the previous project. Therefore, the “Cyclogen” addition rate was increased to 0.2
percent. After this, the recycled mixture exhibited a satisfactory appearance and paving operation
progressed without any problems.

Field construction monitoring was conducted by the City for Manning Drive. Hot in-place
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11. Hot In-Place Recycling (Case Histories and QC/QA)

recycling operations on Manning Drive began September 23, 1993, at the north end of the project
in the west southbound lane.

The initial admixture settings for the Manning Drive were as follows:
1. Cyclogen at the rate of 0.15 percent.
2. 7 percent sand hot mix at the rate of 3.0 percent asphalt cement content.

Sand hot mix for Manning Drive was supplied by the City of Edmonton Asphalt Plant to attain
additional flexibility in adjusting the asphalt content and gradation of the sand mix. Asthe

ogen” and/or
sand mix was altered
by reducing the amount of sand and increasing the amo
alteration resulted in the mixture exhibiting a satisfactory

but was discontinued due to low
f these conditions, temperatures
) could not be attained. The 90 linear meters

Hot in-place recycling was attempted on Se
ambient temperature (7°C, 45°F) and hi i
behind the screed of higher than 85-90°

e aggregate with some variation on percent passing the
he variation was not considered extreme. The gradations
for the : ery closely with the gradation considered for design.
ariable on each project with the following variations noted:
5.4 - 6.2 percent
5.2 - 6.4 percent
5.2 - 6.0 percent
e generally low with the maximum range of 0.7 to 3.7 percent. However,
of the air voids fell between 1.0 and 2.5 percent.
bility and flow values were generally good with stability ranging fro®3B80kN
.46 x 10 Ibf) to 20,923 kN (4.70 x £0abf) and flow ranging from 9.1 to 13.3.
nsity of the recycled hot mix asphalt was generally higher than 97 percent of
arshall density. Because of the latent heat involved in in-place recycling, density was
obtained relatively easily.

The recycling train (figure 11-14) consisted of four pieces of equipment: a preheater (figure 11-
15), a heater miller (figure 11-16), a second heater miller with conveyor (figure 11-17), and a
paver. The preheater was used to raise the surface temperature. The firshileatess also

used to raise the surface temperature. However, inalsd the in-place material up to a depth
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Figure 11-15. Prehester.
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Figure 11-17. Heater miller (secondary) with paver.

11-14
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of 25 mm (1 in). The milled material was left as windrow in the center of the roadway. Recycling
agent was added during the milling operation. The second heater miller heated up the exposed
surface, milled an additional 25 mm, and also reworked the windrow of material. New mix and
sand blend were added at this point. This heater miller contained a pugmill which completely
reblended all milled and new material along with the recycling agent. The final unit was the paver,
which was equipped with awindrow elevator. It picked up the windrow of the remixed material
and laid down as a conventional paver. All equipment used to heat the pavement were equipped
with environmental controls to reduce the amount of emissions. Figure 11-18 shows the condition
of the road before and after recycling.

gure 11-18. Condition before and after recycling.

used in Canada for treating rutting at intersections. Figures 11-19 through 11-
cling operations in the city of Edmonton. Figure 11-19 shows a rutted intersection.
ows the recycling train. Figure 11-21 shows a closeup of the rutting intersection,
and figure 11-22 shows a view of the pavement after recycling.
SPECIFICATIONS AND QC/QA

Guidelines and Specifications

The two necessary steps required for ensuring satisfactory construction of a hot in-place recycling
(HIR) project are the development of an adequate specification, and ensuring that the
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Figure 11-20. Recycling train.
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Figure 11-21. Closeup viel ing intersection.

Figure 11-22. A view of the pavement after recycling.
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specification requirements are met during mix design and construction. Asin the case of
conventional asphalt overlay, a set of guidelines or specificationsis required in hot in-place
recycling to describe the materials, workmanship, and other general requirements for the project.
Where appropriate, agencies should consider the hot in-place recycling process along with other
aternatives.® This process can help the user agency to evaluate the two or more methods and
determine the most cost effective approach.

A set of general specification guidelines for effective completion of hot in-place recycling process
is presented in table 11-1.6 ™47ty S The mgjor stepsinvolved are preliminary pavement

Step Further Details

1. Preliminary Pavement Table 11-2
Evaluation

2. Applicability of HIR Table 11- applicable, develop

ehabilitation or

3. Detailed Pavement Evaluation inly quality and properties of

sting pavement surface course.

4. Sdection of HIR Option Surface recycling, remix, repave or

remix-repave.

5. a. Remix - Select Rguven

Quality control important.

abilitation process is specified, the most suitable rehabilitation process should be
the basis of the source and cause of any surface defects such as rutting, cracking
and/or deficient surface frictional resistance. If the cause of the defect remains unknown, then the
proper rehabilitation technique cannot be applied, and the defect would most likely reappear in
future. Use of hot in-place recycling can remedy the existing problem if it is caused by mix
problems, such as excess asphalt, inadequate aggregate interlock, or too hard/too soft asphalt.®
Table 11-2 presents the information required for evaluation of the existing pavement so that a
proper recycling process can be specified. The different information required include an inventory
information, details about the pavement structure, knowledge of the prior treatments, geometry
and profile of the pavement, and the presence of miscellaneous structures such as
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Table 11-2. Information required from prelimi nary pavement
structure evaluation. ® modfied by 5)

Item Details Reason
Pavement sclass of pavement swork schedule
Inventory spavement structute sapplicability of HIR
Information spavement history ssupplement detailed
straffic volume sevaluation

swork schedule
Pavement sstructural defects
Structure (types and exterit)

enon-structural defects
(types and extent)
elocalized structural defect

Prior sany special treatments

Treatments or materials (surface g for
treatment, rubb instance), if possible,

(See Pavement Inventory | asphalt, road fore HIR process

Also) markings [

sapplicability of HIR
*need for preliminary
treatment (cold
milling for instance)
before HIR process

Geometry
and Profile

oles, catch-basins, | ework schedule,
utility covers, etc. protection, and
adjacent (close plants, trees,potential flammable
flammables, etc. gas counter-measures
swork schedule and
protective action as
necessary

, a pavement with structural defects (i.e., lack of structural capacity and/or inadeguate base,
beyond ized defects that can be readily repaired) will not be a suitable candidate for HIR. Pavements
with non-structural surface defects (rutting, wearing, cracking, aging, poor frictional characteristics, tc.)
are suitable candidates for HIR.

b Pavement width, alignment and/or gradient improvement requirements, or excessive rutting and wear
(greater than about 50 mm), may preclude HIR.
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manholes or utility covers on the pavement. These information help the user agency to evaluate
the applicability of the hot in-place recycling process, determine the need for any prior treatment
(such as cold milling), and specify the particular hot in-place recycling technique applicable (such
as remixing or repaving). Table 11-3© mdfiedby S ghows the importance of information from
detailed evaluation of existing pavement surface. The most important surface features which must
be evaluated, include cracks, wear, and rutting. The important existing HMA features include
thickness, binder content, grading, density, and penetration and viscosity of the binder. Finaly, the
particular hot in-place recycling technique can be identified by the guidelines presented in table
11-4.(6 medfiedfrom3) o rface recycling is employed to improve the profile of a surface
deformed by rutting or wearing, but in comparatively unaged condition with mi
Repaving is used to improve the profile of a surface course severely defor

Table 11-3. Importance of information from detaj
pavement surface.® medfiedd

Pavement Pavement
Evaluation Evaluation
Item Cracking | Friction
Surface M N
Condition?
M N R
R N N
Existing Asphalt M M M
Concreté (usually M M M
surface course, but
must be at least
proposed M M M M
scarificatio
M M M M
M M M M
M R M N
softening point of
recovered asphalt
cement (for
scarification depth)

Notes:

M = Mandatory

R = Recommended

N = Not Necessary

2 Information should be representative of the pavement section involved, with special areas (extensive
patching for example) and localized structural distress areas noted.

b Typically based on a coring program. Cores should be representative of pavement section involved, with
additional cores taken as necessary for special aress.

11-20



11. Hot In-Place Recycling (Case Histories and QC/QA)

Table 11-4. Hot in-place recycling process options. (& modfied by 5)

Purpose® Option Process
To improve the profile of a surface Surface Heating, Scarification,
course deformed by rutting or wearing, | recycle Rejuvenator (if needed),
but in comparatively unaged condition Leveling, Reprofiling®,
with minor cracking.” Compaction®
To improve the profile of surface Repave Heating, Scarification,
course severely deformed by rutting or Rejuvenation, Leveling
wearing, with new hot-mix overlay New Hot Mix', Re

placed in one pass. To improve
frictional characteristics. To provide
some pavement strengthening.

Compaction®

To improve the quality of old, cracked | Remix
aged surface course by the addition of
rejuvenator and/or new hot mix ©.

Notes:
2 Primary purpose given in each case.
b
¢ Standard screed and screed controls.
4 Standard compaction equipment and pl 4
¢ The composition, grading, an ent content of the new hot mix can be adjusted to improve the
quality of the old mixture.
f Standard augers and aug

guired in the field, since laboratory evaluations often indicate more
tually needed.®

uired for satisfactory compaction isin the 105°C to 115°C (221°F to 239°F)

range at the breakdown rolling,® depending on specific site and ambient condition, and for

scarification of the existing old HMA to be effective and efficient, the minimum temperature at the

depth of the scarification should be the softening point for the project’s recovered asphalt cement
before rejuvenatiof?)

The two common types of specifications used for HMA construction are the method and the end-
result specifications. The method specification describes in detail the equipment and procedures
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used to obtain the desired quality of asphalt mixture.This type specification requires sufficient
detail to describe all the variables required to obtain a satisfactory asphalt mixture. On the other
hand, an end-result specification sets the limits on certain properties of the HMA, and the method
of construction isleft at the discretion of the contractor. There are advantages and disadvantages
for both types of specifications. For example, if a user agency has sufficient experience with the
construction method, a method specifications may be easier to write. However, method
specification requires that an inspector be on the job at al times to ensure proper compliance with
the procedure. The end-result specification may be easier to write, sinceiit is shorter and less

contractor to develop and use new construction methods and
However, in some cases it may be required to specify the type
acceptable pavement.® It is advisable to specify th rate of the recycling agent
and any virgin HMA must be related directly to t t of the equipment to

minimize variation during speed changes and stopp

ntrol a product and to determine the
quality of the product being p . C tests are usualy performed by the contractor.
Because of greater variatio [ of recycled HMA, the frequency of testing
should be more, even thou that"are used in the case of conventional HMA may
be used. Before starting y important to know the quality of the existing

pavement, in ter : i@ and asphalt content of the mix. The pavement should
first be delineatg j e basis of differences in design, maintenance and
rehabilitation .5 ibprojects are identified, samples should be taken from each of
the subprojects entative materials. In this way the variation in the existing material
can bej

In gen ntrol and quality assurance (QC/QA) measures for hot in-place recycled
mixes sh similar to those for the hot mix recycled mixtures. The reader isreferred to

this. However, unlike recycled mixtures produced in aHMA plant, the hot in-place
are produced and modified in the field. Therefore, some features involving
sampling and testing of HIR mixes need to be discussed.

In hot in-place recycling, the softened material from the existing pavement is scarified and
recompacted after mixing with recycling agent. Samples of in-place mix can be obtained from the
laydown machine for checking the mix components such as gradation and asphalt content. The
scarified existing material can also be sampled behind the scarifiers. The National Center for
Asphalt Technology (NCAT) ignition oven can be used to determine the amount of asphalt binder
(or recycling agent) being incorporated in the recycled mix by checking the asphalt content of the
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existing, scarified mix and the asphalt content of the recycled mix.

Items of interest in hot in-place recycling to be checked or observed are recycled mix temperature,
compacted mat density, surface smoothness, cross slope, handwork, mat depth, and general mat
appearance. Proper care should be taken to avoid excessive smoke or flames on the

Table 11-5. Quality Control for Hot In-Place Recycling Process?. (¢ medified by 5)
Item Recommended Method”

Width As usual

Depth of Scarification Measure depth from existi
adjacent to second mi

Rejuvenator Application Rate (if any)

Rejuvenator Quality (if any)

New Mixture Addition Rate (if any)

Thickness of New Hot-Mix Overlay (if
any)

Temperature at Breakdown ' onitor at mid-point of re-profiled depth

Temperature of New Hot-

Asphalt Cement Content, Asusual

Stability Requir

Asusual. Important to compare to relevant
re-compacted density

Compaction

Asusud

As usual

R processes are largely based on conventional hot-mix paving technology, it is only necessary to
supplement the usual quality control requirements. The quality control items and frequency of testing should
be established at the level necessary to ensure specification compliance.

® All testing should be done on random, representative samples, by qualified techniciansin a certified
|aboratory.

¢ A ring of known internal diameter (typically, 355 mm = 0.1 m? areq) is pushed into the scarified old
pavement as deeply as possible, the scarified old mixture within the ring is removed and its mass
determined, and from the bulk density of the old pavement the depth of scarification is calculated.
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pavement. Some recommended guidelines for quality control are presented in table 11-5.(6 modfied by
% Some of the tests mentioned in table 11-5 can also be used for quality assurance (QA) by the
user agency. However, the frequency of QA testsis usualy significantly lower than the frequency
of QC tests. Many of the features are same as those of conventional hot mix construction. The
important features are the applicability of ASTM D 4887 for recycling application, the new
mixture (if any) addition rate, the thickness of the new hot mix overlay (if any), and the
temperature at breakdown rolling. Some states require construction of atest strip to evaluate the
recycling process, before starting actual operations. The New York DOT remixing specification
requires that the contractor sample, test, and supply test results of the recycled loose mixture.®

SUMMARY

In hot in-place recycling, the existing pavement is heated and the sof
mixed with virgin aggregate and/or recycling agent and/or virgin
hot in-place recycling methods can be selected, based on the ty
pavement. The three primary types of hot in-place recycling
repaving, and remixing. Case histories for these three kinds o
recycling can effectively treat pavement distress at a much low

hot in-place
to conventional

cause of distress in the existing pavement mugt be ' applicability of hot in-place
recycling must be evaluated. Based on the ty, i and objective of rehabilitation the
proper hot in-place recycling procedure should esting of the existing asphalt binder
cling agent. For construction
guidelines, recommendations regardin uring rolling should be followed. In

propertiesin hot in-placer ing. intérest to be checked include depth of scarification,
Sity, surface smoothness, cross slope, handwork,

1. A ' cling and Reclamation Methods for Asphalt Pavement Rehabilitation,
' Reclaiming Association, August, 1992.

obtained from John R. Rathbun, CUTLER Repaving Inc., Lawrence, KS, 1996.

d G. Lamb. 1993 Hot In-Place Recycling Project. Highway 3:14 and :16 E. of
Whitla to Medicine Hat, Alberta Transportation and Utilities, January, 1995.
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CHAPTER 12. COLD-MIX ASPHALT RECYCLING - CENTRAL PLANT
(CONSTRUCTION METHODS AND EQUIPMENT)

INTRODUCTION

Cold-mix asphalt recycling is defined as a process in which reclaimed asphalt pavement (RAP)
materials are combined with new asphalt and/or recycling agents to produce cold base mixtures.®
The term “cold-mix recycling” generally refers to central plant mixing andd g without

require high rates of production or close control of the mix déli@®n g is

used when stockpiles of RAP are available or when the existing removed off
site for some reason and in-place recycling is not an option.

Cold-mix recycling has been used to correct pavement both surface and base
courses, although the method has been used mostly folfBase . e of the most popular

. In addition to asphalt
other types of additives
Iso been used in combination
iencies that could be restored
quality. The advantage of this process is that
significant structural improvements can be ut altering the horizontal or vertical
geometry of the pavemefit Roadway geom cture can be improved and all crack
types are fixed. Although accepta s been achieved with cold central plant

recycled mixes as surface c [ ormally required that a surface treatment or a hot mix

moisture damage and abf@sion by tradfic. different steps in cold-mix recycling in a central
plant are shown in figure main steps are: (1) removal of the existing pavement, (2)
crushing and stoclggilimg (4) laydown, aeration, and compaction. A wearing

. mpletion of the cold mix recycling process.

PAVEMENT

0 a central plant, where it is crushed further, if required, stockpiled, and
alt binder and aggregate, if required, in a batch or drum-mix plant or a
continuougX(stabilization) plant. Removal of the existing pavement can be done in different

ways® HoWever, it should be noted that recycled cold mix produced at a central plant from an
existing RAP stockpile can be used for overlaying an existing pavement which does not have to be
removed.

The first method is to rip the existing pavement material and load on grade. The material is then
crushed and sized at the central plant. If the material is crushed entirely in the central plant, a
better control can be achieved over the sizing of the RAP and reclaimed aggregates and hence
oversizing can be avoided.
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12. Cold-Mix Asphalt Recycling - Central Plant (Construction Methods and Equipment)

The second method consists of ripping, breaking, and pulverizing the in-place material before
being hauled to a central plant for mixing. The important aspects of this method are that the
method requires specialized equipment, considerable amount of traffic control and construction
coordination efforts are needed, and since the sizing of the material is performed in-place, over
sizing of RAP or reclaimed aggregate can occur.

The third option, which is very common, isto cold mill the pavement and haul the material to a
central plant. This method provides a good control over the depth of pavement removal, and can
achieve high production rate. However, the method may result in some aggregate oversizing.®

CRUSHING AND STOCKPILING

Crushing and screening plants are used to reduce the pieces of brok
limits. The material is then stockpiled for immediate or future use,
stockpiles should be limited to prevent the crushed material fro

dead load and high temperature.® Construction equipments on the RAP
stockpiles. To minimize sticking and excessive moisture in th ht of the

stockpiles can be kept at a minimum by coordinating crushing

MIXING

Figure 12-2. Continuous type cold-mix recycling plant.
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The feed rates of the cold bins control the proportioning of the RAP and the new materials, since
the screens are usually removed for cold-recycling operations in a batch plant.® Oversized
material can be removed from individual bins by scalping screen or grizzly, and gradation of the
combined materials should be checked periodically by taking samples from the belt. The plant
should have the capability of accurately adding water (if needed) as well as the asphalt modifier to
the recycled mix.

A twin-shaft pugmill is usually employed for mixing in a batch plant. Sized reclaimed asphalt
pavement materlal virgin aggregate asphalt blnder and water if needed are propg tloned by

mixing another batch.®

Correct proportions of materials are maintained automeatically by int
continuous mixing plant.”Y) A positive displacement asphalt meteri itomatic

needed to compensate for the volumetric changes in the mat ts are now
equipped with a belt scale to add asphalt emulsion and mixin i S0, sometimes

asphalt base mixtures, resulting in scrubbing
from the coarse aggregate particles, and premat of the emulsified asphalt, causing
overly-stiff mixtures.”) Undermixing i i iXi
[ anging the arrangement of the paddles,

ging the location of the asphalt spray bar. With a
he slope of the drum or by changing the location

by varying the height of the
drum mix plant, mixing ti
of the asphalt inlet pipe wit

One hundred p Se aggregate is not always achieved in the mixing
plant, and it is ng percent coating at the time of mixing.® Further coating
takes place d aRd rolling of the mix. Difficulty in coating particular types of

aggregates shou \‘ eV e mix design stage, and the mixing procedure should be
adjust iform dispersion of the emulsified asphalt with a complete coating of the

LAYDO AERATION AND COMPACTION

Aeration of te recycled mix is required to reduce the water and volatile content of the mix. The
laydown and spreading equipment used for cold recycled materials is generally the same as for
conventional hot mix asphalt.® The material can be placed in awindrow after mixing, after which
it can be leveled to proper cross slope with a motor grader. The motor grader can also be used to
aerate the mix by blading the mix back and forth across the roadway. This aeration process helps
in reducing the fluid content of the mix so that it becomes stable enough to support the weight of
the compaction roller. The rate of volatile loss is controlled primarily by the type of asphalt
modifier, mix water content, gradation of the aggregate, wind velocity, ambient temperature, and
humidity.
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12. Cold-Mix Asphalt Recycling - Central Plant (Construction Methods and Equipment)

If the process of aeration can be avoided by accurately controlling the mixing moisture or due to
climatic conditions the water evaporates without further manipulation of the mix, then
conventional self-propelled pavers can be used to place the recycled asphalt cold-mix.®Y Towed
types and Jersey spreaders attached to the front end of crawlers or rubber-tired tractors can also
be used. Sufficient amount of fluid must be present in the mix to avoid tearing beneath the screed
or strike-off bar. The screed should not be heated to avoid such a problem, as it makes the mix
less workable by accelerating the drying process.® If the mix istoo dry, the moisture content
should be increased. The mixture should be placed uniformly over the pavement, beginning at the
point farthest from the mixing plant. Hauling over freshly placed material should not be allowed
except when required for completion of the work.

or begin when rain is expected. The emulsified asphalt base ifythe ambient
temperature is below 10°C (50°F).®

Compaction can be done with static steel-wheel, pn
combination of two or all three. Figure 12-3 d a pneumatic-tired roller in
combination for compacting cold recycled mixes. ic-tired rollers of 23 metric
tons (25 short tons) or more are preferred forvAiti action (breakdown rolling) especialy
for thick lifts of 75 mm or more. Vibratory roll
at high frequency and a low amplitu trolling the number of passes required for
compaction are properties of the mix, i d weight of roller, and environmental
conditions.”” Cold recycled i e “fluffy” and therefore uncompacted thicknesses
should be increased to a acted thickPd@dse moisture content is very

critical to compaction of t oisture lubricates the particles and helps in

auses low density and moisture retention in the sealed
dditional curing is needed due to excessive moisture,

d vibratory rollers, and

Cold-mix recycling is performed by combining reclaimed asphalt pavement (RAP) materials with
virgin asphalt and aggregate (if required) in a central mixing plant without the application of heat.
Usually, this process is done for base course, and the asphalt cement is in emulsified form. This
process can be used to rectify all types of cracks except fatigue cracks and those caused by base
failures.

12-5



12. Cold-Mix Asphalt Recycling - Central Plant (Construction Methods and Equipment)

Figure 12-3. Steel and pneum iredihgller for compaction.

of the pavement. It can be used to lower
er depth of pavement than that required for

eps involved in the process consist of removal of
e if desired, hauling the material to a central

g, mixing with virgin materials, laydown, spreading,
used for spreading cold recycled mix. However, the
ion to reduce the excess fluid content by evaporation.
must be carefully monitored during production to prevent

[Ise stability problem, or insufficient moisture which can reduce
old central plant recycled mixes can produce stable surfaces, awearing
mix is normally required.

recycling. This alows pav
the pavement to a specified
plant and further reduction i
and compaction. Cafveqhio

Second Edition, 1986.

2. Pavement Recycling Guidelines for Local Governments - Reference Manual, Report No.
FHWA-TS-87-230, FHA, U.S. Department of Transportation, Washington, DC, 1987.

3. JA. Epps. Sate-of-The Art Cold Recycling, Transportation Research Record 780,
Transportation Research Board, Washington, DC, 1980.
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J.A. Scherocman. Cold In-Place Recycling of Low-Volume Roads, Transportation
Research Record 898, TRB, National Research Council, Washington, DC, 1983.

R.G. Maag. Cold Recycling of K-96, Scott County, Kansas, AEMA Proceedings
(Pavement Recycling with Asphalt Emulsions), Asphalt Emulsion Manufacturers
Association, Washington, DC, 1982.

A.J. Van Wijk, L.E. Wood, and P.E. Kercher. The Use of Asphalt Emulsionsin Cold
Recycled Asphalt Paving, AEMA Proceedings, (Pavement Recycling with halt
Emulsion), Asphalt Emulsion Manufacturers Association, \Washington
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CHAPTER 13. COLD IN-PLACE RECYCLING
(CONSTRUCTION METHODS AND EQUIPMENT)
INTRODUCTION

Cold In-place Recycling (CIR) is defined as a rehahilitation technique in which the existing
pavement materials are reused in place.Y) The materials are mixed in-place without the application

material which is then laid and compacted.® The use of cold in-place recyd
pavement to the desired profile, eliminate existing wheel ruts, restore

an colécentral plant recycling
t a considerable distance from a
plant and then hauling the cold

particularly for secondary low-volume roads that
central plant? CIR does not involve hauling
recycled mix back to the job site.

Cold in-place recycling can be per ys®ull depth and partial depth. In full depth
recycling (reclamation or stabilizati asphalt) and portions of unbound (subbase,
base) layers are crushed, mj [ er, and placed as a stabilized base course. In partial
depth recycling, a portion (asphalt), normally between 50 and 100 mm (2 and 4
in) is used to produce a rally low-to-medium traffic volume highwéis.
the improvement in cold s, full depth recycling can now be used to include a
substantial portio d materials. As a result, the Asphalt Recycling and

C s cold irapé recycling as a partial depth recycling
00 mm (3 to 4 in)) of the existing pavement and defines full depth

of new aggrégates may not be necessary in some projects. At present two different methods are
used for cold in-place recycling. The methods are: single machine and the single-pass equipment
train. These two methods are discussed below.

Single Machine

The single machine or single-pass equipment is capable of breaking, pulverizing, and adding
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13. Cold-Mix Asphalt Recycling (In-Place) (Construction Methods and Equi pment)

recycling agents in a single pass. Some examples of single machine are shown in figures 13-2, 13-
3, 13-4, and 13-5.® Figure 13-2 shows a single machine which basically consists of a paver mixer.
RAP is added to the machine either by cold milling (by a milling machine) or by a dump truck.
Virgin material, if required, is spread on existing surface ahead of the recycling equipment. One
pass of this machine is sufficient to mill, pulverize, add recycling agent and lay down. The
recycling agent is added in the milling chamber of the paver mixer.

Figure 13-3 shows a single machine which mills, injects emulsion, mixes, and lays down with
screed This type of machl neis used together W|th atanker WhICh supplles therec

single machine. The single machine injects r
existing material, spreads the recycled mix,

The single-pass
operation. The

cold milling machine, portable crusher, travel-plant mixer,
ic of the train is shown in figure 13-6. The different machines are

ed up by a paver for laydown. Figure 13-11 shows a recycling train in action, along
of the road before and after recycling.

Field Adjustmentsto Mix Design

The optimum moisture and emulsion contents from the laboratory-mix design are recommended
as a starting point in the field, subject to necessary adjustments by persons experienced in cold
recycling. First, the coating of the recycled mix is examined after the surface dries. If the coating
is not satisfactory (less than 75 percent), the moisture content is adjusted before the emulsion
content. If the mix lacks cohesion in spite of an adequate coating, the emulsion content is
increased. A crude test for evaluating cohesion has been used. A ball of the recycled mix is made
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PAVEMENT PROFILER/MIXER

AR L - SR a AT L

Figure 13-2. Single machine.




13. Cold-Mix Asphalt Recycling (In-Place) (Construction Methods and Equi pment)

Roller Cold recycler 1000 CR Emulsion tanker

Stabilized,
precompacted base course

Vibration Unbound road pavement

Tamping screed

Bound road pavement

Injection of Milling drum

Profiling Injecting
and placing and mixing and loosening
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CONVEYOR MOUNTED WEIGH BRIDGE

DUAL BUCKET ELEVATORS
MATERIAL CONVEYOR

HORIZONTAL
VIBRATORY SCREEN

~

A
Z
~
h

[~ IZING” ' ,SHER
i

= - COLD MILLING
LIQUID ADDITIVE PUMP SYSTEM  DUAL SHAFT PUGMILL

Figure 13-4. Single machine.

a¢ palm of one’s hand. If the ball falls apart (friable) after the pressure is

sphalt are present, the emulsion content is generally adequate. A palm that is almost
ined by asphalt indicates an excessive emulsion content. Rational field test methods
for QC/QA are being developed.

Curing and Application of Wearing Surface

For a detailed discussion on this, the reader should refer to section on this topic in chapter 12.
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Roller Road tanker Cold recycler CR 4500 Truck with Cold milling

with cement, water mineral aggregate machine
and emulsion silos

Stabilized, precompacted
base course

High-frequency pressing plates

Injection of emulsion Injectio ment sl

v

Vario high-compaction screed io recla g unit

| 4

‘ Tamper Twin-shaft pug mill Additisgle! mineral aggregate

Spreading auger l

| ©

Profiling and Spreading Injecting Windrowing Adding mineral
placing and reclaiming aggregate
gtre 13-5. Single machine.
SUMMARY

ycling process, existing in-place materials are mixed with recycling

‘ aimed materials without the application of heat. The method can be used
to elimind arlety of distresses such as rutting, cracks, and irregularities while maintaining the
origina pr@ille and with a minimum traffic disruption.

The process can be carried out by using a single machine for milling, mixing, and laydown, or by a
train of specialized machines for different stepsincluding milling, crushing, screening of the RAP,
and mixing. The moisture content of the recycled mix must be carefully monitored to prevent
excessive moisture which can cause stability problem, or insufficient moisture which can affect
mixing and reduce workability. The mix may require aeration before compaction to reduce the
excess fluid content by evaporation. Although cold in-place recycled mix produces a stable
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PAVEMENT PROFILER

CRUSHER/SCREEN

PUGMILL

\
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Figure 13-7 Cold-milling machine.
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Figure 13-8. Portable crusher old-milling machine.

Figure 13-9. Travel-plant mixer.
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Figure 13-11. Single-pass equipment train CIR.
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surface, awearing surface consisting of hot mix asphalt or seal coat is normally required because
the recycled surface is not adequately resistant to abrasion by traffic and moisture intrusion.

REFERENCES

1

An Overview of Recycling and Reclamation Methods for Asphalt Pavement
Rehabilitation, Asphalt Recycling and Reclaiming Association, Annapolis, MD, 1992.

Council, Washington, DC.

Guidelines for Cold In-Place Recycling, Asphalt Recycling ' ion,
Annapolis, MD, 1992.

Synthesis of Highway Practice 160, TRB
1990.

13-11



CHAPTER 14. COLD-MIX ASPHALT RECYCLING
(MATERIAL AND MIX DESIGN)

INTRODUCTION

The main purpose of recycling is to reuse existing pavement material for rehabilitation of
pavements The most important advantages of recycllng are conservatlon of resources and money.

can reeult in a stable pavement at a total expenditure of 40 to 50 percent I ired by
conventional construction methods.®Y However, like conventional hot mix 68g

asphalt used for recycling must be designed properly to ensure reliabl
features of cold recycled mixes are time temperature effects (curin o
water and/or volatiles and the slower binder softening rate.® H ] ons should
be given to changes in mixture properties with time and targ i '
consistency in the mix design.®

A standard national method for designing cold recy IXesi ' . However, certain
basic steps, as shown in the flow chart in figure i in most mix design
procedures used by highway agencies. The first eria evauation. The
material evaluation step includes field sampli ation of aged mix composition, and
properties of aged asphalt binder and aggregat important purposes for this step isto
identify the deficiencies of the aged mi for virgin material(s). The mix
design procedure consists of selection ent and the determination of the
optimum binder content. These ussed in the following paragraphs.

MATERIAL EVALUATI

The material evaluati ically ists of sampling and testing of materials. Material
from the existin el mu ed in a systematic way to obtain representative samples.
The importa 301 the reclaimed asphalt pavement (RAP), which could affect
performance of ¥igradyClS hiould be determined to ensure proper selection of new asphalt

sections of gavements with differences in pavement cross section and material composition should
be delineated”and treated as different units. A visual inspection and a review of construction and
maintenance records can be used for this purpose. The locations for sampling from each of the
unit should then be determined by the random sampling technique.®”

At least five or six locations for sampling have been suggested by some researchers,® whereas
others™® suggest a minimum of five samples per kilometer or one per block in city work. One
sample per lane mile for larger jobs (length greater than 6.4 km, 4 mile) with a minimum of six per
project has been recommenced.® Generally, core samples are obtained. The thickness of
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Obtain Sampies of RAP from Field

3
Determine RAP Gradation, RAP Binder
Content, Gradation of Extracted Aggregate,
and Aged Asphalt Binder Properties

4

Select Amount and Gradation of New
Aggregate, if Required

v

Estimate Asphalt Binder Deman

4

Select Type and G New

ix Moisture
for Adequate

rial Mixtures: Initial Cure
ies, Final Cure Properties, and
Water Sensitivity

\ 4

Establish Job Mix Formula

4
Make Adjustments in Field

Figure 14-1. Flow chart for mix design of cold recycled mixes.
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all layersin the cores should be recorded. Since the process of milling can produce more fines
than the process of coring and also gives realistic samples, it is desirable to obtain field samples by
the equipment proposed to be used to remove and size the reclaimed material. In thisway a more
representative sampling can be obtained.” However, this is not always possible since the use of
full lane milling can generate a substantial amount of milling. This requires a substantial amount of
patching material also. Hence, sampling by core or a small milling machine (30 to 45.7 cm, 12-18
in) is normally used. Quite often, cores are obtained, which are sawed-off at the desired depth of
cold recycling and crushed in alaboratory jaw crusher to produce RAP for evaluation and mix
design. In some states, cone penetratlon test |s conducted at the bottom of core hole to determl ne

samples by milling cannot be overemphasized.

RAP Mix Composition

The milled RAP material must be subjected to sieve analysis Sieve Analysis
of Fine and Coarse Aggregates. Generally, the RAP part d like “black rock” or
aggregates in cold-recycled mix design. AASH 64-93)\Quantitative Extraction of Bitumen

From Bituminous Paving Mixtures, is used t phalt binder content of the RAP.
For mixes that were originally made from cutb mulsified asphalts containing
solvents, a determination of “residual as obtained, if required, by heating the samples
before extraction for about 3 hours at 12Q . aggregate extracted by AASHTO T

164-93 is subjected to sieve anal [ adation using AASHTO T 27-93, Sieve
Analysis of Extracted Aggregate. T r for Asphalt Technology (NCAT)’s ignition
test method (AASHTO TP be used to determine RAP’s binder content and
gradation if the aged asp overed for further testing, and the RAP does not
contain cutback asphalt.

O T 49), and absolute viscosity a&t®Q140°F) (AASHTO T 202). The
evaluatio hese consistency test data is helpful in selecting a proper recycling agent for cold

recycled mixes. It is anticipated that Superpave binder test properties such a% (@itsiy
factor) will 3@ measured in the future.
New Aggregate

New aggregates may be required to satisfy the gradation requirement or structural improvement
of the recycled mix? Gradation of the RAP (as received framiing or crushed from cores) may

not meet the specification requirements for the intended recycled course such as base course and
binder course. The RAP gradation is affected by the fines generated due to miling and
pulverization, or contamination from the underlying layers or due to degradation by traffic. In
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some cases, RAP may consist of sand-asphalt mix. In such cases, the recycled mix gradation can
be made coarse by adding new aggregate.

Additional aggregate may also be needed to increase the structural capacity of the pavement by
increasing its thickness. This may be required by increased traffic loading. New aggregate may
also be needed to improve recycled mix properties such as stability, durability, or workability.

The gradation of the selected new aggregates should be determined by sieve analyss AASHTO T
27-93). The new aggregate and the RAP material must be combined in proportions to meet the
specified gradation.

MI1X DESIGN PROCEDURES

Although no universally accepted mix design procedure for cold-mi
present, guidelines have been developed by several agencies,
formulas or past experience with identical projects. The foll
various steps involved in cold-recycled mix design. This will
procedures used by some highway agencies.

Selection of Recycling Agent

The types of recycling agents used include ifi cling agents, softer grade of asphalt
cements (such as grades AC-2.5, and AC-5 asp and cutback asphalts.® The relevant
specifications for asphalt cement for -mix are AASHTO M226 (ASTM D 3381),
and AASHTO M20 (ASTM D 946). used recycling agent for completely
cold recycling processes are cements (AASHTO T 59-93) or emulsified
recycling agents (ASTM D the emulsions are liquid at ambient
temperatures, have the cap throughout the mix, and does not cause major
air pollution problems.® C e or other chemical stabilizers have been used in

' grades of asphalt cement and cutback asphalts are

viscosity or penetration based nomograph for determining the amount of asphalt binder needed to
achieve target viscosity, consideration should be give to the fact that the reaction between the
recycling agent and the asphalt cement does not take place throughout the mix at the same time,
but rather starts at the interface of the recycling agent and the aged asphalt cement media.
Another important consideration is that the properties of the mix, such as stahility, change with
the loss in moisture or volatile content. Hence, it is more important to determine the mechanical
properties of the recycled mix with the emulsion before and after curing than to simply determine
the consistency of the blend.®
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The selection of recycling agent primarily depends on the asphalt demand and the reduction in
viscosity of the aged asphalt cement. The relative contributions of the recycling agent and the
aged asphalt binder are not fully understood at this time. One theory is that, instead of acting as an
binder, the aged asphalt may largely act as part of the aggregate. In such a case there will be an
effective asphalt content, consisting part of the aged asphalt and the new asphalt binder or
recycling agent. This effective asphalt content will then govern the ultimate performance of the
mix, rather than the total asphalt content.® Therefore, the testing of recycled mix for mechanical
properties appears a better approach for selecting the type and amount of recycling agent.

Field coating test, as given in AASHTO T 59 (Standard Methods of Testing
has also been suggested for determining whether anionic or cationic emulsifi

pavement, environmental conditions at the pavement location,
construction operations. The major consideration should be th
binder including its consistency, and curing or setti

Asphalt Cements

The viscosity of various asphalts cements at the ambi erature should be considered to

i 1 be used if the recycled mix contains

5 um (No. 200) sieve, but if the mix contains
e an asphalt cement of low to medium viscosity (such
tioned earlier, asphalt cements are rarely used in
problems. Foamed asphalt cements have been used

a relatively low percentage of mate
a high proportion of fines, it4

cold recycling because o
successfully.

Emulsified Asp

Laboratory eva AP (plus aggregate if used) and emulsified asphalt is the best way
bility as a recycling agent. Different types and quantities of emulsified asphalt

aggregate.\Wixes using these emulsions remain workable for an extended period of time since
these grades do not break immediately upon contact with aggregate. High float medium-setting
asphalt emulsions may give better aggregate coating and asphalt retention under extreme
temperature conditions. They may be used with coarse- or dense-graded aggregates.

The slow-setting (SS) emulsions are designed for maximum mixing stability. They are used with
dense-graded aggregate or aggregate with high fines content. All slow-setting grades have low
viscosities that can be further reduced by adding water.
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Table 14-1. Guideline for choosing emulsified asphalt.

AASHTO M140 AASHTO M208
ASTM D 977 ASTM D 2397
(Anionic) (Cationic)
Type of Cold-Mix Gradings =
Recycling (See Table | « y)
14-2) S| S
LL % wn
I AN
N | 5|9 =
b b |2 )
= | = | &3
Plant Mix:
Open-graded aggregate AB,C X | X
Dense-graded aggregate D X
Sand E,F X
Mixed-in-place:
Open-graded aggregate AB,C X | X
Dense-graded aggregate X X | X
Sand X X | X
Sandy soil X | X X | X
Note:
Only standard grades of emulsified listed.®For certain aggregate or climatic conditions other

types might be appropriate. In sion supplier should be consulted.

emulsion with solvent (cationic or anionic) should be
alt binder in the RAP isless than 30, while a slow-
Setting emulsion ration of the recovered asphalt binder is greater than
30. Similarly, ‘ ' ennsylvania DOT) use hard residue emulsified asphalts
(suchasCMS2h ' SS-1h) when the recovered asphalt binder is soft (penetration
more than 30).

disperse the recycling agent if too small a quantity is used. Depending upon the amount and
characteristics of the RAP in the recycled mix, a combination of recycling agent and emulsified
asphalt can also be used.®

Some agencies (such as New Mexico State Highway Department) have used high float, polymer-
modified emulsified asphalts to reduce thermal cracking, resist rutting, and provide improved early
strength.
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Table 14-2. Gradation guidelines for cold-mix recycling for combination
of aggregate from RAP and virgin aggregate.”

Percent Passing by Weight
Sieve Size Open-Graded Dense-Graded
A B C D E F G
38.1 mm (1% in.) 100 100
25.0 mm (1 in.) 95-100| 100 80-100
19.0 mm (%4 in.) 90-100
12.5 mm (*2in.) 25-60 100
9.5 mm &5 in.) 20-55 | 85-100
4.75 mm (No. 4) 0-10 0-10 25-85
2.36 mm (No. 8) 0-5 0-5
1.18 mm (No. 16) 0-5
300 um (No. 50)
150 pm (No. 100) 15- | 15-65
75 pum (No. 200) 0-2 0-2 0-2 3- 30 12-20
5-12

characteristics: (a) facilitate good mixing
heric curing is not needed, and (c) should
ic soon.

The ideal recycling agent should possess
and coating, (b) should be free of golvent s

be required to facilitate coating and compaction.

e in the RAP or aggregate, or may be added before
omponent of the recycling agent (such as diluted slow-
ith an asphalt cement, it is essential that the moisture

In any case, it is recommended to perform a coating test in the laboratory to determine if premix
moisture content is needed to disperse the selected emulsified asphalt and if so, the amount of
moisture content needed.

Asphalt Demand of the Recycled Mix

The amount of new inder required for cold in-place recycling generally ranges from 0.5 to 3
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percent for emulsified asphalts. Thisis equated to 0.3 to 2 percent residual asphalt cement for
emulsified asphalts. Most highway agencies prepare trial recycled mixtures containing 1, 1.5, 2,
2.5, and 3 percent emulsified asphalt. Higher amounts are needed if new aggregate is incorporated
in the RAP.

Very few agencies use empirical formulas, such as suggested by the Asphalt Institute, to
estimate the total asphalt demand of the recycled mix based on the surface area of the extracted
gradation of the RAP or the RAP/aggregate blend. Such formulas have not been thoroughly
validated in the field and, therefore, are not given here.

For in-place cold recycling construction it is often better to proportion asp!
weight of the aggregate. This conversion is as follows:

Percent of new asphalt by weight of aggregate, P - 1007,
4=
100 -

where:

P. = Percent of new asphalt in the recycled mix
Some agencies™ use an optimum liquid content jon content and water) of 4.5
percent in all trial mixtures. For example, watgr co . t, 3.5 percent, 3.0 percent

and 2.5 percent would be used with emulsio
and 2.0 percent, respectively.

0.5 percent, 1.0 percent, 1.5 percent,

As mentioned earlier, there isno stan ure for designing cold-recycled asphalt
mixtures. However, some agenei appear to have the most developed mix design
procedures.™® Methods pro Recycling and Reclaiming Association (ARRA),
California, Chevron, Oregofij Pennsylv e Asphalt Institute are reviewed below.

Asphalt Recycl ' iation (ARRA)®

these methods cogs modifred Marshall and Hveem methods intended for designing cold

i asphalt emulsion or emulsified recycling agent (ERA). The third procedure
egon State University for determination of required asphalt emulsion
ods are discussed briefly in the following paragraphs.

odified Marshall, Method A. The design mixtures are prepared in such away so

0 achieve a 3 percent total water content ( percent emulsion water + percent water
aining in RAP + percent mixture water added). Emulsions are incorporated into
the mixtures at desired content in 0.5 percent increments. Mixtures are then
compacted with 50 blow (per face) of the Marshall compacting hammer. The
compacted specimens are cured for 6 hours at 60°C (140°F). Next, the specimens are
tested for bulk specific gravity, stability (60°C), and flow (60°C). The maximum
specific gravity is then determined. Finally, at the optimum additive content, specimens
are prepared at additional total water content at 0.5 percent increment (such as 2.0
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percent, 2.5 percent, 3.5 percent and 4.0 percent). The average void content for each
moisture content is then determined. The recommended mix design parameters include
minimum and maximum design air voids of 9 and 14 percent, respectively.

2. Modified Hveem, Method B. In this method, the method of specimen preparation is
same as in Method A. However, instead of using the Marshall compactor, specimens
are compacted with the kneading compactor. Approximately 20 tamping blows are
applied at 1.725 MPa (250 psi) pressure to accomplish a semi-compacted condition.
Next, the compaction pressure is raised to 3.45 MPa and 150 tamping blows are
applied to complete the compaction. The specimen is then subjectedffe”a feyeling-off

content of these specimens are then determined.

The recommended mix design parameters include mifi imum design air
voids of 9 and 14 percent, respectively.

For both Method A and B, AR ds (op the use of mix testing for
moisture sensitivity or suscepti nce with AASHTO T 283, “Resistance
of Compacted Bituminous Mixtur Mol Induced Damage.”

3. Oregon Estimation,

selecting an igi
containing
adjusting a
of propertie

thod has been used in Oregon for

ulsion content to be added to the recycled mix

d no new aggregate. The procedure consists of
cortent of 1.2 percent (by weight of RAP) on the basis
and asphalt binder recovered from RAP. The method is
tionic mediwetting or anionic high float medium

emulsion is used as a recycling agent. First the gradation of
ake determined for the 12.5-mm (Y2-in), 6.3-mm (¥%-in), and 2.0-mm

. The asphalt binder recovered from the RAP is then tested for
ation at 25 and absolute viscosity at 80. The estimated asphalt

ontent is then determined from the following equation and figure 14-2.

ECGsr =12+ A+ Anc t Agy
where:
ECcsr = Estimated added emulsion content, percent
1.2 = Base emulsion content, percent
A; = Adjustment for milling gradations, percent.
A,c = Adjustment for milling residual asphalt content, percent
Apy = Adjustment for millings penetration or viscosity, percent

In this method, for the cases falling on a boundary, the adjustments resulting in a lower estimated
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Penetration  Viscosity

Gracation Asphalt :
16" Mill 150" Mill Content @ 77°F @ 140°F
70 , 55 0
03 e 100
© 7.0 - |+03
3 64 43 10 B0 n
2 -0. -0.1 0.3 - [+03 02| ©
T a - ¥y 15 5
< 60 45 @ . +0.2 Q __ a
2 |, |« 0| 585k E20 S E
= . : o S =
o
.g 54 39
4 +0.1 +0.1 KL
a -
o\o 50 33
+0.3 +0.3
45 L

penetration and absolute vi
the percent of water need
of pavement RAP are
suchas 1.0, 1.5,
samples are pla
split mold in tf

f 1 to 4 grams. The amount of water needed is then determined by subtracting the
estimated &mulsion content and the existing water content of the RAP from the design total liquid

content.
California Mix Design M ethod™?
The California mix design guidelines specify method of sample preparation from pavement cores,

gradation of material obtained by crushing of RAP, and sample preparation method for pulverized
field samples. Pulverized field samples are to be checked for gradation using 38-mm (1%2-in), 25-
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mm (1-in), 20-mm (%4-in), 9.5-mn¥4-in) and 4.75-mm (4-in) sieves. The specifications also
require determination of viscosity of aged asphalt obtained by extraction from RAP. A method of
determination of amount and grade of recycling agent is given, and curing of laboratory samples
are indicated. The mix design tests specified include bulk specific gravity, air voids, and stability
(with stabilometer) of the compacted recycled mix. The selected emulsion content is the highest
emulsion content that provides a specimen with the desired stabilometer value, no evidence of
surface flushing or bleeding, and a minimum of 4 percent voids.

Chevron Mix Design M ethod®”

The Chevron mix design method for cold-mix recycling consists of thg
Evaluation of RAP.

Selection of amount and gradation of untreated ag

Estimation of asphalt binder demand.

Selection of type and amount of emulsified rec

Testing of trial mixes.

Determination of job mix formula.

steps:

okownNE

Methods to determine asphalt content, consist

reCycling agent content (minimum of 2
percent) that meets the design crit ili odulus, stabilometer and cohesiometer values.

tion of samples and estimation of emulsion and water content
ARRA method (Method 3 - Oregon Estimation). However, there
e emulsion contents producing the peak Hveem stability and

to be evaluated.

ign Method®”

vania mix design method specifies RAP sample size, and procedures for determination
oisture and emulsion contents. The initial evaluation consists of determination of
gradation of aggregate in the RAP, asphalt content of the RAP, and penetration and viscosity of
asphalt binder extracted from the RAP material.

Two series of tests are conducted in this method. A set of coating tests are run on specimens
with different moisture content but constant emulsion content. Based on the results, an optimum
moisture content is determined. Next, the optimum emulsion content is determined on the basis
of water-conditioned and unconditioned resilient modulus tests on cured, compacted specimens.
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Asphalt Ingtitute Mix Design M ethod?

The Asphalt Institute mix design method consists of the following steps.

1. Determination of combined aggregate gradation (for virgin and RAP aggregates). The
prerequisite to this step is determination of gradation of aggregate and asphalt content
of the RAP material.

2. Selection of grade of new asphalt binder.

3. Determination of percent asphalt demand of the combined aggregate on the basis of
suggested empirical formula.

4. Calculation of percent of new asphalt in the mix.

5. Feld mix trial for adjusting asphalt content.

Detailed design examples are provided in this method.

SUMMARY

With its unique potential of conserving resource and energy, ing@has become one
of the most popular rehahilitation technique. To ensure proper e design of cold-
mix should be based on considerations of time and t s on the recycled mix and
slower binder softening rate. Thefirst step is pr ion by representative
sampling and testing. The composition (asphalt co ) of the reclaimed asphalt

pavement (RAP) or milled material must be
of the recovered asphalt cement from the RAP
aggregates needed, if any, is determi
and the gradation of the RAP or mill

ined. The amount of new

get gradation of the recycled mix

. es are available for selecting a proper
asphalt. Laboratory tests (such as coating tests)
must be carried out to ensur, ibi the recycling agent and the RAP/new aggregate
mixture. The selection of t [ ily depends upon the gradation of RAP (plus
new aggregate if needed) he consist@icy of the aged asphalt binder in the RAP. Proper

,are helpful. Finally, the amount of emulsified asphalt and
imehthe recycling agent) is determined by preparing and testing several
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CHAPTER 15. COLD-MIX ASPHALT RECYCLING
(CASE HISTORY AND QC/QA)
INTRODUCTION

Cold-mix recycling is a rehabilitation technique that reuses existing pavement material without the
appllcatlon of heat. Generally arecycling agent and/or asphalt blnder (for example emulsfled

mix must be produced and placed according to proper guidelines and
are no universally acceptable guidelines on cold-mix recycling, it is
experience of past users and guidelines developed by different
chapter isto present some selected case histories and specificationRgii j control and
quality assurance (QC/QA) practice of some highway agenci

CASE HISTORIES
Mercer County Project, Pennsylvania® (1985)
An in-place recycling project was completed in ty, Pennsylvania on Traffic Route

208 (west of 1-79 London interchangg), i he cling train (figure 15-1) consisted
of an emulsion tanker, a milling machi hxer, and a paver. The milled material

passed over a 38-mm (11/2- [ reen. The oversized material was fed into the crusher by
a conveyor to reduce its . as milled and recycled to a 75 mm (3 in) depth.
Because no provision wagfmade for [ ater before the material was mixed with the CSS-1h

emulsion, the latter was [ er in a 50:50 ratio to provide an acceptable dispersion of
the binder.

This cold in-place recycling operation was performed on US 64 in New Mexico in 1984. The
existing pavement consisted of 75 mm (3 in) HMA over 150 mm (6 in) sand and gravel base. The
existing surface exhibited extensive medium to high severity transverse, shrinkage and fatigue
cracking (figure 15-3), and extensive moderate to high severity rutting. The surface also had
extensive maintenance patching. Cold in-place recycling was done up to a depth of 2100 mm. A
polymer modified, high float emulsion was used at rate of 1-3 percent. The quantity of
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Figure 15-2. Condition of road after recycling.
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requirements. A 100 mmH
for recycling consisted of a :
machine milled the existing ement and ansferred the materlal to the crusher. The m|IIed RAP

reduced to 32 1 . ed and szed RAP material was mixed with emulsion in the
mixer. A truch ieseiiulsion to the mixer. The mixer then laid down the recycled mix in a
e recycled mix from the windrow and laid it down with a screed.

ollers (27 Mg, 30 ton) were used for breakdown compaction Steel -wheel

Baltimore@ounty, Maryland®

Cold in-place recycling was done to rehabilitate a deteriorated road in Baltimore County in
Maryland. The existing road had thermal cracking, rutting, poor profile and alligator cracking and
patching (figure 15-6). Since this road is the only artery feeding a hospital, emergency and genera
business traffic had to be maintained. Hence the road could not be totally closed. Both sides of
this road had concrete gutters. Following rehabilitation through recycling, the hot mix wearing
surface needed to meet the top of the gutter. This means that the 100 mm (4 in) recycled base
course had to be 37.5 mm (1.5 in) lower than the top of the gutters when compacted. With CIR,
it was decided to move the recycled material into the center of the road and build a 20
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Figure 15-5. Pneumatic-tired breakdown roller.
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asphaiPtanker, pushed by a down-cutting full
appropriately computerized asphalt additive
system. The old roadway m mixed with new asphalt in a single operation,
then deposited directly into id t0'the desired depth (figure 15-7). The recycled
material could be driven on jopproblem. Traffic flowed around the construction

as to how much of the roadway must be milled to accommodate the larger recycling machine
(figure 15-9). The 40 cm (16 in) head of a small milling machine goes around the utility to the
depth of the new base course (figure 15-10). The milled materia stays in-place around the utility
until the larger recycling machine approaches. Then, all of the milled material is excavated out
from the cut area, and placed on the old roadway where it is processed with the recycling
machine. As the recycling machine pulls the paver behind it, it lays the new recycled base course
around the utility, recycling 100 percent of the existing material (figure 15-11).
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Figure 15-8. Rollers used for compaction.
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Figure 15-10. Milling around utility.
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test property of the finished Ravement. HgWever, as in the case of other recycling procedures, in
cold-mix recycling AtfIS¥eit er e ification which is a combination of the method and
i effective use of the experience and expertise of the user

l‘
$ ghitlie.cquipment manufacturer to obtain a good pavement at a
e there 1ISUsually a great variation in material properties in cold-mix

s for cold-mix recycling tend to be more end result oriented than method

The top size of the RAP material is usually specified by most agencies. It isrealized that this
requirement can slow down the recycling process, since the top size of amilled or pulverized
material is a function of the condition of the existing pavement (oversized material may be
produced from a pavement with alligator cracking), top size of the original aggregate, and the
depth of the cut (thicker cuts may produce chunks of greater size).® Nonetheless, this
requirement is essential for smooth and uniform laydown operations. The gradation of the existing
road materials should be taken into account when writing the specification for the aggregate
gradation. Due to the inherent variability of material in cold-mix recycling, it may not be practical
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to specify aggregate gradation for all the sieve sizes. However, the equipment used in cold-mix
recycling (pulverization, for example) should be capable of cutting the pavement to the specified
depth reasonably well.

The next important thing in cold-mix recycling is the specification for the asphalt recycling agent.
The recycling agent should conform to the appropriate AASHTO, ASTM or state specifications
for different types of asphalt binders, such as emulsified asphalt. Also, the equipment used for

adding the recycling agent should be capable of an accurate application rate such that the total

binder content of the recycled mix is equal to the job-mix formula amount within a
tolerance, typically + 0.5 percefit The specification should also include
regarding accurate application of any pre-mix water. Generallynite arg

Adjustments to the gradation or asphalt content of the made based on the
results from the extraction tests conducted on recycled [ methods of extraction
many highway agencies.
Asphalt content and gradation of the aggregat d mix Can be determined by the
recently developed ignition method. The de ted mat is another important test
property for specification. The density cap be a percentage of theoretical

t density. The use of theoretical maximum

density is recommended over the use of lab sity, since there may be substantial
differences in temperatures, fluid er conditions between laboratory and field
compactions. Specification of a tar ualkdidfft® unit) combined with an

adjustable rolling pattern h ted to overcome the problem of material viéityab
in the existing pavemeft.

In the absence data for developing statistically based specifications, it is
suggested tha ain flexible and evaluate several alternatives to encourage
competition’ eCliieation should be written in such a way that it reflects the following

functions of th "

. Focus on end results by allowing the contractor flexibility in choosing the most
economical methods and procedures to accomplish the work.

The important features of cold-mix recycling specification from the Asphalt Recycling and
Reclaiming Association, and the states of New Mexico , Oregon and Pennsylvania are presented
below® The New Mexico DOT specification is given in Appendix B for ready reference.
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Asphalt Recycling and Reclaiming Association (ARRA)

Specification regarding gradation of pulverized material, equipment, and construction
requirements are provided. Specifications for equipment include description of mixes and
construction operations for paver and roller. Guidelines regarding minimum allowable air
temperature and tolerance for the application rate of recycling agent or additive are also provided.

New M exico

The New Mexico cold in-place recycling specification describes material, equig

Oregon

The Oregon specification describes requirements for maximum erial, construction
equipment and methods. Requirements for compon train, INcluding planing
machine, crusher, and mixer are described. Weat ired for recycling operation
are specified. Requirements for temperature | t, mixing and rolling are
also specified. Method specification has been [ initial compaction and recompaction of

cold in-place recycled pavements.
Pennsylvania

The Pennsylvania DOT pro

guidelines regarding type o rovided. Requirements for mixing and transporting

cold recycled (central equired criteriafor mobile mixing plants are
specified. For co aximum depth of compacted layer are specified
Guidelines rega d use of a control strip to establish rolling pattern have
been provided

m (3 to 4 in), because curing can be a problem, nor should depths be less
about 50 mm (2 in), because segregation may be a problem during construction.
wever, when portland cement or Class C fly ash has been used with asphalt
Isions, depths up to 150 mm (6 in) have been possible.

Softening of the recycled mix may occur within the first two to three days. Some

agencies re-roll the pavement at thistime to obtain additional density.

3. An excessive amount of initial compaction can cause problems. However, severd
states, including New Mexico and Pennsylvania, do not re-roll their pavements after
construction.

4. Traffic should not be allowed on the recycled pavement for a minimum of two hours
after compaction.

5. If the surface starts to ravel under the action of traffic, afog seal should be applied as
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soon as possible.

6. Rain within 24 hours of construction can create performance problems depending
upon the type of emulsified asphalt used.

7. Before placing the wearing surface, curing should be allowed to reduce the moisture
content to the 1 to 1.5 percent range. Summertime curing for 7 to 14 daysis typically
used. Late season construction can cause performance problems.

8. Problems with density control are common. Nuclear density devices provide relative
numbers. Cores may not be able to be obtained without proper curing (which may be
one year).

In conclusion it should be mentioned that final adjustments to mix design be made AEking
construction. A recent survey® indicates that 60 percent of the agencies sufNi@yed based théir
adjustments on combinations of experience and workability.

Quality Control and Quality Assurance

Quiality control (QC) refersto those tests necessary to contro etermine the
quality of the product being produced. These QC tests are usu y the contractor.

resentative samples should be taken
the existing material can be identified

primarily dependent upon the equipment used. The
llowing operations.™

t material to the desired size.

(uniformly mixed).
ontent (uniformly mixed).

e time Tor strength development.

The followiR@are the potential problem areas for in-place and central recycling:®
1. Depth of removal and pulverization.
2. Blending associated with addition of new aggregate, water, stabilizers, or modifiers.
3. Degree of pulverization.
4. Distribution of modifiers, water, or stabilizers.

Table 15-1 presents the material sampling and testing procedures for quality control, as suggested
by AASHTO-AGC-ARTBA.™ The items that should be monitored are listed below. The specific
characteristics which need to be evaluated are mentioned in parentheses.
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Table 15-1. Control and testing—recommended field sampling and t&38ting.

Type of Testing

Purpose of Testing Frequency Sample Location an

Recommended for Control and Testing

RAP gradation, 50 mm,
37.5 mm, or 31.5 mm
(2", 1%2", or 1v4")
sieves

Asphalt emulsion,
recycling agent,
portland, fly ash, and
lime

Moisture added to
RAP*

Mat moisture content
after curing
(emulsions/recycling
agents only)

Recycling additive
content

Recycled material
compacted density by
rolling control strips

Or

Recycled mat
compacted de
field compacted

Recommended for Control and Testing

Specification Each 0.8 krt® (2 From conveyor belts,

compliance with mile) windrows or mat, minimum
maximum RAP size weight of 9.1 kg (20 I13)
determined
Check on specification Every load
compliance sampled, one test

per day

Adjustment of water ~ Each 0.8 krt® (%
content for proper

mixing and compaction
th sample,

be placed

Verify amount of By tank gauging, transport
truck weighing or meter
readings and RAP weight b

belt scale readings

m of two
strips and nuclear
density testing
each 0.8 km (*2
mile)-°

Strips at beginning of proje
and additional if major
changes in recycled mixturg
properties occur, 120 to 15
m (400 to 500 ft) length

0 establish the target Material sample  Material sampled from

cation and nuclear windrow or mat after
compliance density testing spreading, minimum weight|
each 0.8 km (*2  of 9.1 kg (20 Ib)
mile)-°

Each 0.2 km (1/8
mile) or additional
as needed

For specification or Measurements across the
plan compliance

joints and at the outside ed

Spreading depth of
recycled material,
central plant cold
recycling only

Check of the lift Measurements across the
thickness for

specification or plan

Each 0.2 km (1/8
mile) or additional
as needed

mat, adjacent to longitudingl

mat, adjacent to longitudingl
joint and at the outside edgg

Size

<

je

174

compliance
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Table 15-1. Control and testing—recommended field sampling and t&s{rantinued).

Type of Testing Purpose of Testing Frequency Sample Location ang Size
Mixing equipment To assure proper Prior to beginning  Material being recycled from
calibration content of therecycling  of work eachyear  mixer into atruck and

additive and moisture and additional as  liquidsinto barrels, tanker or
needed’ asphalt distributor for
weighing by a scale

For Information Only

Recycled material To determinetheinflu-  Minimum of four

temperature ence of temperatureon  each day, two
compaction and temp- early morning and
eratures for mix design  two late afternoon

Recycled mat To develop dataon Continuously or
smoothness spreading and for

possible future

specification

requirements
Original pavement and  To determine added and From sdlected locationsin a
recycled material total asphalt contents stockpile or pavement before
asphalt contents (by recycling and in the recycled
solvent extraction)® mat, minimum weight of 9.1

kg (20 Ib)?
Notes:

! Additional sampling and testing may ' anges in RAP characteristics are observed, such
asamuch coarser or finer gr le differenCesin asphalt content, or when considerable
variability is occurring in fi

2 |t isrecommended that i uld bein accordance with the ASTM D 979 or
AASHTO T 168 procedu [ tuminous Paving Mixtures.

# Asphalt emulsion and asp! i sampllng should be in accordance with ASTM D 140 or

4 ith ASTM D 1461 or AASHTO T 110 for Moisture or Volatile

3 oven drying asfor ASTM D 4643.
ecycled mix compaction are being established by using rolling control strips or by the

or specification compliance, direct transmission measurements are preferred. The procedures
followed arein accordance with ASTM D 2950 for the Density of Bituminous Concretein Place

the gauge is not possible with these types of mixes. A reasonably accurate dry density may be obtained by

sampling the recycled mix at the nuclear gauge test location, determining the moisture content by drying

and correcting the gauge wet density.

® For each length or lot size quantity specified, materials sampling may be completed on a random basis using
the procedures of ASTM D 3665 for Random Sampling of Construction Materials.

" Based on the mixer computer meter readings and other checks, additional calibration may be required. This
calibration may require only checking and adjusting the best scale system using weights.

8 The asphalt content in the cold recycled mixture can be determined by one of the following asphalt

extraction testing methods: ASTM D 2172, ASTM D 4125, AASHTO T 164, or AASHTO T 287.
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RAP Gradation (maximum size).
Recycling agent (type and amount).
Moisture (amount).

Compacted density.

Depth of milling.

Spreading depth/cross sope.
Mixing Equipment (calibration).

NogakrowdrE

For checking compacted density, two methods are recommended:® By control strj

ps and by the

can be obtained by completely removing the pulverized material adj
surface and measuring the depth. The depth of pulverization can
of the existing road is known and the pulverized material isr
frame can be used) and weighed.

determined rapidly by heating the pulverized
The amount of recycling agent (such as emu can be determined by extraction or
mix water, if any, must be
ignition test. The amount of recycling
agent can also be determined from the iti on the project.

Density of the compacted using a nuclear density gauge. However, the
water content in the comp accounted for to calculate the dry compacted
density. Usually it is not po imiintact cores because water is used in the coring

it da which is not completely cured just after compaction. If
) rolling pattern, its density can be measured by a nuclear
density gauge asityecan be used as a target density for the remaining project. If the pre-

Cold-mix cling consists of four basic steps: (1) pulverization of existing pavement, (2) sizing
of RAP, (3)\@eldition of recycling agent, (4) placement and compaction. Similar to hot mix
asphalt, cold recycled mix must be produced and placed according to proper guidelines.
Experience of previous users have shown that substantial cost savings and pavement improvement
can be achieved with cold mix recycling. Since there is usually a great variation in material
properties in cold-mix recycling, specification for cold-mix recycling tend to be more of end result
oriented than method specification. Commonly used specifications specify maximum RAP size,
pre-mix water content, recycling agent content, and density measurements. Quality control
measures involve checks on depth of pulverization, pre-mix water content, recycling agent
content, gradation of recycled mix, and in-place density.
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CHAPTER 16. FULL DEPTH RECLAMATION
(CONSTRUCTION METHODS AND EQUIPMENT)

INTRODUCTION

Full depth reclamation has been defined as a recycling method where al of the asphalt pavement
section and a predetermined amount of underlying materials are treated to produce a stabilized
base course.? Different types of additives, such as asphalt emulsions and chemj its such as

material, compaction, and application of a surface or a wearing cour place matgfial is

not sufficient to provide the desired depth of the treated base, new i 2 imp@rted and
included in the processing.® This method of recycling is normal Sutivof 100 to
300 mm (4 to 12 in)®

1. The structure of the pavement can beim out changing the
geometry of the pavement and should
2. It canrestore old pavement to the des [ jjéi e existing whedl ruts, restore

crown and slope, and eliminate p ularities, and rough areas. Pavement
widening operations can also be ac in the process. A uniform pavement
structure is obtained by th

3. It can eliminate aligator, t inal, and reflection cracking. Ride quality
can be improved.

4. Frost susceptibili
. The production

ION PROCESSES AND EQUIPMENT

Figure 16-1“ shows a flow chart for full depth reclamation. The first step isto rip, scarify or
pulverize or mill the existing pavement to a specified depth. Four processes are listed in figure 16-
1 for this step. The second process (from the top) involves central plant whereas the other three
are in-place processes. The resulting material can be processed further for size reduction and
mixed with recycling agents and new materials, if required, in-place or in a central plant. The
choice between in-place and central plant depends on equipment availability, roadway condition,
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16. Full Depth Reclamation (Construction Methods and Equi pment)

and economics.

The in-place method is generally more economical than the central plant method. The different
mixing methods include blade, flat type, windrow type and hopper type (figure 16-2).®

———p Blade

Flat Type

Mixing Equipment

Figure 16-2. Soil and stabiliZe ' tised for full depth reclamation.

g operations are used at present. These include
Single machine, and the single-pass equipment
the following paragraphs.

Four different types of in-pl
the multiple-step sequence,
train. The different method

Multiple-Step

In this process, ement is broken, pulverized, and mixed with a recycling agent.
The equi i@kl e for initial ripping or scarifying include motor grader or dozer with either
front- Qh\reaksm )per teeth (figure 16-3). This method is believed to be efficient with thin
Hot Mi ‘@’ hA\) layers, but it may produce larger chunks of material than needed when
cutting d& "® Materials produced by this method may need additional size reduction.

Juipment is available for size reduction or pulverization after the initial ripping. The
different equipment are as follows:*®
1. Sheep foot, grid, or similar type of roller. This type of roller can also be used for initial
scarification or crushing of thin seal-coat roads. A vibratory padfoot type roller is
shown in figure 16-4.
2. Motor grader with ripper teeth, equipped with a cutter-crusher-compactor in the rear.
This equipment combines the scarifying and size reduction operations. Figure 16-5
shows atypical motor grader.
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Figure 16

Figure 16-4. Vibratory padfoot roller.
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A

The mixing ope @
The drawbacks Of@usiig the above equipments are that they need multiple passes to achieve
[ jze redu may cause lack of uniformity in depth of cut, have low production rate

In this process, the breaking and pulverizing or sizing operations are combined together with a
cold milling machine or alarge pulverizing machine. The second step involves addition of the
recycling agent with soil stabilization mixing equipment and traveling mixers. Figure 16-7 shows a
cold milling machine. The main feature of a cold milling machine is arotating drum lined with a
variable number (depending on width) of replaceable, tungsten-carbide-tipped cutting teeth, which
is used to grind the existing pavement. These machines can provide accurate control of depth and
profile as well as pulverize and size in asingle pass, resulting in less interference with traffic. They
can aso be equipped with a pump and metering system to serve as a mixing unit.
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Figure 16-7. Cold milling machine.

16-6



16. Full Depth Reclamation (Construction Methods and Equi pment)

The cold milling machine can provide a high production rate in almost any weather.® However,
trained personnel is required for operation of the cold milling machine. Also, the entire pavement
should be reduced to the proper size, and the increase in amount of fines due to milling should be
considered during mix design.®

The drum of the cold-milling machine can be set to operate either in the up cutting or the down
cutting mode. In the up cutting mode, the teeth cut from the bottom of the pavement layers

upward as the machine moves forward. This method provides accurate cutting depth with lower
cost, greater speed, less tooth wear, Ie& power to operate, and Ie& damage to the y derlyrng

the penetration of the cutting teeth, which in turn control th
The main factors related to material quality can be summariz

1. Structural soundness of the pavement. A pavem igator or fatigue
cracksis easier to cut than a pavement .

2. Hardnessor toughness and gradati \Productivity decreases and
tooth wear increases as the hardn gregate increases and as

the gradation becomes finer.
3. Characteristics of binder agent.

the depth increases, inasin
reduced speed and greater
reclaimed increases as the d

g pOwer. The net number of tons of material
up to about 75 mmto 100 mm (3 to 4 in) depth,

traveling speed g i the dominant factor affecting the productivity. Hence,
beyond 75 mrfie i 8.4 in) depth of cut, two passes of the cold milling machine may be
more efficient thagka

For ag achine, the travel speed can vary fromaslow as2.4 mto 3.0 m (8 to 10
ft) per  45.7 m (100 to 150 ft) per minute, depending on the quality of the mix

Automatic ggade and slope controlled cold milling machine are very common nowadays. Both
sides of the equipment can be regulated, using either dual grade references or a grade control on
one side and a slope control on the other side of the machine. The type of grade reference
controls the leveling performance. If a joint machine shoe is used, the machine will duplicate the
profile of the surface being matched. If a mobile ski or erected string line is being used, the cold
miller will do the required leveling work.® The machine can be used with dual-grade controls to
remove a constant depth of material. It can also be operated using a combination of grade control
and slope control to produce the required cross-section across the existing pavement. However,
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the contractor cannot operate the cold-milling machine to obtain a constant depth of cut and a
constant cross slope at the same time.®

Material quality and depth of cut affect the life of cutting teeth, and hence the cost of operation of
a cold-milling machine. The other important factors affecting the cost of operation are: operating
hours per year or annual ownership costs, maintenance and repair or operating costs, labor
expenses, and fuel, lubrication and auxiliary equipment charges.?

Single Machine

The reader should refer to section on single machine in chapter
operation used for FDR is shown in figures 16-8 through 16
cracked because of freeze-thaw cycled, and needed major inc

The single machine received the emulsion fro -water slurry from the slurry
mixer. The single machine milled the existing the lime and cement-water slurry with

11 show the grader and the complet
Single Pass Equipment Trai

The reader should refer to s&tion on singI@ pass equipment train in chapter 13.

Recycling Addi
To improvet ty of recycled base, liquid additives such as asphalt products are
used asr cling. These include emulsified asphalts (either slow or

k asphalts, and emulsified versions of commercial recycling agents. Water

The choice @Bstabilizing agent depends on several factors including the composition of the
existing structure, the type of subgrade soil, and the recycling objective. If the recycled base
material is mixed with untreated subgrade soil, then additives required for soil stabilization are
used. Some of the commonly used recycling agents are;®

1. Asphalt emulsion.

2. Portland cement.

3. Lime.
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5 Hose connection
Microprocessor-controlled pump for injecting biturmen emulsion to the emulsion tanker

Hose connection
to the slurry mixer

Microprocessor-controlled
pump of the WM 400 for
injecting the slurry of
cement and water

Treated Milling and Defective asphalt pave
material mixing drum unbound base course

u .,g ‘

Compacting Profiling the WR 2500: Levelling Spreading
the profiled treated material milling and e additional the additional
mixture admixing injecti ggregate aggregate

Figure 16-9. Single machine.
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w

Figure 16-11. Completed base course.
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4. Fly ash.
5. Cacium chloride.
6. Foamed asphalt.

Asphalt emulsion: Asphalt emulsion helps to increase cohesion and load bearing capacity of the
mix. It also helpsin rejuvenating and softening the aged binder in the existing asphalt material.
Emulsions are mixtures of asphalt cement, water, and an emulsifying agent. The advantage of
using emulsion is that emulsions are low in viscosity and very suitable for application through an

cohesion of the base material.

Portland cement: This additive is used to increase compre es. When cement,
soil and water are combined, a cementitious bond bet is formed
immediately, and the mix continues to gain compressive ng period of time.
Addition of cement is best effective in granular and low pl

reduces the plasticity within days and bri
water damage and increasing tensile an

potential. It also helps in resisting
lve strengths of the recycled mix.

Fly ash: The main reasons of usi ditive are to form cementitious bond in soil (in
presence of water) and increase im strength of the recycled mix. Fly ash is
generally spread by a mec r and then blended with a reclaiming machine in a second
pass.

Calcium chloride: Calciu ide is USed to lower the freezing point of reclaimed base material
problems. Load-bearing capacity of base can also be
chloride. Liquid calcium chloride can be added in three steps:
primary appl pdingmand secondary application to seal the shaped and compacted
surface. An onD iquid additive system or a distributor truck can be used for application of
calciugmehloride.

requires valiable water contents.

Foamed asphalt: Foamed asphalt is being used increasingly in FDR. Foaming facilitates better
dispersion of the asphalt into the materials to be recycled. A small amount of water is sprayed into
hot asphalt as it is mixed with pulverized recycled pavement and soil. As the hot liquid and water
mix, the liquid expands in a mini-explosion, creating a thin film of asphalt with about 10 times

more coating potential. In another system, instead of adding water to the asphalt during mixing,
foamed asphalt from a separate foaming chamber is added directly to the pulverized road material.
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Curing, Compaction, and Application of Wearing Surface

Curing or aeration of the mix is required to reduce the water and volatile content of the recycled
mix. The material can be placed in awindrow after mixing, after which it can be leveled to proper
cross slope with amotor grader. The motor grader can also be used to aerate the mix by blading
the mix back and forth across the roadway. This aeration process helps in reducing the fluid
content of the mix so that it becomes stable enough to support the weight of the compaction
roller. The rate of volatile loss will be controlled primarily by the type of asphalt modifier, mix
water content, gradation of the aggregate, wind velocity, ambient temperature, and humidity.

passes required for compaction are properties of the mix, lift thicl hghifof roller,
and environmental conditions.® Cold-recycled mixes tend to ore, the

uncompacted thicknesses of the mat should be increa sired compacted
thickness. The moisture content is very critical to compagii pPSufficient moisture
lubricates the particles and helps in compaction, whereas re causes low density and
moisture retention in the sealed layers. If it is f iX has‘an unacceptably high

moisture content, then compaction should b leted after mix aeration and relaying
if traffic disruption is a major problem. Usyally [ , in the form of an HMA overlay,
or a single or double surface treatment i i
application of the overlay should be delaye
to avoid excessive moisture rete tability. Ideally, heavy traffic should not be
allowed on the surface during this [ ication of an asphalt modifier or an emulsion

The following addi

1. Th 0 e must be free of 100-mm (4-in) bones and cobbles, large
le | nd tree stumps.
be i

ations for gradation with the reclaiming machine. Maximum
e typically allowed is 100 percent passing 50 mm (2 in). The percentage of

pical specification for materials on a project using calcium chloride as an additive.

Other important elements which should be monitored in a full depth reclamation process are
summarized as follows”
1. Method of Cut: The existing pavement structure can be cut in either of the two ways:
(a) the machine is lined up along one edge of work area. With the machine stopped,
the rotor is lowered and the pavement is ground from the surface to the base until the
depth of cut is reached. This method can cause accelerated tool wear and the rear of
the machine can experience some bouncing when cutting through thick dense
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erally along the work area with the rotor
islowered to the depth of cut through softer
across the width of the area. Thisway, a neat

over an unpaved
material, and th

to provide relief to the rotor tools. If water is not added

0 the cutting of some underlying material is required to have

ng and reduction of wear. If thereis unsuitable material directly
sphalt layer, the rotor may be kept even with the bottom of the asphalt

t: The width of the cut can be limited to the width of the pavement.

ever, an existing pavement can also be widened by reclaiming the shoulders on

h side of the driving lanes. There are some important considerations if awidening is
ned. The shoulder material properties must be considered when selecting a
recycling agent or stabilizing agent or virgin materials for modification of engineering
properties. Next, the total square meter (or square yardage) of the project (including
the shoulders) should be considered for application of additives. The total width of the
pavement to be reclaimed should be compared to the width of the rotor (of the cutting
machine) before planning the number and location of passes required for the cut.
Normally, if the pavement is less than 7.3 m (24 ft) in width, the total width can be
processed by three passes. If the pavement width is greater than 7.3 m (24 ft), one half
of the pavement is typically closed to traffic and processed for the length of the
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project. The other half remains open to the traffic. Next, the other half is processed,
and finally the full length and width of the base is paved. Care should be taken to
remove the contaminants (such as vegetation) from the shoulder materials before
blending them into the recycled mix.

4. Gradation: The position of the discharging door from the mixing chamber in the
reclaiming machine should be so adjusted as to avoid generation of excessive amounts
of fines.

5. Rotor Speed: The speed of the rotor used for pulverizing asphalt and base materials
should be controlled to produce the RAP material with proper aggregate size. Higher
the rotor speed, finer is the mixture.

6. Machine Speed: Generally, the slower the machine speed, the fig

RAP material.
7. Ambient Temperature: Properties of HMA layers are e@mbient
temperatures. A high ambient temperature (> 3 38 the chance of
breaking off large chunks (“slabbing”) in front e. The machine
speed should be decreased and the discharg i
should be reduced for effective processing of |

SUMMARY
Full depth reclamation is a process in wh asphalt pavement section and a
predetermlned amount of underlying materl ed with recycling agents to produce a

hemical agents like fly ash or portland cement

accompllshed without ch of the pavement or shoulder reconstruction. The
main steps include pulve ion, i ction of additive, shaping of the mixed material,

single-pass eq ultiple-step sequence different machines are involved in the
different pha At hese include motor grader for initial scarifying, sheep foot roller
for size reducti ixer for mixing operations. Although readily available equipment

gethod, there are several disadvantages including lack of depth control,

The advantage is high productlon rate, but the drawbacks are aggregate oversize, depth Ilmltatlon,
and need for specialized equipment. A single pass equipment train consists of a set of equipment
for breaking, sizing, mixing and laydown operations. The material from a cold milling machine is
screened and sized in a portable crusher and delivered to the pugmill of a traveling mixer. The mix
is then windrowed or deposited on the hopper of a laydown machine. This method has a high
production rate, produces no oversize material, and allows partial removal of asphalt layer.
However, the method needs specialized equipment. The recycling agents, in the form of

emulsified asphalt, cutback asphalt, and/or stabilizing agents such as portland cement, lime, fly ash
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and calcium chloride, are added to the mix with soil stabilization equipment. Proper aeration of
the mix is required before compaction to reduce the water and volatile content of the recycled
mix. A motor grader can be used to level and aerate the mix by blading back and forth across the
roadway. Finally, the mix can be compacted with a steel wheel, pneumatic-tired or vibratory
roller, or combinations of two or al three.
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CHAPTER 17. FULL DEPTH RECLAMATION
(CASE HISTORIES AND QC/QA)

INTRODUCTION

Full depth reclamation is a rehabilitation technique in which all of the asphalt pavement section
and a predetermined amount of underlying materials are treated to produce a stabilized base
course. The procedure consists of five steps: (1) pulverization of existing mater
introduction of additive, (3) shaping of the mixed material, (4) compaction, g 3tion of
wearing course. In general, asphalt emulsion and stabilizing additives suc portland ceie
lime, fly ash, calcium chloride, and foamed asphalt are used in this pro

A review of published case studies of full depth reclamation sho [edhproperly,
full-depth reclamation can effectively reconstruct pavements inatd igty of distresses.
This method provides a very economic alternative to conventi@nal hods by

reusing the existing pavement material. Some examples of paveent r by full depth
reclamation are discussed below.

CASE HISTORIES

Reclamation of Mt. Wachusett Road, Princ M 1991)

The candidate pavement section was onsisting of 75 mm (3 in) of HMA over
150 mm (6 in) of macadam b ere was no indication of base failure, the surface had

mix the aggregate, asphalt and calcium chloride. A grader was then

e and a vibratory roller was used to compact the reclaimed base (figure

17-3). Fingllyy, calcium chloride solution was applied at the rate of 1.2 I/n? (0.25 gal/yd?) to sedl

the base suff@ce. The reclaimed surface appeared to be hard, smooth and dust free. It was decided

to put 50 mm (2 in) of HMA binder and 32 mm (1% in) of HMA wearing course on the reclaimed
base. The reclaimed base was found to be capable of accepting traffic before the application of
HMA binder and wearing courses (figure 17-4). Throughout the reclaiming process, traffic was
allowed on the pavement and there was no need for setting up detours or applying any fog seal to
the reclaimed base.
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Figure 17-2. Application of calcium chloride.
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Figure 17-4. Completed surface.
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Texas DOT Full Depth Reclamation Process® (1995)

In 1995, a project was completed on 1-40, west of Amarillo, Texas. The project consisted of
processing the 180 mm (7 in) of existing HMA and 76 mm (3 in) of the existing aggregate base.
The existing material was milled, pulverized, screened, and treated with cement and water to
produce alow strength cement treated base (CTB). The production of CTB base from recycled
materials was all completed using two recycling trains. A MC-30 cutback asphalt was used to
prime the finished CTB surface. Finally, HMA leveling and surface courses were placed above the
CTB. Flgure 17-5 shows the recycllng traln Cement was applled ahead of the recycling train by a

on awindrow (figure 17-8). A grader was then used to shape the wi
Finally, a water tanker applied water to the surface (figure 17-10)

brittl€ where deflection
adway. The structure of the
ty sand of which the top 150

Figure 17-5. Recycling train used in FDR.
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Figure 17-7. Crusher and screening unit.
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Figure 17-8. Recycled matt

Figure 17-9. Grader.
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Figure 17-11. Condition of existing road.

17-7



17. Full Depth Reclamation (Case Histories and QC/QA)

mm (4 in) with foamed asphalt, cement and gravel. The amounts of additives were:
asphalt: 4 percent by mass of recycled material
cement: 2 percent by mass of recycled material
gravel: 50 mm (2 in) layer over areato be recycled.

It was decided to use cement along with the foamed asphalt to resist strength loss due to

saturation. The gravel was included in the mix to facilitate good dispersion of foamed bitumen,

especially with a high percentage of fine material (material passing 75 um, No. 200 sieve). The
amount of foamed asphalt was decided on the basis of laboratory mix design, and the amount of
cement was determined from laboratory tests for plasticity of the recyclg jal. To serve as a

wearing course and to prevent water ingress through the surface of decided to
apply a chip seal after about four weeks of construction of the base."§he FDR progéss was carried
out with a single machine along with a grader, spreader, asph bratory roller
(9 Mg), and a pneumatic-tired roller (11 Mg). A schematic of n in figure

was connected to a water tanker and an asphalt tanker!
material with foamed asphalt. Another grader behind the
[ roller,"respectively. Figure 17-13
ure 17-14 shows the recycled

er spreading the recycled material.
recycled material, and figure 17-17 shows

shows the recycler attached to the water an
material at the back of the recycler. Figur
Figure 17-16 shows a vibratory roller co
the completed base course.

SPECIFICATIONS AND QC/QA

reclamation are similar to those of cold-mix recycling.
There are primarily two t ifi€ations. The method specification specifies the equipment
es. An end result specification sets control limits on some
nt. However, as in the case of other recycling procedures, in
er to have a specification which is a combination of the method and
end result spe . ows the effective use of the experience and expertise of the user
or, and the equipment manufacturer to obtain a good pavement at a

icatiolY. For example, the specification may allow any type of milling or
equipment, if the depth of the cut and the gradation of the RAP material (for

, size) meet the required specification tolerance. The top size of the RAP material
may be limited by the user agency. The gradation of the existing road materials should be taken
into account when writing the specification for the aggregate gradation. Due to the inherent
variability of material in full depth reclamation, it may not be practical to specify aggregate
gradation for all the sieve sizes. However, the equipments used in full depth reclamation
(pulverization, for example) should be capable of cutting the pavement to the specified depth
reasonably well. The specification may state that the construction method shall be such as to
pulverize the existing asphalt surface to the full depth, and the material shall be 97 percent passing
a 50 mm sievé)
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Metered injection of foamed bitumen and water via the WR 2500

Microprocessor-controlled pump
for injecting hot bitumen

Microprocessor-controlled
pump for injecting water
to foam the bitumen

e Hose
connection
of the bitumen tanker

o) Hose
connection
of the water tanker

Microprocessor-controlled
pump for injecting water
for compaction

» Working direction

Treated Milling and Defective g pavement 3
material mixing drum unbound ourse

Compacting Profiling the Milling

pvelling Spreading
the profiled treated material  and admixing t gditional  the additional
mixture

cgate aggregate

Figure 17-13. Recycler with water and asphalt tanker.
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17. Full Depth Reclamation (Case Histories and QC/QA)

Figure 17-15. Grader spreading recycled material.
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17. Full Depth Reclamation (Case Histories and QC/QA)

Figure 17-17. Recycled base course.
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17. Full Depth Reclamation (Case Histories and QC/QA)

The next important thing in full depth reclamation is the specification for the asphalt recycling

agent. The recycling agent should conform to the appropriate AASHTO, ASTM or state

specifications for different types of asphalt binders, such as emulsified asphalt. Also, the

equipment used for adding the recycling agent should be capable of an accurate application rate

such that the total binder content of the recycled mix is equal to the job-mix formula amount

within a specified tolerance, typically + 0.5 percénthe specification should also include clear
directions regarding accurate application of any pre-mix water, if needed. The ralydosib
establishing the job-mix formula and the required sampling procedures, test methods and design
criteria for the mix design should be clearly outlined in the specific&tion.

Adjustments to the gradation or asphalt content of the recycled mix g ased on the
results from the extraction tests conducted on recycled mix. Conven pf extraction
(reflux, centrifuge, vacuum) which solvents are being phased o agencies. The
National Center for Asphalt Technology (NCAT) has develo determine the

determined using the standard sieve analysis. Larger s , 5.28 Ib) can also be
tested.

roperty for specification. The density
can be specified either as a percentage oft density or laboratory density, or as
a target density. The use of theoretical ommended over the use of
laboratory density, since there may be s iaNgifferences in temperatures, fluid contents and
other conditions between laboratory and fie i
actual kg/m, Ib/ft* unit) combined rolfing pattern has also hegyested to
overcome the problem of material isting paveffiaihen deciding on a

density specification, prior similar type of recycling and environmental conditions

should be taken in accou [ recycling specifications require air voids content in

obtain desired densit ency maysspecify the roller sequence for compaction. For example,
for a compacted g ini

pressure folloy @ ini "2 Mg vibrating steel roller may be spe®ified.
gfoper performance data for developing statistically based specifications, it is

er agency remains erX|bIe and evaluate several alternatives to encourage

respon5|ble for the adequacy of design alternatives.

rite simple straightforward specifications which clearly state what is expected.
rmit the contractor to select the materials and methods which will accomplish the
end result.

Use standard specifications familiar to the contractor.

Modify standard specification only as necessary to obtain the end result

Focus on end results by allowing the contractor flexibility in choosing the most
economical methods and procedures to accomplish the work.

o0k

The Wisconsin DOT specification for full depth reclamation is provided in Appendix C.
Quality Control and Quality Assurance
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17. Full Depth Reclamation (Case Histories and QC/QA)

Quiality control (QC) refersto those tests necessary to control a product and to determine the
quality of the product being produced. These QC tests are usually performed by the contractor.
Because of greater variation expected in the case of full depth reclamation asphalt mixtures, the
frequency of testing should be more, even though the same tests that are used in the case of
conventional HMA may be used. Before starting construction, it is very important to know the
quality of the existing pavement, in terms of aggregate gradation and asphalt content of the mix.
The pavement should first be delineated into subprojects, on the basis of differencesin design,
maintenance and rehabilitation actions. Once the subprojects are identified, representative samples
should be taken from each of the subprojects. In this way, the variation in the existing material can
be identified and evaluated.

The quality control for full depth reclamation is primarily dependent upon t
The equipment should be such asto allow the following operations.®,
1. Pulverization of recycled pavement material to the desi

2.
3. Proper recycling agent content (uniformly mixed)
4.

Favorable temperature and moisture conditions are

curing period. The stabilized surface should be p
ensure adequate time for strength developmeqt.

SUMMARY

In full depth reclamation technique, all ent section and a predetermined
amount of underlying material roduce a stabilized base course. The treatment
additive can be emulsified cement, lime, fly ash, and calcium chloride. The

procedure consists of pulv g material, introduction of additive, shaping of

n of wearing course. A review of some case histories

show that full deptlafree successfully and without major traffic flow

interruption with : available at present. Typical specification and quality
SSUrang include aggregate gradation, stabilizer content, water content,

roller weight and'§égiénce, and tensity measurements.

. ‘Mt. Wachusett Road Reclaimed with GA®Glew England Construction,

Auguist, 1991.
2. Information Received from John E. Huffman, Brown and Brown Contractors, Salina, KS.
3. Information Received from Connie L. Murray. Wirtgen America Inc., NkshVN

37224,

4. R.C. Inberg. Specifications Related to Project SalectionTransportation Research Record
780, TRB, Washington, DC, 1980.
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17. Full Depth Reclamation (Case Histories and QC/QA)

Pavement Recycling Guidelines for Local Governments - Reference Manual, Report No.
FHWA-TS-87-230, FHWA, Washington, DC, 1987.

Wisconsin Specification on Full Depth Reclamation, Wisconsin Department of
Transportation, 1997.

“Special Report: Asphalt Recycling and Reclaiming ‘85,” Roads and Bridgestober,
1985.

J.A. Epps. Cold-Recycled Bituminous Concrete Using Bituminous
Synthesis of Highway Practice 160, TRB, National Research @
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CHAPTER 18. STRUCTURAL DESIGN OF RECYCLED PAVEMENTS

INTRODUCTION

Structural design of pavements takes into consideration those aspects of design which provide
required strength or stiffnessto the pavement structure. The method has evolved from the
application of engineering Judgement to predomi nantly mechanlstlc or semi- mechanlstlc

similar or
r, the wide

appropriate “structural numbers.” Recycled asphalt materials can pr€
even better than pavements constructed with conventional hot
range of properties of recycled mixes, resulting from variationgd

methods must be considered during structural design of r F erage, the
coefficients for both recycled surface and recycled baseco be greater than the
coefficients for respective conventional mixes determine@in t oad Test. The
AASHTO guide indicates that in essence there is no diffe hot recycled and virgin

ethod (for conventional
mix) for design of recycled pavements as \Weliow autions that since long-term
performance data is not available for recycled\gi g judgement should always be
applied for design of such mixes. In this ter ign guidelines recommended by AASHTO and
the Asphalt Institute are discussed.

STRUCTURAL DESIGN OF REC ASPHALT PAVEMENT AASHTO

M ethod

The AASHTO gwdé) pre
thickness of unde

of overlay design based primarily on structural number,
age coefficients. Design of recycled pavements can be
ally, a nomograph is used to calculate a combined total

r e whole pavement section, based on performance period, traffic, and
change in PreSen giplndex (PSI). The structural number can be represented by a
inati ct of depth, structural number, and drainage coefficients for each of the
structural number of the recycled layer required is calculated by subtracting

(ement is modified by a remaining life factor for the existing pavement. The equation is
as follows:

SNg = SN, - (FReX SN)

where:
SN, = structural number of the required overlay
SN, = structural number required for a “new” pavement to carry the estimated future
traffic for the prevailing roadbed sotljgport conditions
Fr. = remaining life factor
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18. Srructural Design of Recycled Pavements

Sn 4 = effective structural number of the existing pavement at the time the overlay is
placed

Structural number (SN) is defined as follows:

SN =a,D, + aD,m, + aD;m,

where:

a, &, & = layer coefficients representative of surface, base, and subbase courses,

respectively

D,, D,, D;= actua thickness (in mm, inch) of surface, base and subl
respectively

m,, m, =  drainage coefficients for untreated base and sub

performance prediction. The reliability design factor considers.c |on5| bo htrafflc
predictions (the actual number of load applications during th

equivalent 18-kip single-axle loads, ESAL) and performance p ber of ESALS
that will result in the pavement reaching a specified el). A reliability

level, R, and an overall standard deviation, S,, arethe iied i parameters for calculating

t serviceability for the design
, are based on pavement types
ils of the design method are

shown in figure 18-1.

period, and hence a greater thickness and a
and are available for flexible and rigid pavem
presented in the AASHTO guide.(1) As

Asphalt Institute M ethod
For hot-mix recycling, the mmends the same design procedure as for
conventional mixes. It has led to use the method outlined in the Asphalt

Institute’s publicatig - Asphalt Pavements For Highways and Strédtse’
parameters re pavement thickness include the following:

ation of the products of number of vehicles and the corresponding truck
factors.

esilient Modulus, Mof the subgrade. This can be determined by testing or through
relations with CBR or R-value, as presented in table 18-2.

ype of surface and base. The total required pavement thickness can be calculated by
entering the design traffic andgMalues in the design charts. In the comparison of
properties of recycled materials to those of new materials, the recycled materials are to
be considered equivalent to conventional mix in the design procedure.

The overlay design procedure, as outlined in the Asphalt Institute Manual, Asphalt Overlays for
Highways and Street RehabilitatiShcan also be used for thickness design. The overlay thickness
is calculated as the difference between the thickness required by a new pavement to the
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Performance Period

€81

Traffic

v

\ 4

Total Structural Number (SN)

Change in PSI

Effective Structural Number of Existing
Pavement

Structural Num
layer

verlay, Including Recycled

Layer Coefficients of Courses

Re d Depth Overlay Including Recycled Layer

Figure 18-1. Flow chart for AASHTO design method.
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18. Srructural Design of Recycled Pavements

Table 18-1. Traffic analysis.””

Whenever possible the traffic analysis and design procedures given in The Asphalt Institute
manual, Thickness Design - Asphalt Pavements for Highways and Streets (MS-1) should be
used. However, in many cases it is necessary to estimate traffic using only limited information.
In such cases, the following table may be used.

Definitions
The following definitions apply to the traffic analysis procedure:

ESAL is defined as equivalent 80 kN (18,000 Ib) single-axle load applicatig

Traffic Classifications

Traffic | ESAL
Class
Trucks Expected
During Design Period
| 5,000-7,000
I 7,000-15,000

70,000-150,000

minorarterial and light industrial streets 700,000-1,500,000
pajor collector and minor arteria

ban freeways, expressways and other principal | 2,000,000-4,500,000
arterial highways
ural Interstate and other principa arteria

highways
VI Urban Interstate highways 7,000,000-
Some industrial roads 15,000,000
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18. Srructural Design of Recycled Pavements

Table 18-2. Subgrade soil.

It isdesirable to use laboratory tests to evaluate the load-supporting characteristics of
subgrade soils. However, if laboratory test equipment is not available, designs may be made on
the basis of a careful field evaluation by an engineer who can assign the subgrade soils to one of
the following categories:

Poor Subgrade Soils
These soils become quite soft and plastic when wet. Included are those soils having
appreciable amounts of clay and fine silt. The coarser silts and sandy loams may exhibit
poor bearing properties in areas where frost penetration into the subgrade is ical
properties: Reslient modulus = 30 Mpa (4,500 ps) CBR = 3, R-value =

Good to Excellent Subgrade Soils
Good subgrade soils retain a substantial amount of their load-

sharp sands and gravels, particularly those that are well gr
modulus - 170 Mpa (25,000 psi), CBR = 17, R-value = 43.

The Asphalt Institute’s Soils Manual (MS-1 [ j e commonly used goil
evaluation systems and test procedures list i valuation of the soil involve§ visual
inspection and simple field tests.

Resilient Modulus (Mr)
A test used for evaluating the stress-st
design.

jes of materials for pavement thickiness

California Bearing Ratio (CB
: es, and subgrades for pavement thickness flesign.

bbases, and subgrades for pavement thickness flesign.

pe determined by either of two methods. In one method a condition
ervicdayp Index, and equivalency factors for converting various pavement

concrete {#&ble 18-4). Figure 18-3 shows the recommended chart for determining the thickness of
a full deptffBiMA pavement for new construction. The effective thickness of the existing

pavement should be subtracted from the thickness of the recycled layer. A simplified flow chart

for the Asphalt Institute Design method is shown in figure 18-4. Three examples for determining
the thickness of recycled layers are shown in figure #8-5.

Other Design M ethods

The National Stone Association method can also be used for design of hot recycled mix. The
method is based on the Corps of Engineers method and mechanistic design procedures. The
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18. Srructural Design of Recycled Pavements

T

- 0.9 —

=

C o8

S o1}

=

> 06

©

© oos |

RS R
3.5 3.0 2.t 1.£
PRESENT SERVICEABILITY INDEX (PSI
Figure 18-2. Conversion factor
Table 18-3. Equivalency factors for converting | types
to equivalent thickness o
Material Type Equivalency Factor (E)
Asphalt Concrete 1.00
Type | Emulsified asphalt base 0.95
Type Il Emulsified asphalt base 0.83
Type 11 Emulsified asphal 0.57
Type | - Emulsified asphal @i ed with processed, dense-graded aggregates, and
having properties Siamilér to
ade with semi-processed crusher-run, pit-run, or bank-run

Type

ign process assumes that the pavement can be modeled as a multilayered elastic or
ructure on an elastic or viscoelastic foundation, and stress, strain and deformations

cordingly. A number of computer programs are available which can determine
pavement responses (stress, strain) at different locations with the help of wheel load data, material
properties, such as Elastic Modulus and the Poisson’s ratio and the thickness of layers. Such
computer programs include CHEV5L (Chevron Research Co.), BISTRO and BISAR (Shell Qil
Co.), ELSYMS5 (University of Californiaat Berkeley), PDMAP (NCHRP 1-10B), and DAMA
(The Asphalt Institute). The VESY S program developed by the Federal Highway Administration
uses the visco-elastic approach for calculation of pavement responses.
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18. Srructural Design of Recycled Pavements

Table 18-4. Conversion factors for converting thickness of existing
pavement components to effective thickness (T,).®

Classification Description of Material Conversion Factors*
of Materid

I a) Native subgrade in all cases 0.0
b) Improved Subgrade** - predominantly granular
materials - may contain some silt and clay but have P.1.
of 10 or less

c) Lime modified subgrade constructed from high
plasticity soils - P.I. greater than 10.

[ Granular subbase or base - reasonably well-graded,
hard aggregates with some plastic fines and CB
less than 20. Use upper part of range if P.I. is
lower part of range if P.1. ismore than 6.

Il Cement or lime-fly ash stabilized subbases
constructed from low plasticity soils - P.1. of
less.

0.2-0.3

0.3-0.5
that show extensive cracki le raveling or
aggregate degradation, appr ation in the
wheel paths, and |
b) Portland cement (including
that have been broken
t) or lessin maximum
construction. Use upper
on subgrade.

stabilized bases** that have
king, as shown by reflected
Use upper part of range when cracks
frtight; lower part of range with wide
S, pumping or evidence of instability.

gphalt concrete surface and base that exhibit 0.5-0.7
iable cracking and crack patterns.

b) Emulsified or cutback asphalt surface and bases that
exhibit some fine cracking, some raveling or aggregate
degradation, and slight deformation in the wheel paths
but remain stable.

c) Appreciably cracked and faulted portland cement
concrete pavement (including such under asphalt
surfaces) that cannot be effectively undersealed. Slab
fragments, ranging in size from approximately one to
four square meters (yards), and have been well-seated
on the subgrade by heavy pneumatic-tired rolling.

18-7



18. Srructural Design of Recycled Pavements

Table 18-4. Conversion factors for converting thickness of existing
pavement components to effective thickness (T,) (continued).®

Classification Description of Material Conversion Factors*
of Materid
VI a) Asphalt concrete surfaces and bases that exhibit 0.7-0.9

some fine cracking, have small intermittent racking
patterns and slight deformation in the wheel paths but
remain stable.

b) Emulsified or cutback asphalt surface and bases that
are stable, generally uncracked, show no bleeding, and
exhibit little deformation in the wheel paths.

¢) Portland cement concrete pavements (including
such under asphalt surfaces) that are stable and
undersealed, have some cracking but contain
smaller than about one sguare meter (year

VI a) Asphalt concrete, including asphalt concr 0.9-1.0
generally uncracked, and with littl i
whesl pahts.
b) Portland cement concrete th
and generally uncracked.

c) Portland cement concrete

surface, that is st and &xhibits little
Notes
* Vaues and ranges of Con, tiplying factors for conversion of thickness of existing
structural layersto equiv, ,
** QOriginally meeting mini compaction requirements specified by most state highway
departments.
Different state 2 ed their own pavement design methods of which very few
employ the di gehanistic design procedures.

Two m ygn methods are available for design of cold-mix recycled layers. One

e pavement layer coefficients and the other involves the characterization of
pavement multi-layered elastic system. The AASHTO method, which uses the layer
coefficient mgthod, and the Asphalt Institute method, which is an example of multi-layered elastic
structure approach, are discussed below.

AASHTO Method
The 1986 AASHTO Design Guide™® presents the method of using a structural number, SN, which

is acombination of layer coefficients and layer thicknesses for the various layers in the pavement.
The required SN for a particular reliability level, R, and overall standard deviation, S,
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18. Srructural Design of Recycled Pavements

Design Traffic Resilient Modulus
of Material
Total Required
Pavement
Thickness
Present Serviceabi

Index (PSI)

Condition of Each Pavement
Layer

cled Layer

the esti (ESAL) for the design period, the effective resilient modulus of the
roadbed < the subgrade and the serviceahility loss in terms of the Present Serviceability Index
(PSI) can B@determined from nomographs. A factor for including the effect of drainage
conditions iS@lso included for each of the unbound layers. The SN equation is as follows:

SN =a,D, + aD,m, + aD;m,

where:
a, &, &, = layer coefficients representative of surface, base, and subbase courses,
respectively
D,, D,, D; = actua thickness (in mm, inch of surface, base and subbase courses,
respectively

m,, m, = drainage coefficients for untreated base and subbase layers, respectively
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18. Srructural Design of Recycled Pavements

Example (Method 1):

Determine the effective thickness of a two-layer full-depth asphalt pavement, PSI = 2.3. Even
though cracked, the cracks are not open and the pavement appears to be stable. It consists of a
50-mm (2-in) asphalt surface course and a 150-mm (6-in) Type 11 emulsified asphalt base
course. A conversion factor C = 0.70 is selected from figure 18-2. An equivalency factor E =
0.83 for the Type 11 emulsified asphalt base is determined from table 18-3.

T, (AC) = 50(2)x0.70x 1.00 =35mm (1.4in)
T.(Typell) = 150(6) x0.70x0.83 =87 mm( 3.5in)
T.(All Layers) = 122 mm (4

Example (Method 2):

Determine the effective thickness of athree-layer pavement
asphalt concrete surface, a 150-mm (6-in) cement stabilized (4-in)
untreated crushed gravel base. The surface shows n
alligator cracking in the wheel paths. The cem ows signs of pumping and

loss of stahility along the pavement edges. The ersio = 0.5 for the surface, C =
0.3 for the cement-stabilized base and C =
table 18-4.

T, (AC Surface)

(4) x 0.2 = 20 mm (0.8 in)

T, (All Layers) m (4.6 in) (use4.51in)

Figure 18-3 isus
construction frogd¥
establish the G

= 82,800 kPa (12,000 psi)

e effective thickness of the existing pavement to
he recycled layer.

SAL,=2x 10°

fromfigure 18-3, T, (thickness of new pavement) = 241 mm (9.5 in)
T, (effective thickness of new pavement) = 144 mm (4.5 in)
T, (overlay thickness) =T,- T,

=(241- 114)

=127 mm (5.0 in)

Figure 18-5. Design examples for hot recycled mix.
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18. Srructural Design of Recycled Pavements

If the recycled layer istreated as an overlay (above part of the original pavement) the equation for
the structural number of the overlay is as follows:

SN =SNy - (Fr X SN,gr)

where:
SN, = structural number of the required overlay
SN, = structural number required for a “new” pavement to carry the estimated future
traffic for the prevailing roadbed sotljgport conditions
Fr. = remaining life factor
Sny = effective structural number of the existing pavement a
placed

structural layer coefficients obtained from a variety of r [ using several types of
recycled material (a refers to layer coefficient). These v i

range for emulsion recycled layer ranged from : a midpoint value of 0.29. A value
between 0.30 and 0.35 can be considere te for cold recycled mixes, as compared to a

mixes is dependent on several ot S clrre rate, and must be evaluated on the basis
of sound engineering judgement.

Asphalt Institute M ethod

The thickness design m in The Asphalt Institute Manual for Cold-Mix R&tycling
is based on the yse"e It mixes but is considered applicable for cold-recycled
mixtures made @ Sphalt binders such as asphalt cement. The required input

parameters i
C can beUised to determine the thickness of the recycled layers.

[S]

e subgrade support is classified by type of subgrade or obtained from

BR, or R-value test data (table 18-3, mentioned before). The mix can be
classified ko two types—Type A and B. Type A is the mix which consists of semi processed,
crusher rufgpit ran or bank run aggregates, mixed in central plants or by travel plants (figure 18-
6). Type B includes mixes which use sands or silty sands, mixed in central plants, or by travel
plants, rotary mixers or motor graders. This type of mix also includes Type A aggregate (as
explained in table 18-6) when mixed by rotary mixer or motor grader (figure 18-7). The output
from the design chart gives the combined thickness of a recycled cold-mix base and an asphalt
surface course. Table 182&hows the recommended thicknesses of asphalt surfaces over cold-
mix recycled bases. A surface course of asphalt concrete or emulsified asphalt mix Type | (plant-
mixed, laboratory designed, emulsified asphalt mixes made with dense graded aggregate and
having properties similar to asphalt concrete) may be substituted for a portion of the thickness of
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Table 18.5. Typical AASHTO structural layer coefficients.®

Type of Recycled Material Used Layer Rangeof g | Averagea | Number g for
Used As | Computed of Test Corresponding
Sections Layer and

Material at
AASHTO
Road Test

Central plant Surface | 0.37-0.59 0.48 14 0.44

Recycled asphalt

Concrete surface

Central plant Base 0.37-0.49 0.42

Recycled asphalt

Concrete surface

In-place recycled asphalt Base 0.23-0.42

concrete stabilized with asphalt
and/or an asphalt modifier

In-place recycled asphalt Base 0. 0.15-0.30
concrete and existing base

material stabilized with cement

In-place recycled asphalt road 0.42 1

mix stabilized with asphalt

Note:
g - Layer Coefficient.

the design chart. When Type | emulsified
asphalt mix is used, asingl ment should be used as a wearing course, but
this should not be substi thickness obtained from a design chart. For light

e thickness of Type A or B emulsified asphalt mix
obtained fronf Qs N0 design examples are shown in figure 18-8®

this method is used for only 50 mm (2 in) or less depth of the pavement. The

can be effected only by improving the existing HMA mix. Surface distress can be

removed butistructural or subgrade problems which cause the distresses cannot be eliminated by

this method.® The thickness of the overlay will depend on the purpose of recycling. If the

objective is to rejuvenate the upper layer of the existing material and improve the ride quality of a
structurally adequate pavement, then a minimum thickness should be considered on the basis of

the maximum size of the aggregate used for the overlay mix. In general, the thickness of the

overlay should not be less than 1% times the maximum particle size in the néwDmishe other
hand, if the primary purpose is to increase the load carrying capacity of the mix, then the overlay
should be designed according to conventional methods to yield the required strength. Depending
on the specific need of the overlay, the thickness can range from 25 mm to 100 mm
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18. Sructural Design of Recycled Pavements

Table 18.6. Gradation guidelines for cold mix recycling.”

Percent Passing by Weight

Table 18.7. Mini

thickness

Sieve Size Open-Graded Dense-Graded
A B C D E F G

38.1 mm (1% in) 100 100
25.0 mm (1 in) 95-100 100 80-10(
19.0 mm (3/4 in) 90-10d
12.5 mm (%2 in) 25-60 10(
9.5mm (3/8 in) 20-55
4.75 mm (No. 4) 0-10 0-10 DO 75-
2.36 mm (No. 8) 0-5 0-5
1.18 mm (No. 16)
300 um (No. 50)
150 pm (No. 100) 15-65
75 um (No. 200) 0-2 3-15 0-12 5-12  12-

100

rface course over cold-mix recycled’base.

Traffic Level (ESAL

Minimum Surface Course Thickness

mm (in)
XP XP
50° (2
50° (2
75 (3)
10 100° (4)
10’ 130° (5)°

Notes:

2 Equivalent 80 kN (18,000 Ib) single-axle load applications.

b Single or double surface treatment.

¢ Asphalt concrete or Type 1 emulsified asphalt mix with a surface treatment.
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18. Srructural Design of Recycled Pavements

Example 1.

Assume the following conditions:
Subgrade: Resilient Modulus = M, = 30 Mpa (4,500 psi)
CBR=3,R=Vaue=6
Design Traffic: ESAL = 10°
Combined aggregate gradation: Within Type A limits (semi-processed, crusher, pit or bank run)
From Design Chart, obtain the combined thickness of surface and base: 190 mm (7.5 in)
From table 18-7, the minimum thickness of the surface courseis found to be 50 mm (2 in) for ESAL =
10°,

The difference between the combined thickness and the minimum surface courseis
cold-mix recycled base:
190 mm (7.5in) - 50 mm (2 in) = 140 mm (5.5 in)

If a portion of an old granular base is to remain below arecycled b Nular base
materials should be evaluated, and appropriate layer equivalenci '
Conversion factors are listed in the following table. The remaining
be recompacted and primed if |eft as an aggregate base. Also, any dr
structure should be corrected before reconstruction proc )

subgrade should
in the old pavement

Classification Descri Conversion
of Material Factors*
A Native subgrade in all, case 0.0
B materials - may contain 0.00
some silt an .I. of 10 or less (improved subgrade
= any cour ed material between the native
subgrade .
C reasonably well graded, hard aggregates 0.1-0.2
CBR not less than 20. Use upper part of
1. 156 or less; lower part of rangeif P. |. ismorethan 6.

These conversion fa apply only to pavement evaluation for cold-mix recycling. In no case are they
[ igi ness design.

*VValues
structural

version factors are multiplying factors for conversion of thickness of existing
to equivalent thickness of cold-mix recycled base.

Example 2:

A cold-mix recycling design requires 150 mm ( 6 in) of recycled base. 100 mm (4 in) of well graded, hard
aggregates with a plasticity index (P. 1.) Of 5 areleft to remain below the recycled base. A conversion
factor of 0.2 is obtained for the aggregate layer. The effective thickness of the remaining granular baseis
100 mm (4 in) X 0.2 =20 mm ( 0.8 in). Therefore, the recycled base thickness is reduced from 150 mm (6
in) to 130 mm ( 5in).

Figure 18-8. Design examples for cold-recycled mix.(”
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18. Srructural Design of Recycled Pavements

(Lto4in).®

The thickness of the overlay will also depend on the construction method, since extra structural
capacity can be added (a) through an overlay after heating, scarifying, rejuvenating, and
compacting the recycled mixture, (b) by blending virgin mix with scarified old mix prior to
compaction (re-mixer process), or (c) by overlaying the loose, scarified, and rejuvenated old mix
with loose, virgin mix and compacting both at the same time (re-paving process). Either of the
three methods can produce an acceptable surface. When the two mixes are not mixed together,
some extra structural advantage can be obtained, but onIy the new mix is considered to comprlse

material can provide better performance than 65 mm (2% 4
surface? If the recycled material is mixed with new aggr
resulting additional thickness is considered as an overla
would be the same as for hot mix recycling.

SUMMARY

The method of structural design, which p required strength to a pavement structure
has evolved from an empirical to a semi- me cedure. Since hot recycled asphalt
material can provide similar or ev rmance compared to conventional hot mix
asphalt, the AASHTO design guide el re is essentially no difference between the
recycled and virgin material ends the structural rehabilitation analysis method for

structural numbe ment with the help of design traffic, reliability level of

, performance period, and the pavement condition rating.
be_expressed as the sum of the product of the depth, layer coefficient,
of the layers. The structural number for the recycled layer, which
overlay, can be calculated as the difference between the structural number
ethpavement and the structural number of the existing pavement. Values of

2 also presented in the AASHTO design guide. The Asphalt Institute method
uses th , the subgrade resilient modulus, and the typeasfesarfd base to calculate
ickness. In this method also, the hot recycled material can be considered to be similar
in performafice to conventional hot mix. In another Asphalt Institute procedure, the recycled layer
can be considered as an overlay and its thickness can be calculated as the difference between the
total thickness required by the pavement and the thickness of the existing pavement. The total
thickness required can be determined on the basis of condition rating of the pavement and a
method of converting and expressing each type of material or pavement layer as equivalent
thickness of asphalt concrete layer. Other methods include design procedures based on load-
deformation response calculation by computer methods with the help of loading and material
properties of the pavement layers. In such methods the pavement is assumed to behave as an
elastic or viscoelastic laver on an elastic or viscoelastic layer.
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18. Srructural Design of Recycled Pavements

The AASHTO design method for cold recycled mixesis similar to the design method for the hot-
mix asphalt. However, layer coefficients for cold-recycled mixes are dependent on construction
methods, and should be determined on the basis of engineering judgement. The Asphalt Institute
method assumes the pavement as a multilayered elastic structure, and determines the required
thickness on the basis of design traffic and subgrade strength. The combined thickness of cold-
recycled base and surface course is obtained from charts. The thickness of cold-recycled bases can
be obtained by taking into consideration the recommended thickness of hot mix asphalt overlay
on the cold-recycled base.

Since asphalt surface recycling does not normally improve the structural capaci
pavement, there is no method for thickness design of surface recycling. How@%
any overlay should be based on conventional overlay design method. If the Ove
improve the ride qualities only, then the minimum thickness should '
aggregate size used in the mix.

REFERENCES

1 American Association of State Highway and Transport

ts - Reference Manual, Report No.
sportation, Washington, DC, 1987.

4. alt Pavements For Highways and Streets,
, MD, September, 1981.
5 Asphalt | for Highways and Street Rehabilitation, Manual
Series Park, MD, June, 1983.
6. A.J Van Comparison of Two Cold Recycled Pavement Layers,
esearch Record 954, TRB, National Research Council, Washington, DC,
7. Institute. Asphalt Cold-Mix Recycling, Manual Series No. 21 (MS-2 1), College

MD, 1986.

8. G.F. Whitney. Urban Surface Recycling, Transportation Research Record 780, TRB,
National Research Council, Washington, DC, 1980.

0. FHWA. Techniques for Pavement Rehabilitation, Participants Manual for Training
Course, National Highway I nstitute, Washington, DC, 1982.
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GLOSSARY

Asphalt Surface Recycling - Reworking and/or removal of the surface of a pavement by planing
or scarifying devices.

Cold Milling - An automatic removal method of asphalt pavement by machines having rotating
drum lined with variable number of tungsten-carbide tipped teeth.

central plant.

Cold Planing - An automatic removal method of asphalt pav

Full Depth Reclamation - A recycling method in which all
a predetermined amount of underlying materia istreated to p

Heater Planing - A processin which adevice hgats t

vibratory flat steel blade or plate is used to shear to2 the heated surface.

Heater Scarification - A processin which a
sted! tines or teeth are used to rake 0

e pavement surface and stationary
the ROt surface.

Hot In-Place Recycling - A
then scarified or hot rotary

the existing pavement is heated and softened, and

A process i which reclaimed asphalt pavement material are
combined with n etimesf@ong with arecycling agent, to produce hot mix asphalt

(HMA) mixtur

erials to produce new materials.

jc materials with chemical and physical characteristics selected to
restore ired specifications.

n - Work undertaken to extend the service life of an existing facility. Thisincludes
placement ditional surfacing material and/or other work necessary to return an existing
roadway including shoulders, to a condition of structural or functional adequacy.

Reuvenator - A liquid petroleum product, usually containing maltenes, added to asphalt paving
material to restore proper viscosity, plasticity, and flexibility to the asphalt cement.
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Glossary

Remixing - A process consisting of the following steps:. (1) heating of the roadway to a depth of
37.5to 50 mm, (2) scarification and collection of the softened material into awindrow, (3)
mixing of the material with virgin aggregates and recycling agents in a pugmill, and (4) laying of
the recycled mix as a single, homogeneous mix.

Repaving - A heater scarification method combined with simultaneous overlay of new hot mix
asphalt (HMA).

N
N
Qg’\z\
?\
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APPENDIX A

Present Vaue (or worth): An economic concept that represents the tranglation of specified
amounts of costs or benefits occurring in different time periods into a single amount at asingle
instant (usually the present). Two related considerations underlie the need for computing present
values: (1) the fact that money has an intrinsic capacity to earn interest over time (known as the
time value of money) dueto |ts productlvenees and scaruty, and (2) the need inan economlc

incurred on (or benefits received from) a project. The present v
equivalent annual costs equals the present value of all projecidi

Discount Rate (Interest rate, Time Value of Money): A pe
as an annual rate- representing the rate of inte
of time under analysis. A governmental unit end money improving a highway,
for example, loses the opportunity to “invest’ here. That rate at which money
could be invested elsewhere is someti s the “Opportunity Cost of Capital” and is the
appropriate discount rate for use in econo i
the discount rate and time period can be used to convert periodic benefits
and costs for a project into presen ivalent uniform annual cost. However,
calculating benefits in const d using market rates of interest is an error because the

umed to earn over the period

costs are calculated in cgfistant doll the real cost of capital should be represented in the
sumes annual end-of-year compounding, unless otherwise
specified. The su P y is equivalent, at a 10 percent discount rate, to $110 a
second year, and $259.37 at the end of the tenth year.
itment to spend $259.37 in the tenth year discounted at 10 percent has a

ni ni [\
PW C+M|[1]+ ......... Mj{l]s[l]
+r 1+r 1+r
where:
PW = Present worth or present value of all costs
C = Present cost of initial rehabilitation activity
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Appendix A

Cost of theith maintenance & rehabilitation (M&R) alternative in terms of

Mi =
constant dollars
r = Discount rate
ni = Number of yearsfrom the present to theithM & R activity
S = Sadvagevalue at the end of the analysis period
N = Length of the analysisperiod in years
Theterm 1 | iscommonly called the single payment present worth factor.
T1+r

s of

The present worth or present value of all costs over the analysis period carfiie stated in te

EUAC by multiplying PW by the uniform series capital recovery fact

EUAC = PWX crf(r,N)

N
- pwx LT
(L+r)N-1

where;
PW = Present Worth as before

crf (r, N) = The uniform series capital rec
period N

facto ount rate r and analysis

The major initial and recurring costs in the economic evaluation of

aternative techniques include the foll
1. Agency Costs:

a) Initial constru

b) Future constr

¢) Maintenance

costs (overlays, seal coats, reconstruction, etc.)

roughout the design period.
e at the end of the design period (which may be a

ey ime delay and extra vehicle operating costs during resurfacing or major
aintenance.

For a simplified analysis, the following costs are usually considered for life cycle analysis:

1. Initial capital costs of rehabilitation.
2. Future capital costs of reconstruction or rehabilitation.

3. Maintenance costs.
4. Salvage value.
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Appendix A

However, certain user costs such as time delay costs during rehabilitation must be considered on
certain facilities.® Factors that must be considered when determining these costs include:

1. Will the roadway be closed over alengthy period of time?

2. Are dternate roadways available?

3. Can operations be moved to a different facility?

4. What are the costs of traffic delays associated with closing the facility?

For present worth calculation, a discount rate of four percent is suggested.® It is recommended
that because the results of present worth analyses are sensitive to the discount rate,_economic
calculations at two or three discount rates of 4, 7, and 10 percent be made for Sitivi

initial costs and higher maintenance and user costs.

The 4 percent discount rate must be used with constant dollar ¢
conducted and must remain fixed for the analysis period. Fo
pavement is to be constructed, the cost of asphalt concrete at [ ay 20 years after
construction should be the same as at the time of initial constrigti

The following reasons against inclusion of inflati@g rat ic studies have been
advanced:®
1. Difficultiesin predicting futurein
2. The acceptance of inflation as an counter to the government’s

ating benefits, may contribute to inflation.
outstanding debts with inflated dollars are offset by

3. Federal programs, if justi

4. Debtor’s gains th
creditors’ losse

5. Future dollars t
no net change.

ay for futtfe expenses will likewise be inflated and therefore there is

Life Cycles

g and performing economic analyses of alternatives in the
ent construction and/or the repair and rehabilitation of existing pavement is
ative under consideration. The life cycle is the period of time of actual

3 n of specific service lives between project sites for a given pavement alternative.
Thereforegthe life cycle is an overall average of service lives of the specific service lives for
identical paement alternatives experienced at various project sites. The designer may use the
generally accepted life cycle for a particular alternative, such as 40 years with maintenance for
new PCC pavement, or he/she may elect to use a different life cycle for the same alternative, such
as 30 years with little or no maintenance. TableAshows typical life cycles for new pavement
construction and pavement overlays.




Table A-1. Estimated life cycles of new pavements and overlays.®

Pavement Type Representative Ranges*
New PCC 15-25
PCC Overlay 7-14
New AC 12-20
AC Overlay 8-12

Note:

*  Varies depending on location, traffic, thickness, existing pavement conditj

PCC - Portland Cement Concrete, AC - Asphalt Concrete.

Table A-2. Maintenance activity life @

Maintenance Activity Li S)

Crack Sealing (flexible) 4

Chip Seal (flexible) 5

6

Slurry 6

10

6

5

7

Patch (rigid) 5

Deep Patch (rigid) 8

ab Replacement (rigid) 19

Grinding (rigid) 11

Mud Jacking (rigid) 16
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Pavement repair, maintenance, and rehabilitation life cycles were derived from responsesto a
questionnaire in 1985 from more than 40 Air Force bases.®® Respective maintenance activity
lives were averaged for all locations in the survey and rounded to the nearest year to arrive at the
life cycle for the particular alternative, and are listed in table A-2.¢

AnalysisLife

In performing economic studies of projects under consideration an economic life, service life and
analysis life must be established. The service life isthe time period of actual use. The economic

life isthe time period over which a project is economically profitable, or unti e by the
project can be provided by another facility at lower costs. The economic i an the
service life. Lack of capital may extend a project service life beyond the e life
Economic life usually ends when the physical deterioration of a pav Doi nt

where reduced service and increased maintenance costs justify r
having expected lower life-cycle costs.

long enough to include the time between major reh ion acti@ns for the various aternatives
under study, but not so long as to make the anal unc
analysislife are shown in table A-3.®

Salvage Value

The salvage val ue of a pavement struc j i value at the end of the analysis period.
ted that the facility will be abandoned, the salvage
emoved and reused. In generadl, it is practical to
speCific data are available to calculate otherwise.

e after the analysis period, and if so, the salvage value

valueis any value that the
assume that the salvage val

should belncl ud i

ii OWi

salvage value (or residua value) of rehabilitation aternative

alysis life of rehabilitation alternative in years, i.e., difference between the year
of construction and the year of termination of the life cycle analysis

Le = expected life of the rehabilitation aternative

C = cost of the rehabilitation alternative

g life appears to be the best method for determining
salvage value! adequate, method for estimating the salvage value can be

caculated with

Use of this simplified approach in estimating salvage value is justified by the fact that there are
several uncertainties associated with the service lives and costs for the different pavement
component layers, and the relatively small impact that salvage value actualy has on life cycle
comparisons.
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Table A-3. Recommended analysis life for comparing alternatives.®

Activity Pavement Surface Type | Recommended Analysis
Life, Years

New construction, PCCand AC 45
reconstruction or thick PCC Only 45
overlays AC Only 30
Rehabilitation PCC Only 20

AC Only 20
Maintenance PCC Only

AC Only

Note:
PCC - portland cement concrete.
AC - asphalt concrete.

The following is an example situation® in which the above
estimated salvage value: If an analysis period of 20 yearsisu here a

rehabilitation alternative has alife cycle of niney i or salvage value of the second
rehabilitation action is equal to the straight-line
the analysis period as follows:

v = [1-£] 8312 (825

(Assuming cost of the rehabili
A more detailed discussion
Reference 2.

Price Data
Price dataare Q

these data includ@

is3.12 per square meter, $2.50 per square yard).

salvage value ther terms used in this section is contained in

ion, rehabilitation and maintenance operations. Sources of

summaries.

ecycling and other rehabilitation operations are discussed further in chapter 6:
Summary and Cost Data.

Example of Life Cycle Cost Analysis
A simplified example of alife cycle cost analysisis shown in tables A-4 to A-7.® Table A-4

shows cost data for rehabilitation aternatives considered for a project in the southwestern United
States. A typical calculation sheet for determining present worth and equal uniform annual cost is
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Table A-4. Representative costs of rehabilitation alternatives.®

Rehabilitation Alternative Costs $/mz2 ($/yi)
Asphalt cement chip seal 1.08 (0.86)
Asphalt-rubber chip seal or interlayer 1.56 (1.25)
Fabric interlayer 1.50 (1.20)

Heater scarification 1.12 (0.90)

Asphalt concrete - 25 mm (one in)

Asphalt rubber interlayer with 36 mm (1.4 in) asphalt
concrete

Fabric interlayer with 38 mm (1.5 in) asphalt conc

Heater scarification with 38 mm (1.5 in) asphal
concrete

Cold recycle 152 mm + 50 mm (6 in + spha .25 (6.60)
concrete

Hot recycle 177.8 mm (7 in)

10.12 (8.10)

shown in table A-5. Table A-6 sh
summary of first costs and life cycl

jated’with seven rehabilitation alternatives. A
in table A-7.
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Table A-5. Calculation form for present worth life cycle costing.®

Y ear Cost, Dollars per sg m (sq yd) Present Worth Present Worth,
Factor, 4% Dallars
Initial Cost 1.56 (1.25) A-R Chip Seal 1.0000 1.56 (1.25)
1 0.9615
2 0.9246
3 0.31 (0.25) maintenance 0.8890 22)
4 6.19 (4.9) 76 mm AC ( 3") AC 0.8548
5 0.8219
6 0.7 v
7
8
9
10 0.12 (0.10) maintenanc 0.08 (0.07)
11 0.12 (0.10) maintenance .6496 0.08 (0.06)
12 0.12 (0.10) maint 0.6246 0.07 (0.06)
13 0.19(0.1 enan 0.6006 0.11 (0.09)
14 0.31 (025) maintenafige 0.5775 0.18 (0.14)
15 2. 8 mm AL (1-1/2") 0.5553 1.73(1.39)
0.5339
0.5134
0.4936
0.12 (0.10) maintenance 0.4746 0.06 (0.05)
20 0.19 (0.15) maintenance 0.4564 0.09 (0.07)
Salvage Vaue | 0.89(0.71) 0.4564 -0.41 (-0.32)
Total 11.49 (9.19) Total 9.14 (7.31)
Notes:
Uniform Annual Cost = Present Worth x Capital Recovery Factor
=9.14 x (7.31) x 0.07358
=0.672 (0.538)
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Table A-6. Life cycle costs associated with rehabilitation alternatives

dollars per square meter (dollars per square yard).®

Rehabilitation Alternatives
Year 1 2 3 4 5 6 7
AR Chip 76 mm HS + 50 A-R+50 Fabric: + 50 Coald Hot
Seal (3" AC) mm mm mm Recycle Recycle
(2" AC) (2" AC) (2" AC)
Initial 156 (1.25) | 6.19(4.95) | 525(4.20) | 3.64(455) | 5.62(4.50) 6.60 8.10
1
2 0.12 (0.10)
3 0.31(0.25) | 0.19(0.15)
4 6.19 (4.95) | 0.25(0.20)
5 0.25(0.20) | 0.12(0.10)
6 0.31(0.25) | 0.12(0.10)
7 3.12(250) | 0.12(0.10)
8 0.19 (0.15)
9 0.12 (0.10) 0.31(0.25)
10 0.12(0.10) | 0.19(0.15) 3.12 (2.50) 0.05
11 0.12(0.10) | 0.25(0.20)
12 0.12 (0.10) 0.31 (0.25) 0.05 0.05
13 0.19 (0.15) 3.12 (2.50)
14 0.31(0.25 0.12 (0.10) 0.10 0.05
15 312 "19 (0.15) 0.19 (0.15) 0.15
16 0.31(0.25) 0.31(0.25) 0.25 0.10
17 312 (250) | 0.12(0.10) 2.50 2.50
5 (0.20) 0.19 (0.15) 0.10
19 0.25 (0.20) 0.31 (0.25) 0.20
20 0.31 (0.25) 3.12 (2.50) 0.25
Salvage | 089(0.71) | 0.45(0.36) | 1.79(1.43) | 3.12(2.50) 1.43 1.43 0
Value
Notes:

A-R - Asphalt Rubber

H-S - Heater Scarification

AC - Asphalt Concrete
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Table A-7. Project summary sheet.®

Description of Project:

Location:
Type of Facility:
Critica Aircraft:

Southwestern United States
Runway, length 975.36 m (3,200 ft) - width 22.8 m (75 ft)
10.89 Mg (24,000 Ibs.) gross weight

Annual Departures: 3,000
Existing Pavement:
Type of Thickness Condition Equivalency
Material mm (in) Factor
AC Surface 100 (4) Fair 12
Untreated Base 254 (10) Good 1.0
Subgrade
Total: 376 (14.8)

Condition of Pavement:
Condition Survey: Alligator cracking, moderate 20 ent
per station; longitudinal cracks, moderate, 45.72
Skid Resistance: Good
Required Thickness of New Pavement: 457 mm
Equivalent Thickness of Old Pavement:
Required Overlay Thickness:

Rehabilitation Alternatives:

erse cracking, moderate, 1-4
(1 per st

m (2") AC, 127 mm (5") base
/6 mm

Cost Life Cycle PW, | Time Chance
$/m2 ($lyd) $/m2 ($/yd) | for for
Rehab. | Success
ay  1.56 (1.25) 9.14 (7.3) 2 days 00
6.19 (4.95 12.35(9.88 5 days 9%
5.25 (4.20) 9.15 (7.32 4 days a7
1) 5.69 (4.55) 8.45 (6.76) 4 days 97
5.62 (4.50) 9.52 (7.62) 4 days a7
6. Cold recycle with asphalt emulsion 152 8.15 (6.60) 9.45 (7.56) 6 days 97
+ 50 mmAC (6" + 2"AC)
7. Hot recycle with AC 178 mm (7") 10.16 (8.10) 10.57 (8.46) 6 days gp
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APPENDIX B

NH-285-2 (17) 78
May 6, 1996

NEW MEXICO STATE HIGHWAY AND TRANSPORTATION DEPARTMENT
SPECIAL PROVISIONS
FOR
IN-SITU COLD RECYCLING WITH HOT HYDRATED LIME S
SECTION 305-A

the specified width and
depth, mixing an emulsified binder agent, hgkhy ' lurry, and water if required, with
the pulverized surfacing, spreading and com i Xtbire to the specified width and
thickness, and sealing of the compacte ired. All work shall be as shown on the

based on a difference in likoice pricegifor the different grades of emulsion. Changes in grade of
binder agent shal i
quirements of Section 402 - Bituminous Materials,
Hydrated Ling ) Anti-Stripping Agents.

305.22,_The cold cled material shall meet the following gradation requirements:

bfe 1. Cold recycled pavement gradation requirements.

Sieve Size Percent Passing
194" 100
1" 90-100

305.23. The sealing emulsion shall be diluted with High Float Emulsion, CSS-1h or other
approved equal.

305.24. The lime used for the production of the hot hydrated lime slurry shall be a high calcium
pebble quicklime meeting the requirements of ASTM C 977.
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305.25. The water used for the production of hot hydrated lime slurry shall be clear and free of
deleterious amounts of acid, oil, alkali, organic matter, salt, sugar, or other detrimental material.
Water meeting the requirements of Subsection 510.25 Water, is acceptable.

305.26. The hot hydrated lime slurry shall have a minimum dry solids content of 35 percent by
weight and shall consist of a uniform, pumpable suspension of solidsin water.

305.3. CONSTRUCTION REQUIREMENTS

305.31. General. The existing surfacing shall be cold recycled in a manner tk ashet disturb
the underlying material in the existing roadway.

Prior to initiating recycling operations or other inherent work, the C
and remove all vegetation and debris within the width of pavem
said vegetation and debris shall be as directed by the Project M

The Contractor may add water to the pulverized material for ng the cutting
teeth on the mill or pulverizing equipment or to facilitate unif iXi the emulsified
binder agent. Water may be added prior to or conc emulsified binder agent. A
means shall be provided for accurately metering rate of flow of water into the
pulverized material.

When the typical section that isto be recycled i super elevated or sloped section,
theinitial pass of the milling equip he |Owest portion of the section and
proceed in succession towards the hig

Fillets of fine, pulverized
to spreading the recycled
be removed by overlapping

ch Tillets adjacent to existing pavement which will
uent milling operation need not be removed.

row or behind the paver, the Project Manager may require
in the equipment or operations. These changes may include, but

If segregation Qg

The Contractor may be required to make other changes in his equipment or operations, as
necessary to obtain a satisfactory end-product.

When a paving fabric is encountered during the cold recycled in-situ operation, the Contractor
shall make the necessary adjustments in the equipment or operations so that at least 90 percent of
the shredded fabric in the recycled is five square inches or lessin size. Additionally, no fabric
piece shall have any dimension exceeding alength of four inches. These changes may include but
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not be limited to adjusting the milling rate, adding or removing screens, etc, in order to obtain a
specification end product. The Contractor shall be required to waste material containing over-
sized pieces of paving fabric as directed by the Project Manager. These changes will be made at
not additional cost to the Department.

The recycled bituminous base shall be spread in one continuous pass, without segregation, to the
typical section shown on the plans.

305.311. Surface Tolerance. Thefinal surface of recycled bituminous base shall not deviatein
excess of %2 inch from the testing edge with a 10-foot straightedge resti two points. all

305.32. Temperature & Weather Limitations. Recycling oper ormed

when the atmospheric temperature is beloWwF6or when the ¢

accomplished. The chill factor shall be as defined in Su ' . emperature & Weather

Limitations.
305.33. Binder Application. When commen rations, the emulsified binder
agent shall be applied to the pulverized mater ermined by the Department based

on samples obtained by the Contractor f
emulsified binder agent will be determined

sign. The exact application rate of the

305.35. Densit ROIling Requirements. The Contractor shall establish a rolling pattern such
that agminimum degsity of 96 percent of a laboratory briquette, prepared in accordance with

Initial rolling shall normally be performed with a 30 ton pneumatic roller and continued until no
displacement is discerned or until the pneumatic rollers have walked out. If necessary, in order to
initially seat the mixture, one or two passes with a small pneumatic roller may be made prior to
application of the 30 ton roller. Final rolling to eliminate pneumatic tire marks and achieve
density shall be done by steel wheel roller(s), either in static or vibratory mode, as required, to
achieve required density.
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Rolling shall be performed in accordance with Subsection 401.35 Compaction.

Rollers shall not be started or stopped on uncompacted recycled material. Rolling shall be
established so that starting and stopping will be on previously compacted recycled material or on
existing PMBP.

Rolling which resultsin cracking, movement, or other types of pavement distress shall be
discontinued until such time as the problem can be resolved. Discontinuation and
commencement of rolling operations shall be at the sole discretion of the Project Ma

allowed to cure such that the free moisture in the recycled ial i one percent or
less above the natural moisture of the material by total w beforeplacing the

n the Surface of the recycled
moisture content of the recycled

e material, the Project Manager

at an approximate rate of 0.05 to 0.10 gallon

pavement shall be removed by power broo
material is one percent or less above thegnat
may require that the surface be sealed
per square yard in order to control surface

All unacceptable recycled bitumino repaired by the Contractor, as directed by the
uent surfacing course. Said repair(s) shall be made at

305.371. Cold Achi ~“The Contractor shall furnish a self-propelled machine
Esiibbituminous materials to the depth shown on the plans in one pass.

pr to adding emulsion. This waste shall generally be limited to that material which is
ather than broken down by the crusher.

material p
flattened ol

The emulsified agent shall be applied through a mixing machine capable of mixing the
pulverized material and the emulsified binder agent to a homogeneous mixture and placing the
mixture in a windrow. The method of depositing the mixed material in a windrow shall be such
that segregation does not occur.

A positive displacement pump, capable of accurately metering the required quantity of emulsified
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binder agent, into the pulverized material, shall be used. The pump shall be equipped with a
positive interlock system which will permit addition of the emulsified binder agent only when the
pulverized material is present in the mixing chamber and will automatically shut off when the
material is not in the mixing chamber.

Each mixing machine shall be equipped with ameter capable of registering the rate of flow and
total delivery of the emulsified binder agent introduced into the mixture. The meter shall be
calibrated by the Contractor, in the presence of the Project Manager, before commencing
recycling operations. Subsequent checks or calibrations of the meter shall be as directed by the
Project Manager.

Transports used to convey the dlurry to the roadway shall j i n to prevent
settlement and maintain a uniform homogeneous mixture.

Thelime slurry shall be added to the pulverized sur
head on the milling machine. A metering device
amount of slurry delivered to within plus or i

bar |0cated at the cutting
shall accurately measure the
ght.

305.373. Pavers. Placing of the recycled bitu sh. ourse shall be accomplished with a
t of Subsection 401.323 Pavers, except
ipment shall be capable of spreading the
without segregation, to the typical section

that heating of the screed will not be p
recycled bituminous base in
shown on the plans.

When a pick-up machineis to feed the windrow into the paver hopper, the pick-up machine
o) u ti ndrow down to the underlying materials.
« all.meet the requirements of Subsection 401.324 Compaction
giber, weight, and type of rollers shall be sufficient to obtain the required
i uixture isin aworkable condition except that one pneumatic roller shall

305.375. BRooms. The Contractor shall have on hand at all times arotary power broom
maintained Ndgood working order and of a design suitable for removing aggregate that becomes
dislodged from the surface of the recycled surface.

305.4. METHOD OF MEASUREMENT

305.41. In-situ cold recycling of existing surfacing will be measured by the square yard.

Polymer modified high float emulsion will be measured by the ton.
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Sealing emulsion will be measured by the ton.
Quicklime will be measured by the ton.
305.5. BASISOF PAYMENT

305.51. In-situ cold recycling of existing surfacing will be paid for at the contract unit price per
square yard.

Polymer modified high float emulsion will be paid for at the contract unit pri
Sealing emulsion will be paid for at the contract unit price per ton.
Quicklime will be paid for at the contract unit price per ton. This
for the quicklime, and production of the hot lime slurry includi ent, labor,

and water.

Payment will be made under:

Pay Item Pay Unit
In-Situ Cold Recycling of Existing Surfacin e Y Square Y ard
Polymer Modified High Float Emulsion (Type) e N e Ton
SedlingEmulsion ..............: . g Ton
Quicklime.........cooii Y e Ton
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APPENDIX C

MILL AND RELAY ASPHALTIC PAVEMENT. ITEM 90358.

A. Description. Thiswork shall consist of constructing base course utilizing in-place milling
and relaying of the existing asphaltic surface over the roadbed as shown on the plans and as
hereinafter provided.

Immediately after milling, the material shall be placed as show
be accomplished using a paver or agrader or a combination

Therelaid material shall be immediately compacted in the fol QWi " first with either a
rubber-tired roller or vibratory pads foot roller, and nd wit [
shall be added prior to and during compaction as
extent required for Standard Compaction in Secti . dard Specifications. The
compaction equipment shall be as follows:

For a compacted depth of mil
in accordance with Section 3

m, compaction equipment shall be
d Specifications.

For a compacted d
minimum 22.68 m
pads foot vibratory

[ler with 620 kPatire pressure or 11335 kg
Imum 7.25 megagram vibratory steel roller shall be

square metéof relaid material according to the finished typical section width and details shown
on the plans.

D. Basisof Payment. Mill and Relay Asphaltic Pavement, as measured above, will be paid at
the contract unit price per square meter, which price shall be full compensation for milling,
windrowing, relaying, adding water, compaction, removing and disposing of excess material, and
all labor, tools, equipment, and incidental s necessary to complete the work in accordance with
the contract.

(022096)
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Appendix C

PULVERIZE AND RELAY EXISTING BASE AND SURFACE. ITEM 90357

A. Description. Thiswork shall consist of constructing base course utilizing in-place
pulverizing and relaying of the existing asphaltic surface and base course over the roadbed as
shown on the plans and as hereinafter provided.

B. Construction Methods. The existing asphaltic surface shall be pulverized full depth and to a
minimum of 97 percent passing a 50 mm screen. The existing crushed aggregate base course
shall also be pulverized to the depth shown on the plans and mixed with the asphalti [

rubber-tired roller or vibratory pads foot roller, and second wit g
shall be added prior to and during compaction as required. acted to the
extent required for Standard Compaction in Section 304.5 of Ications. The
compaction equipment shall be as follows:
For a compacted depth of pulverized matéhi , compaction equipment
shall be in accordance with Section 3Q4.4. ecifications.
For a compacted depth of pulverized m than 150 mm and up to 200 mm, a
minimum 22.68 megagram r [ ith 620 kPatire pressure or 11335 kg
pads foot vibratory roller, and egagram vibratory steel roller shall be
used.
For compacted dept 00 mm, split lift compaction according to the above

described methods

, the ends of the pulverize and relay asphaltic pavement
ent as practical for both traffic lanes.

ayment. Pulverize and Relay Asphaltic Pavement, as measured above, will be
paid at the C@mtract unit price per square meter, which price shall be full compensation for
pulverizing, windrowing, relaying, adding water, compaction, removing and disposing of excess
material, and al labor, tools, equipment, and incidentals necessary to complete the work in
accordance with the contract.

(022096)
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