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The Georgia Department of Transportation (GDOT) has been constructing recycled asphalt
pavements routinely for about four years. This research project was undertaken to evaluate the
performance of recycled pavements in comparison to virgin (control} asphalt pavements.

Five projects, each consisting of a recycled section and a control section, were subjected to

detailed evaluation. In-situ mix properies (such as percent air voids, resilient modulus and indirect
tensile strength), recoverad asphalt binder properties (such as penetration, viscosity, G"/sin & and
G* sin &), and laboratory recompacted mix properties (such as Gyratory Stability Index and confined,
dynamic creep modulus) were measured. A paired t-test statistical analysis indicated no significant
differences between these properties of virgin and recycled mix pavements which have been in
service from 1 1/2 to 3 1/2 years.

Ten additional virgin mix pavements and 13 additiona! recycled pavements were also
evaluated as rwo independent groups. Mo statistically difierences were found between the recovered

asphalt properties (penetration and viscosity) of these virgin and recyled pavements in service.

The current GDOT recycling specifications and mix d.E"i'Fgﬂ procedures appear to be
satisfactory based on the results of this study.
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PERFORMANCE OF RECYCLED MIXTURES
IN STATE OF GEORGIA

INTRODUCTION

Hot mix recycling of asphalt pavements is increasingly being used as ane of the major
rehabilitation methods by various highway agencies all over the United States. Besides general
savings in costs and energy expended, it also saves our natural resources and environment,

The Georgia Department of Transportation (DOT) has been constructing recycled hot
mix asphalt (HMA} pavements routinely for about four vears. It was felt necessary to evaluate
the performance of these recycled pavements in comparison to virgin HMA pavements
constructed during the same period. This would determine whether the recycied HMA
pavements have performed similar to the virgin HMA pavements. It would also provide
information for adjusting specification and mix design method for recycled mixtures, if needed,

The hot mix recycling process involves adding a specified amount of reclaimed asphalt
pavement (RAF] to virgin aggregates and mixing with virgin asphalt cement. When a
substantial amount of RAP is used in recycling, softer (lower viscosity or higher penetration)
virgin asphalt cement is used as compared to that used in conventional virgin HMA mixtures
to compensate for the hard asphalt cement in the RAP. However, if the asphalt cement used
is 100 soft, the HMA mix may be tender initially and this may cause premature rutting of the
HMA pavement. Because of this concern for rutting, most of the recycled pavements in
Georgia have been constructed using AC-20 asphalt cement (rather than a much softer AC-10
asphalt cement) whereas virgin HMA pavements are generally constructed using AC-30 asphalt

cement. However, if the virgin asphalt cement is not soft enough, the resulting binder in the



recycled mix may be too hard and this could lead to premature ravelling and/or cracking of
the HMA pavement. This research project was undertaken to compare the relative
performance of virgin and recycled HMA pavements in Ceorgia and to recommend

m&cifucatiun and mix design modifications for recycled mixtures if needed.

OBJECTIVES
The objectives of this project are summarized below:

A Evaluate the performance of the in-place recycled and virgin (control) HMA pavements
both visually as well as in the laboratory,

2. Compare the performance of recycled HMA with that of virgin {control) HAMA,

. & Determine whether the recycled HMA mixes age faster than viTgin mixes,

4, Recommend mix designs and quality contral procedures 1o improve the performance
of recycled pavements, and

5. Review GDOT's present recycling specifications and recommend changes where

NECessary,

REVIEW OF LITERATURE

Hot mix recycling has been defined as a process in which reclaimed asphalt pavement
materials (RAP), reclaimed aggregate materials (RAM) or both are combined with new
aggregates and asphalt cement or recycling agents in a central plant {1}, These materials are
blended in proportions needed to meet the required standard specification for conventional
mixes,

The definitions of some of the common terms used in this report are as follows (1),



Reclaimed Asphalt Pavement (RAP}
RAP is the removed and/or processed pavement material containing asphalt and
aggregate.

Reclzimed A Material (RAM)
RAM is the removed and/or processed pavement material containing no  reusable
binding agent.

Recycled Mixture
Recycled mixture is the final mixture of reclaimed asphalt pavement, new asphalt
cement, recycling agent if necessary, RAM or new aggregates.

BAF Binder
RAP binder is the aged asphalt cement present in the RAP material.

Virgin/C LM
Virgin or control mixture is the conventional hot mix asphalt mixture placed adjacent

to a recycled mixture for comparison.

Research carried out by Little and Epps (2), Little et al (3), Brown (4), Mevyers et al (5),
and Kandhal et al (&) has indicated that the structural performance of recycled mixes is equal
and in some instances befter than that of the conventional mixes.

The properties of the recycled mixture are believed to be mainly influenced by the
aged RAP binder properties and the amount of RAP in the mixture. Kiggundu et al (7) showed
that mixtures prepared from the recycled binder blends generally age at a slower rate than
virgin mixtures. This may be due to the fact that the RAP binder has already undergone
oxidation which tends to retard the rate of hardening (3, 7). Such a condition is believed to
improve the temperature susceptibility characteristics of the recycled mix (7). Kiggundu and



Newman (B) have indicated that the recycled mixtures withstood the action of water better
than the virgin mixtures. Dunning and Mendenhall () have also shown that the durability of
recycled asphalt concrete mixtures is greater than that of the conventional mixtures.

The aging or the hardening of asphalt cement is mainly caused by oxidation due to
prolonged exposure of the pavement to air. The process of oxidation basically increases the
concentration of the asphaltenes in the asphalt cement thereby increasing the polarity of the
asphalr molecules (8). The increased polarity results in higher viscosity and stiffness of the
aged binder. If the rate of oxidation is very high, the asphalt binder becomes very stiff and
the pavement may develop premature cracking, Addition of soft asphalt cement or recycling
agent to an aged RAP decreases the stiffness of the binder in the RAP.

Brown (4) recommended the use of low viscosity asphalt cements instead of recycling
agents to modify the RAP binder properties. Recycled mixtures prepared by using recycling
agents were found to be more temperature susceptible as compared to those prepared using
softer asphalt cements.

The amount of the RAF used in a recycled mixture depends on the type of hot mix
plant being used for preparing the mix and also on environmental considerations., The
specified maximum permissible amounts of RAP vary from state to state. The Georgia
Depantment of Transportation limits the amount of RAP to 40 percent of the total recycled
mixture for continuous type plants and to 25 percent for batch type plants (10). According to
the specification the RAP binder when blended with virgin asphalt cement should give a
viscosity between 6,000 poises to 16,000 poises after the thin film oven test.

This review of literature was also conducted to determine typical ranges of asphal
cement properties (such as penetration at 25°C and viscosity at 60°C) for virgin a5 well as

recycled pavements, which have been in service for at least two years. Unfortunately, there
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is very little information on the aged binder properties of in-service recycled pavements. Since
this study involves properties of aged binder in virgin and recycled pavements in Georgia,
such data would be useful for comparative purposes. Some data for aged binders were,
however, collected and are summarized in Table 1 with references. The presented data show
a large range for viscosity and penetration values of the asphalt cement due the presence of
s0 many variables such as type of mix (RAP, laboratory aged mix or recycled mix) and age.
The study (&) conducted in 1989 by the National Center for Asphalt Technology to
develop guidelines for hot-mix recycling in Georgia involved evaluating aged asphalt binder
properties from RAP stockpiles at five locations in the State. The results from this project are
summarized in Table 2. The RAP stockpiles normally contain material milled from pavements
which are relatively old (usually more than 10 years). Therefore, the values represent very old
pavements as compared to 2-3 year old pavements evaluated in this study. However, the data

in Tables 1 and 2 can serve as relative background information.

SAMPLING AND TESTING PLAN
This study was divided into two tasks. Task 1 involved identifying existing field projects
which have used both recycled and virgin icontrol) mixes on the same project and conducting
a detailed comparative evaluation. Task 2 consisted of evaluating at least 10 recycled HMA
pavements and at least 10 virgin mix pavements constructed independently throughout the
state during the last 2-3 years. The properties of the binders recoversd from the mixtures of
the above projects formed a database for comparative purposes,
| The work for each task involved collecting construction data of all the projects, visual
evaluation of the in-place pavements, and extensive laboratory testing of the field cores taken

from each project.



TABLE 2. Typical Properties of asphalt cement recovered from RAP stockplles

RAP Stockpile Viscosty @ 140 F Panatration
Location {posas) @ 7T F (0.1 mm)
Range Averans Range Average
Mewion County 1B,541 - 78,744 48,380 18-2% 20
Fores Park F91235- 188,213 111,361 9 -24 16
Fesaca Asphalt 10,331 - B3 542 28,608 21 41 28
Plam

Bryan Coumy £1,840 - 408,720 28% 6EB 5-19 9
Lowndes County 8,130 - 20 456 16,262 3 -ag k"




Task 1

This task consisted of identifying projects that had both recycled as well as virgin
[control} sections on the same project in order to evaluate and compare the performance and
properties of the recycled section relative to those of the control section.
2election of Projects

Only five existing field projects could be identified for this task, which had both
recycled and virgin HMA mixtures on the same project in the wearing course, The selection
of these projects assured that the recycled and the virgin sections used the same virgin
aggregates in the mixtures, were produced by the same HMA plant, were placed and
compacted by the same equipment and crew, and were subjected to the same traffic and
environment during service.

These five projects are located in Coffee, Ware, Chatham, Emanuvel and

Columbia/Richmond counties as shown in Figure 1.

Proiect Detail

The project details of both the recycled and the contral (virgin) WBAriNg course
mixtures for the five projects were obtained from the Georgia DOT. Table 3 gives site
number, county, section type, age, percentage RAP, virgin asphalt cement properties (grade,
viscosity and penetration), and mix properties (asphalt content and the air void content of the
mat when constructed). Additional details of the projects including the properties of the
recovered asphalt cement from the RAP and recycled mixtures, are given in Tables A1 through
A3 of Appendix "A". As shown in the Table 3, Georgia DOT also uses AC-20 Special
(designated as AC-205) which is required to have a penetration range of 60 to B0, Georgia

DOT's asphalt specification are given in Appendix "C".



Test Plan

The recycled and the control sections for all five projects were visited. A
representative 150 m (500 i) long test area was selected in each section for detailed
evaluation. The pavement was visually evaluated for surface distress such as rutting,
ravelling and weathering, alligator (fatigue) cracking, and transverse cracking. The Strategic
Highway Research Program (SHRP)'s Pavement Distress Identification Manual (18) was usad
to identify the distress type and its severity (low, moderate and high) based on the pictures
given in the manual. A copy of the pavement evaluation sheet and SHRP guidelines are given
in Appendix "B". Rut depths were measured across the lane using a straight edge. The total
number and the cumulative length of the cracks was also determined.

A total of eight 101-mm (4-inch) diameter cores and four 152-mm (6-inch) diameter
cm-ﬁ were obtained from each 150-m (500-ft) representative section from the outside wheel
track as shown in Figure 2. Cores were obtained at an interval of 30-m (100-ft). This was done
to obtain an average evaluation of the pavement section when tested in the laboratory.
Typical pavement cornng operations can be seen in Figures 3 and 4.

Laboratory tests were conducted on the field cores according to the flow chant sheown
in Figure 5. All the field cores were sawed to recover only the recycled or the control (virgin)
wearng course portion of the pavement. It was noticed that the thickness of the layer in
question varied from 20 mm (0.8 inch) to about 38 mm (1.5 inches). Since the total amount
of mix material from sawed 101 mm (4inch) cores obtained from each section was limited,
it was necessary to save the tested samples from the indirect tensile test also for extraction of
the asphalt cement from the mix. Also, the mix tested for the Rice specific gravity was air
dried and used in the recompaction of the mix for the same reason.

The mix from the 152-mm (6-inch) diameter cores was reheated to 133°C (300" F) and
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TABLE 3 Project construction details (Task 1)

mmwm M Progesmes

Ago AaF Grado Vsansity Pan. Agphah = Ajr

Site
= e MO 77T Comen(h Voo (man

{
E

18C Cofiss Wegin 1.50 4] AC-30 2568 . 6.0 %0
186 Coffee Recyched 150 15 AC-30 2888 b 87 83
2c Ware Virgin 1.75 0 ALC-30 Zrma o 60 66
2¢R Ware Racycied 1.78 il AC-205 1812 o 87 &8
Aac Chatham Wirgin 156 o AC-20 2847 e rd =
AR Chatham Farcyciod 1.50 ..} AC-20 1890 = 5. 65
<1 Emanugl Wingin 225 o AC-30 FOES o 5B ]
25R Emanusal Flescyched 2.25 20 AC-20 2055 5l 57 T4
28 Cohembia/ Virgn 150 a AC-30 3047 = 60 a3
Richmond
A Cobumbia! Recycied 150 i} AC-30 A0 i 58 TE
Richmand

*** Data not svailable
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recompacted in the laboratory using the U.S. Corps of Engineers Gyratory Test Machine
(GTM). This was done to evaluate the rutting potential and shear properties of the recycled
and the control mixes. Properties such as gyratory stability index (GSI), gyratory elasto-plastic
index (GEP1), and roller pressure, which are discussed later, were determined as the mix was
compacted. Air void contents of the compacted specimens were also obtained. Confined,
dynamic creep lests were performed on the recompacted specimens at 60°C (140" F), 138 kPa
(20 psi} confining pressure and 828 kPa (120 psi) vertical pressure. Dynamic loading was
applied for a duration of one hour and then the specimen was allowed to recover for 30
minutes.

The extraction of the aged asphalt cement from the HMA mixtures was accomplished
by the ASTM D2172 (Method A) procedure. The asphalt cement from the solution was
recovered using the Rotovapor apparatus as recommended by the SHRP program. The

recovered asphalt cement was tested for viscosity at 60°C (140" F) and penetration at 25°C
(77°Fl. Also, the complex shear modulus (G*) and the phase angle (d) of the recovered

asphalt binder were determined using a dynamic shear rheometer (DSR) according to the
AASHTO Performance Graded Binder Specification (MP1) for the State of Georgia. Test
temperatures of 64°C (148°F) and 22°C (72°F) were used to determine the potential for
rutting and fatigue cracking, respectively, as contributed by the binder.

The following tests were conducted on the 101-mm (4-inch) diameter field cores.

® Thickness determination
® Bulk specific gravity (to determine in-situ air voids)
® Resilient modulus at 25°C (77" F), and

® Indirect tensile test at 25°C (77°F)

12
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FIGURE 3. Typical coring operations and general view of recycled Bite no. 3

H

FIGURE 4. Typical corlag operations and general view of recycled Site no. 1
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Task 2

This task consisted of 13 projects involving only the recycled wearing courses and 10
projects involving only virgin mix wearing courses constructed generally during the same
period. The results obtained from these projects combined with those from Task 1 formed a
database for determining general trends in the characteristics and performance of recycled

mixes as compared to virgin mixes used in the wearing courses,

salection of Proi

These projects were selected throughout the State of Georgia in order to obtain a
represeniative general assessment of the performance of recycled and virgin HMA pavements,
The selection of these projects was also governed by the limited number of hot mix recycled
projects constructed in the state. Figure 6 gives the project location map showing 13 recycled
pavements and 10 virgin pavements evaluated in this study. Task 1 projects are also shown

in the map.

Project Details

As in Task 1, all the relevant project construction data for these 23 projects were
obtained from the Georgia DOT. Construction data was not available for project no. 10.
Table 4 gives site number, county, age, virgin asphalt cement properties (grade, viscosity and
penetration), and mix properties (asphalt content and the air voids content of the mat when
constructed) for the projects containing virgin mixtures. Table 5 gives similar information far
the recycled projects and also includes the percentage of RAP used. It should be noted that
Tables 4 and 5 also include the data from Task 1 to enhance the data base. Additional details

of the virgin and recycled projects such as project and mix ID numbers, maximum aggregate
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TABLE 4. Project construction detalls (Task 2 - Virgin mixzes)
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TABLE 8. Project construction detalls (Task 2 - Recycled mixes)
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size, and theoretical maximum density (TMD) are given in Tables A2 and A3 of Appendix "A",

Test Plan

Visual evaluation of all projects in Task 2 was periormed as in Task 1. Surface
distresses like rutting and cracking were measured and quantified, Four 152-mm (6-inch) were
obtained at an interval of about 30 m (100 fi) from the representative test area for further
laboratory testing. The cores were cbtained from the outside wheel track area.

Laboratory tests were conducted on the field cores according to the flow chart shown
in Figure 7. The field cores were sawed to separate the top recycled or the virgin mix layer
for the purpose of this study. The thickness and density of the cores were meatured. In-situ
air voids were determined using the theoretical maximum density (TMD) values obtained from
the project construction records.

Asphalt cement was extracted and recovered from the cores followi ng the procedures
mentioned in Task 1. Penetration at 25°C (77°F) and viscosity at 60°C (140°F) of the
re::mrerad asphalt cements were then determined. The results obtained from Task 2 were

augmented by those from Task 1 in the analysis of the data.

TEST DATA
A brief discussion of the tests conducted and the results obtained is given below.

Task 1
As mentioned earlier, visual evaluation of the recycled and the control sections was
carried out at the beginning of the project. A summary of the cbservations made during the

pavement evaluation is presented in Table 6. These results have been analyzed and quantified
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ADDITIONAL RECYCLED AND VIRGIN MIX
PROJECTS

1

. Four 6-inch cores |

l

‘ Thickness, Density |
and % Air Voids |

;

Extraction and Recovery of |
‘ Asphalt Cement by Rotovap |

| Process. J
|

|
|
| Penetration 25 °C ‘

Viscosity 0 *C

FIGURE 7. Core testing plan (Task 2)
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later to compare the relative performance of recycled and control sections.

Laboratory tests were conducted on the cores obtained from the project sites according

to the testing plan shown in Figure 5.

sity Mix P i
Table 7 gives the test data obtained on the field cores from the five projects (both
recycled and control sections). The test data includes air voids content, resilient modulus at
25°C (77"F), indirect tensile strength and deformation at failure at 25°C (77°F).
. | Mix P i
The mix obtained from the field cores was heated and recompacted in the GTM as
mentioned earlier. Based on NCAT's experience, a vertical pressure of 828 kPa (120 psi} and
17 initial gyration angle was used. The compaction is achieved by applying a combination
of shearing stress and constant vertical pressure equal to the anticipated tire pressure. The

common gyratory indices and shear properties used in this study are briefly explained below.

Gyrograph
The gyrograph is a recording of shear strain experienced by the asphalt mixture duri ng

the compaction process (Figure B)

Gyratory angle
The gyratory angle is an indication of the magnitude of the gyratory shear strain. It is
expressed in the form of the width of the recording band in the gyrograph. Three gyratory

angles used in the calculations are as follows:
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Initial gyratory angle which is the machine setting = = §,

Minimum gyratory angle or shear strain - i
iMinimum gyrograph band width)

Maximum gyratory angle or shear strain - E_“
(iMaximum gyrograph band width)

Gyratory Stability Index (GSI)

The Gyratory Stability Index is the ratio of the maximum Eyratory angle to the
minimum gyratory angle or 6 /8 G5l values in excess of unity indicate increase in plasticiry
during densification. This results fram a progressive transfer of stress from the aggregate phase

to the asphalt phase during the compaction process.

Gyratory Elasto-Plastic Index (GEPI)

The Gyratory Elasto-Plastic Index is the ratio of the minimum gyratory angle to the
initial gyratory angle or 8/8 . This is a reflection of the shear strain experienced by the
specimen and as such is an indication of the internal friction which is maostly contributed by

the aggregate structure.

Roller Pressure

This is a measure of the pressure developed due to the resistance to deformation of the
compacted specimen. The more resistance the sample offers to deformation, the higher will
be the roller pressure. The roller pressure generally reduces in the compaction process as the

gyrograph shows widening of the band width. This indicates that the mix is plastic. The final

26



o'g EG i [N} i ik £E 25 BE
(18] L o o £l ! IE PS Gt
o 0a E'l Ll El il Ze £ £z
59 LB ol ol i Zi L Er e
s EQk o'k Ik 2 1 IE or B
pepriaag FRLan ARy TR IR Joupuay fr=l=lh [=FE
T BN BN
(1) Bunsseany Jogoy USUAG TR g |5 e g LA [ o 36 Sl ahg W, O g

(1 x9wl) #ap312dosd rjw pajowdwoday ‘g TTEVL

27




TABLE 8. Creep test data (Task 1)

St
Ma,

Saction

% Air Voids Creep Moduius  Permanen! Sxam

{Ascompached| & 140 F [psi) & 140 F {inin)
18c Caonitnod 4.0 10478 o.a17
18R Racyciod a1 B3B3 ouoz
2C Conmal 43 5708 0.025
A Prrczpesbared 38 = o E 0ot
23 Congrol 1.7 4753 .05
23R Raecycied 22 TR ooy
2=C Control 5.4 B2 0.0
=R Flrzy i a1 B1ad 0018
HC Commol 52 6795 0.020
28R Racysipd a3 15088 oo
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roller pressure for the test specimen was documented in this study,

Table 8 gives the average recompacted mix properties such as air void content, GEPI,
G5l and roller pressure. Individual specimen test values including the bulk specific gravity,
thi:l:lmﬁs and theoretical maximum specific gravity are given in Table A3 of Appendix "A",

Table 9 gives the average test data obtained from the confined, dynamic creep tests.

‘ | Asphalt Binder P :

Extraction of the asphalt cement from the field cores was carried out using ASTM
standard D 2172-92 (Test method A) employing the centrifuge method. The recovery of
asphalt cement from the solution involved distillation of the Trichloroethylene solvent using
a Rotovapor apparatus. 5ince one of the objectives of this study was 1o compare the aging
characteristics of recovered asphalt cement from the control and the recycled sections, it was
important to eliminate all the traces of the solvent during the distillation process without
exposing the asphalt cement to excess heat.

The recovered asphalt cement was tested for penetration at 25°C (77°F) (ASTM D 5]
and absolute viscosity at 60°C (140°F) by Vacuum Capillary Viscometer (ASTM D 2171). The
results from these tests are summarized in Table 10. Two samples were tested from each
section and, therefore, the test data reported is the average of two tests.

Since the main concern of this project is performance, it was decided to determine the
rheological properties of the recovered binder using performance based SHRP binder tests such
as the dynamic shear rheometer (DSR). This testing was carried out as per the SHRP asphalt
binder specification proposed for the State of Georgia. The viscoelastic behavior of the
recovered asphalt cement was characterized by measuring the Complex Shear Modulus (G*)

and the Phase Angle (#) of the asphalt cement. G* is the ratio of the maximumn shear stifiness
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(r_) to maximum shear strain ly__ ). The time lag between the applied stress and the resulting

strain is the phase angle 4.
According to SHRP specifications, rutting potential or the permanent deformation of
the mix is controlled by limiting the rutting factor G*/Sind at high test temperatures to values

greater than 2.2 kPa after RTFOT aging. For this study, the specification test temperature for
the state of Georgia for rutting was assumed to be 64°C (148°F) from the SHRP temperature
zone chart (as shown in Figure 9). Higher rutting factors at 64°C (148°F), indicate better
rutting performance.

Fatigue cracking normally occurs at low to moderate temperatures, According to the
SHRF specifications, it is controlled by limiting the fatigue cracking factor G* Sind of the
recovered asphalt binder to values less than 5000 kPa at the test temperature. The test
temperature for fatigue cracking in Georgia was assumed to be 22°C (72°F), The five
pavement sections in Task 1 have been in service from 1 1/2 to 3 1/2 years averaging about
2 years. The recovered asphalt binder is therefore expected to be softer than the
corresponding Pressure Aging Vessel (PAV) residue which simulates 5 to 10 YEars in service.
However, the fatigue factor can be used in this study for comparing the fatigue behavior of the
control and recycled sections. The ability to dissipate or relax stress is desirable in order to
resist fatigue cracking. This can be achieved effectively if the asphalt binder has the tendency
to flow into the surrounding area when loaded or stressed i.e. if the asphalt binder is not
excessively stiff. Hence lower fatigue cracking factors indicate better ability for the asphalt
binder to dissipate stress,

The dynamic shear rheometer testing procedure involves subjecting a circular layer of

asphalt binder bounded by two parallel plates to oscillations under a constant stress and
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TABLE 10. Recovered asphalt cement properties (Task 1)

Sie Sactian % Air Voids  Panetralion Vesoosily G*/Sindela) G* Sinjdeha)
Mo, T @as g @800 EEaC @22C
(0.1 mmj (poisEs) (kPa} (WPa)
185 Control T.8 16 55810 208 2078
18R Recyclad 8.2 15 55370 218 2012
220 Conimal a4 24 33082 2.1 TH1
22R Recycled 7.5 23 I6TVI 118 EE5
23c Cantral 4.5 24 34677 123 1030
23R Recycled 48 24 33002 10.3 721
25C Caontrol 6.2 17 103440 281 17849
25R Recycled 53 20 341 16.1 1341
280 Cortral 83 21 46272 180 1102
28R Recydied BS5 19 43307 16.8 1712
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monitaring the resulting strain. The dimensions of the spindle and the thickness of the asphalt
layer between the two plates depends on the test temperature. For test temperatures over
52°C (126°F), a large spindle of 25-mm (1-inch) diameter is used with a corresponding layer
thickness of 1 mm (0.04 inch). Similarly, for low test temperature between 7*C to 34"C (45°F
to 34°F), a small spindle of 8mm {1/4-inch) diameter is used with a corresponding asphalt
layer thickness of 2 mm (0.08 inch). Temperature control of the specimen is accomplished
by means of a circulating water bath. The oscillation speed for all the taste was maintained

at 1.5 Hz. A summary of the results obtained from the tests is presented in Table 10,

Task 2

The projects selected in Task 2 consisted of pavements throughout Georgia which wers
constructed using either the recycled mix or the virgin mix. Visual pavement surface
evaluation of these pavements was conducted in the beginning of the project. The
observations are summarized in Tables 11 and 12 for virgin (control) mixes and recycled
mixes, respectively. Most of the virgin and recycled pavements do not exhibit any distress at
this time. For example, recycled Site no. 3 (Fig. 3), recycled Site no. 1 (Fig. 4), and virgin Site
no. 4 (Figure 10} de not show any distress. Figures 11 and 12 show some ravelling in virgin
Site no. 5, which is associated with segregation of the surface mix. Figures 13 and 14 show
some alligator (fatigue) cracking in the recycled Site no. 11. Figure 15 shows some typical
transverse cracking in virgin Site no. 13.

Bulk specific gravity of the cores was determined to calculate the air void content, As
in Task 1, asphalt cement was recovered from the field cores. Penetration and viscosity of the
recovered asphalt binder were determined. The corresponding penetration and viscosity

values from Task 1 were combined with Task 2 values to increase the database for analysis.
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A summary of the above properties is presented in Table 13 for VIFEIN mix pavements and in

Table 14 for recycled mix pavements.

AMNALYSIS OF TEST DATA

The results obtained from the projects in Task 1 as well as Task 2 were analyzed with
respect to the objectives of this study. Visual observations were guantified on a rating scale
fram O to 6 as indicated below,

Favement Distress

Ratings Rutting Ravelling Cracking
(inches) (Alligator, Transverss
and longitudinal)
0 0.00- 0,10 Maone MNone
2 0.11-0.20 Slight Slight
4 0.21-0.30 Moderate Moderate
& > 031 High High

Intermediate ratings such as 1 implies a pavement distress condition from none to
slight. From the above rating scale, it is obvious that a pavement section with a low rating

value has given a high performance during the service period.

Task 1

As mentioned earlier, five project sites { Nos. 18, 22, 23, 25 and 28) were sslected to
determine the relative performance of the recycled and the control (virgin) mix. The
percentage of RAP ranged from 10 to 25 in the recycled mixes. Three grades of asphalt

cements: AC-20, AC-205, and AC-30, were used in these five projects.
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TABLE 11. Pavement surface evaluation (Virgin mixes - Task 2)
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TABLE 12. Pavement surface evaluation (Recyclied mixes - Task 2)
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FIGURE 10. Genera! view of virgin Site no. 4

FIGURE 11. Segregation related ravelling In virgin Site no. 5.
7
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FIGURE 13. Alligator cracking in recycled Slte no. 11.
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FIGURE 14. Close-up of alligator cracking in recycled Site no. 11.

FIGURE 15. Typlcal transverse eracking in wirgin Site no. 13,
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TABLE 13. Alr volds content and recovered asphalt properties of
virgin mixes (Task 2)

Site Age AC Grade AirVoids Penetration  Viscosiy
Mo, (Yemrs) k. (0.1 mim) (Poises)
2 2.50 AC-205 4.8 17 24 038
4 2.50 AC-30 T.7 16 69,182
5 1.75 &30 4.3 18 27,675
-] 2.00 AC-30 7.3 15 62580
T 350 AC-30 o9 25 22,308
] .50 AC-30 4.5 19 47 347
10 3.75 AC-30 19 36,771
13 4.75 AC-30 7.0 16 18&,087
14 400 A0-30 5.0 4 284 226
180 1.50 AC-30 1.6 15 55,810
220 1.78 AC-30 3.4 24 33,082
23C 1.50 AC-30 3.8 24 34 677
a5C 2.25 AC-30 6.2 17 103,440
27 2.00 AC-30 5.3 15 62 945
28C 1.50 AC-30 a3 21 48,272
Average 58 18 73,008
Sid. Dev . 23 4 71,524
Minimum valse 0.9 14 22,308
Maximum value 9.4 25 284,228
Awvg - 2 5id. daev 1.2 11 <645 551
Avg + 2 51d. dav 10.3 26 216,146




TABLE 14. Alr volds content and recovered asphalt propertien of
recycled mixes (Task 2)

Site Age AC Grade % RAP  Air Voids Panetration Viseasity
e, {Yaars) e (0.7 mm) (Poises)
1 125  AC-205 25 B4 18 47 244
| 2.75 AC-20 10 6.4 12 73611
L] 2.25 AC-205 15 5.4 i7 71,615
11 350 AC-10 40 as 16 BE.813
12 5.00 AC-205 20 ZB 22 7627
15 3.50 AC-10 41 a3 21 30 588
16 3.00 AL-20 25 i 186 144 FOT
17 4,00 AC-20 25 £ 18 49,245
18R 1.50 AC-30 18 8.2 15 55,370
19 2.25 AC-20 25 43 22 25.602
20 2.00 AC-20 a5 75 13 110,724
o 228 AC-20 25 11.8 16 BE,436
22R 1.75  AC-20% i0 75 23 36,773
23R 1.50 AC-20 25 4.8 24 23,002
24 150 AC-20 25 g 33 16,607
25A 2.25 AC-20 20 543 20 58 3£1
26 2.00 AC-20 a0 8.1 18 51,614
28R 1.60 AC-30 20 65 18 48 807
Average 6.3 18 58,197
Sid. Dav 23 5 33,299
Minimum value 28 12 16.807
Maximum value 1.8 a3 144,707
Bg - 2 S, day 1.6 8 -0 431
Avg + 2 Si1d. dav 11.0 28 124 704
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A paired 1-test is appropriate for analyzing the test data in Task 1 to determine if there
s a significant difference between the test values obtained in recycled and control section.
Task 1 consists of 5 pairs (projects), each pair consisting of one recycled and one control
section. Average test values were used in the analysis.

Paired t-test is used to eliminate subject to subject variability for the purpose of
detecting differences in means in a population or between two populations. The criteria for
using paired t-test analysis is that the samples under consideration should form a couple
wherein, only the treatments differ but all the other variables are considered constant, In this
study, the type of mixes, that is recycled and control mixes, are assumed to be the applied
treatment. The differences between the pairs form a sample of values, which is used to
determine whether the properties of the recycled mixes differ significantly from those of the
virgin mixes. The paired comparison ttest was used to analyze mean of differences at 5

percent level of significance.

Visual Evaluation
Pavement surface evaluation of control and recycled sections was reported in Table
6. The extent of distress was quantified and is reported in Table 15, From Tables & and 15
it is obvious that no significant rutting, ravelling and alligator cracking has occurred in all the
sites. Rutting occurs when the HMA mix is too soft. Alligator (fatigue) cracking can occur if
the HMA mix is too stiff or brittle. A moderate amount of transverse cracki ng was observed
in both recycled and virgin sections on Site 25. The overall pavement surface evaluation and
rating indicates that both recycled and control sections are performing equally well after the

average service life of about two years. It would be interesting to revisit these test sections in

42



F 2 1] il a pozAxy | Gunie HEE
Pl
(i} 0 0 o a g, MRS oez
g 4 0 Pz pEnEw Th]
] z a g L2 HT= bi T
1] a (i] papiany LI HEZ
1] a ] iy, LWL T b |4
a o o o [ ] [l Eulll g, HEZ
] ] a o a by B, QEE
o @ o 0 [E IR Y B
g . o 0 uiBuig B0 oel
[ Buaeg Barpeig LT = Taweguam =
BN EupaBual  aRessuR) soiebipy ¥ Buipanryy Buming Bl | oy Runog oG

(1 yswl) Fupies vopun|vas 208jine Juswaang ‘g1 FTEVL

43



B contret M Recycied

10.0
E 8.0 '-'
[+ £.0 '-'
= .
E £0 =
* 20 ':
0.0 -
ARAP
AC TYPE

18 2
15 10

AC-30 AC-208 AC-20 AG-20 AC-30

FIGURE 16. In-situ alr voids (Task 1)
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the future to ascertain their relative performance.

n Ii ir Voi

In-situ air voids data is reported in Table 7. A histogram showing the average
percentage of total air voids present in the field cores s shown in Figure 16. Recycled
sections in Sites 22, 25 and 28 have lower air voids compared 1o the corresponding control
sections, whereas control sections in Sites 18 and 23 have lower air voids compared to the
corresponding recycled sections. The paired t-test analysis as reported in Table 16 indicates
no significant difference between the air voids in recycled and control sections. Average air
voids in the five projects are 7.0 and 6.5 percent, respectively, in control and recycled
sections. Air voids significantly affect the rate of aging of asphalt binders in HMA pavements.
High air voids accelerate the aging process. It is encouraging to know that the recycled
sections do not have air voids higher than those in the contro! sactions.
4 | Asphalt Binger P .

Asphalt cement was recovered from the field cores and tested 1o determine
conventional binder properties such as penetration at 25°C (77°F) and viscosity at 60°C

(140°F), and SHRP recommended test properties such as G*/sind at 64°C {(14B°F) and G*

sind at 22°C (72°F). Table 10 contains all asphalt binder test data which have been analyzed
as follows.

It should be realized that the recovered asphalt binder properties are affected by the
amount of RAP used, properties of the aged asphalt binder in the RAP, properties of the virgin
asphalt binder used, air void content at the time of construction, and subsequent densification
under traffic. However, the properties of the aged binder in the RAP and in the recycled mix

at the time of production, and the penstration of virgin asphalt cements are not available.
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Therefore, variations in recovered binder properties cannat be explained fully.

Penetration

The penetration histogram shown in Figure 17 indicates comparable penetration values
for control and recycled sections in Sites 18, 22 and 23. The recycled section has a higher
penetration value in Site 25 and a lower penetration value in Site 28 compared to the
corresponding control sections. The paired t-test (Table 16) indicates no significant difference
between the penetration of control and recycled sections. Amaong the five recycled sections,
AC-20 or AC-205 asphalt cements have generally resulted in relatively higher penetration
u'ill;.ru compared to AC-30 asphalt cements (Figure 17). Site 25 and 28 used the same amount
of RAF (20 percent] but different grades of asphalt cements, Site 28 with AC-30 gave a
lower penetration value than Site 25 with AC-20 asphalt cement. Site 18 has the |owest
penetration of all the sites because this pavement is the oldest (3 1/2 years) compared to the

remaining pavements which range in age from 1 1/2 to 2 1/4 years,

Wiscosity

The viscosity histogram shown in Figure 17 indicates comparable viscosity values for
control and recycled sections in all sites except Site 25. Generally, the viscosity values are
consistent with the pEﬂEIr;':\tim values. Except Site 25, the use of AC-30 asphalt cement
generally resulted in relatively higher viscosity values compared to AC-20 or AC-205 asphalt
cements. The paired -test (Table 16} indicates no significant difference between the viscosiry

of the control and the recycled sections.
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TABLE 16. Palred t-test results (Task 1)

* teritical = 2. 776 for S numbse: of obsardations {sample size) at 5% level of signficance

Avarage of & Fm_E;_ Ara DiHerencas
Significan
Proparty Contral Recydiad 1 calc* at 5% Level?
A In-Situ M
Air Voids %) 7.0 6.5 Daie Mo
Rasillent Modulus 847 000 BS2,000 0,463 Mo
& T77F (psi]
Indirect Tensile Strength 202 187 3.994 Yas
@TTF (pai}
E. Recompacted Mix
Air Vioids (%) 4.1 a1 2022 M
G5l 1.1 1.1 2181 M
GEP| 1.1 13 7467 Yasz
Rolier Pressure (psi) Ba L] 4,152 Yes
Creap Modulus (psi) 6,710 8,550 1.378 Ma
C. Recovered Asphah
Panetration @ 77 F 20 20 0.047 Ne
{0.1 mm)
Viscosity @ 140 F 54,658 46,879 0.850 Mo
(poises)
G" ! Sinldeha) (kPa) 178 15.4 1.012 Ho
@148 F
G" Sinidetta) (kPa) 1,356 1.288 0,371 Mo
@T2F
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G*/5ind (Rutting Factor)

Complex shear modulus G* and the phase angle & of the recovered asphait binder
were determined using the dynamic shear rheometer (DSR) as mentioned earlier. Rutting
characteristics of the asphalt binder is explained by the rutting factor G*/Sind. Performance
based SHRF binder specification specifies a minimum value of 2.2 kPa far the rutting factor
when the DSR test is conducted on the RTFO residue at 64°C (148°F). It is important to note
that the test was performed on the recovered asphalt cement from pavements ranging from 1
1/2 to 3 1/2 years old. However, the test would still give an indication of the rutting potential
of ;he mix in Georgia climate and also is a measure of aging of the binder. As mentioned

earlier, the higher the rutting factor, the more the binder resists rutting.
The G*/sind histogram shown in Figure 17 shows comparable values for eontral and
recycled sections in all sites except Site 25. The paired t-test (Table 16) indicates no significant

difference between the G*/sind values of the control and the recycled sections. This means

the binders are equally resistant to rutting. It is interesting to note that G*/sind histogram and
Ine viscosity histogram have similar trends. Both tests were conducted at high temperatures:
D5R at 64°C (148°F) and viscosity at 60°C (140°F). The viscous component of the complex

shear modulus G*, therefore, appears to be dominant in the recovered asphalt cements.

G* Sind (Fatigue Cracking Factor)

The potential for fatigue cracking is explained by the fatigue cracking factor G* 5iné
which is specified at a maximum of 5000 kPa for a pressure aging vessel (PAV] residue in the
performance based SHRP binder specifications. The PAV residue is supposed to simulate the

binder aging after 5-10 years of service. Although the pavement projects selected are less than
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five years old, this test was conducted 1o get a general and relative indication of cracking
potential of the mixes. The DSR test was conducted at 22°C (727F} 10 represent the Georgia

climate as much as possible.

The G* sind histogram shown in Figure 17 indicates that all values are well below
5000 kPa as expected. The paired t-test (Table 16) indicates no significant difference between
the G* sind values of control and recycled sections. This means they are equally resistant 1o
fatigue cracking. The G* sind histogram is consistent with the penetration histogram (Figure
17) because both tests are conducted al very close temperatures, Again, the use of AC-30

asphalt cement (Sites 18 and 28} generally gave high G* sind values {more prone to fatigue

cracking) compared to AC-20 or AC-205 asphalt cements. Site 18 has the highest G* sind

value because this pavement is the oldest (3 1/2 years) of all five projects,

in-situ mix properties were obtained from field cores. Table 7 gives the in-situ

properties such as air voids, resilient modulus and indirect tensile strength.

Resilient Modulus

The resilient modulus histagram shown in Figure 18 indicates comparable values for
control and recycled sections in all Sites except 25 and 28, The recycled section has higher
resilient modulus in Site 28 and lower resilient moedulus in Site 25 compared to corresponding
control sections. However, the paired t-test indicates no significant difference between the
control and recycled sections when all five projects are considered in statistical analysis (Table
16). Since the resilient modulus is an indicator of the mix strength under dynamic loading,
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both control and recycled sections appear to have comparable structural strengths,

Indirect Tensile Strength

Indirect tensile tests were run on the core specimens to determine the tensile strength
and the cracking potential of the control and the recycled mix. Tensile strength of the mix i
primarily affected by the stiffness of the asphalt binder. A stiffer asphalt cement in the mix
produces a higher tensile strength,

The indirect tensile strength histogram (Figure 18} also shows that the tensile strength
values of the control mixes are slightly higher than those of the recycled mixes in all the five
sites. The results alse indicate that the deformation at failure for control specimens was lowsr
than that for the recycled mixes suggesting that the control sections are prone to crack at lower
tensile strains. The paired t-test (Table 16) indicates there is a significant difference between
the indirect tensile strength values of the control and the recycled sections. Since these
projects are only about 2 years old {except Site 18 which is 3 1/2 years old), the implications
of this test, if any, are not evident visually in the form of some distress.
Recompacted Mix Properties

Field cores obtained from the sites were broken down, mixed thoroughly, and
recompacted by the U.S, Corps of Engineers Gyratory Testing Machine (GTM) to give three
specimens each. The test properties of the recompacted specimens from the five projects are

given in Table 8, and are illustrated in Figure 19,

Air Vioids in Recompacted Specimens
The air voids histogram shewn in Figure 19 indicates lower air voids in recycled
sections (except Site 23) compared to corresponding control sections. However, if all five
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projects are considered, the paired ttest (Table 16) indicates no statistically significant
difference between the control and recycled sections. Bath control and recycled mixes in Site
23 compacted to very low air voids contents of 1.7 and 2.2 percent, respectively, This
indicates a potential for rutting in the future if the site is subjected to heavy traffic loads. Site
23 has the lowest in-situ air voids (Figure 16) at the present time. Apparently it has not rutted

because the in-situ air voids are more than 3.5 percent at the present time.

Gyratory Stability Index (G5I)

The G5 is a measure of the stability of the mix. G5/ in excess of 1.00 indicates an
increase in plasticity. The GSI histogram shown in Figure 19 indicates that the GS51 values of
the control and recycled mixes are comparable. The paired i-test (Table 16) also indicates no
statistically significant difference between the control and recycled mixes. As reported earlier,
no site has developed any significant amount of rutting at the present time. GSI values of Site
23 appear to be high and therefore, there is a potential for rutting. The recompacted air voids
were also low for site 23 (Figure 19). However, the inssitu air voids are still above 3.5

percent.

Gyratory Elasto-Plastic Index (GEPY)

GEPI is a measure of internal friction present in the mix. GEPI values near one are
found in fresh stable HMA mix with low shear strain, The GEP| histogram shown in Figure
19 indicates consistently higher values for recycled mixes compared to control mixes. This
means the recycled mixes have less internal friction compared to control mixes. This could
be attributed to the fact that 100 percent virgin aggregate particles have more interlocking

effect than the recycled mix which contains a mixture of Virgin aggregate particles and RAP
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particles. The RAP particles are usually not as angular as virgin aggregate particles due to the
milling operation. Also, the RAP panicles are already coated with asphall binder and
therefore, may nol have a rough surface texture, The paired t-test (Table 16) indicates that the

GEPI values of control and recycled mixes are statistically significantly different.

Roller Pressure

The roller pressure values measured during the GTM compaction procedure are shown
in the histogram in Figure 19. It is evident from the histogram that the recycled mixes have
lower roller pressure compared to control mixes in all cases. The paired t-test also indicates
that the difference is statistically significant.

The roller pressure is a measure of resistance to deformation of the mix. A higher
roller pressure indicates greater resistance of the mix against deformation. Site 23 has the
potential for rutting in the future if subjected to heavy traffic. This site alsc had low
compacted air voids and a high G5 value as discussed earlier.

Creep Maodulus

Table 9 contains the confined, dynamic creep modulus data obtained with 138 kPa (20
psi) confining pressure and 828 kPa {120 psi) normal pressure. The creep histogram shown
in Figure 20 indicates higher creep modulus (higher resistance to permanent deformation) for
recycled mixes compared to control mixes in all sites except Site 18, However, the paired 1-
test (Table 16) shows that the differences are not statistically significant. The creep modulus
data are unlike GEPl and G5! data which showed that the recycled mixes have lower

resistance to permanent deformation compared to control mixes.
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FIGURE 20. Creep modulus values (Task 1)
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TABLE 18. Pavement surface evaluation ralings (Virgin mizes - Task 2)
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Task 2

The Task 2 part of the study involved the evaluation of 15 independent Virgin mix
pavements and 18 independent recycled mix pavements to obtain a test database for
comparison. These projects are located throughout the State of Georgia. It should be realized
that many variables (such as the percentage and properties of RAP used, grade of the virgin
asphalt cement, and age of the pavement) are involved in the 18 recycled mix projects as
shown in Table 17. The most common asphalt cement grade used was AC-20 (10 projects)
followed by AC-205 (4 projects). AC-10 and AC-30 grades were used on two projects each.
The percentage of the RAP varied from 10 to 40 percent with 25 percent as the most common
(8 projectsl. Because of these variables, the recovered asphalt cement properties are expected

o vary significantly.

Visual Evaluation

Pavement surface evaluation ratings of virgin mix pavements and recycled mix
pavements are given in Tables 18 and 19, respectively, based on the observations reported in
Tables 11 and 12 as discussed earlier. The average cumulative performance ratings of virgin
mix pavements and recycled mix pavements are 2.53 and 2.56, respectively. Therefore, there
is no significant overall difference in the performance of virgin and recycled pavements at the
time of inspection (January/February 1993). Slight ravelling was observed on two recycled
pavements: Site 9 (15 percent RAP + AC-205 asphalt cement) and Site 12 (20 percent RAP
+ AC-205 asphalt cement). Some alligator (fatigue) cracking was observed on Site 11 which

used 40 percent RAP and AC-10 asphalt cement (see Figures 13 and 14)



Statistical Analvsi

The test data (air voids, penetration or viscosity) obtained in Task 2 can be treated as
two independent groups (virgin mixes and recycled mixes) of unegual sizes (15 virgin and 18
recycled mixes), One of the abjectives of this study is to determine if the characteristics of the
recycled mixes are significantly different from those of the virgin mixes. This can be
accomplished by performing statistical analysis using the Independent Samples i-test, for testing
the equality of means of percent air voids, penetration and viscosity data at 5 percent level
of significance. It is assumed that the sample means are reasonable estimates of their

respective population means. Table 20 gives the results of the statistical analysis.

The air voids histogram given in Figure 21 shows the minimum, average and maximum
values of air voids in virgin and recycled pavements. The average in-situ air voids in virgin
and recycled pavements are 5.8 and 6.3 percent, respectively. The t-test analysis Table 20)
indicates no statistically significant difference between the air voids of virgin and recycled

pavements al the time of core sampling.

PEi'.I-'E{rBIiﬂI'I

The penetration histogram showing the minimum, average and maximum values of
penetration in virgin and recycled pavements is also given in Figure 21. The average
penetration values of virgin and recycled pavements are 18 and 19, respectively. The t-test
analysis (Table 20) indicates no statistically significant difference between the penetration value

of the two pavement types.
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FIGURE 21. histograms of % air voids, penctration and viscosity (Task 2)



The percentage of voids in a HMA pavement has been known to influence the rate of
aging of asphalt binder substantially. A higher air void content in the HMA, pavement results
in a greater rate of aging. Quite often, the effect of relatively high air voids can mask the
efiects of other variables (such as the percentage of RAP and the virgin asphalt cement grade)
on the rate of aging. Figure 22 shows a general trend that the penetration of the asphalt
cement recovered from the recycled pavements decreases as the percentage of air voids

increases. The percentage of air voids at the time of construction has more pronounced effect

as expected.

Wiscosity

The average viscosity values of virgin and recycled pavements are 73,098 poises and
58,196 poises, respectively, as shown in the viscosity histogram (Figure 21), The t-test analysis
indicates there is no significant difference between the viscosity values of the two pavement

fypes.

GEORGIA DOT RECYCLING SPECIFICATIONS

Georgia DOT has been constructing recycled HMA pavements routinely for about four
years. The data from both Task 1 and Task 2 have indicated that the difference between virgin
mix pavements and recycled mix pavements is not statistically significant. Therefore, it could
be concluded from this study that the existing Georgia DOT recycling specification (Appendix
"C"), recycled mix design procedures, and quality control are satisfactory, Al the present time,
the Department’s procedure to select the virgin asphalt cement grade is as follows, The
asphalt cement recovered from the RAP is blended with virgin asphalt cement (intended to be

used on the project) in proposed proportions. The blended binder is then aged in a thin film
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oven (TFO). The TFO residue is then tested for viscosity at 60°C (140°F). If the measured
viscosity falls between 6,000 poises and 16,000 poises then the grade of the virgin asphalt
cement is acceptable. When the recycled mix production starts, the Department samples the
recycled mix from the project and recovers the asphalt cement from the recycled mix. If the
viscosity of the recovered asphalt cement is within 6,000 - 16,000 poises range, the mix
production is allowed to continue.

Figures 23 and 24 were prepared in an attempt to give an indication of of the
penetration and viscosity propenties of recycled projects after 1 1/4 - 5 yvears in service. The
penetration histogram in Figure 23 was prepared as follows. The recycled projects were
arranged in 4 groups in increasing order (from left to right) of virgin asphalt cement viscosity
grades such as AC-10, AC-20, AC-205, and AC-30. Within each group, the percentage of RAP
is placed in an increasing order from left to right. By this arrangement, the histogram for each
asphalt group should show a decreasing order of penetration from left to right as the
percentage of RAP is increased. However this is not obviously the case in Figure 23 because
of the following primary variables: (a) penetration of the aged asphalt in the RAP, (b} air voids
at the time of construction (Figure 22), and (¢ age of the recycled pavement. Therefore, it is
not possible to judge which asphalt cement grade and/or the percentage of RAP js appropriate.
Mareover, the data on AC-10 and AC-30 asphalt cement grades is rather limited lonly two
projects each),

Figure 24 gives a similar histogram for viscosity and the results are similar to those
discussed for penetration, that is, no trends of increasing viscosity (from left 1o right) are

apparent within each asphalt group.
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CONCLUSIONS AND RECOMMENDATIONS
The following conclusions can be drawn from this study.

1. Both virgin and recycled sections of the five projects in Task 1 are performing
satisfactorily after 1 1/2 to 3 1/2 years in service with no significant rutting, ravelling

& weathering, and fatigue cracking.

- 3 The differences between the following properties of virgin and recycled sections of
Task 1 projects were found 10 be not statistically significant at a 5 percent level of
significance based on paired t-test.

{al In-situ mix properties such as percent air voids, resilient modulus at 25°C
(77" F}, and indirect tensile strength at 25°C (77 F).
(b} Aged asphalt binder properties such as penetration at 25°C (77°F), viscosity

at 60°C (140°F), SHRP rutting factor G*fsind at 64°C [14B°F), and SHRP
fatigue cracking factor G= sind at 22°C (72°F).

ic) Recompacted mix properties such as percent air voids, Gyratory Stability Index
(G351}, and confined dynamic creep modulus at 60°C {140°F).

3. The differences between the Gyratory Elasto-Plastic Index {GEP) and the roller pressure
values of virgin and recycled sections of Task 1 projects were found to be statistically

significant at a 5 percent level of significance.

4, Task 2 pavements were treated as two independent groups {virgin mixes and recycled
mixes) of unequal sizes (15 virgin and 18 recycled mixes) for statistical analysis,

Independent Samples -test was used for testing the equality of means of percent air
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voids, penetration and viscosity of the two groups. Mo statistically significant
difference was found in these three properties of virgin and recycled pavements at a

5 percent level of significance.

There was no significant overall difference in the performance of virgin and recycled

pavements based on visual inspection,

Based on the evaluation of Task 1 and Task 2 pavements, it can be concluded that the
recycled pavements are generally performing as well as the virgin pavements at the
present time in Georgia. Therefore, it can be implied that the existing Ceargia DOT
recycling specifications, recycled mix design procedures and quality control are
satisfactory. The specification to achieve a viscosity of 6,000 to 16,000 poises for the
blend (RAP binder + virgin binder) appears reasonable based on the present data.

The following recommendations are made based solely on the experience of
the researchers:
Consider allowing up to 10 or 15 percent RAP in all courses without changing to a
softer asphalt cement grade. For example, if AC-30 grade is used in a 100 percent
virgin mix, it should be allowed when the percentage of RAP is limited to 10 or 15
percent. This change will substantially save the Department's time and effort in
analyzing the RAP properties without significantly affecting the overall quality of the
recycled mix. The time and effort saved can be devoted 1o the design and control of
other projects using higher percentages of RAP. The mix design should be developed
for all recycled mixtures regardiess od the amount of RAP

0



The Department’s procedure of physically blending the aged asphalt cement (recovered
from the RAP) with the virgin asphalt cement, subjecting the blend to thin film oven
(TFO) test and then testing the TFOT residue for viscosity is a good method but very
time consuming. It is recommended to try the blending chart given in Figure 25. The
RAF asphalt cement viscosity is plotted on the left vertical axis and the TFO viscosity
of the virgin asphalt cement (already known from the asphalt supplier or Department
testing! is plotted on the right vertical axis. The two points are connected with a
straight line. A vertical line is then drawn corresponding to the percent of virgin
asphalt in the binder blend (X-axis). The intersection of this vertical line with the
previously drawn line gives the blend viscosity on the Y-axis. Since the aged asphalt
in the RAP does not significantly increase in viscosity in the TFO test, the proposed
simple method should give results not only on the conservative side but also
reasonably close to those obtained by the Department’s current procedure. Moreover,
the proposed method can give the blend viscosity for any desired blend (that is,
desired percentage of RAP) without physically blending the aged and virgin asphalt

cements again. An example of this procedure is given in Appendix "D".

Georgia DOT's asphalt cement specifications (Appendix *C") appear to be suitable for
virgin as well as recycled mixes. The minimum penetration of 60 should be
maintained for AC-20, AC-205 and AC-30 asphalt cement to minimize premature
fatigue cracking. Typical test values (both means and range) of asphalt cements

supplied to the depantment during 1993 (Appendix *C) appear to be satisfactory.

If more than 10 percent RAP is used in recycling, the department should obtain
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samples of the recycled mix from the projects on a random basis, to determine if the
recovered asphall cement viscosity is between 6,000 poises to 16,000 poises.

Conventional QC/QA tests should be conducted more often.

Some selected virgin and recycled pavements (especially those included in Task 1)
should be reevaluated after another 2-3 years service. This should include pavement
surface evaluation and determination of aged asphalt properties of the same

representative section used in this study.
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APPENDIX "A"

TABLE Al. Projeci constructlon detaills (Task 1)

TABLE A2. Project construction details [Task 2 - Virgin mixes)
TABLE A3. Project construction detalls [Task 2 - Recycled mixes)
TABLE A4. Patred t-test analysis results (Task 1)

TABLE A5. Independent 1-test analysis results (Task 2)
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TABLE A4, (conld.) Paired I-lest analysis of recovered AC properties (Task 1)

SITE MO. PENETRATION VALUE @ 77 F

Control

Saction
18 15.25
22 2375
23 24.13
25 16.75
28 21.38

AVERAGE 2025
STD.DEV 406

DOF (MU) = 4
Terit, 0.05(2),4 =
Teal m

R:[Teal=Ter

Recycled

Sachon

14.75
23.00
24 38
20,38
18.50

2020
.80

Ditfarance

2.5000
0.7500
-0.2500
=1.6250
28750
0.0500
2.3585

2.7T60
0.0474

Differance of means are nol signdicant

BITE HO.  VISCOSITY @ 140 F (POISES)

Cartral
Saction
18 55810.40
22 3081.71
23 34676.56
2= 103438 60
28 4E272.32

AVERAGE  54858.13
STOD.DEV 2878090

DOF (NU) = 4
Teal =

R:[Tcall=Terk

Racyclad
Section

55370.07
3677338
33001.62
5334057
AFR0T 21

ABETAET
11524 58

Dilerence

44032
-3581.65
1674.94
44040012
<3634 89

Trra.sT
20444 37

278
0.8508

Difference of means are not significant



TABLE A4. (contd.) Paired i-test analysis of recovered AC propertie

SITE NO. G'/Sin(dea) AT 64 C (pascals)
Controd Recycled Diflerance
Section Section
18 20780.02 2187255 -1082.63
22 1213025 1188631 23365
23 12313.65 10252 44 2061.21
e 28089.70 16136.85 1185285
2B 16045 BG 16874.07 82718
AVERAGE 1787210 15406 44 2485 86
STD.DEV E709.17 4565 T1 5448 43
DOF (NU) = 4
Terit, C.O52)4 = 2.7T8
Teal = 1.0123
A Teal|=Ter? Ditterence of means are net significant
SITE NO. G~ Sinjdeka) AT 22 { kPa)
Comrol Recyclad Diflerence
Section Sacton
18 207785 2011.74 BE.11
2 TB1.44 65520 126.24
23 1028.51 72005 208.56
25 1788.56 1340.75 447 B2
28 1101.57 1711.54 §00.97
AVERAGE 1355.78 1286,04 E7.75
STD.DEV 54992 59748 407.78
DOF (U} = 4
Tertt, 0.05(2).4 = 2.78
Teal = 0.3ans
R TeallsTerit Diflerence of means are not significant
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APFENDIX "B"

1. Pavement Evaluation Sheet,

2. Description and Severity of Pavemeni Distress.
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Performance of Recycled Mixtures in State of Georgia
PAVEMENT EVALUATION SHEET

Praject (Route): County:
Lacatlon:
Mix Type (elrcle soe): Recycled Yirgin

Core Identilcailons:
S —————————————— e —

Selact a 500" bang represetaiive soction s esch job for coring. Vieually reie il pesesent perface maodikes 5
H ooy

L ELUT DEFTHS [Disain § meanmrements near eore kel
L] L] ie) i ® =

1 BAVELLING AND WEATHERING
Sewerity Levela: o] Lawr} {Mlocierniy] (High)
& Surfaor Ares =

L ALLIGATOR (FATIGUE) CRACKING
Srverity Lavals: (et 1 Lo [hbrdernLe; [Hagh)
% Sarfae Arwa =

Srverity Lavela: (Mone) Lw) [ adornan) {Rige]
b | | ¥ L
Lneer el { ) i ] L B |
Are these reflloctios cracks? W) i)

E 8 OTHER SURFACE DISTRESS (SUCH AS BELEFDING) AND EXTENT

Raind by




ASPHALT CONCRETE FAVEMENTS

ring

13 Raveling and Wesihe

Iir

of the pavemenl surface camsed by
agprogsie parecles (raveling)

'l

and loss of saphalt binder {weaibsering).

Wearing o's -
the dislodgng ol

Sawerliy Lavrris

[ the mggregaie or binder

earing away o

bz staried bug has mod progressed significanily.
Moderale - Aggregaie andior binder has wormn
sway and the surface texture i becoming rough

and pined; loose particies peserally exis

Low - W

piinad.

High - Aggregare andfor binder has wom gwsy

and e surface eexmre i very rough and

Square fesl of surlste arca al cach seventy level.

a9



1. Alligetor (Fatigue) Cracking
D Eeripiidn

» Serves of ipierconmsesied cracks

= Many-gided, gharp-angled pieces, usually
lexs than 1' on longes: side.

= Chicken wirefalligator patiem,

= prurs only in sress subjecied 1o repensed
traffic lomdmgs (esuslly in wheelpaths),

= Imitially mppears & longiiodinal cracks

Severity Levels

Larw - Longimidinal discosnecied hairline cracks
runzing paralle] w esch other; may be o single
track in wheelpath; cracks mot spadled.

Muoderate - A patiern of articulabed papoes
formed by cracks that may be lightly spalled:
ermcks may be scaled.

Highk - Fieces mare severely spalied ui edges and
looened umnl the pieces rock under praffic:

PUmEpEng MAY ELEL

How w Mearare

« Sfuare (eed of surface arca i each sevemnty
lewel

= If differcnl severiy bevels eximing wikhin an
wres cannol be distinguished, e entire arca
mi highess severity presest
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& Transverse Cracking

Dieseripiion
Cracks relatively perpendiculsr 1o pevement
CEntesline

Severicy Levels

Laow - Cracks with low severity or no spalling;
mean ensegled crack widih of 1" or beas:
senland maierl in good condition.

Mosdermie - Cracks with moderass severiiy
!plul.llj'. mean unssiled crack widch of preaer
than 14, sealast maenial in bad condition; los
sewerity random cracking mear the crack

High - Craclcs wilh high seversty spalling:
miosderaie of high severiy rapdom cracking mear
the crack

How v Mearere

Mamber and Lingir lefl of rEniverss cracks ot each
ey level

g1



AFPFENDIX "C"

1. Section 402 - Hot Mix Recycled Asphaltic Concrete
(Georgia DOT Specifications, 1993)
2. Georgia DOT Specifications for Asphalt Cements.

3. Typical Test Values of Asphalt Cements In Georgla during 1983,

92



SECTION 402—HOT MIX RECYCLED
ASPHALTIC CONCRETE

40201 DESCRIPTION: This work shall consist of ucing and placing a
hot mix recycled asphaltic concrete which Inmrpunptﬂr?_dhulﬂmed Asphalt
Pavement (RAF), virgin aggregate, hydrated lime, and neat asphalt cement.
Hot mix recycled asphaltic concrete production and placement, along with
all materials, equipment and acceptance plans, except as specifically noted or
modified herein, shall be in accordance with Section 400 — Hot Mix Asphaltic
Concrete Construction.
402.02 MATERIALS:

A RAP MATERIAL: The RAP materials will be from the existing roadway,
from the Contractor’s RAP stockpile which has been approved by the
Department, or from a stockpile belonging to the Department. If RAP
materials belonging to the Department are used, the location of any such
stockpiles shall be as indicated on the Plans.

The amount of RAP used in the recycled mixtures for mainline and'or ramps
iwhere applicable) may range from 0 - 40 percent dependent wpon the amount of
RAP available and Contractor's production facilities, and provided the mixture
meets all Specification requirements as outlined in Section 528 - Hot Mix
Asphaltic Concrete Mixtures. The maximum ratio of RAP material to the recycled
mixture shall be 40 percent for continuous mix type plants and 25 percent for
batch type plants. If the amount of RAP material available is not sufficient to
from a stockpile which has been approved by the Department. The amount of
RAP to be used in recycled mixtures for any other areas shown on the Plans (ie.,
paved shoulders, local service roads, subbase for PCC pavements, ete.) will be at
the contractor’s discretion limited only by the amount that will yield satisfactory
mixture properties as outlined in Section 828,

Asphaltic Concrete removed from an existing roadway by the Contractor
shall become the property of the Contractor unless specified otherwise on the
Plans. If the Department elects to retain any portion of the RAP material, the
amount shall be 50 designated on the Plans, and the RAP shall be stockpiled at
the]nuﬂmm:p::iﬂadmmuiﬂhu L

Where RAF is removed from a stockpile belonging to Department,
the amount furnished to the Contractor shall be limited to an amount required
to produce a 40 percent recycled mixture, unless otherwise specified. The
actual amount of RAP allowed in the recycled mixtures shall be governed by
the above outlined stipulations. Any such RAP furnished to the Contractor,
whieh is not used in the Work, will remain the property of the Contractor.

The Contractor shall notify the Engineer prior to removing any RAP
material from a designated stockpile belonging to the Department and shall
provide the Engineer with certified weight tickets of materials removed from
the stockpile.
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The Laboratory will determine the projected composition of the RAP from
thaprnjmtahmﬂhﬂnndﬂm]whﬁuthmﬁulwblmﬂnpﬁwm

Stockpiles ghall
he erected on each stockpile to identify the source(s). Stockpiles shall be kept
separated by project sources and also separated by Group I and Group I1
aggregate types. If RAP material from different project sources should become
intermixed in a stockpile, those materials shall be used only where
hythelabulmw.mmg:.tmmtﬂmmmhght' to reject,
inspection, any stockpiles that are not kept clean and free of foreign materials.

The Department may also require that additional ity control tests be
performed to determine the consistency of the RAP as well as quality
of the RAP aggregate. For this purpose the Contractor shall conduct
extraction/gradation tests at the minimum of three tests from each individual

The Contractor shall furnish to the Laboratory an affidavit attesting to the
sources of any stockpiled materials belonging to him to be used on a State
project. The information which shall be included in the letter is the State
project number and location from which the material was removed, the
approximate dates when the removal took place, the mix types removed and
estimated quantity of each in stockpiles, and any other information that may
be available about the stockpiled material such as percentage of local sand in
the RAP. If stockpiles containing RAP from different project sources have been
mixed or Group | and Group IT aggregates have been mixed, specific approval
must be obtained from the Laboratory to use that stockpile. Any stockpile
containing RAP from other than State projects such as LARF and County
Contracts will also require specific approval from the Laboratory for use on &

ile approved basis only,
applicable, the amount of local sand allowed in the recycled mixes
shall be as stipulated in Section 828 for the affected project. The amount of
local sand in the RAP material will be considered when determining the
percentage of local sand in the total mix. When a Blend I mix is specified, any
Group | materials in the RAP will be considered when determining the Group 1
portion allowed in the total mix as specified in Sub-Section 828.07.

All RAP material to be used in the recycled mixture shall be processed as
necessary so that 100% will pass the 2 inch sieve. Additional erushing and
i may also be required if the RAP aggregate exceeds the maximum gieve
size for a particular mix type as established in Section R28.



402,03

B. ASPHALT CEMENT: The grade of asphalt cermnent that shall be used in the
mmﬂhmwmwwm
evaluation and shall mest the the appropriate Specifications.
mwmwmwﬁmmmm“d
have a viscosity of 6,000~ pmﬂn:rnapprnud the Engineer.

If, during construction, it is determined by the Engineer that the grade
of asphalt cement so selected is not performing lltilfl:tﬂﬂl}f. the
Department reserves the right to change, without a change in the Contract
Unit Price, H:tmdamimhﬂtmmtblinzmdmmmm Asphalt
cement shall be from the recycled mixture to verify that the
viscosity specified above is being met.

C. RECYCLED MIXTURE: The recycled mixture shall be a homogenous
mixture of RAP material, virgin aggregate, hydrated lime, and neat
asphalt cement. The mixture shall conform to an approved mixture design
meeting the requirements outlined in Section 828 except the hydrated lime
Mhﬂdﬂﬂﬂlﬂhﬂflﬂmtufﬁmwump]u
0.5 percent of the aggregate in the RAP portion of the mixture.

402.03 EQUIPMENT; A hot mix plant, with such modifications as
necessary to mﬂ}rﬂa&mtmﬂ,mdlpprwidhﬂhei:umr shall be
operated B MAnnDer proportioning, ting, muxing will
yield a uniform final mixture within the Job Mix Formula tolerances.

The RAP material shall be proportioned by n separnte cold feed bin and the
material shall meet the size requirements specified in Sub-Section 402.02 shove.
The ratic of the RAP to virgin aggregate shall be controlled gravimetrically.
Electronic belt weighing devices shall be provided to monitor the flow of RAP and
the flow of virgin aggregate. Plants may consist of an interlocking system of
ﬂaﬂua;n&nmmuymhmm;theﬂw&RhPmthwﬁ:thnﬂwﬂ
virgin aggregate. The electronic controls shall be capable of tracking the flow
rates indicated by the belt weighing devices and developing the necessary signal
to automatically maintain the desired ratio at varying production rates. The RAP
feeder bins, conveyor system and any auxiliary bins, if used, shall be designed to
nvmdwﬂmandmhmdthammmhl

In lieu of the above belt weighing system, batch type plants may be
equipped to weigh the RAF portion of the batch in a weigh hopper prior to
incorporation into the pugmill.

The Contractor shall furnish a detailed description of the reeycling

methods at the Preconstruction Conference, This shall include, but not be
limited to, the type of plant to be used and how the RAP material will be
incorporated into the processed recycled mixture.
402.04 MEASUREMENT: The Recyeled haltic Conerete mixture,
mmplamwplmmdmpmd,wiﬂhamumjhm The actual weight
will be dmrmmadhyumrdad“emﬂmlppmdmﬂm:dzﬂnu
used, or by weighing each loaded vehicle on an approved motor truck scale as
the material is hauled to the roadway.
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402,05 PAYMENT: The Work performed and materials furnished as
prescribed by this Specification will be paid for at the Contract Unit Price per
ton. This payment shall be full compensation for providing all materials, for all
hauling and necessary crushing, for all processing, placing, rolling and
finishing of the recycled mixture, and for all labor, tools, equipment and
mnthMWﬂmmmm

Item MNo. 402, Recycled Asphaltic Concrete Incinding
Bmm:andem ............ per Ton

Item No. 402. Rqﬂedhﬁ]:hll‘htﬂmntuhﬂﬁnilnﬂﬂﬂmi
Bituminous Materials and Hydrated Lime . «.sper Ton
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820.01

SECTION 820—ASPHALT CEMENT
ASPHALT CEMENT: This Section covers asphalt cements which

have been prepared from crude petroleum by suitable methods. The asphalt
cements shall be homogenous, free from water and shall not foam when heated

to 347°F. Blending of asphalt cements to produce a specified viscosity grade
shall result in a uniform, homogenous blend with no separation.

A PROPERTIES: The various grades of asphalt cement shall meet the

requirements for the respective grades as shown in Table 820.01.

TABLE 820.01 FEDFERI'IEE FOR PETROLEUM ASPHALT CEMENTS

VISCOSITY GRADE
AC-10 AC-15 AC-I0 AC-30 A4
Win Max | Min Max | M  Maz Min Max | Min Max

Wiscosfty, 140°F (60°C) Poises 1000 = 200 | 1500 ¢+ 900 | 3000 & 400 | 3000 &+ 600 | 000 @ B0
Wisenaity, 278°F (135°C) C5 240 240 ol . a50 50 a
Penetration sl TT°F (257 C)

100 g 5 wee BD B0 & & o0
Flinsh Foist, COC, *F &5 &85 L] 450 |
Solubility i

Trichioethriens, & ] L ] a0 o0 .o
Tems oo Resdus from Than-

Filmn Oeven Test:

Lams on Heat (%} - 5 0E 0.8 05

Viseosity, 140°F 160°C | Poises S0 SO0 RO 12000

Dructility st T7F, (2570

5 om per min., CH ple e B0 B o]

HNote:

Viscosity grade AC-20 having a penetration-at 77°F not exceeding B0 dmm; and an initial

viscosity at 77°F not less than 2.3 million poises by AASHTO: T-202, or not less than 2.5
million poises by ASTM: D-3205, may be used in lieu of AC-30. These asphalts will be
designated as AC-20 Special. The method in ASTM: D-3205 using the medium cone ghall

be the referee method,

Where AASHTO: TO202 is used, mnphﬂtlmmttmummpﬂ]nnmehwa:u

BOOR shall be used.

B. TESTS: Methods of tests shall be in accordance with the following:

Viscosity at 275° F. (135°C.)
Viscosity at 140°F. (60°C.)

Penetration
Flash Point

Ductility

Thin-Film Oven Test

Solubility
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AASHTO: T 201
AASHTO: T 202
AASHTO: T 49
AASHTO: T 48
AASHTO: T 51
AASHTO: T 179
AASHTO: T44




Typlcal Test Values of Asphalt Cements in Georgla during 1993,

— R —==
TYPICAL TEST VALUES
Supplise Fanstration 8 7T F
| Range Waan I:-l.l'l!l .
Coastal AC-30 2850 4800 - 3100 T &5 &2 = T@
ITrom Chickasawl
Citge AC=-30 2700 2780 - 33%0 &7 &1 = Ti
{From Savennah) | .
Fhall AC=30 isl | 2%00 1730 - 2100 &7 63 = T4
iFres Wood River)
Coaptal AS-20 165 2100 - 2300 TE Te = §0
IFrom Chickasaw)
Cicya AC-30 2100 1906 - 3300 T8 -9
{Fres Bavannah)
Enall AC-10 $00 BS0 = 1100 108 S - 130
{Fre= Wocd River)
- = = =+ — =




APPENDIX "D"

Example of the proposed blending chart.
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Ezample of the proposed blending chart

Consider a case where,

a. Viscosity of the RAF binder measured = 30,000 polses
(plot on left Y-axis as point a )

b. Viscosity of the virgin asphalt cement (TFOT residue] = 5,000 poises
{plot on right Y-axis as point b)

c. The optimum asphalt content of the recycled mix = 6.0%

d. The percentage RAP used in the recycled mix = 20%

e. The asphalt content present in the RAP = 5.0%

= The % asphall binder content contributed by the RAP mix
= (20/100]) X 5.0 = 1.0%

~. The % virgin asphalt needed in the recycled mix = 6.0 - 1.0 = 5.0%

= The percentage of virgin asphalt cement present in the final blend
= (5/6) X 100 = 83.33 %

1. Connect the points a and b [ see line 1 figure in page 103)

2. Draw a vertical line from from the X-axis at 83.3 %
(denoted by the vertical solid line 2)

3. Draw a horizontal line | represenied by line 3) at the point of the inter-

secllon of the above two lines.

4, The value of the viscosity on the Y-axis indicated by this horizontal line
represents the final blend viscosity.

For the above problem the final blend viscosity was determined as

6,200 poises.
poises —_—
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