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ABSTRACT.In general, the binder in asphalt rubber mixtures stiffer than that in a
conventional binder; therefore, the need for a lighcompaction temperature. The
compaction temperature for conventional mixes & ldboratory is defined as the range of
temperatures where the unaged asphalt binder hamematic viscosity of 280+30nfifs.
With respect to rubberized mixes, the compactioperature should be determined carefully
because the viscosity affects the compactabilitghef mixes. This study was initiated to
investigate the effect of compaction temperaturesereral rubber-modified mixes. For this,
four Superpave mix designs (9.5mm) for four asphiatiiers (control, 10% and 15% rubber
modified, and 3% SBS-modified binders) were comdudto determine optimum asphalt
contents (OAC). A total of 160 specimens were ¢aketl using Superpave gyratory
compactor at four compaction temperatures (116,, 138, and 173°C). The binders were
short-term aged for 2 hours at the mixture compmarctemperatures using rolling thin film
oven (RTFO) prior to the binder tests. Evaluatidithee mixtures and the binders included the
following testing procedures: Volumetric propertiégs-compacted, horizontally cut, and
vertically cut specimens), rotational viscometemdalynamic shear rheometer (DSR). The
results from this study showed that the compactemperatures used in this study
significantly affected the volumetric properties dlfie rubberized mixtures, unlike
conventional mixtures with virgin and SBS-modifigatiers.
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1. Introduction

1.1. Background

Compaction is the process by which the volume oiraan asphalt mixture is
reduced through the application of external fordd® expulsion of air enables the
mix to occupy a smaller space thereby increasiegutfit weight or density of the
mix. Compaction is an essential factor in the desigd subsequent production of
asphalt mixtures.

The compaction temperature influences workabilihich is related to the
achieved density of the mixture. The compactionperature recommended in the
current Superpave procedures for asphalt mixtusesiefined as the range of
temperatures where an unaged asphalt binder hasnemdtic viscosity of
280+30mni/s. This requirement was based on experience withodlified asphalt
binders. In general, the binder in modified mixtrés stiffer than that in
conventional mixtures; therefore, the need for ghéi compaction temperature.
However, previous studies (Azari et al. 2003, B&080, Stuart 2000) on the effect
of compaction temperature on the volumetric pragsrnf asphalt mixtures showed
that specimens could have the same volumetric pliepeover a very wide range of
compaction temperature. Stuart (2000) also suggeitat a wide compaction
temperature range (119 to P89 could be used for modified mixtures with the
limestone-Novophalt binder.

With respect to rubberized asphalt mixtures, thegaction temperature should
be determined carefully because the viscosity amduat of the asphalt rubber
binder affect the compactability of the mixturemsBd on experience in the field,
rubberized asphalt mixtures are compacted at a ehiglemperature than
conventional mixtures (Amirkhanian and Corley 2004till, the effect of
compaction temperature on rubberized asphalt mégtuis considered to be
somewhat unclear because the physical and cheprigpérties of the mixtures as a
function of the compaction temperature are not wetlerstood.

1.2. Objective and scope

This study investigated the effect of compactiangerature on the properties of
rubberized asphalt mixtures. Four mixtures with tonPG 64-22, 3% SBS-
modified PG 76-22, 10% rubber-modified, and 15%brremodified binders were
designed using Supepave specifications (Superp@@l)2 The mixtures were
compacted at 116, 135, 154, and 2X73emperatures. Several properties of these
mixtures, including air voids of the as-compactkdrizontally cut, and vertically
cut specimens, binder stiffness at compaction teatpees, and G*/sid of binders
after short-term aging at compaction temperaturee wevaluated. Figure 1 shows a
flow chart of the experimental design proceduredisehis study.
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2. Experimental program
2.1. Materials

Four binders (control PG 64-22, 3% SBS-modified P&22, 10% rubber-
modified, and 15% rubber-modified binders) weredusethis study. The control
and 3% SBS-modified binders were collected from saerce. Rubber-modified
binders were made by adding a specified amounmifient rubber (-40 mesh) to
the control binder, mixing with a stirrer (700 rpat)177C for 30 minutes (Shen et
al. 2005). This mixing condition matches the figldictices used in South Carolina
to produce field mixtures. The properties of adl thinders are listed in Table 1.

One granite aggregate source was used for prepasmples. Hydrated lime,
which was used as an anti-strip additive, was addedrate of 1% by dry mass of
aggregate.

Table 1. Properties of four binders

Agin Control SBS- 10% 15%
stgategs Test properties PG 64-22 modified rubber rubber
PG 76-22| modified | modified
Viscosity @138C (Pa-s) 0.430 1.475 1.226 2.308
Unaged
binder | G*/sin(delta)@64C (kPa) 1.279 - 2.974 -
G*/sin(delta)@76C (kPa) - 1.338 0.742 1.294
RTFO | G*/sin(delta)@64C (kPa) 2.810 - - -
aged
residue | G*/sin(delta)@76C (kPa) - 2.508 2.060 2.990
G*sin(delta)@25C (kPa) 4074 - - -
RTFO +
PAV G*sin(delta)@37C (kPa) - 2129 4480 -
aged
residue | Stiffness @-12C (MPa) 217 212 243 -

m-value @-12C 0.307 0.310 0.330 -

2.2. Superpave Mix Designs

A nominal maximum size 9.5mm Superpave mixture wasd for the mix
design in this study. The procedures described ASIATO T 312 regarding the
preparation of HMA specimens were followed. All muires used an identical
structure of aggregate to distinguish the influen€ghe binders. A gradation of



mixtures used in this study is illustrated in Fig@. Optimum asphalt contents were
obtained and used to produce specimens at 4 diffecanpaction temperatures.

Percent Passing (%)

0.075 0.15 0.60 2.36 4.75 9.5 125 19.0

Sieve Sizes (mm)

Figure 2. Gradation chart of 9.5mm mixture

2.3. Compaction as a function of temperature

The mixing of the aggregates with the asphalt bimadeas conducted at 155.
The loose asphalt-aggregate mixtures were oven aafedhe compaction
temperatures for 2 hours prior to the compactidre four compaction temperatures
used were 116, 135, 154, and 4@3 This range was selected based on the
temperatures (135 and &%) which are commonly used as short-term oven aging
temperatures in the laboratory to simulate binadgngand absorption during the
construction of HMA pavements.

The specimens were fabricated to the two targetad contents of 7+1% and
4+1% using 30 and 70 gyrations of Superpave gyyatompactor, respectively.
Each specimen was 150 mm in diameter and 100+2 mheight. A total of 160
specimens (4 binders 4 compaction temperatures 2 gyration levels< 6 (for 30
gyrations) or 4 repetitions (for 70 gyrations)) e@repared and tested.

2.4. Volumetric Properties

After the air voids were measured, four specimeosfeach set (10 specimens)
were 3-slice cut horizontally and two of the fopesimens were cut vertically as
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shown in Figure 3. The specimens were cut usinmaie tipped saw blades. The
volumetric properties of cut specimens were meakure

(b)

©

Figure 3. (a) as-compacted, (b) horizontally cut, and (c)tieatly cut specimens

2.5. Rotational Viscometer

Superpave binder specifications include a maximuscosity requirement (3
Pds) for an unaged binder. In this study, rotatioristosity test (AASHTO T 316)
was conducted at 4 different test temperatures, (135, 154, and 178) to verify
the viscosity change as a function of temperature.

2.6. Dynamic Shear Rheometer

To evaluate the effect of short-term oven aging Q&Y at compaction
temperatures on the binders, G*&iof the binders was measured using the dynamic
shear rheometer (DSR) test (AASHTO T 315). Thewest conducted at 68 with



the binders being short-term aged for 2 hours &t 185, 154, and 178 using a
rolling thin film oven test (RTFOT) prior to thesting.

2.7. Analyses Methods

Statistical analysis was conducted using analy$ivasiance (ANOVA) of
Statistical Analysis System (SAS). The primary ables included the effects of the
binder types (control, SBS-modified, 10% rubber ified, and 15% rubber
modified binders), the compaction temperatures (186, 154 and 17%) and the
specimen sections (top, middle and base of spegimen

3. Resultsand discussions
3.1. Superpave mix designs

Table 2 shows the optimum asphalt content (OAC)imam specific gravity
(MSG) and bulk specific gravity (BSG) data of théxrdesigns with four different
binders. The optimum asphalt contents were fouridetd.6, 4.7, 6.0 and 6.2% for
the mixtures with control, SBS-modified, 10% rublmodified, and 15% rubber
modified binders, respectively. Previous reseameh indicated that, in general, the
OAC for the CRM mixtures are approximately 1% higltean that obtained for
mixtures using no CRM. The higher OAC for mixturesing the CRM binder is
attributed to the thicker film of the CRM binderatmg the aggregates due to the
presence of the rubber particles (Shen et al. 2006)

Table 2. Results of Superpave mixture designs

Mixtures
Properties Control SBS-modified 1?:{: drilfJiZZer 1‘2:{: dri?izzer
OAC (%) 4.6 4.7 6.0 6.2
MSG 2.438 2.433 2.387 2.375
BSG 2.331 2.336 2.291 2.269

OAC: Optimum Asphalt Content
MSG: Maximum Specific Gravity

BSG: Bulk Specific Gravity
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3.2. Air voids as a function of the compaction temperature

3.2.1 The as-compacted specimens

The air void contents of 160 specimens fabricatel @mpaction temperatures
were calculated. Figure 4 shows the air void cdastehthe as-compacted specimens
as a function of the compaction temperature. Ineggn specimens made with
control or SBS-modified binders could have almbst $ame volumetric properties
over a very wide range of compaction temperatut&s (o 173C). This means that
it is possible to satisfy the two target air vohtents of 7+1% and 4+1% using 30
and 70 gyration levels; respectively, of Superpapygatory compactor at all
compaction temperatures used in this study. Howeierthe case of rubber-
modified mixtures, the air void content significigntlecreased with increasing the
compaction temperature. The range of compactiompéeatures to satisfy both the
target air voids of 7+1% and 4+1% was 140 to°T56&nd 154 to 161 for 10% and
15% rubber-modified mixtures, respectively.

Using one-way analysis of variance, the statistsighificance of the change in
the air voids with the increase in compaction terapee was examined (Table 3).
The data indicate that air void contents of rubiedified mixtures are affected
significantly by compaction temperature (Table Snilar to the previous research
(Bahia 2000 and Stuart 2000), there was no sigmifidifference, ati=0.05 level,
among the air void contents of four compaction terapures in both control and
SBS-modified mixtures.

3.2.2 The horizontally cut specimens

To examine the homogeneity of air void contentoulghout each specimen,
four specimens from each set were randomly selemted3-slice cut horizontally
(Figure 3), and the air void content of each slhies measured (Table 4). The results
indicated that the middle section of all specimbad the lowest air void content
compared to the top or base sections of speciniBms.result is thought to be
associated with two smooth surfaces of the middiian, while the top and base
sections have a smooth surface and a rough surBefere measuring air void
contents of horizontally cut specimens, it was fmted that the air void of top
section may be less than that of base sectionabieT4, it is difficult to find this
trend (the air void of top section < the air voidbafse section) in control or SBS-
modified mixture. With respect to the rubber-maetifimixtures, a general trend can
be observed that the air void difference betwegnatod base sections is dependent
on the air void content. In most cases of rubbdrigextures, the air void of top
section was lower than that of base section whemithvoid was relatively high. On
the other hand, a relatively low air void resultedhe higher air void for the top
section.
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Table 3. Statistical analysis results for air void gradiesftas-compacted specimens
(a=0.05)

Mixtures
Air void
. 10% rubber 15% rubber
Control SBS-modified modified modified
1i2i3i 4/ 11 2 3 4 1 2 3 4 1 2 B b
Al o o o oo
AAIAIA|AIAIAIA|IAIBIBIC|AIAIAIB
30 P P i i i
gyrations Lo Lo Lo Lo
A'ATAA|AA A A A B! B! Cf-qrmmmioem- RRREE
A A Lo 1 BBB
1i2iaia| 12 s 4 iz 3 b1 2o h
0 P P L |AAA L ic
gyrations oo oo oo oo
A A A AA'A'A'AA A A:Bf------s---- (R
L ] e

1: 116C (Compaction temperature)  2: 185
3:154C 1 43C

Air voids of compaction temperatures with the sadetieer are not significantly
different.

3.2.3 The vertically cut specimens

The side-by-side halves were also compared in tefntifferences in air void
contents. One-way and two-way analyses of variafidke air void data measured
from the side-by-side specimens indicated thatifference in the air void content
is not significant at the 5% level for all mixtures
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3.3. Binder viscosity as a function of the compaction temperature

Figure 5 shows the change in viscosity of four a#fpbinders as the test
temperature increases from 116 to A73As expected, the higher test temperature
lead to a decrease in the high temperature vigcobithe binders tested. At 136,
the viscosity of 3% SBS-modified binder was appmtadely 5 times higher than that
of control binder, but mixtures with SBS-modifiedaontrol binders showed almost
the same volumetric properties at the compactiompezature (Figure 4). The reason
might be that the SGC exerts a high level of cortipacenergy. In another study
(Stuart 2000), the results indicated that the SGICoempact specimens to nearly
the same density unless the workability is chardyagtically. However, this trend
was not consistent for mixtures with rubber-modifibinders. Because of the
presence of rubber particles, the viscosity anduarnof the asphalt rubber binder
are considered to affect the compactability ofrthietures.

Table 4. Air voids of horizontally cut specimens

Control (PG 64-22) SBS-modified (PG 76-22)

116 °C 135°C 154 °C 173 °C 116 °C 135°C 154 1C 73 1C

T |62 7.5 8.7 8.3 6.3 7.0 7.6 7.8

M |46| 0|56 0|60 5|59 g|43|g|44|gl|49| g|56] =

5 | 69 8.6 7.7 8.0 6.2 6.4 6.4 7.8
|76 7.8 6.9 6.9 7.2 7.3 7.0 7.0
m |54 g|56|g|st|=|54|g|50]g|50|g|53|gl49|g
5 | 86 8.0 6.9 75 6.7 6.7 7.1 6.8
T |61 5.9 6.3 5.9 45 5.9 5.2 5.2

M |34 gl|38| g|48| g|36|p|26| g |34| |28 g|33|O

g | 63 5.3 6.1 5.7 51 5.0 4.6 53

T |56 5.6 6.3 5.8 4.7 5.4 6.6 5.3

M 133 ol|36lg|(43| gl34| |27 g|31|g|44|ol|33|O

g | 53 5.4 5.7 53 4.5 4.8 6.2 4.6
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Table 4. Continued

10% rubber modified 15% rubber modified

116°C | 135°C| 154°C| 173°q  116°¢  135°C  1549C 73X
T 9.8 8.0 9.5 5.6 11.8 8.0 9.1 6.4
M 8.5 O|68| 0830|833 O 113 0| 85 (0| 80 | O] 41 o
B 10.2 8.4 9.8 5.0 12.5 10.9 10.4 5.3
T 1| 88 9.5 6.5 6.5 10.3 10.9 10.9 5.3
M 7.6 o 8.4 o 4.0 o 4.7 o 9.6 o 9.7 o 10.7 o 2.7 o
B 9.3 9.8 5.8 6.4 11.0 11.4 11.8 4.2
71| 93 6.6 6.4 5.0 10.5 9.5 6.6 3.1
M| 84| 0|50 0|44 5|26 g|l06|0|84|0| 44 | 0|01|[
B 10.6 6.7 6.1 4.5 11.4 10.6 6.0 2.2
T 7.5 6.6 7.7 3.2 7.2 7.3 8.1 29
M 7.1 o 5.3 o 7.0 o 0.6 o 6.2 o 6.3 o 7.9 o 0.1 o
B 8.6 7.2 8.1 25 8.7 8.1 9.2 1.9

T : Top of specimen

O no

M : Middle of speeim

. Air void of top is greater than air void of base
. Air void of top is same as air void of base
: Air void of top is less than air void of base

B : Base of specimen

3.4. Binder properties after short-term aging at compaction temperature

Figure 6 shows the relationship between G*fsiralue at 64C and RTFO aging
temperature for four asphalt binders. The G*&imalue significantly increased as
short-term aging temperature increased from onepéeature to the next
temperature. Since binder properties measuredsrsthdy were too sensitive to the
aging temperature, it was difficult to find anyatbnship between the volumetric
properties of mixture and the properties of thehaipbinder in the mixture at the

compaction temperature.
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4. Summary and conclusions

(1) For the specimens compacted using the SGCdiffierence in the air void

contents as a function of the compaction tempegatwras found to be insignificant
for the control and SBS-modified mixtures. The $pens, for the mixture used in
this study, could have the same volumetric propsréit a very wide range of
compaction temperatures from 116 to AZ3

(2) The air void contents of the mixtures with rakibed binders decreased as
compaction temperature increased from one temperdtuthe next consecutive
temperature. From statistical analysis, it was shtwat the compaction temperature
significantly affected the total air void contenfsthe mixtures.

(3) In general, the specimens of rubberized misturéhich were 3-slice cut
horizontally showed that the air void content af tbp section was less than that of
the base section when the total air void conterst ngkatively high.

(4) The differences in the air void contents of thgecimens which were cut
vertically were not statistically significant regrss of mix type.

(5) Binder properties after subjecting to shorttemging at the compaction
temperature were too sensitive to the aging tenyreraand it can be concluded that
the binder properties are not considered to becassd with the volumetric
properties of the mixtures at the compaction temupees.

(6) It is recommended to conduct another study wittigher rubber percentage than
15% and various crumb rubber sizes, and evaluaentbchanical properties of

rubberized mixtures to correlate with the voluntefroperties of the mixtures at

different compaction temperatures.
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