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'is study evaluated the effects of coarse aggregate angularity (CAA) on the performances of warm mix asphalt (WMA) because
previous studies have predominantly focused on the effects of CAA on the hot mix asphalt (HMA) performances. Five different
CAAs were fabricated using Los Angeles abrasion test, and the digital image processing method was used to identify the CAA. Five
mixes with different combinations of CAA and Sasobit-modified asphalt binder were prepared according to the Marshall mix
design procedure. 'e performances such as the resistance to rutting and thermal cracking, moisture susceptibility, and vol-
umetric characteristics of WMA were evaluated. 'e test results indicated that the CAA value was linearly declined with the
abrasive wearing passes increased. Higher CAA value improved the potential to resistance to rutting ofWMA but was not suitable
to enhance the resistance to thermal cracking of WMA due to sharp corners that caused higher stress concentration. In addition,
WMA was more prone to develop numerous macrocracking, which resulted in lower moisture susceptibility due to higher CAA
value inducing higher air void, VMA, and VCA of WMA.

1. Introduction

Since 1999, warm mix asphalt (WMA) has been served as
a new environment-friendly technology for trying to
substitute the conventional hot mix asphalt (HMA). At
present, compared with the conventional HMA, these
technologies allow for WMA with temperature reductions
of 10 to 50°C. 'e temperature reductions obtained for
WMA have beneficial effects on the environment, since
they are related to less fuel use and reduced emissions for
construction of asphalt mixtures. 'erefore, WMA has
been popularly used worldwide in a variety of applications
[1–3]. However, studies conducted at the National Center
for Asphalt Technology (NCAT) indicated that as the
mixing temperatures are reduced for WMA, the mixtures
show increased tendencies toward rutting and moisture
susceptibility [4–6]. In the production of WMA, the ag-
gregate may not be completely dried due to its lower
temperature. 'erefore, some residual moisture will keep
in aggregates, which can break down asphalt aggregate

bonds, and then the pavements will suffer from premature
deterioration. Additionally, it is generally known that the
aggregate constitutes approximately 95% of asphalt mix-
ture by weight. 'ey comprise the majority of asphalt
mixture volume. Aggregates should be well proportioned to
develop a stable skeleton for asphalt mixture. 'e physical
properties of coarse aggregates, such as particle size, shape,
elongation, orientation, texture surface, and angularity, are
more significant in new generation asphalt mixtures. High
coarse aggregate angularity (CAA) supports better aggre-
gate interlocking and interactions with asphalt binder.
However, previous studies have been focused on the effects
of CAA on the conventional HMA, a very limited works has
explored on the performance of WMA influencing by
CAA. Huang et al. [7] researched the effects of CAA and
asphalt binder on laboratory-measured permanent de-
formation properties of HMA and pointed that coarse
aggregate imaging system (AIMS), uncompacted voids in
coarse aggregate (VCA), and triaxial tests were related to
the CAA and laboratory-measured rutting indices. At
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temperatures close to the asphalt binder’s upper grade
limit, aggregate structures played a critical role in the
rutting resistance of HMA, whereas, at temperatures below
the asphalt binder’s upper grade limit, the stiffness of the
asphalt binder played a more important role in the rutting
resistance of HMA. Leon and Charles [8] studied a method
of evaluating the effect of CAA on HMA performance and
its relationship to the permanent deformation resistance.
'e test results showed there was an increase in the re-
sistance of HMA to permanent deformation with the CAA
value increased. Souza et al. [9] noted the overall effect of
angularity on the mixtures’ resistance to fracture damage
was positive because aggregate blended with higher CAA
value requires more asphalt binder to meet mix design
criteria, which mitigates cracking due to increased vis-
coelastic energy dissipation from the asphalt binder, while
angular particles produce a higher stress concentration
that results in potential cracks. Rao et al. [10] studied the
effects of CAA on the shear strength properties of HMA
and granular base layers in pavements and developed the
new angularity index (AI). It showed the AI value com-
puted for the HMA could be correlated to the angle of
internal friction and thus the shear strength properties of
the HMA. Pan and Tutumluer [11] measured the elongate
and angularity of coarse aggregate using digital image
processing (DIP) method and established the surface
toughness index. Shu et al. [12] found that CAA has
significant effects on the rutting performance of HMA
when the asphalt binder grade is critical to the environ-
ment.'e effect of CAA of less angular coarse aggregate on
the rutting performance of HMA was closely related to the
depth of the mixtures. Wang et al. [13] evaluated the CAA
using DIP method and pointed the roughness factual
dimension and surface parameter could characterize the
CAA. 'e test results presented that the CAA had a good
correlation with aggregate size. 'e CAA became smaller
with the increase of aggregate size. Yuan [14] studied the
CAA influencing on the performances of HMA and suggested
the moisture susceptibility of HMA decreased, but the dy-
namic stability increased with the CAA value increased. Liu
et al. [15] studied the CAA index and recommended two new
CAA indexes, angular index of radius method (IArm) and
angle index of gradient method (IAgm). 'e test results found
the IArm and IAgm had a linear correlation with Iap obtaining
from ASTMD3398-97. Chen et al. [16] measured the CAA of
seven different coarse aggregates and evaluated the effects of
CAA on the performances of HMA.'e test results indicated
the CAA had different influence on the performances of
HMA. Leon and Charles [17] studied the coarse aggregate
type and angularity impacted on permanent deformation of
HMA and pointed the aggregate type as well as CAA had
a significant effect on the permanent deformation and also
that with an increased in CAA, there was an increase in the
resistance of mixes to permanent deformation. Link and Kuo
et al. [18] presented the correlation between the permanent
deformation of HMA and their aggregate geometric irregu-
larities and found the aggregate geometric irregularities had
a strong correlation with the permanent deformation of HMA
using regression analyses.

To this end, most of the relevant studies have focused on
the effects of CAA on the resistance to permanent de-
formation and skid resistance of HMA. However, few re-
searches have examined the role of CAA related to
volumetric characteristics and performances of WMA.

2. Objectives and Experimental Scope

'is study aimed to investigate the effects of CAA on vol-
umetric characteristics and performances of WMA. 'e
experimental scope of this study was the following:

(i) 'e limestone coarse aggregate was abrasive wore
for 0, 250, 500, 750, and 1000 passes using the Los
Angeles abrasion apparatus to obtain five different
CAAs. 'e CAA values were calculated by means of
the DIP method.

(ii) 'e SK-90 was used for base asphalt binder, and
Sasobit-modified asphalt binder was prepared by
the addition of 3% Sasobit into the SK-90 asphalt
binder.

(iii) 'e type of WMA was AC-13F (China Specifica-
tion). Five WMAs with different combinations of
CAA and Sasobit-modified asphalt binder were
prepared according to the Marshall mix design
procedure.

(iv) 'e performances, such as resistance to rutting and
thermal cracking, moisture susceptibility, and vol-
umetric characteristics, such as air void, VMA,
VCA, VFA, Marshall stability, and flow value of
WMA, were evaluated.

(v) 'e performances of WMA related to CAA were
explored through the integrated experimental-
computational approach.

3. Test Materials, Methods, and Mixture Design

3.1. Test Materials. 'e SK-90 asphalt binder used in this
study was obtained from South Korea. Sasobit used as an
organic wax additive could completely be soluble in the
asphalt binder at temperatures above 105°C. It reduced the
temperature at which the mixtures were produced and
compacted and consumes at an application rate of 3% by
mass of SK-90. Sasobit and SK-90 were blended at 120°C
and stirred for 5–10min manually. Physical properties of
Sasobit, SK-90, and Sasobit-modified asphalt binder are
listed in Tables 1 and 2. 'eir properties met the technical
requirements specified by China.

'emineral aggregate used in this study was limestone.
'e nominal maximum size of the coarse aggregate was
16mm. 'e coarse aggregate was sieved and partitioned

Table 1: Physical properties of Sasobit.

Items Specific gravity
(g/cm3) Melting point (°C) 25°C penetration

(0.1mm)
Sasobit 0.953 103 0
Spec. — 98–110 ≤1
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into two size fractions, namely, 9.5 to 16.0mm and 4.75
to 9.5mm. 'e fine aggregate was sieved and partitioned
into 0 to 4.75mm. Filler was limestone powder. Physical
properties of limestone aggregates are presented in Tables 3
and 4 and satisfied with the technical requirements spec-
ified by China.

3.2. Test Methods

3.2.1. Quantification of CAA. Aggregate angularity, which
can be defined herein as themeasurement of the sharpness of
the corners of a particle, has been recognized as a primary
factor influencing on the interlock between aggregates and
performances of asphalt mixtures. But now, there is no
recognized method of measuring CAA in China or other
countries. 'e current methods used in practice have several
limitations: they are laborious, are subjective in nature,
and/or lack a direct relationship with the fundamental pa-
rameters governing performance such as shear strength and
stiffness [19, 20]. However, the testing procedures for CAA
have been well established and are specified by ASTM
standards and AASHTO standards; for example, the ASTM
D5821 and AASHTOTP 61 are used for measuring the CAA,
but they are indirect test methods and yield a single index
not reflecting CAA clearly [21, 22]. Additionally, it is
specified that an attempt should be made to suggest ap-
propriate testing methods that are more objective, scientific,
and reliable to quantify CAA. Recently, the DIP method has
been actively developed to account for the CAA. A number
of DIP techniques, for example, X-ray tomography, laser
profiling, and photogrammetry, have been used. Chandan
et al. [23] researched the texture, angularity, and form of
aggregate particles using DIPmethod and described CAA by
means of a gradient-based method. Maerz and Lusher
[24, 25] tested various shape factors of coarse aggregate
using the DIP method, including principal axis ratios,
roundness, sphericity, and angularity. Mora and Kwan [26],
and Carlos [27] analyzed the particle size and shape of coarse
aggregate using DIP and measured the shape parameters,
including sphericity, shape factor, convexity ratio, and so on.

Fletcher et al. [28, 29] designed a unified computer-
automated system to present the shape of fine and coarse
aggregates. 'e developed system was used to measure
aggregate shape properties for a wide range of fine and
coarse aggregates. Swift [30] involved a comparative analysis
between well-established physically performed measure-
ments for coarse aggregate and an image-based system and
characterized the coarse aggregate angularity using the DIP
method. Hence, the DIP is an approach that the aggregate
images can be obtained and processed though high-solution
computational technique. It provides the capability of quick
and accurate measurement of the characteristics of aggre-
gates, such as shape, elongation, surface texture, and an-
gularity, and also the means for the development of
automated methods for aggregate characteristics analysis.

In this study, the DIP method is employed to measure
the CAA and includes three parts: First, the white and black
images are captured using high-resolution automated digital
camera. Second, the gray images are transformed clearly by
means of gray intensity technology. Finally, after the images
are segmented using threshold, the Image Pro-Plus (IPP)
software is adopted to obtain the geometric parameters,
including perimeter, area, long axis, and short axis of shape
of coarse aggregates; the data were amounts of pixels, and
calculate the CAA value. In addition, in order to quantify the
CAA, the concept of equivalent ellipse is implemented
during the image processing procedure. On basis of the
concept of equivalent ellipse, the CAA is a ratio of convex
perimeter of aggregate particles to perimeter of equivalent
ellipse of aggregate particles. In the hypothesis, the shape of
coarse aggregate is assumed as equivalent ellipse, and the
equivalent ellipse has the same major and minor axes, but
has no angularity, as shown in Figure 1. 'e CAA value can
be expressed as

CAA �
perimeterconvex − perimeterellispse

perimeterellispse
× 100%, (1)

where CAA is the angularity for one single coarse aggregate
(%), perimeterconvex is the convex perimeter for one single
coarse aggregate (pixel), and perimeterellispse is the perimeter
of equivalent ellipse for one single coarse aggregate (pixel).

Based on (1), the CAA value for one single coarse ag-
gregate is evaluated. 'e CAA value for either a circle or an
ellipse will be zero. For angular particles, their CAA values
will be lower than 100. 'erefore, higher CAA value in-
dicates a higher degree of angularity. Actually, the coarse
aggregate should have a well-proportioned used in mixture.
For example, in this study, the ratio of weight of these three
sizes of aggregate inWMAwas 1 : 4 : 4. To get the mean CAA

Table 2: Physical properties of SK-90 and Sasobit modified asphalt binder.

Asphalt binders
25°C

penetration
(0.1mm)

15°C ductility
(cm)

Softening
point (°C)

60°C dynamic
viscosity (Pa·s)

After RTFOT

Mass loss (%) Penetration ratio (%) 10°C ductility
(cm)

SK-90 79 ＞100 52.8 141.2 −0.113 61.3 10.4
Sasobit-modified asphalt
binder 54 ＞100 75.9 953.7 0.198 58.4 5.2

Table 3: Physical properties of limestone.

Size sieve (mm) Apparent specific
gravity (g/cm3)

Bulk specific
gravity (g/cm3)

9.5–16.0 2.852 2.699
4.75–9.5 2.822 2.696
0–4.75 2.662 —
Filler 2.702 —
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value used in the mixture, the CAA value for one single
limestone coarse aggregate is weighted, and then the mean
CAA value can be calculated, as shown in (2):

CAA � ∑
n
i�1 CAAi × areai
∑ni�1 areai

, (2)

where the mean CAA represents whole coarse aggregates
used inmixture (%), the CAA represents the number i coarse
aggregate (%), and areai represents the number i coarse
aggregate (pixel).

3.2.2. Los Angeles Abrasion Test. To obtain the di�erent
CAA value, the di�erent sizes of limestone coarse aggregates
were abrasive wore for 0, 250, 500, 750, and 1000 passes
using the Los Angeles abrasion apparatus according to the
ASTM C131 procedure, respectively [31]. To avoid the
coarse aggregate breakage by steel ball, the steel ball was
removed during the process of abrasive wearing.

3.3. Mixture Design. Due to use Sasobit as organic wax
additive, the mixture was termed as WMA. �e WMA type
was AC-13F, and the target air voids of all the specimens
were 4± 1.0%. �e OAC (optimal asphalt content) of the
WMA was determined in accordance to the Marshall mix
design procedures ASTM D1559 and the resultant OAC was
4.6% [32]. �e gradation and performances of the WMA
specimens met the technical requirements speci�ed by
China, which can be seen in Tables 5 and 6.

To produce consistent specimens for laboratory testing,
the same gradation, OAC, and other testing conditions were
selected for all WMA specimens with di�erent limestone
CAA value.

3.4. Volumetric Characteristics. Eight cylinder specimens
with 101.6mm in diameter and 63.5mm in height com-
pacted with Marshall compactor were fabricated and then
the volumetric characteristics of WMA mixes, such as air
void, VMA (Voids in Mineral Aggregate), VFA (Voids
Filled with Asphalt), VCA (Percent Air Voids in Coarse
Aggregate), Marshall stability, and �ow value, were per-
formed according to the ASTM D2726 and ASTM D1559
[32, 33].

3.5. Mixture Performances
(i) Eight cylinder specimens with 101.6mm in di-

ameter and 63.5mm in height compacted with
Marshall compactor were fabricated for each WMA
conducting the moisture susceptibility of WMA in
accordance with AASHTO T283 [34].

(ii) �ree specimens with 300mm in length, 300mm in
width, and 50mm in depth for each WMA were
prepared for measuring the resistance to rutting of
WMA using the T0719-2011 method speci�ed by
China [35]. �is test is conducted by applying
a smooth solid-steel wheel load on each wheel is
0.7MPa and traveling at a speed of 42± 1 passes/min
on WMA specimens at 60°C test temperature and
measuring the resultant total rutting depth with time
during 60min, and then the ratio of total traveling

Equivalent ellipse

Convex

Particle

REEθ

θ

Rθ

Figure 1: Schematic diagram of particle equivalent ellipse.

Table 5: Gradation of WMA.
Size Sieve
(mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing
ratio (%) 100 95 75 55 40 28 20 15 10 5

Upper
limit (%) 100 100 85 68 50 38 28 20 15 8

Lower
limit (%) 100 90 68 38 24 15 10 7 5 4

Table 4: �e sieving of limestone.

Size sieve (mm)
Passing ratio (%)

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Filler 100.0 100.0 100.0 100.0 100.0 99.9 99.8 99.4 97.6 82.7
0–4.75 100.0 100.0 100.0 94.8 68.8 49.4 36.5 27.8 23.1 17.1
4.75–9.5 100.0 100.0 97.8 25.8 6.7 4.8 4.0 3.7 3.4 2.9
9.5–16.0 100.0 95.6 41.2 7.8 4.2 3.5 3.3 3.1 2.9 2.4

Table 6: Performances of WMA.

Items DS
(passes/mm)

Maximum failure
stress (με)

Residual
stability (%) TSR (%)

Mix 1160 2376 80.80 90.99
Spec. ≥1000 ≥2000 ≥80 ≥75
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passes to minute, called as dynamic stability, is
calculated for re�ecting the resistance to rutting of
WMA.

(iii) �ree specimens with 250mm in length, 30mm in
width, and 35mm in depth for each WMA were
trimmed for testing the resistance to thermal
cracking of WMA through the T0715-2011 method
speci�ed by China [35]. �is test is conducted by
applying a loading on WMA specimens at −10°C
test temperature (the loading rate is 50mm/min)
until the specimen failure. �e maximum failure
stress is calculated for evaluating the resistance to
thermal cracking of WMA.

4. Results and Discussions

4.1. Evaluation of CAA. During the capturing of black and
white images of limestone coarse aggregates, for avoiding the
light in�uencing the image clarity, the “backlight box” device
was developed, which can be seen in Figure 2. �is device
was equipped with bottom light source, top aggregate tray,
and automated digital camera. �ese components give the
system the capability of capturing black and white images of
limestone coarse aggregates, as well as gray images of
limestone coarse aggregate surfaces.

In this section, 13.2mm limestone coarse aggregate with
500 abrasive wearing passes was used as an example to
explain how calculated the CAA value using DIP method.
�e processing steps were the following:

(i) �e limestone coarse aggregates were set in the �fth
row and the �fth line in the tray and �ve coarse
aggregates were displayed in each row and line,
which resulted in twenty-�ve coarse aggregates
totally, as observed in Figure 3(a).

(ii) �e 214× 214 pixels white and black images of ag-
gregates were captured using Nikon digital camera
with 1200 million pixels, as presented in Figure 3(a).

(iii) �e images were processed using gray processing
and image intensity technology, as illustrated in
Figure 3(b).

(iv) �e clear gray images were converted into the bi-
nary images by means of segmentation threshold
method, as seen in Figure 3(c).

(v) �e images were processed by the IPP software,
which numbered each aggregate and the geometric
factors, such as perimeter, area, long axis, short axis
and so on, were obtained, as demonstrated in
Figure 3(d).

(vi) �e total information for 13.2mm limestone coarse
aggregate with 500 abrasive wearing passes was
input into the IPP software, and the CAA value were
calculated automatically, as listed in Table 7

Followed by (2), the mean CAA for 13.2mm limestone
coarse aggregate with 500 abrasive wearing passes was
calculated, and the mean CAA value was 6.433%. Conse-
quently, according to the above method, the mean CAA
value for 13.2mm, 9.5mm, and 4.75mm limestone coarse
aggregates with 0, 250, 500, 750, and 1000 abrasive wearing
passes were evaluated, respectively, as presented in Figure 4.

Figure 4 indicates that the CAA value for 13.2mm,
9.5mm, and 4.75mm limestone coarse aggregates had the
similar tendency related to the abrasive wearing pass. �e
CAA value decreased with the abrasive wearing passes in-
creased and had a linear correlation with their abrasive
wearing passes. �e correlation coe§cients R2 were higher
than 0.930, which demonstrated an increase in abrasive
wearing passes contributing to a reduction in the CAA value.
�e slopes of the regression lines were negative with the
13.2mm, 9.5mm, and 4.75mm limestone coarse aggregates,
which also indicated that increase in abrasive wearing pass
results in decreased in CAA value. �e absolute value of the
slope decreased as the size of coarse aggregate became larger
which illustrated CAA value was less sensitive to the size of
coarse aggregate.�e ranking of CAA value in reduction with
the abrasive wearing pass increased was 4.75mm, followed by
9.5mm and 13.2mm limestone coarse aggregates, which
presented the smaller size coarse aggregate was more prone to
be worn and loss its angularity. Additionally, under the
identical condition of the abrasive wearing passes, the smaller
size coarse aggregate had a higher CAA value due to its higher
speci�c surface area and fractured surfaces with more
crushing. However, once the smaller size coarse aggregate was
subjected to abrasive wearing, it was more prone to lose its
angularity compared to the larger size coarse aggregate.
Figure 5 is an example of partial 4.75mm limestone coarse
aggregate before and after abrasive wearing.

Backlight box

20
 cm

30
 cm

15
 cm

15
 cm

30 cm

50
 cm

Digital camera

Focus line

Light source

Coarse aggregate

Figure 2: �e con�guration of backlight box.
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(a) (b)

(c) (d)

Figure 3: 'e CAA processing steps. (a) Original image of 13.2mm aggregate. (b) Gray image of 13.2mm aggregate. (c) Binary image of
13.2mm aggregate. (d) Number of each 13.2mm aggregate.

Table 7: Quantitative results of CAA.

Number Area Perimeterconvex Perimeterellispse Contour area CAA (%)
13.2mm-1 57961 975.23 908.56 57520.72 7.34
13.2mm-2 57266 927.90 878.43 56836.18 5.63
13.2mm-3 52468 880.24 843.69 52068.85 4.33
13.2mm-4 41857 806.29 773.96 41458.99 4.18
13.2mm-5 57146 971.47 898.94 56702.20 8.07
13.2mm-6 44147 840.44 778.86 43771.14 7.91
13.2mm-7 37663 763.59 713.62 37309.95 7.00
13.2mm-8 50466 840.75 811.95 50077.90 3.55
13.2mm-9 43108 811.00 774.72 42710.42 4.68
13.2mm-10 50610 843.59 805.70 50204.63 4.70
13.2mm-11 35759 739.78 677.90 35413.60 9.13
13.2mm-12 46335 844.28 788.22 45954.89 7.11
13.2mm-13 46514 822.90 801.70 46132.20 2.65
13.2mm-14 33510 737.43 682.71 33180.99 8.01
13.2mm-15 50487 899.28 850.95 50076.28 5.68
13.2mm-16 41720 808.19 753.74 41365.96 7.22
13.2mm-17 45394 802.52 764.28 45023.93 5.00
13.2mm-18 48002 888.09 841.68 47602.06 5.52
13.2mm-19 47407 872.33 833.09 46994.97 4.72
13.2mm-20 44422 805.62 756.95 44039.77 6.43
13.2mm-21 42072 854.49 756.05 41699.60 13.01
13.2mm-22 41514 796.34 749.68 41140.93 6.22
13.2mm-23 45712 842.15 788.87 45330.22 6.75
13.2mm-24 47737 910.47 833.48 47315.84 9.24
13.2mm-25 34337 763.56 698.06 34002.43 9.38
Note: the data in this table were amount of pixels.
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Figure 5(a) presented the 4.75mm limestone coarse
aggregate with 0 abrasive wearing pass had obvious fractured
surface and angularity. However, undergoing 1000 abrasive
wearing passes, the fractured surface and angularity almost
disappeared and the shapes became more and more
spherical, as shown in Figure 5(b). 'e CAA value also
declined from 11.760% to 9.046%.

4.2. Volumetric Characteristics. 'e WMA volumetric
characteristics, such as air void, VMA, VFA, VCA, Marshall
stability, and flow value, were tested, and the relationship
between volumetric characteristics of WMA and CAA were
plotted, as shown in Figure 6.

'e test results showed that the volumetric characteristics
of WMA had strong linear correlation with CAA. 'e lowest
correlation coefficients R2 were 0.858. 'e higher the CAA
value was, the higher the values for VMA, VCA, Marshall
stability, and air void were, but the lower the values for VFA
and flow value were. It was worthy to note that the higher
CAA was easier to form aggregate interlocking, internal

friction, and interactions with asphalt binder and hence
resulted in greater mechanical stability and less deformation
than with lower CAA value. Under the identical condition of
asphalt binder content, the CAA had a significant effect on the
asphalt binder distributing between aggregates.'eCAAwith
higher value providedmore structural asphalt binders and less
free asphalt binders between aggregates than one with lower
CAA value, which contributed to the Marshall stability in
increment and VFA in reduction. Moreover, the higher CAA
had higher compatibility, thus contributing to higher Mar-
shall stability values.

4.3.Resistance toRutting. Figure 7 illustrates the relationship
between resistance to rutting of WMA and CAA. 'e test
results indicated that the resistance to rutting of WMA had
a good linear correlation with the CAA. 'e resistance to
rutting of WMA increased with the CAA value increased.
While the CAA value was 8.362%, which meant the abrasive
wearing pass was 1000 passes, the resistance to rutting of
WMA had the lowest value and declined with 64.3%

0 250 500 750 1000
5

6

7
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9
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12

y = –0.0025x + 11.483

y = –0.0025x + 10.683

y = –0.0018x + 7.309

13.2 mm
9.5 mm
4.75 mm

CA
A

 (%
)

Abrasive wearing pass (r)

R2 = 0.930

R2 = 0.978

R2 = 0.956

Figure 4: 'e CAA value over abrasive wearing pass.

(a) (b)

Figure 5: CAA of partial 4.75mm limestone coarse aggregate before and after abrasive wearing. (a) CAA with 0 abrasive wearing pass. (b)
CAA with 1000 abrasive wearing passes.
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compared with the CAA value 10.866%, which presented the
abrasive wearing pass was 0 pass. It is worthy to note the
higher CAA improved the potential to resistance to rutting
of WMA.

4.4. Resistance to �ermal Cracking. In addition, Figure 8
presents the resistance to thermal cracking of WMA related
to the CAA value. �e test results indicated the resistance to
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Figure 6: Volumetric characteristics of WMA over CAA.
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Figure 7: �e resistance to rutting of WMA over CAA.
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Figure 8: �e resistance to thermal cracking of WMA over CAA.
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thermal cracking of WMA had a good linear correlation
with the CAA value except that the CAA value was
10.866%. In other words, the resistance to thermal cracking
of WMA had the lowest value when the CAA value was
10.866%. It was worthy to note that the higher CAA value
lowered the resistance to thermal cracking due to sharp
corners that caused higher stress concentration. Ignoring
the CAA value was 10.866%, the resistance to thermal
cracking of WMA increased with the CAA value increased
linearly, which indicated that the optimum CAA value
should be recommended while considering the resistance
to thermal cracking of WMA.

4.5. Moisture Susceptibility. Along with the test results
shown in Figures 7 and 8, the moisture susceptibility of
WMA related to CAA is plotted in Figure 9. Figure 9
presents the relationship between TSR and residual Mar-
shall stability of WMA with CAA, respectively.

�e test results indicated the TSR and residual Marshall
stability ofWMAdecreased with the CAA value increased.�e
correlation coe§cients R2 were 0.850 and 0.657, respectively,
which demonstrated the TSR and residual Marshall stability of
WMA had a good linear correlation with CAA. �is phe-
nomenon could be explained that the higher CAA value
produced higher air void, VMA, VCA, and lower VFA, which
contributed to the more sensitivity at the present of water. �e
water was more prone to di�use the interface between asphalt
binder and aggregate with higher CAA value due to higher air
void, VMA, andVCA. After undergoing loading condition, the
location of higher stress concentration a�ected by higher CAA
value was easily to develop numerous macrocracking, which
resulted in lower moisture susceptibility.

4.6. Pearson Value. In this study, the CAA was called the
independent variable and the volumetric characteristics and
performances of WMA, such as VMA, VCA, TSR, and so on
could be called the dependent variables. �e independent
variable (CAA) had a good correlation with dependent
variables (VMA, VCA, TSR, and so on). So the Pearson

product-moment correlation coe§cient was employed to
judge the in�uencing degree of CAA on the di�erent de-
pendent variables. �e Pearson value was between −1 and +1.
�e value close to +1 meant the CAA had a strong positive
in�uencing degree on the dependent variables.�e value close
to −1 demonstrated the CAA had a strong negative in�u-
encing degree on the dependent variables. �us, the Pearson
value between the independent variable (CAA) and de-
pendent variables (VMA, VCA, TSR, and so on) were cal-
culated and analyzed [36], as seen in Tables 8 and 9.

Table 8 indicates that the ranking of Person correlation
coe§cient was VMA, followed by air void, Marshall stability,
and VCA, which presented the VMA was strongly a�ected by
the CAA. However, the Pearson correlation coe§cient for
�ow value andVFAwas −0.971 and −0.967 that was very close
to −1. �e absolute Pearson value for �ow value was higher
than the one for VFA, which indicated the CAA in�uenced
the �ow value more heavily compared with the VFA.

Form Table 9, it could be found that the CAA value
and the resistance to rutting and thermal cracking of
WMA had a strong proportional relation, respectively,
because the Pearson correlation coe§cient was 0.940 and
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Figure 9: �e moisture sensitivity of WMA over CAA.

Table 8: Pearson correlation coe§cients between volumetric
characteristics and CAA.

Volumetric
characteristics

Air
void VMA VFA VCA MS FL

Pearson correlation
coe§cient 0.979 0.982 −0.967 0.945 0.967 −0.971

Table 9: Pearson correlation coe§cients between performances
and CAA.

Performance Resistance
to rutting

Resistance to
rutting and

thermal cracking

Moisture
susceptibility

Pearson
correlation
coe§cient

0.940 0.990 −0.942
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0.990 which was very close to +1. However, the CAA
value and moisture susceptibility of WMA had strong
inverse proportional relationship for the Pearson cor-
relation coefficient of −0.942.

5. Conclusions

'is study investigated the effect of CAA on performances of
WMA through experimental tests. Based on this study, the
following summary and conclusions could be made:

(i) 'e DIP approach could be used to characterize the
CAA. 'e limestone CAA value decreased as the
abrasive wearing passes increased and the CAA had
a good linear correlation with the abrasive wearing
passes. Smaller size coarse aggregate had a higher
CAA value due to more crushing, but once it was
worn, it was more prone to loss its angularity
compared to the larger size coarse aggregate.

(ii) CAA value had a significant effect on the volumetric
characteristics, such as air void, VFA, VCA, VMA,
flow value, and Marshall stability, of WMA. Except
VFA and flow value, the air void, VMA, VCA, and
Marshall stability of WMA increased with the CAA
value increased, which indicated the higher CAA
value with more fractures and specific surface areas
contributing for better stone-stone skeleton.

(iii) CAA also affected the performances, such as re-
sistance to rutting and thermal cracking, moisture
susceptibility, of WMA. Higher CAA value im-
proved the potential to resistance to rutting of
WMA. However, the higher CAA value was not
suitable to enhance the resistance to thermal
cracking of WMA due to sharp corners that caused
higher stress concentration. Besides, the higher
CAA value negatively influenced the moisture
susceptibility of WMA. WMA was more prone to
develop numerous macrocracking, which resulted
in lower moisture sensitivity with higher CAA value
inducing higher air void, VCA, and VMA.

(iv) 'e Pearson product-moment correlation co-
efficient was employed to judge the correlation
between the independent variable (CAA) and de-
pendent variables (VMA, VCA, TSR, and so on).
'e CAA value had a strong effect on the VMA and
the resistance to thermal cracking of WMA due to
their Person values was very close to +1. Also, the
CAA value had a strong inverse effect on the flow
value and the moisture susceptibility of WMA for
their Pearson values was very close to −1.

(v) 'e relationships between CAA value and perfor-
mances of WMA could be used to develop speci-
fications for the selection of aggregates that would
improve the mixture performances. Meanwhile,
other coarse aggregate properties such as surface
texture, hardness, affinity for asphalt cement, and so
on must also be taken into account for evaluating
the mixture performances.
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