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Application of Digital Image Processing to 
Quantitative Study of Asphalt Concrete 
Microstructure 

ZHONG QI YUE, WILLIAM BEKKING, AND ISABELLE MORIN 

Asphalt concrete (AC) is a strongly heterogeneous material that consists 
of asphalt cement, voids, fine particles, sand, and coarse aggregates. A 
review of the literature reveals that the investigations of AC have mainly 
concentrated on the macroscopic behavior of the material based on the 
assumption that the mixture is homogeneous. This assumption is mainly 
due to the extreme difficulty associated with the quantitative measure
ments of AC microstructure and the random nature of the aggregate dis
tribution. This paper applies an innovative digital image-processing 
technique to quantify the distribution, orientation, and shape of coarse 
aggregates (2::2 mm) in AC mixtures. Results of the quantitative mea
surements of coarse aggregate distribution and shape in AC mixture are 
then presented and analyzed. The quantitative results of AC microstruc
ture clearly indicate the following findings: (a) the microstructure char
acteristics of coarse aggregates in AC mixtures can pe accurately mea
sured using the digital image-processing technique; (b) the area 
gradation of aggregate cross sections by the Feret diameter gives an 
excellent prediction of the sieve gradation of coarse aggregates (2::2 
mm) used in the design of AC mixtures; (c) the major cross sections of 
coarse aggregate particles have the tendency to lie horizontally in the 
mixtures; and (d) comparison among two laboratory and two field com
paction techniques provides valuable information related to compaction 
quality in terms of favorable aggregate distribution within the mixtures. 

Digital image processing is the term that pertains to converting video 
pictures into a digital form and applying various mathematical pro
cedures to extract significant information from the picture. This 
information may be characteristic of cracks or potholes on a pave
ment surface, the microstructure of cement-based materials, the fab
ric of clay soils, the texture of sea ice, or the angularities and shapes 
of granular materials (J-5). Although digital image processing has 
been widely used in civil engineering in recent years (6), a literature 
survey indicates that the application of digital image processing to 
the quantitative study of microstructure of asphalt concrete (AC) 
mixtures is limited (7). In this paper, an innovative digital image
processing technique is applied to the quantitative study of the AC 
internal structure (called microstructure) defined by the distribution, 
orientation, and shape of coarse aggregate particles in the mixtures. 
Also, a coarse aggregate particle is considered equal to or greater 
than 2 mm in size. Coarse aggregates and their distribution play a 
key role in the stability and bearing capacity of AC mixtures. 

BACKGROUND 

Asphalt concrete is a heterogeneous material that consists of asphalt 
cement, voids, fine particles, sand, and coarse aggregates. These 
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individual materials and components have different physical and 
mechanical properties and behavior. The microstructure of AC mix
tures is influenced by many factors, including quality of asphalt 
cement, aggregate gradation and shape, and quality of compaction. 
It has been well recognized that the microstructure of AC plays a 
significant role in the mechanical properties of AC and in the resis
tance of AC pavements to major distresses including rutting, 
fatigue, thermal cracking, and low-temperature cracking (8-15). 

Realistic characterization of the failure of AC mixtures (in the 
form of plastic deformation, cracking, or both) necessitates consid
eration of the heterogeneous nature (or the microstructure) of the 
materials. Mechanistic models of AC mixtures have concentrated 
mainly on the macroscopic behavior of AC and have been con
structed on the general principles of continuum mechanics (16-19). 
In most of those mechanistic models, the composite material is 
always assumed to be homogeneous and isotropic, and its micro
structure behavior is largely ignored. This assumption could be due 
to the extreme difficulty associated with the quantitative measure
ments of AC microstructure and the random nature of aggregate 
distribution. In particular, the application of fracture mechanics 
concepts to characterize the toughness of AC by ignoring the 
heterogeneity of the material and the existing flaws has had limited 
success (20-24). Practical measurement of the fracture toughness 
K1c and I-integral for AC mixtures was difficult because those para
meters are significantly affected by the material properties near a 
macro-crack tip. Unless the failure mechanism is properly under
stood and analyzed, predictions of the allowable stresses in service 
based on small-'scale laboratory tests cannot be reliable (25). 

Recently, attempts have been made to consider AC mixtures as 
two-phase composites in which the coarse aggregates are embedded 
into the matrix consisting of asphalt cement, fine particles, and sand 
(26,27). The matrix is regarded as a homogeneous and isotropic con
tinuum functioning as the binder of coarse aggregates. Rothenburg 
et al. (26) presented a micromechanical modeling of AC in connec
tion with pavement rutting problems using two-dimensional discrete 
element techniques. The aggregates were treated as elastic elements 
and the binder as linearly viscoelastic material. The microstru.cture 
of aggregate distribution in AC wa_s simulated by numerically solv
ing Newton's equations of motion for individual particles. Sepehr 
et al. (27) performed a finite element structure analysis of AC 
pavements using a fictitious microstructure of an AC layer. 

Furthermore, the effects of different compaction methods on AC 
mixtures have been extensively examined using laboratory testing 
and field trials during the past decades. Consuegra et al. (28) 
demonstrated that the Texas gyratory compactor, among other lab
oratory compaction methods, has the ability to produce AC mix
tures with engineering properties closest to those determined from 
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field cores. Svec and Halim (29) concluded that the asphalt multi
integrated roller (AMIR) compactor can produce more homoge
neous and hairline crack-free AC layers when compared with a con
ventional vibratory roller compactor followed by a rubber tire roller. 
A majority of these findings were based on macroscopic properties 
including specific gravity, indirect tensile strength, and resilient 
modulus of AC mixes. For the same mix design, differences in these 
properties of AC compacted using different methods are mainly due 
to the differences of the mixture's microstructure, in particular, the 
distribution and orientation of coarse aggregates. 

Moreover, the microstructures of conventional hot-mix asphalt 
(HMA), stone mastic asphalt (SMA), and large stone asphalt mixes 
(LSM) are quite different. It was claimed that because of point-to
point contact or interlock of coarse aggregates, or both, SMA and 
LSM have better performance in resisting permanent deformation 
than conventional HMA (14,30). Based on this analysis, two ques
tions arise: (a) Can the differences in the microstructure be quanti
tatively measured for AC mixtures compacted using different meth
ods or with different mix design? (b) What are the relationships 
between the microstructure and the performance of AC mixtures? 

OBJECTIVES AND OUTLINE 

To analyze and model the performance of AC mixtures more accu
rately and reliably, the characteristics of the microstructure have to 
be measured and analyzed precisely. Recent advances in hardware 
and software for digital image processing and analysis are provid
ing a powerful tool for quantitatively analyzing AC microstructure. 
In this· paper, an innovative digital image-processing technique is 
introduced and used to obtain quantitative information about the 
geometric distributions of coarse aggregates and the shape and 
orientation of individual aggregate particles on cross sections of 
AC specimens. Although digital image processing is limited to 
two-dimensional measurements, three-dimensional information 
can be derived from these measurements if a series of layers is 
analyzed. The outline of the paper is as follows: (a) a detailed 
description of the digital image analysis technique used in this 
study, (b) a definition of morphological measurements of AC 
microstructure, (c) a presentation of examples of the applications 
to AC microstructure including the effects of different field and 
laboratory compaction methods, and (d) a summary of the main 
conclusions and recommendations. 
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DIGIT AL IMAGE PROCESSING 

Preparation of Plane Cross Sections 

Field cores or laboratory-prepared AC specimens were cut using a 
circular masonry saw with a diamond-tip blade in multiple vertical 
or horizontal plane cross sections. The circular saw can cut a thin 
layer of about 3-mm thickness from a specimen. Three vertical or 
10 horizontal sections can be obtained from a specimen 100 mm in 
diameter and 50 mm high. AC specimens were conditioned at -2°C 
for hardening purposes. Because the thickness between any two 
cuts is less than 5 mm, liquid epoxy resin was applied at the plane 
surface to prevent detachment of aggregates from the matrix. The 
epoxy resin was applied about 4 hr before cutting to allow it to gain 
adequate strength in accordance with the manufacturer's specifica
tions. Sections were photographed using a camera equipped with a 
zoom lens and a tripod. A fl.ash was not used because of surface 
reflection. A ruler was placed beneath the photographed section for 
scaling and calibration in the digital image processing. ISO 200 
Kodacolor print film was used for developing prints. A conven
tional hot-asphalt mix, referred to as HL4 by the Ministry of Trans
portation of Ontario (MTO), was used in this study. Table 1 illus
trates the aggregate gradation and MTO specification limits of the 
HL4 mix. More details on the HL4 mix can be obtained elsewhere 
(14,24,29). 

Image Digitization 

A Microteck flatbed scanner with Picture Publisher's scanning 
functions was used to convert pictures into digital files that can be 
processed by computer. The AC cross section and the ruler were 
scanned from a picture. The resolution of picture scanning was set 
to the highest practical value to increase the accuracy of measure
ments. Aggregates were easier to identify and could be better dif
ferentiated from the background matrix using a high value of reso
lution. For a black-and-white print and a color picture ( 4 in. X 6 in.), 
300 dots per inch (dpi) and 165 dpi respectively, were used. This 
choice was dictated by the capacity of a 1.4-MB high-density 
diskette used in this study. The image was stored in a file (about 
1.2 MB) with .TIF format as a series of pixels (or points). Each pixel 
has three digital values indicating the X and Y coordinates and grey 
level or color intensity. An example of the digitized image is shown 

TABLE 1 Aggregate Gradation and MTO Specification Limits of HL4 Mix 

Sieve 
Size 
(mm) 
19.0 
16.0 
13.2 
9.50 
4.75 
2.36 
1.18 

0.600 
0.300 
0.150 
0.075 

% Passing by Dry Mass of Aggregates 

MTO lower limit 
100 
98 
83 
62 
40 
27 
16 
8 
4 

. 1 
0 

Sieve Analysis 
100 
98.9 
94.2 
78.7 
51.7 
38.1 
28.3 
20.4 
11.6 
4.4 
2.7 

MTO upper limit 
100 
100 
95 
82 
67 
66 
60 
47 
27 
10 
6 
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in Figure l(a), which shows the horizontal cross section of a 
100-mm-diameter sample of a gyratory compacted HL4 mix. The 
number of gyrations was 250, the applied pressure was 0.6 MPa, 
and the gyratory angle was 1 degree. 

An image-editing software, Picture Publisher (version 4.0), was 
then used to manually outline the boundaries of aggregates on the 
digitized image. A manual technique was used because the image 
analysis software cannot satisfactorily and automatically recognize 

(a) 

(b) 

FIGURE 1 Digitalized images of horizontal cross section of 
gyratory compacted HL4 mix (100 mm in diameter). (a) Original 
image; (b) modified image. 
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whether a pixel is part of an aggregate or the asphalt matrix. The 
automatic recognition of aggregates produced poor results because 
of the slight color differences between aggregates and matrix. 
Using the freehand mask tool in Picture Publisher, the area of every 
aggregate was marked and filled with a contrasting color. Every
thing except the AC section and the ruler was erased. Once all 
aggregates were contoured, the posterize-threshold tool was used 
to reduce the color number to 2. One color represents the aggre
gates and the other represents the matrix. The greyscale of a mod
ified image was transformed into black and white. A modified 
image file of about 0.6 MB was then obtained. In this modified 
image file, pixels of aggregates are turned on, and pixels of the 
matrix are turned off. This separation process required about 30 
min per cross section. 

Image Calculation 

An image analysis statistics software called MOCHA was used to 
calculate the values of morphological parameters of aggregates 
from the modified image file. The ruler was utilized to set up the 
scale of the image for calculation. Two points were selected on the 
ruler and the actual distance was entered. A plane Cartesian coor
dinate system (X, Y) was automatically set up. The origin of the 
coordinate system is located at the lower-left corner of the image. 
The X-axis is along the horizontal direction on the image and the 
Y-axis is along the vertical direction. The calculations were per
formed using the automatic calculations option. The calculated val
ues of the morphological parameters of aggregate cross sections 
were saved in a file with ASCII format. The modified image file was 
saved in either .PCX or .TIF format. Figure l(b) shows an example 
of the modified image in Figure l(a) after using Picture Publisher 
and MOCHA. In this MOCHA image, each aggregate has an iden
tifying number, and the major and minor axes of each aggregate 
cross section are also illustrated. Table 2 presents a sample of the 
calculated results of the aggregate characteristics on the AC cross 
section in Figure 1 (a). The aggregates listed in Table 2 can be eas
ily identified in Figure 1 (b ). The definition of the measurements in 
Table 2 will be given in the next section. All the digital image pro
cessing was performed using a 66-mHz 80486 personal computer. 

DEFINITIONS OF MEASUREMENT 

Measurement of Aggregate Cross Section 

The major axis of an aggregate cross section is defined by the great
est distance between two pixels of the boundary contour. The minor 
axis of an aggregate cross section is defined as the longest line that 
can be drawn perpendicular to the major axis. The following basic 
quantities can be measured automatically for an aggregate cross 
section: (a) perimeter: summation of all pixels forming the bound
ary of an aggregate cross section, (b) area: summation of all pixels 
contained within an aggregate cross section, (c) centroid (Xe.,, Yea): 
X and Y coordinates of the binary center of mass of an aggregate 
cross section, (d) coordinates-major axis ends: (MaX1. MaY1) and 
(MaX2, MaY2), and (e) coordinates-minor axis ends: (MiX1> MiY1) 

and (MiX2• MiY2). 

Using these basic quantities of an aggregate cross section, the 
following parameters can be easily calculated: (a) major (or minor) 
axis length: the distance between the two end points of the major 
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TABLE 2 Selected Results for Basic Measurements of Aggregate Distribution and Geometries on AC Cross 
Section of Figure 1 

No. Perimeter Area Xac 

(mm) (mm2
) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 

8 45.22 123.20 46.71 11.54 52.02 6.59 43.41 17.22 41.21 8.43 51.11 16.30 

19 

43 

61 

66 

79 

26.10 

23.08 

43.46 

28.21 

27.97 

126 32.44 

133 21.66 

41.17 74.73 16.85 74.00 12.64 76.75 20.15 71.25 19.60 78.21 16.67 

28.62 38.47 26.01 40.48 22.35 36.45 29.49 41.40 27.29 36.27 24.73 

88.81 6.96 37.00 5.50 29.67 3.11 44.14 13.55 36.82 2.93 35.17 

33.85 91.77 36.45 87.37 40.30 93.60 32.97 90.12 34.62 94.33 38.10 

36.10 51.29 40.66 49.82 36.63 53.85 44.88 47.99 40.66 53.30 37.73 

60.39 11.36 59.53 12.46 53.49 10.26 64.66 7.33 61.91 13.74 63.38 

26.87 73.09 59.90 74.00 56.42 71.80 63.93 75.47 58.98 71.25 57.52 

136 45.66 102.67 53.12 64.11 45.98 64.11 59.90 62.10 53.12 69.79 51.84 60.08 

173 36.15 77.17 46.53 76.93 43.41 72.35 50.19 81.51 49.27 72.54 41.03 78.21 

(or minor) axis, or (b) Feret diameter: diameter of a fictitious circu
lar aggregate that has the same area as the aggregate, equal to 
(4 areahr) 112

; (c) major axis orientation: angle between the major 
axis and a horizontal line (i.e., the X-axis) on the scanned image; (d) 
shape factor: a measure of how nearly circular an aggregate cross 
section is, equal to 47T area/perimeter2 (a perfect circle and a line 
have a shape factor of 1 and 0, respectively); and (e) compactness: 
an alternative method for assessing the degree of circularity of an 
aggregate cross section, given by perimeter2/area. The compactness 
for a perfect circle is about 12.6 and increases to infinity for a line. 

Statistical Parameters of AC Cross Sections 

Using the measured data of an aggregate cross section, statistical 
parameters can be calculated to show the microstructure character
istics on an AC cross section. Some of these statistical parameters 
are defined as follows: (a) area percentage: percentage of the area 
occupied by aggregates over the total area of an AC cross section, 
(b) centroid of aggregates: the centroid of all aggregates on an AC 
cross section, (c) eccentricity: percentage of the distance of the cen
troid of aggregates to the geometric center of the AC cross section 
over the radius or the width of an AC cross section, and (d) per
centage of moment of inertia: percentage of the summation of the 
moment of inertia of aggregates over the total moment of inertia of 
the AC cross section with respect to the X-axis or the Y-axis. 

Furthermore, the following gradation analysis can be performed 
using the digital data of aggregates on AC cross sections. 

(a) Area gradation by minor axis length, Feret diameter, or 
major axis length: summation of the areas of the aggregates whose 
minor axis lengths, Feret diameters, or major axis lengths are 
between 2 mm and a dimension d (d;::: 2 mm) over the total aggre
gate area, respectively. It is expressed in percentage as a function of 
the dimension d. 

(b) Number (or area) gradation by shape factor: summation of 
the number (or area) of aggregates whose shape factors are between 

0 and a values (0 :5 s :5 1) over the total aggregate number (or 
area). It is expressed in percentage as a function of the value s. 

(c) Number (area or compactness) gradation by orientation: 
summation of the number (area or compactness) of aggregates 
whose major axis orientations are between -90 degrees and an 
angle e (-90 degrees :5 e :5 90 degrees) over the total aggregate 
number (area, or compactness). It is expressed in percentage as a 
function of the angle e. The major axis orientations of aggregates 
are between -90 degrees and 90 degrees. The three dimensions of 
an aggregate cross section, i.e., minor axis length, major axis length, 
and Feret diameter, can be applied to the definition of coarse aggre
gates (d;::: 2 mm) on an AC cross section. 

DIGITAL IMAGE RESULTS AND ANALYSIS 

The preceding described digital image-processing technique will be 
applied to the quantitative study of AC microstructure. Two exam
ples are presented in this paper to show the coarse aggregate distri
bution in AC mixtures. The first example shows the differences of 
coarse aggregate distribution in the horizontal and vertical cross 
sections of an AC mixture. The second example shows the effects 
of different compaction methods on the microstructure characteris
tics of AC mixtures. The HL4 mix wa:s used in both examples. 

Differences Between Horizontal and 
Vertical Cross Sections 

Two gyratory compacted HL4 specimens were used in this analy
sis. One horizontal circular cross section (Figure 1; I 00 mm in 
diameter) and one vertical rectangular cross section (63 mm high 
and 95 mm wide) were obtained from the two specimens. Using the 
digital image:processing technique, the basic measurements were 
calculated for the geometries and distributions of coarse aggregates 
on the two cross sections. There are, respectively, 122, 158, and 173 
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aggregates whose minor axis length, Feret diameter, and major axis 
length are 2:2 mm on the horizontal cross section. There are, respec
tively, 111, 160, and 197 aggregates whose minor axis length, Feret 
diameter, and major axis length are 2:2 mm on the vertical cross 
section. The selection of 2 mm as a minimum dimension in the 
analysis was based on the definition of coarse aggregates in sieve 
analysis. The proportion of area occupied by aggregates on the hor
izontal cross section is 40.57, 42.91, and 43.40 percent under the 
condition that minor axis length, Feret diameter, and major axis 
length, respectively, are 2:2 mm. The proportion of area occupied 
by aggregates on the vertical cross section is 42.35, 45.91, and 47.36 
percent under the same conditions described previously. 

Figure 2(a) shows the area gradation of aggregates by minor or 
major axis lengths or Feret diameter on the horizontal and vertical 
cross sections. The gradation of coarse aggregates using a sieve 
analysis (Table 1) was also plotted in Figure 2(a). Figure 2(a) shows 
that the area gradations by minor and major axis lengths provide the 
upper and lower bounds for the result of sieve analysis, and the area 
gradations by Feret diameter are the closest approximation of the 
sieve analysis. A sieve analysis gradation is determined by the 
lengths of the intermediate and minor principal axes of the particle 
itself, and a digital image gradation is based on planar aggregate 
cross sections with dimensions, depending on the location and ori
entation of the cut surface, that may be greater than or less than the 
partide principal axis lengths. The gradations by shape factor of 
aggregates on the horizontal and vertical cross sections were plot
ted in Figure 2(b) where the Feret diameters are 2:2 mm. Figure 2(b) 
clearly shows that the shape factors of the aggregates on the two 
cross sections are between 0.2 and 0.8. The shape factors of the 
aggregates on the vertical cross section are about 0.2 less than those 
on the horizontal cross section. This result demonstrates that the 
major cross sections of aggregate particles have the tendency to lie 
horizontally. This tendency can also be observed from the differ
ences between the numbers and areas of aggregates whose major or 
minor axis lengths are 2:2 mm on the two cross sections. The dif
ferences, based on major or minor axis lengths, are 51 ( 173 - 122) 
and 86 (197 - 111) for the numbers of aggregate particles on 
the horizontal and vertical cross sections, respectively. The aggre
gate numbers on the two cross sections, based on Feret diameter, 

Area gradation 
100r-~~~~~~~~~~---:z:::::;:;.,------z:~ll=:===---. 

a) 
80 

60 

40 

20 

Ge&eE> by Min.; H. 
Ga&eEJ by Fer.; H. 
~by Maj.; H . 
..... by Min.; V . 
..... by Fer.; V. 
...... by Maj.; V. 
*****Sieve 

10 12 14 16 18 

Dimension d (mm) 
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are almost the same (i.e., 158 and 160). Moreover, the total area of 
the horizontal cross section is 31.2 percent greater than that of the 
vertical cross section. 

Comparison of the gradations by orientation of aggregates on the 
two cross sections in Figure 3 illustrates that the orientations of 
aggregates on the horizontal cross section are more random than 
those on the vertical cross section. There are almost no aggregates 
whose major axes are oriented in the ranges of ( -90°, -80°) and 
(80°, 90°) (i.e., in the nearly vertical direction) on the vertical cross 
section. For a completely random orientation of aggregates, the gra
dation by orientation should be a straight line passing the lower left 
corner and upper right corner in Figure 3. 

Effects of Compaction Methods 

Two laboratory specimens prepared by different compaction tech
niques and two cores recovered from pavement section compacted 
using uniquely different field compaction equipment were analyzed 
in this example. The ·two laboratory specimens of 100 mm in diam
eter and 50 mm in height were compacted using gyratory and 
Marshall compactors. A total of 250 gyrations at a pressure of 
0.6 MPa was used for the gyratory compaction with an angle of 
1 degree, and 100 impact blows were applied using a standard 
Marshall compactor. These unusually high compaction efforts were 
used deliberately to show the effects of the laboratory compaction 
methods under extreme conditions. The two cores of 95 mm in 
diameter and 50 mm in height were recovered from two sections of 
an experimental pavement compacted 4 years ago. One section was 
compacted using the AMIR compactor and the other was com
pacted using a conventional vibratory steel roller followed by a 
rubber-tire roller (29). Six, seven, eight, and seven horizontal cross 
sections were analyzed for the four specimens compacted using 
gyratory, Marshall, AMIR, and roller compactors, respectively (see 
Figure 5). The total number of calculated aggregates on these cross 
sections is 1,009; 1,251; 1, 135; and 1,067 for the specimens com
pacted using gyratory, Marshall, AMIR, and roller compactors, 
respectively. Among them, there are 877; 1,089; 941; and 924 
aggregates whose Feret diameters are 2:2 mm on the cross sections 

Gradation 
100.--~~~~~~~~~~~~~~~-------"4--~ .. 

60 
b) 

Gee&E> Number; H . 
..... Number; V. 

60 Ge&B-£J Area; H. 
..... Area; V. 

40 

20 

Feret dia.a2mm 

0.0 0.3 0.5 0.8 

Shape factor s 
1.0 

FIGURE 2 Image gradations on horizontal (H) and vertical (V) cross sections of gyratory compacted HL4 mixtures. (a) Area 
gradation by dimensions; (b) gradation by shape factors (Feret diameter 2:2 mm). 
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Gradation 
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Gradation 
100.--~~~~~~~~~~~~~~~~~~~...-7-• 

BO 

60 

40 

20 

-90 

b) V. Cross-Section 

~Number 
..... Area 
G&B-e£J Compactness 

-60 -30 0 30 60 90 

Orientation (degree) 

FIGURE 3 Gradation by orientation 0 of aggregates on horizontal (H) and vertical (V) cross sections of gyratory compacted 
HL4 mixtures: Feret diameter 2::2 mm. (a) Horizontal cross section; (b) vertical cross section 

of the four specimens compacted using gyratory, Marshall, AMIR, 
and roller compactors, respectively. 

Figure 4 shows the area gradations by minor axis length, Feret 
diameter, or major axis length of aggregates on the horizontal 
cross sections of the specimens used. The sieve analysis is also 
plotted. The following observations can be made from these three 
figures. 

(a) The area gradations by size (minor or major axis lengths, or 
Feret diameter) follow the same patterns and are very similar for the 
four specimens. 

(b) The area gradations by the minor axis length are a little finer 
than that of a sieve analysis. The area gradations by the Feret diam
eter are the closest approximation to the sieve analysis. The area 

gradations by the major axis length are much coarser than that of a 
sieve analysis. 

(c) The area gradation by the Feret diameter of the Marshall spec
imen is a little finer than that of the gyratory specimen. The area 
gradations by the Feret diameter of the two laboratory specimens 
are finer than those of the two field cores. 

The first observation reflects the fact that the four specimens had 
the same coarse aggregate gradation of the HL4 mix. The second 
observation indicates that the sieve analysis gradation is deter
mined by the lengths of the intermediate and minor principal axes 
of the particle itself. The third observation may be explained by 
aggregate breaking during the Marshall compaction of 100 impact 
blows. 

Area gradation 
100 

Area gradation 
r-~~~~~~~~~~:;::::"!~~~100.--~~~~~~~~~~~-.----::===-'!k 

Area gradation 
100 

a) b) c) 

BO BO 80 

60 60 60 

40 40 40 

..... Gyratory ..... Gyratory ..... Gyratory 
~Marshall ~Marshall ~Marshall 
........_.AMIR ....... AMIR ...... AMIR 
~Roller ~Roller ~Roller 

*****Sieve *****Sieve *****Sieve 

2 4 6 B 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 . 18 

Minor axis length (mm) Feret diameter (mm) Major axis length (mm} 

FIGURE 4 Area gradation by dimensions of HL4 mixtures compacted with gyratory, Marshall, AMIR, or steel roller 
compactors. (a) By minor axis length; (b) by Feret diameter; (c) by major axis length. 
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Area percentage 
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FIGURE 5 Variations of statistical parameters of aggregates on horizontal cross sections of HL4 mixtures compacted with 
gyratory, Marshall, AMIR, or steel roller compactors versus depth of cross sections. (a) Percentage of areas occupied by 
aggregates; (b) eccentricity; (c) percentage of moment of inertia with respect to X axis; (d) percentage of moment of inertia with 
respect to Y axis. 

Figure 5 shows the vertical variations of some statistical para
meters of aggregate distribution on the horizontal cross sections for 
the four specimens. Figure 5(a) shows the vertical variations of per
centage areas occupied by aggregates on the horizontal cross sec
tions. Figure 5(b) shows the vertical variations of eccentricity of 
aggregates on the horizontal cross sections. The vertical variations 
of percentages of moment of inertia with respect to the X and Y axes 
of aggregates on the horizontal cross sections were plotted in Fig
ure 5(c) and (d), respectively. The origin of the X and Y coordinates 
was relocated at the center of the horizontal circular cross sections. 
For the two laboratory specimens, the directions of the X and Y 
coordinates were arbitrarily selected. For the two field specimens, 
the direction of the X-coordinate was along the longitudinal direc
tion of the experimental asphalt pavement. The mean values and 
residuals of the statistical parameters are also presented in Figure 
5(c) and (d). For a completely uniform distribution of aggregates in 
AC mixtures, there should be no vertical variation in the statistical 
parameters such as area percentage and percentages of moments of 
inertia. The moments of inertia with respect to the X and Y axes 
should be the same and the eccentricity should be 0. Keeping this 

hypothesis in mind, Figure 5 shows that the gyratory and AMIR 
specimens have the most homogeneous distribution of coarse 
aggregates. The calculation of the data in Figure 5 was based on the 
criterion that Feret diameter is :::::2 mm. Similar results can be 
obtained if the minor axis length (:2:2 mm) is used as the criterion. 

CONCLUSIONS AND RECOMMENDATIONS 

An innovative digital image-processing technique has been suc
cessfully applied to the quantitative study of AC microstructure. 
In particular, the coarse aggregates and their spatial distribution 
in AC mixtures can be measured and analyzed using the tech
nique described in this paper. The results presented in this paper 
lead to the following preliminary conclusions and recommen
dations. 

1. The area gradation by Feret diameter from digital image 
analysis gives a very good prediction of the gradation of coarse 
aggregates used for the mix. The Feret diameter of 2 mm can 
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be used as the lower limit for the definition of coarse aggregates on 
the plane cross sections of AC mixtures. 

2. The distributions of coarse aggregates on vertical and hori
zontal cross sections are quite different. Aggregate cross sections 
are more nearly circular and more randomly oriented and have 
larger areas on horizontal cross sections than those on vertical cross 
sections of AC mixtures. This difference may contribute to AC 
anisotropic properties. 

3. On the basis of the analysis of four specimens, it may be con
cluded that the gyratory and AMIR compactors can produce more 
uniform distribution of coarse aggregates in AC than the Marshall 
compactor and conventional roller compactors. 

4. These preliminary findings regarding the AC microstructure 
characteristics (i.e., the internal structure of coarse aggregate distri
bution) should be further confirmed by analyzing more AC mixtures 
and specimens using the digital image-processing technique. 

5. The measurements of aggregate distributions should be 
further utilized in the finite element microstructure modeling of AC 
mixtures. 

6. The digital image-processing techniques should be applied to. 
the quantitative study of the microstructure of different AC mixes 
such as SMA and LSM compacted in the laboratory or field. 
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