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a b s t r a c t

Water transport in dense-graded asphalt mixtures (DGAMs) is one significant topic for an in-depth study
of water damage in asphalt pavements. The X-ray computed tomography (X-ray CT) helps researchers to
understand the internal structure of DGAMs and restructure it for numerical simulations of water trans-
port in DGAMs. This review discusses the difference between the internal structure of DGAMs’ specimens
by laboratory compactions, which include the Superpave gyratory compactor (SGC), the linear kneading
compactor (LKC), the Marshall compactor and the vibratory compactor, and field cores and clarifies the
purpose of a laboratory compaction. And then the review describes gaseous and liquid water transport
in DGAMs, the permeability of three transport media, asphalt mixtures, asphalt mastic and pure asphalt.
Numerical simulations of DGAMs are also discussed in the review and confronted problems are set forth
that involve the dividing of the gray threshold in X-ray CT images, the restructuring of the 3D model of
DGAMs, the permeability of asphalt mastic in this model and the truncation criterion of a water transport
process. Future work on water transport in DGAMs is recommended in the end of the review.

� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Water damage, such as raveling, stripping and potholes, is an
important type of distresses in asphalt pavements. To date, many
simple testing methods have been used to investigate the effect
of water on DGAMs. These methods are commonly to compare
the properties of loose or compacted asphalt mixtures before and
after wetting through subjective assessments (such as rolling bot-
tle method, boiling water test, static immersion test and etc.) and
objective assessments (such as indirect tensile test, stability testing
and etc.). A detailed review about this is provided by S. Caro et al.
[1,2]. Many methods of this type are simple and easy to operate
and have a short testing time so that they become standard tests
of ASSTHO, CEN and China national standard (CNS). However, the
degree and direction of water transport inside DGAMs are not in
consideration but a key to optimize the design of DGAMs in the
pavement engineering. So, it is far away from understanding a real
process that water impacts asphalt mixtures.

Water transport in asphalt mixtures is an important topic in
thorough studies of water damage in asphalt pavements. As
open-graded asphalt mixtures (OGAMs) have higher intercon-
nected air voids, their water transport is relative simple to be ana-
lyzed. Moreover, the Delft University of Technology has developed
a professional finite element tool to simulate the process of water
transport and water damage for OGAMs. However, it is difficult to
survey water transport for DGAMs because of two major difficul-
ties: 1) the real internal structures of DGAMs are hard to be
obtained and 2) water transport inside DGAMs is far complex than
OGAMs.

The introduction of X-ray computed tomography (CT) brought
great changes for it. X-ray CT is a useful tool to investigate asphalt
mixtures for the microstructure and performance. The first change
by X-ray CT is that the internal structure in DGAMs can be recog-
nized, which include the distribution of air voids and aggregates.
On this aspect, many studies have been conducted [3–15]. In gen-
eral, the homogeneity of aggregates’ distribution in DGAMs is far
better than that of air voids distribution. The second one is that
the internal structure of a DGAM is restructured in three dimen-
sions (3D). This restructured 3D structure still has some deficien-
cies because of a resolution of X-ray CT and compaction methods
[3,11,16–18]. The major deficiency is how fine asphalt mixture
(FAM, also called asphalt mastic) and asphalt film exist in the
restructured 3D structure [19]. The third is an indirect but impor-
tant one that a numerical simulation of water transport is con-
ducted in this restructured 3D structure. Gaseous or liquid water
transport in DGAMs is studied by three different levels or transport
media, asphalt mixtures, asphalt mastic and pure asphalt [20–30].
And the numerical simulation of water transport in DGAMs has
been well-developed [6,24,31–33] using the lattice Boltzmann
method (LBM) and the traditional computational fluid dynamics

methods (CFDMs). Thus, X-ray CT allows us to analyze the internal
structure of asphalt mixtures in a visual way and the numerical
simulation visualizes water transport inside the opaque DGAM.

Water damage in DGAMs is an important topic after studying
water transport but out of the scope of this paper. This review
focuses on water transport in DGAMs and its visualized numerical
simulation, as following:

� the differences of the internal structure in DGAMs brought by
different laboratory and field compactions,

� modes of water transport in DGAMS, permeability of asphalt
mixtures, asphalt mastic and pure asphalt and its major influ-
encing factors, and

� numerical simulation methods of water transport in DGAMs
and their comparison.

2. X-ray CT and the image processing technology

X-ray CT is a non-destructive technique to obtain 3D geometry
information of opaque solid objects with the digital image technol-
ogy. Table 1 lists parts of used X-ray CT systems and Fig. 1 shows
medical and industrial X-ray CT systems (Fig. 1a and b) as well
as a scanning process (Fig. 1c). When X-ray passes through one
asphalt mixture specimen, its intensity attenuates and this attenu-
ation varies as the specimen’s density changes (maximum attenu-
ation for aggregates, smaller attenuation for asphalts and no
attenuation for air voids). And then the distribution of the linear
attenuation coefficient for an asphalt mixture specimen is gained
and quantified to form a 256 gray-level digital image of one slice
through a 360� full rotation (perpendicular to the X-ray plane) of
one specimen. After a scanning process, one specimen should be
vertically shifted by a fixed distance (a vertical interval (VI) or a
slice thickness) until the entire specimen is scanned. Commonly,
X-ray CT can identify a very small density difference (1%) between
materials. Frequently-used scanning patterns have a horizontal
scanning (HS) [10] and a vertical scanning (VS) [8].

After that, the image processing technology is used to identify
coarse aggregates, FAM and air voids and then restructures a 3D
structure of an asphalt mixture specimen. The identification of
FAM is because only aggregates, of which the diameter is obviously
lager than the resolution of X-ray CT, can be accurately identified.
Fig. 2 shows scanning images of pure asphalt (Fig. 2a), aggregates
(Fig. 2b) passing through 0.3 mm sieve, 0.6 mm sieve and
4.75 mm sieve, and the interfaces (Fig. 2c, red line) between aggre-
gates passing through 0.3 mm sieve and 0.6 mm sieve. This reflects
that FAM is a mixture consisting of fine aggregates, asphalt and air
voids. The image processing technology still faces two major diffi-
culties: 1) the separate-away of closely adjacent aggregates and 2)
the extracting of aggregates from one poor-contrast scanning

Table 1
Parts of used X-ray CT systems.

Researchers X-ray CT systems CT types Image processing
method/tool

Scanning ways

Jiang et al. [34] Picker PQ5000 Medical Threshold method HS; VI: 2 mm; Image size: 512 � 512; Sampling resolution:
about 0.2 mm

Kapitany et al. [36] Siemens Somatom Emotion 16 Medical Fourier transformation
method

HS; VI: 1.2 mm; Image size: 512 � 512; Sampling resolution:
0.4883 mm

Xu [37] phoenix v|tome|x m Industrial VG Studio Max HS; VI: 0.064 mm; Sampling resolution: 0.015 mm
Apeagyei et al. [29] VENLO H-350/225 Industrial ImageJ HS; VI: 1 mm; Device resolution: 0.083 mm
Su et al. [38] General Electric Lightspeed�

VCT 64
Medical ImageJ HS; VI: 0.625 mm; Device resolution: 0.625 mm

Wang et al. [39] BT-500 Industrial CT Industrial Image Pro-Plus HS; Device resolution: 0.05 mm
Masad et al. [40] ACTIS 600/420 Industrial Image Tool 1997 HS; VI: 0.8 mm
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