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ABSTRACT

Porous asphalt (PA) pavement suffers from the early-stage raveling problem, which hinders the wide
application of this sustainable technology. Several promising attempts have been made to restore the
durability of PA wearing courses by using surface treatment (ST) emulsions. However, the working mech-
anism of the ST emulsion is still unclear. Therefore, this study aims to investigate the penetration behav-
ior of the ST emulsion in damaged PA. X-ray CT scanning was performed to monitor the changes in the
pore microstructure of PA specimens under three selected ST conditions. The spatial distribution of ST
emulsion residue was back-calculated and 3D visualized through image analysis. The coating efficiencies
and thickness distributions of ST emulsions were quantitatively estimated to characterize their penetra-
tion status. The analysis results showed that the distribution of ST emulsions in damaged PA presents gra-
dient characteristics with a deepest penetration depth of around 20 mm. The ST application reshaped the
interconnected-pore microstructure. The PA specimen treated by ST emulsion with best coating effi-
ciency and thickest coating film showed the best performance recovery among the three ST conditions.
The outcomes of this study are expected to help optimize the performance of the ST technology for PA,
thus contributing to more durable PA pavements.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Porous asphalt (PA), an open-graded asphalt mixture with large
air void content, has been widely used as a multi-functional and
environmental-friendly road surfacing material in high-density
cities, like Hong Kong [1]. The high air void content of PA could
provide attractive functions, such as noise reduction [2], excellent
skid-resistance [3], rapid water drainage [4], and alleviated urban
heat island effect [5]. However, the high air void content also
weakens the bearing capacity of the open-graded material struc-
ture [6], accelerates the oxidative aging of binder and deterioration
of aggregate-binder interface due to moisture diffusion [7,8].
Therefore, compared with conventional dense-graded asphalt mix-
ture, PA usually has shorter service life because of its early raveling
distress, which refers to the dislodgement of aggregate particles
starting from the pavement surface [9]. The loose aggregates due
to raveling not only deteriorate PA but also pose a potential risk
to driving safety.

To minimize PA’s premature raveling problem, pavement engi-
neers have made considerable efforts, such as using more asphalt
binder [10], hydrated lime [11], anti-stripping additives or fibers
[12], and innovative binders [13]. According to Japanese experi-
ences, a special polymer modified asphalt containing 9% styrene-
butadienestyrene (SBS) with very high 60 °C viscosity can greatly
extend the service life of the PA wearing course [14]. Recently,
the high-viscosity binder with a Superpave performance grade of
82-22 (PG82-22) has been introduced to Hong Kong to improve
the durability of PA wearing course [15]. A trial pavement section
adopting both asphalt rubber (AR) and chemically recycled waste
polyethylene terephthalate (PET) as the adhesion promotor has
also been successfully built in Hong Kong to improve the longevity
of PA [16]. Moreover, resin-based asphalt binder modifiers, such as
the polyurethane (PU) and epoxy, have been investigated and
applied to further improve the mechanical performance and
broaden the application of PA [17,18,19,20]. Despite the successful
application of different technologies, raveling can hardly be elimi-
nated, and it is still the major distress which limits the service life
of PA wearing course.

In addition to improving the PA material itself, adopting appro-
priate preventive maintenance strategies could also be an effective
solution to improve the long-term performance of PA wearing
course considering both economic and environmental interests
[21]. For conventional asphalt pavement, there are many mature
preventive maintenance methods being used for several decades
[22], but very few preventive maintenance methods are available
for PA wearing course. One potential reason is that the preventive
maintenance technologies for dense-graded asphalt pavement
(e.g., fog seal, chip seal, and micro-surfacing) may help improve
the durability of PA, but at the same time they will also compro-
mise its functional performance, which is unacceptable. In 2010,
the Dutch Ministry of Infrastructure and Environment started a
feasibility study on preventive maintenance of PA wearing course
by spraying the surface treatment (ST) emulsions [23]. It was ver-
ified that the ST emulsion could improve the raveling resistance of
the in-service PA pavement without clogging voids. Zhang et al
[24,25] further evaluated the effects of the extra bio-based and
petrol-based rejuvenators in the ST emulsion on the performance
recovery of the artificially aged asphalt mortar, by assuming that
rejuvenators may diffuse into and soften the aged binder. Xu
et al [26] investigated the recovery efficiency of four different reju-
venating materials and the more effective rejuvenator was identi-
fied by raveling resistance evaluation. However, despite the
positive outcomes of the studies and applications of ST emulsion
for PA wearing course, most of these outcomes are based on
macroscopic laboratory tests and empirical field trials, while the
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fundamental studies on the interaction mechanism between the
ST emulsion and PA are still very limited.

To understand such a mechanism, it is important to know how
the emulsion penetrates the pore structure and how the ST emul-
sion residue is distributed spatially in damaged PA. ST emulsions
are liquids with certain viscosities during the penetration stage.
Several studies have been conducted to characterize the clogging
[27] or water flow [28] of PA at the micro-scale using the image
analysis approach, which are solid particle and pure water penetra-
tion process, respectively. For the interaction between the ST emul-
sion and PA, it is expected that the additional emulsion residue
may fill some micro-cracks and thicken the aged asphalt binder
film, but no quantitative evidence is available. To fill this gap, this
study aims to: 1) morphologically characterize the 3D microscopic
pore structure of the PA under different ST conditions through
image analysis; 2) back-calculate the 3D spatial distribution of
the ST emulsion residue within the damaged PA; and 3) quantita-
tively estimate the penetration status of the ST emulsion by the
newly proposed micro-scale indexes.

2. Materials and methodology
2.1. Laboratory testing program

2.1.1. Materials and mixture design

An open-graded asphalt mixture with a nominal maximum
aggregate size (NMAS) of 13.2 mm, named PA-13, was selected
for this study. The aggregates used were granite and the asphalt
binder was SBS modified asphalt binder with a Superpave perfor-
mance grade of 76-16 (PG76-16). Besides, the hydrated lime with
a content of 1.5% by weight of aggregate was added to improve
the moisture resistance of PA-13. The optimum asphalt content
was determined to be 3.9% by weight of the asphalt mixture and
the target air void content was 23 + 0.5% in accordance with the
Chinese standard JTG/T 3350-03-2020 [29]. The detailed gradation
and volumetric information are shown in Table 1. A cationic slow-
setting (CSS-1) type asphalt emulsion was selected to be the ST
emulsion. Based on the preliminary test results, three ST condi-
tions with different emulsion application rates and solid contents
were considered in this study, as shown in Table 2. The solid con-
tent refers to the weight of asphalt residue to the total weight of
the asphalt emulsion before evaporation.

2.1.2. Specimen precondition and ST application

All PA specimens were subjected to aging and environmental
conditioning to create internal micro-damages. The aging condi-
tion was set to be oven aging for the loose mix (Fig. 1(a)) at
135 °C for 8 h following the procedures developed by Modified

Table 1
Mix design information of the PA-13.

Sieve size (mm) Passing percentage (%)

Upper limit  Target gradation  Lower limit
16 100 100 100
13.2 100 92.6 90
9.5 71 67.0 40
4.75 30 14.5 10
2.36 20 11.7 9
1.18 17 8.6 7
0.6 14 6.5 6
03 12 5.1 5
0.15 9 4.2 4
0.075 6 32 3
Binder content (%) 3.9%
Target air void content (%) 23.0 + 0.5
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Table 2
Basic properties of the ST emulsion.
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Specimen ID Application rate (kg/m?) Solid content (%)

Evaporated residue

Penetration (25 °C, 0.1 mm) Softening point (°C) Ductility
(5 °C, cm)
ST 0.4-60% 0.4 60% 60 64 50
ST 0.6-60% 0.6 60%
ST 0.6-40% 0.6 40%

Fig. 1. Laboratory testing procedures: (a) loose mix aging; (b) F-T cycling; (c) damaged SGC specimen; (d) spraying of the ST emulsion; (e) XCT scanning.

Asphalt Research Center in Wisconsin [30]. Then, the aged loose
mix was compacted into cylindrical PA specimens with a diameter
of 100 mm and a height of 60 mm by the Superpave Gyratory Com-
pactor (SGC). After that, the compacted specimens went through
three cycles of Freeze-Thaw (F-T) (Fig. 1(b)) according to AASHTO
T283 [31]. Finally, three damaged PA specimens (Fig. 1(c)) were
selected for the X-ray computed tomography (XCT) scanning
(Fig. 1(e)) before and after ST (Fig. 1(d)) with a curing time of 7 days
at room temperature.

2.1.3. Performance verification

The effects of different ST conditions on the performance recov-
ery of the damaged PA were evaluated by the Cantabro Abrasion
test [32]. In addition, the permeability coefficients of the damaged
PA before and after ST were also measured by a constant head per-
meameter. Three replicates were prepared for each ST condition.
The mass loss ratio and permeability coefficient (K,) were calcu-
lated by Eqs. (1) and (2), respectively. Table 3 presents the detailed
test results for different ST application scenarios. The PA specimens
with an emulsion application rate of 0.6 kg/m? and solid content of
60% provided the highest recovery efficiency. Its permeability coef-
ficient was lower than that of the control material, but still higher

Table 3
Performance of the damaged PA before and after different ST application scenarios.

Specimen ID Mass loss ratio (%) Permeability

coefficient (mm/s)

Mean Std Mean Std
Control 31.2 2 1.50 0.01
ST 0.4-60% 28.7 4.1 - -
ST 0.6-60% 17.4 0.7 0.72 0.01
ST 0.6-40% 323 2.1 - -

than the lower limit of 0.5 mm/s for PA as standardized in EN
12697-19 [33].

Mass loss ratio:%x 100% )
1
4%xQ,xL
K,=—/"—=""= 2
" hxmD? xt @

where m; = the original mass of the tested specimen, g; m, = the
mass of the tested specimen after abrasion, g; Q, = the volume of
water that was drained during the test period, mm?; L = the thick-
ness of the specimen, mm; D = the diameter of the specimen, mm;
h = water head, mm; and ¢ = testing period, s.

2.2. Image acquisition and analysis methods

Cross-sectional images of the damaged PA before and after dif-
ferent ST conditions were acquired by an X-ray computed tomog-
raphy (CT) scanning system of Phoenix v |tome |xs. Table 4
presents the detailed scanning parameters. The horizontal resolu-
tions of different specimens ranged from 0.061 to 0.067 mm/pixel,
which could be explained by the slight absorbance variance. The CT
slices are 8-bit grayscale images with 256 levels of intensity, which
reflect the densities of objects inside the specimen.

2.2.1. Air void identification and morphological analysis

As can be seen in Fig. 2(a) and 2(b), the air void in each CT slice
can be separated from the aggregates and asphalt mortar using the
image processing methods of enhancement, filtering and thresh-
olding. The white region of the binary image shown in Fig. 2(b)
represents the air void of one PA specimen cross-section. Then,
the volume, size, and number of air voids in the PA specimen were
statistically analyzed considering different ST conditions and scan-
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Table 4
Summary of the XCT scanning parameters.
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Specimen ID Scanning timing Voltage (kV)

X-ray tube current (mA) Resolution (mm)/pixel)

Vertical Horizontal
ST 0.4-60% Before ST 190 110 0.1 0.067
After ST 0.061
ST 0.6-60% Before ST 0.067
After ST 0.061
ST 0.6-40% Before ST 0.065
After ST 0.061

ning timings. The air voids inside PA can be divided into two types:
interconnected air voids and closed air voids [34], which have dif-
ferent effects on the flow path of the ST emulsion. Thus, it is impor-
tant to differentiate the two types of air voids. A series of MATLAB
codes were programmed to analyze the interconnectivity of binary
images from top to bottom in the vertical direction. As Fig. 2(c)
illustrates, a top-down processing program followed by a
bottom-up processing was used to distinguish the interconnected
air voids from the closed air voids [35]. Each white region in two
consecutive CT images was compared starting with the top surface
image. If they continuously overlapped from top to bottom, they
would be labeled as candidate interconnected air voids. The proce-
dure was then repeated, starting from the bottom surface image, to
rule out the closed air voids with a downward dead-end. Finally,
the interconnected pores and the closed air voids could be success-
fully identified. The reconstructed 3D models of both types of air
voids are shown in Fig. 2(d) and (e), respectively.

Two indexes, namely interconnected factor (F;) and tortuosity
(T), were used to quantify the interconnectivity of the PA’s pore-
structure. As Eq. (3) shows, F; is defined as the ratio of the intercon-
nected air voids to the total air voids, representing the drainage
efficiency of the pores in PA. As Eq. (4) shows, T is calculated by
dividing the actual length of the flow path by the shortest distance
between the two ends of the interconnected porous structure. A
larger T value indicates that the movement of the fluid through
the interconnected pores is more difficult.

_Pbi

Fi =P, X 100 3)
_Le

T=7 4)

‘ Median filter ‘ |

Image
enhancement

processing

(©

¥kt

i Bottom-up image Top-down image s }
processing

where P; = the voxel number of the interconnected air void; P; = the
voxel number of all air voids in the specimen; L. = the distance
between the centroids of two interconnected air voids from two tar-
get images, mm; and L = the shortest distance between the two
images, mm.

2.2.2. Back-calculation of the ST emulsion residue

It is assumed that the volume of the ST emulsion residue is
equal to the volume of the reduced air void regions in PA. Based
on this assumption, the ST emulsion residue was back-calculated
using a set of customized MATLAB codes. The corresponding CT
images of PA before and after ST were determined by feature
matching. As Fig. 3(a) and (b) illustrate, the original binary images
were resized to the same resolution and the center of both circular
cross-sections were relocated to the same position. Following that,
a rotation operation was performed on the binary images of the
treated PA specimen. It should be noted that the rotated angle
and center position should be calculated backward by maximizing
the overlap between the white areas of the corresponding binary
images before and after ST. Finally, through image subtraction,
the ST emulsion residue could be successfully identified as shown
in Fig. 3(c). The gold area represents the ST emulsion residue, the
black area represents the air voids after ST, and the gray area rep-
resents the coarse aggregates and mortar in PA specimen.

2.2.3. Film thickness and coating area of the ST emulsion residue

All the ST emulsion residue in the cross-sectional images from
the top surface to the bottom were highlighted and labeled. The
ST emulsion residues are randomly dispersed over the surface of
the aged mortar, as illustrated in Fig. 4(a), but not all of them are
fully coated. To quantify the coating efficiency of the ST emulsion

Image
: binaryzation

Interconnectivity
Calculation

All air void

Fig. 2. Procedures for air void identification from the CT slices: (a) pro-processing; (b) binary image; (c) interconnectivity analysis; (d) interconnected air void and (e) closed

air void.
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Air void after ST
application

ST emulsion
residue

Image
subtraction

(©)
Coarse aggregates
and mortar

Fig. 3. Images of: (a) air voids before ST; (b) air voids after ST; and (c) ST emulsion residue.

residue, a new index called the percentage of coating area (P.) was
proposed and calculated by Eq. (5). For each CT slice, it is defined as
the ratio of the coated boundary length to the total boundary
length of the air voids before ST. As Fig. 4(b) illustrates, the coated
boundary was marked in red, which is the shared boundary
between the aggregates or mortar (gray area) and the ST emulsion
residue (gold area).

Besides, as can be seen in Fig. 4(a), the shapes of the emulsion
droplets are complicated, and the thickness values of the coating
layer on the aged mortar vary. Therefore, the coating film thick-
ness was calculated to quantify the spatial distribution of the
ST emulsion residue. A similar approach has been implemented
to effectively investigate the meso-structure of the asphalt mortar
[36]. A series of image-related MATLAB algorithms were imple-
mented to collect the coating film thickness, as shown in Fig. 4
(c) and (d). The binary images of the ST emulsion residue were
first prepared. Then, the centre line of each emulsion droplet
was extracted. After that, a distance transformation was applied

Marking the
coated
; bounda

(©)

centre line

on the centre line to calculate the shortest distance between
the centre line pixels to the boundary of the corresponding dro-
plet. As shown on the right side of Fig. 4(d), the centre lines were
assigned with different grayscales to represent different distance
values, with darker indicating shorter distance. Finally, the coat-
ing film thickness was determined as twice the shortest distance.
For each CT slice, thousands of coating film thickness values were
collected from different centre line pixels. Two parameters,
namely the mean value (T;) and standard deviation (SD.), were
introduced to characterize the distribution of the coating film
thickness.

x:inLi
P = Z;;;L; x 100 (5)

i=1"a

where n = number of CT slices;'Li = length of the coated boundary
for number i image, mm; and L = boundary length of the air voids
before the ST condition for number i image, mm.

Un-coated boundary

Coated boundary

Distance
ransformation

(d)

Fig. 4. Calculation methods for the coating area and film thickness of the ST emulsion residue: (a) RGB image; (b) coated boundary; (c) binary image of the ST emulsion

residue; and (d) thickness counting.
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3. Results and discussions
3.1. Air void reduction in the depth direction

The addition of ST emulsions occupies certain portion of the air
voids. The air void content of each CT slice is equal to the area pro-
portion of the white area to the total cross-sectional area. Fig. 5
illustrates the air void content of PA before and after ST as well
as the decreased air void content induced by the ST emulsion resi-
due. The vertical volume distribution of the air void in PA before
and after ST are both in bathtub shape, which is consistent with
the findings of the previous study [37]. Fig. 5 also shows that the
distribution of the ST emulsion residue in PA has a vertical gradient
profile, with more accumulating near the top of the specimen. The
black lines immediately surged around the bottom in Fig. 5(b) and
(c), suggesting that only a tiny proportion of the ST emulsion could
travel through the interconnected flow path, and it is still reason-
able to deduce that majority of the ST emulsion has limited pene-
tration depth. As shown in Fig. 5(b), the majority of the ST
emulsion could penetrate approximately 20 mm, but for the other
two ST conditions (Fig. 5(a) and (c)), the ST emulsion could only
penetrate nearly 10 mm.

In Fig. 5, the absolute values of the air void reduction are quite
small and may relate to the value of the total air void content. So,
the percentage reduction in air voids (P,,) was also calculated using
Equation (6) to further characterize the air void decreasing pat-
terns for different ST conditions. P,, is defined as the ratio of the
reduced air void content to the total air void content without ST.
Fig. 6 shows the P,, of the PA specimens subjected to different ST
conditions with a depth interval of 5 mm. P,, is larger than 5%

Air void content

Air void content
30%
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when the penetration depth is less than 25 mm for ST 0.6-60% con-
dition, but only 10 mm for ST 0.6-40% condition and 5 mm for ST
0.4-60% condition.

i1(Ve = Vi)
i=ny i
itV

where n = number of CT slices; Vi, = air void content of number i

image before ST condition, %; and L, = air void content of number
i image after ST condition, %.

Py, = x 100

(6)

3.2. Pore morphology of PA before and after ST

The air void contents (V,) of the three damaged PA specimens
before ST were measured by the dimensional method [38] as
shown in Table 5. The total and interconnected V, of PA before
and after ST calculated through the image analysis are also pre-
sented. Besides, to characterize the size and number of the air
voids within the PA specimen, the average equivalent diameter
(D.) and number of air voids (N,) are also summarized in Table 5.
The equivalent diameter of each air void is defined as the diameter
of an equivalent circle that has the same area as the air voids. The
overall interconnected factor (F;) and tortuosity (T) were also calcu-
lated as presented in Table 5. The V, values calculated by the CT
image processing are all slightly less than those measured by the
dimensional method, which may be caused by the limited resolu-
tion of CT images [39]. After ST, both the total and inter-connected
V, of the PA specimens decreased with the deviations ranging from
0.7% to 1.4% and 0.9% to 1.7%, respectively. Accordingly, the F; val-
ues of each PA specimen also decreased after ST with varying devi-

Air void content

-30% 0% 30% 60% 90% -30% 0%
L Q L L J L Q

10 10 H
20 20

'g —— Before ST e

A D After ST £

= 30 , = 30
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() ()

A A
40 40
50 50
60 - 60 J,

(a)

(b)

Fig. 5. The gradient distribution of the air void content along the depth direction before and after different ST conditions: (a) ST 0.4-60%; (b) ST 0.6-60%; and (c) ST 0.6-40%.
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Fig. 6. Percentage reduction in air voids (Py,) of PA due to ST in depth direction.

ations, indicating varying effects of ST on the permeability of PA. In
addition, after ST, D, of each PA specimen decreased, while N,
increased, indicating that more air voids with smaller D, showed
up in the treated PA specimen. As for the tortuosity, after ST, the
T value of each PA specimen reduced somewhat, so the penetrated
ST emulsion may first block or fill the branches along the flow path
with little impact on the main fluid channels. Overall, it is noticed
that the ST 0.6-60% specimen had the most significant change in
all morphological indexes after ST.

3.2.1. Size, number and area distribution of the air voids

Based on the air void volume analysis, it can be confirmed that
the penetration of the ST emulsion shows gradient characteristics.
Taking ST 0.6-60% as an example, the D, and N, values of the air
voids in PA before and after ST were further statistically analyzed
along the depth direction with an interval of 5 mm as shown in
Fig. 7. After ST, the top 20 mm of PA specimen presents decreasing
D, but increasing N,. The middle 20 mm of PA specimen presents
relatively minor fluctuation of D, and N,. For the bottom 20 mm,
D, showed an increasing trend while N, decreased. Therefore, the
size distribution of the air voids in PA should have different
changes at different depths. To further characterize the effects of
ST emulsion residue on the pore structure, the area percentage of
the air voids in each CT slice less than 25 mm?, falling between
25 and 200 mm? and larger than 200 mm? were counted as shown
in Fig. 8. The counting was conducted for PA specimen before and
after ST with a depth interval of 20 mm. By contrast, the area per-
centage of the air voids less than 25 mm? increased sharply for the
top 20 mm, and considering that N, also increased, it could be
inferred that some large air voids (greater than25 mm?) were par-
tially occupied by the ST emulsion residue and became smaller or
were separated into several smaller ones. For the bottom 20 mm,

Table 5
Summary of the morphological properties of the air voids in PA.

the area percentage of air voids falling between 25 and 200 mm?
decreased, and given that N, also decreased but D, increased, it
could be inferred that some medium size air voids (25-
200 mm?) were totally filled by the ST emulsion.

3.2.2. Typical profiles of the air voids at different depths

The micro-pore structure of PA is affected by the ST emulsion,
and the penetration process has obvious gradient characteristics.
To better illustrate such an effect, several typical profiles of the
air voids after the application of ST 0.6-60% were randomly
selected as presented in Fig. 9. The black area is the air voids after
ST, and the gold area is the back-calculated ST emulsion residue.
Fig. 9(a) is one of the profiles of the treated PA at the depth of
9.9 mm from the top surface. It can be observed that several large
air voids, marked by the red circles, were partially filled by the ST
emulsion residue and were turned into several smaller voids. As
Fig. 9(b) shows, for the middle part of the specimen, most of the
ST residue can only fill the micro-pores around the main pore-
structure because a limited volume of ST emulsion could penetrate
to and remain in this depth. As Fig. 9(c) demonstrates, the ST emul-
sion residue around the bottom part could completely fill some
small air voids while leaving most of the big pores intact. The
observation from the typical profiles could well verify the findings
obtained from the size, number and area analysis for air voids, and
it can be concluded that the penetrated ST emulsion would defi-
nitely reshape the micro-pore structure, which is supposed to be
one of the key factors influencing the mechanical and functional
performance of the damaged PA [40,41].

3.2.3. Interconnectivity and tortuosity of the air voids
The overall interconnectivity and tortuosity of the air voids in
PA after ST are also changed. For example, the F; and T values along

Specimen ID Measured V, V, of the images Inter-connected V, Mean value of each CT slice
D, (mm) Ng F; T

ST Before ST 22.7% 21.2% 19.8% 2.375 179 0.932 1.403
0.4-60% After ST - 20.4% 18.9% 2.286 183 0.924 1.384
Deviation - 0.8% 0.9% 0.089 —4 0.008 0.019
ST Before ST 23.1% 21.6% 20.2% 2.461 157 0.944 1.454
0.6-60% After ST - 20.2% 18.5% 2.339 162 0.914 1.403
Deviation — 1.4% 1.7% 0.122 -5 0.030 0.051
ST Before ST 22.8% 22.0% 20.8% 2.388 162 0.934 1.424
0.6-40% After ST - 21.3% 19.9% 2.310 164 0.929 1.418
Deviation - 0.7% 0.9% 0.078 -2 0.005 0.006
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Fig. 7. Morphological properties of air voids in PA before and after the ST 0.6-60% condition: (a) D.; (b) N,.
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Fig. 8. The area distribution of the air voids in PA before and after the ST 0.6-60%
condition.

the depth direction for the specimen of ST 0.6-60% are shown in
Fig. 10. As illustrated in Fig. 10(a), after ST, the F; value presents
a significant drop when the depth is less than 20 mm, while keep-
ing almost the same when the depth is more than 20 mm. Fig. 10
(b) shows the tortuosity of the PA specimen before and after ST.
The distribution of the T value varied in the range of 1 to 2 due
to the inhomogeneous structure of the interconnected pore. After
ST, the T value decreased at both ends of the PA specimen. The flow

path with higher F; and lower T values should have better perme-
ability [34]. Therefore, the reduced permeability caused by the ST
emulsion should be mainly attributed to the lower F; near the
top portion of the PA specimen.

3.3. Back-calculated distribution of the ST emulsion residue

3.3.1. 3D model visualization

The 3D models of the ST emulsion residue within the PA spec-
imens were reconstructed by stacking the continuously back-
calculated binary images of the ST emulsion residue. Based on
the visualization shown in Fig. 11, most of the ST emulsion resi-
dues concentrated near the top surface of the PA specimens. The
shape of the residue droplet is complex and the distribution is
non-uniform.

3.3.2. Coating area gradient

Apart from the changed pore-structure, it is also expected that
the soft emulsion residue could coat and adhere to the surface of
the aged mortar. More coating area indicates a higher possibility
for the soft binder (or even some recycling agents if added) to dif-
fuse into the aged mortar, which benefits the long-term perfor-
mance of the damaged PA [25]. Fig. 12 presents the P, values of
the ST emulsion in different PA specimens at depths with an inter-
val of 5 mm. An obvious gradient characteristic could be observed
for each ST condition. As Fig. 12(b) shows, the PA specimen of ST
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Fig. 9. The RGB images of the back-calculated ST emulsion residue within PA.
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Fig. 10. Interconnectivity and tortuosity of PA before and after ST: (a) F;; (b) T.

0.6-60% presents the best coating efficiency with P. value in the
range of 6.34% to 36.6%. However, for the ST 0.4-60% and ST 0.6-
40% specimens, the P. values are in the range of 2.50% to 30.41%
and 2.71% to 21.53%, respectively. The lower P, value range indi-
cates an insufficient coating from the ST emulsion residue. It is
worth noting that the P. value could be well correlated with the
mass loss ratio as shown in Table 3. Considering the clear physical
meaning of P, index, it shall be a promising micro-scale index to

characterize the coating efficiency of ST emulsions in PA. Apart
from the coating, it is worth noting that the mechanical bonding
between the ST emulsions and pore surfaces are equally important
for the raveling resistance improvement of PA.

3.3.3. Binder film thickness distribution
From the 3D visualization, the spatial distribution of the ST
emulsion is complex and non-uniform. So, the binder film thick-
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ness distribution of the ST emulsion residue was also evaluated.
Fig. 13 shows the frequency histograms of the binder film thick-
ness distribution of the three ST emulsion residues. At each inter-
val (0.1 mm), the frequency is in terms of a percentage of the
number of certain coating film thickness to the total number of cal-
culated coating film thickness. The curves present a double-peak
pattern with a higher peak at around 0.3 mm and another peak
at around 0.7 mm. ST emulsion residue is formed by the breakage
of ST emulsion droplets suspended in water. During the demulsifi-
cation process, water separates from the asphalt droplets, causing
flocculation and coalescence of the ST emulsion and finally forming
the asphalt emulsion residue with a thickness of a few hundred

©

Fig. 11. The back-calculated 3D models of ST emulsion residues of the three ST conditions: (a) ST 0.4-60%; (b) ST 0.6-60%; (c) ST 0.6-40%.

microns. However, it is noticed that the film thickness distribution
of the ST emulsion residue varies from each other.

Two statistical indexes, namely the mean value (T;) and stan-
dard deviation (SD.), of the emulsion residue film thickness were
also calculated as presented in Table 6. A smaller T, means a thin-
ner coating layer for the aged mortar. A larger SD. indicates a wider
distribution of the thickness value and less uniformity. Notewor-
thy, the specimen of ST 0.6-60% exhibits the largest T. and SD.
value, indicating a thicker coating thickness but less uniformity.
A thicker coating layer would reduce the aging rate of the mortar
film, which is beneficial to the durability of the mixture [42]. Fur-
thermore, to achieve a better coating efficiency, it is expected that

Pc Pc PC
0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50%
0-5mm [ 30.41% 0-5mm ] 36.60% 0-5mm — 12153%
5-10mm 17.23% 5-10mm 28.72% 5-10mm 12.61%
10-15mm [ 7.80% 10-15mm 18.36% 10-15mm 9.08%
15-20mm [] 5.57% 15-20mm 11.27% 15-20mm [ 7.84%
20-25mm [] 439% 20-25mm [_] 8.80% 20-25mm [ 6.54%
E 25-30mm [] 3.68% 8 25-30mm ] 7.46% 8 25-30mm []5.13%
R 1 R f R .
k= ) k= 0 k=] 0
2. 30-35mm ] 3.20% 2.30-35mm C_1757% 2. 30-35mm []437%
= 1 a 1 o) 1
35-40mm [] 2.91% 35-40mm [_] 6.34% 35-40mm [] 3.67%
40-45mm  [] 2.50% 40-45mm [ 6.85% 40-45mm [ 2.72%
45-50mm [ ] 2.83% 45-50mm ] 7.89% 45-50mm [] 2.71%
50-55mm [] 3.36% 50-55mm [ ] 8.51% 50-55mm [_] 4.57%
55-60mm [] 4.47% 55-60mm 10.00% 55-60mm [_] 5.95%

(a)

(b)

(c)

Fig. 12. The P. value of the ST emulsion at depths for each PA specimen: (a) ST 0.4-60%; (b) ST 0.6-60%; (c) ST 0.6-40%.
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Fig. 13. Binder film distribution curve of the ST emulsion residues.

Table 6

Indexes of the binder film thickness distribution of the ST emulsion residue.
Specimen ID T, (mm) SD. (mm)
ST 0.4-60% 0.32 0.13
ST 0.6-60% 0.37 0.18
ST 0.6-40% 0.31 0.14

the ST emulsion residue could distribute as uniform as possible, so
a smaller SD. is also preferred.

4. Findings and conclusions

In this study, the 3D models of air voids and ST emulsion resi-
dues were reconstructed from the X-ray CT images of the PA spec-
imens before and after ST. The changed pore-microstructure in PA
induced by the sprayed ST emulsion was then characterized based
on the morphology analysis. The complicated and non-uniform
spatial distribution of the ST emulsion residue was quantified by
calculating the coating surface area and coating film thickness.
Moreover, statistical micro-scale indexes: P, T, and SD., were
defined to indicate the emulsion residue coating efficiency, mortar
thickening and spatial homogeneity, respectively. The following
points summarize the main findings and conclusions based on
the outcomes of this study:

1) The penetration of the ST emulsion presents gradient char-
acteristics, and the penetration depths of different ST emul-
sions vary. According to the air void reduction and P, values,
the asphalt emulsion under the ST condition of 0.6-60% had
the deepest penetration depth of around 20 mm.

2) The ST application alters the size, number and area distribu-
tion of the air voids in PA. Both N, and D, reduced at the bot-
tom of each PA specimen after ST, N, increased while D,
decreased at the top of the specimens. Based on image anal-
ysis, the ST emulsion droplets can fill the micro-pores and
separate the large air voids into multiple smaller ones.

3) The ST emulsion can considerably lower the interconnected
factor (F;) across the top surface of the PA specimen and the
tortuosity (T) at both ends of the specimen. The smaller F;
value should be primarily responsible for the decreased per-
meability of the PA specimen caused by the ST emulsion.

4) The P. value has a strong relationship with the mass loss
ratio of the treated PA specimen. A larger P, value implies
improved coating effectiveness on the aged mortar surface
and, potentially, improved recovery efficiency for the dam-
aged PA.

Materials & Design 221 (2022) 111014

5) Apart from the P, value, a thicker (larger T, value) and more
uniform (smaller SD. value) coating film thickness is also
expected for the ST emulsion to achieve a better penetration
status in PA.

It is worth noting that the findings above are based on the lab-
oratory tests on certain selected ST emulsion materials and PA
materials. To further validate the robustness of the newly proposed
micro-scale indices, the penetration behavior of different ST emul-
sions in different PA specimens from both the laboratory and field
coring should be investigated in the future study. Also, the effects
of ST emulsion on the function performance of PA, such as noise
absorption and water infiltration, will be carefully investigated.
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