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Abstract: In order to explore the influence of fine aggregate on the macro and micro properties of
cold recycling mixture using emulsified asphalt (CRME), mechanical and microscopic property tests
were carried out. The indirect tensile strength (ITS), unconfined compressive strength (UCS) and
triaxial shear strength of different fine aggregate gradation was measured for analyzing the effects
of fine aggregate on the mechanical strength, triaxial shear resistance and fracture energy of CRME.
Meanwhile, the surface morphologies and air voids distribution of different CRME were observed by
scanning electron microscopy (SEM) and X-ray computed tomography (X-ray CT). The results show
that fine aggregate has a significant effect on the mechanical strength and shear resistance of CRME.
With the same water and asphalt content, the fracture energy and failure strain of the mixture with
less fine aggregate (G3-2) decreased by 16.2% and 18.2%, respectively. The less content of powder
there was, the fewer cement hydration products there were due to some cement being coated by
emulsified asphalt and the “cement hydration products fiber” length being shorter. Approximately
70% of the AFt hydration products in the G3-2 mixture were in the range of 1–4 µm, while those in
the G1 mixture were in the range of 4–8 µm. With the increase in filler content, the number of air
voids in the volume range of 0.5 mm3 ≤ V < 5 mm3 in CRME decreased, and the number of air voids
in the volume range of V < 0.5 mm3 significantly increased, while the equivalent radius of air voids
decreased slightly with the increase in filler content.

Keywords: cold recycling mixture using emulsified asphalt; fine aggregate; macro and micro properties;
surface morphologies; air voids distribution

1. Introduction

The recycling of waste materials has become the predominant way to realize green
highways. Cold/hot recycling technology, rubber asphalt technology and the reutilization
of construction waste or recycled plastic is applied and researched [1–4]. Due to the lack
of aggregates, asphalt and other resources, and considering the energy conservation and
environmental sustainability of pavement maintenance, emulsified asphalt cold recycling
technology has been widely applied [5–7]. The void volume (VV) of CRME is generally
8%–13%, and few pavement diseases caused by air voids have been found when the VV is
less than 8%. Early and long-term permanent deformation, loosening, water damage and
other diseases are easy to occur when the VV is larger than 13%. Fine aggregate mainly fills
the forming air voids between coarse aggregate, which is one of the most important factors
affecting the VV of CRME. At the same time, fine aggregate gradation has a significant
effect on the formation and distribution of emulsified asphalt mortar, thus affecting the
macro performance of CRME. Therefore, it is of great significance to explore the influence
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of fine aggregate gradation on the macro and micro properties of CRME for its material
composition design and the improvement of its mechanical properties.

As machine-made sand content increases, the mechanical properties of CRME are
also enhanced [8]. The contact angles and adhesive energy between the aggregates and
asphalt significantly impact the water stability and fatigue performance of CRME [9], and
the emulsified asphalt type has an appreciable effect on the adhesion between aggregates
in a mixture [10]. In addition, intergranular mode fracture is the most common failure
of mixtures for the weakness of the asphalt-aggregate interface [11]. Therefore, how
to characterize the mortar interfacial characteristics of CRME is particularly important.
Research work [12] studied the factors that affected the performance of CRME by macro
and micro test methods. The stress dispersion state and cracking resistance mechanisms of
mixtures were revealed through the micro interface. Generally, 1 wt.% ~1.5 wt.% cement is
added to improve the early strength of CRME [13]. Meanwhile, high-temperature stability
and water stability are also enhanced with increased cement addition [14]. With the increase
in cement content, the low-temperature cracking resistance performance of cold recycled
mixture did not decrease monotonically but presented a parabolic law [15]. That is, while
the cement content was lower than 2%, the resistance to low-temperature cracking of
the cold recycled mixture was enhanced as cement content increased. Pavement fracture
toughness usually decreased with increasing percentages of RAP or decreasing cement
content [16]. Cement that is not covered by emulsified asphalt completely hydrates with
water in the mixture and forms a “three-dimensional space” structure by interweaving
emulsified asphalt and cement hydration products. Furthermore, this three-dimensional
space structure plays a “reinforcement” and “crack resistance” role in a mixture. The
formed structure not only improved the strength of the mixture but also divided the air
voids in the mixture, resulting in an increase in the number of air voids [17]. However,
if part of the cement is covered by emulsified asphalt, the hydration reaction does not
fully occur. Thus, this part of the cement is consistent with that of mineral powder [18,19].
Research pointed out that both low porosity and better coverage of aggregates could make
the mixture show better performance [20]. Therefore, researchers had carried out a lot
of research on the micro interface and void structure of CRME. The micro morphology
and failure interface characteristics of CRME have been determined by X-ray CT scanning,
SEM scanning and other micro testing methods combined with image processing, and
it was found that the homogeneity of aggregate distribution, air void distribution and
cement hydration products distribution is closely related to the macro mechanical strength
of CRME [21–23]. The distributions of the air void parameters of cold recycled mixture and
hot mix asphalt specimens along the specimen height are compared. It is found that the
cold recycled mixture has more air voids and smaller diameters, while the HMA specimen
has fewer voids and larger diameters. The change in the air void structure of cold recycled
mixture is the fundamental reason for its strength attenuation [19]. There is a specific
correlation between the distribution of air voids and the macro performance. How to
evaluate the distribution characteristics of air voids in CRME has also attracted much
attention. The Weibull statistical model can better reflect the distribution characteristics of
air voids in cold recycled mixture [24]. At the same time, the performance of CRME can be
prominently enhanced by adding fiber or waste materials [25].

At present, researchers mainly focus on the performance of CRME and have studied
the influence of cement content, emulsified asphalt content, active filler type and fiber on
the macro and micro performance of CRME. However, there is a lack of knowledge of
the influence of fine aggregate gradation on the microstructure of a mixture, which could
effectively provide theoretical support for the material composition design of CRME. It
is necessary to know whether cement acts as an ordinary filler when ordinary fillers are
insufficient. In this case, cement may not hydrate completely. Quantitative analysis of the
cement hydration degree is also a difficult problem when ordinary filler is insufficient. Thus,
this paper explores the influence of fine aggregate gradation on the macro mechanics, micro



Coatings 2022, 12, 674 3 of 14

interface morphology and air void structure characteristics of CRME through laboratory
tests, providing theoretical support for the material design of CRME.

2. Materials and Methods
2.1. Materials
2.1.1. RAP and Raw Aggregates

In the design process of CRME, reclaimed asphalt pavement (RAP) aggregates are
usually regarded as “black stone” without considering the influence of aged asphalt. The
RAP used in this study was collected from the Qingdao Jiaozhou Bay Highway, and the
sieving results are shown in Table 1. The asphalt was reclaimed by the Aberson method,
and the testing results are listed in Table 2. The apparent relative density of manufactured
sand was 2.721, the sand equivalent was 83% and the methylene blue value was 1.7 g/kg.
The raw aggregates and RAP were sieved for subsequent testing.

Table 1. Results of sieving for RAP.

Sieve Size/mm 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing Percentage/% 100 95.4 83.2 66.7 60.8 32.2 17.9 13.5 7.2 5.9 3.7 2.5

Table 2. Testing results of recycled asphalt from RAP.

Testing Index Results

Penetration (25 ◦C; 0.1 mm) 32

Ductility (25 ◦C; cm) 61

Softening point (◦C) 39.5

2.1.2. Emulsified Asphalt and Cement

Slow cracking and setting emulsified asphalt was prepared by using an Akzo Nobel
emulsifier and Shell 70# asphalt. The main technical performance test results of emulsified
asphalt and matrix asphalt are shown in Tables 3 and 4. In order to promote the demulsifi-
cation of emulsified asphalt and increase the early strength of CRME, cement was added to
CRME. However, cement has little effect on the long-term performance of a mixture [26,27].
Ordinary Portland cement was added with 1.5% content by mass according to the “Techni-
cal Specifications for Highway Asphalt Pavement Recycling” (JTG/T 5521-2019) [28], and
all the technical specifications of the cement met the requirements of Specification JTG/T
5521-2019 [28].

Table 3. Test results of the technical performance of matrix asphalt.

Test Results Specification

25 ◦C penetration/0.1 mm 72 60~80

Softening point/◦C 47 ≥46

60 ◦C Dynamic viscosity/Pa·s 243 ≥180

10 ◦C ductility/cm 63 ≥20

15 ◦C Density/(g/cm3) 1.012 Report

Wax content/% 1.5 ≤2.2
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Table 4. Test results of the technical performance of emulsified asphalt.

Test Results Specification

Emulsifying speed Slow-Breaking Slow or median Breaking

Ionic charge Cationic (+) Cationic (+)

Residue of 1.18 mm sieves/% 0.05 ≤0.1

Evaporative residues
Residual content/% 62.8 ≥62

25 ◦C penetration/0.1 mm 83.2 50~300

15 ◦C ductility/cm 47 ≥40

Storage stability
1 day/% 0.6 ≤1

5 days/% 2.7 ≤5

2.1.3. Mixture Design

In the gradation design, 80 wt.% RAP and 20 wt.% raw aggregate were used. In order
to reduce the influence of material variation, the gradation of mixtures was accurately
controlled by sieving. A mixture with fine aggregate grading coefficients (nFA) of 0.4, 0.6
and 0.8 (G1, G2, G3 and G3-2), respectively, was designed, as shown in Table 5, based
on the N method grading theory revised by A.N. Talbot. CRME was designed by the
modified Marshall method according to Specification JTG/T 5521-2019 [28]. The optimum
water content (OWC) of CRME was determined by the maximum dry density of the heavy
hammer test with 4.0 wt.% emulsified asphalt content. The optimum emulsified asphalt
content (mass ratio of emulsified asphalt to aggregates) was determined according to the
wet and dry ITS (ITSdry). The Marshall design results are shown in Table 6. In order to
eliminate the influence of emulsified asphalt content on the test results, the control group
G3-2 was set. Its grading was the same as that of G3, and other design information was
identical to that of the G1 mixture, which is shown in Table 6.

Table 5. Gradations of the three types of CRME.

Sieve Size/mm
Passing Percent/%

Specification
G1 G2 G3

26.5 100 100 100 100
19 92.7 92.7 92.7 90~100
16 79.2 79.2 79.2 -

13.2 72.4 72.4 72.4 -
9.5 65.3 65.3 65.3 60~80

4.75 42.6 42.6 42.6 35~65
2.36 32.3 27.4 24.1 20~50
1.18 24.2 18.3 13.7 -
0.6 18.4 12.3 8.0 -
0.3 14.2 8.2 4.9 3~21

0.15 10.5 5.4 2.7 -
0.075 8.2 3.6 1.6 2~8
nFA 0.4 0.6 0.8 -

Table 6. Mix design results of CRME.

Type of
Mixture

Optimum Emulsified
Asphalt Content/wt.%

Optimum Water
Content/wt.%

Maximum Dry
Density/(g/cm3)

ITSdry
/MPa

Requirements of
ITSdry/MPa

G1 4.7 4.2 2.068 0.624 ≥0.4
G2 3.9 3.8 2.010 0.563 ≥0.4
G3 3.6 3.6 1.923 0.487 ≥0.4

G3-2 4.7 4.2 1.907 0.537 ≥0.4
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2.2. Preparation of CRME Specimens

RAP, cement, water, emulsified asphalt and raw aggregate were prepared in a certain
proportion, as mentioned above. Standard Marshall specimens were adopted for the ITS, UCS
test and X-ray CT scanning test. Gyratory Compacting specimens of 200 mm × 200 mm were
made, and all the specimens were cured at 40 ◦C for 72 h in a constant temperature oven [29].
All of the specimens remained stationary at room temperature for 12 h after curing.

2.3. Experimental Method
2.3.1. Indirect Tensile Test

ITS was used for the mechanical properties of CRME, which reflected the cohesive
properties of mixtures to a certain extent. At least four specimens were tested in each
ITS test group, and the average value was calculated by the ITS results of four specimens.
Before the test, the specimen was kept in a 15 ◦C constant-temperature water tank for 2 h,
and the test loading rate was 50 mm/min.

2.3.2. Unconfined Compressive Strength

Due to the viscoelastic properties of asphalt mixture, it has significant temperature
sensitivity [30]. In this study, UCS was adopted to characterize the carrying capacity of the
mixtures. At least 6 h of heat preservation was required in a 25 ◦C incubator, with at least
four specimens in each group. Testing was carried out by UTM-100 with a loading rate of
1 mm/min according to the “Standard Test Methods of Bitumen and Bituminous Mixtures
for Highway Engineering” (JTG E20-2011) [31].

2.3.3. Triaxial Test

Specimens that were 100 mm in diameter and 200 mm in height were obtained by
the drilling core test, and the top and bottom surfaces of the specimens were polished for
the triaxial test. Before the triaxial test, the specimens were kept in a 25 ◦C incubator for
at least 6 h. UTM-100 was used to carry out the triaxial test with a 3 mm/min loading
rate [32]. Then, 50, 100 and 200 kPa were chosen as the confining pressures for the triaxial
test, and at least three specimens were measured under each confining pressure. According
to the calculation method of reference [32], the triaxial shear parameters of CRME were
calculated. According to the stress-strain curve during the triaxial loading process, the
fracture energy was calculated by integration. A schematic diagram of the calculation of
the fracture energy and failure strain is shown in Figure 1.
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2.3.4. Scanning Electron Microscopy Test

PHILIPS-FEI Quanta 200 SEM equipment was used to observe the micro-structure
of the RAP aggregate at the ITS fracture interface. The micro-structure was observed to
explore the influence of fine aggregate gradation on the spatial structure, which was an
interweaving of emulsified asphalt mortar and cement hydration products in the mixture.
The hydration products of AFt were quantitatively analyzed using Nano Measurer analysis
software, and the hydration process of cement in the mixtures with different fine aggregate
gradations was characterized by the length of AFt. Firstly, the standard length in the SEM
image was calibrated, and then the length of the AFt needle was measured, as shown in
Figure 2. After that, the distribution range of the AFt length was analyzed.
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2.3.5. X-ray Computed Tomography Test

Y. Precision 225 kV X-ray CT with a scanning accuracy of two microns was adopted to
determine the air void structure of the mixtures with different fine aggregate gradations.
The optimum threshold value was determined by Otsu’s algorithm, which is described in
detail in article [24]. After three-dimensional scanning, VG software was used to reconstruct
the air voids. The volume, surface area and position parameters of each air void in
the mixtures were obtained, and all the information was used to explore the air void
characteristics. Three image views and the three-dimensional reconstruction of the Marshall
specimen after scanning are shown in Figure 3.
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3. Results and Discussion
3.1. Macro-Mechanical Properties of CRME

The results of the ITS and UCS are listed in Figure 4. The ITS and UCS of CRME
decreased as the fine aggregate gradation coarsened. The UCS characterized the load-
carrying capacity of CRME, which was related to the “inlay condition” of coarse aggregate.
The greater the fine aggregate content was, the fuller the filling of air voids in the mixture
was, and the mixture became denser, while the coarse aggregate had the same “inlay
condition”. The distribution of air voids was more uniform, and the stress concentration
was low, which showed that the ITS and UCS were relatively large. At the same time, the
powder fillers used to form emulsified asphalt mortar were sufficient, and the cement was
not required to act as a powder filler. In contrast, when the powder fillers were insufficient,
some cement needed to be consumed to form emulsified asphalt mortar, which led to the
cement hydration products decreasing. Meanwhile, the “reticulate spatial structure”, an
interweaving of the cement hydration products and emulsified asphalt, became weakened,
which resulted in the reduction of the macro-mechanical strength of CRME.
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Figure 4. UCS and ITS results for the mixtures with different fine aggregate gradations.

The calculated results of the triaxial shear parameters, fracture energy and maximum
failure strain are shown in Figure 5 and Table 7. According to the triaxial test results in
Figure 5, as the fine aggregate gradation coarsened, the cohesion of CRME also decreased
and the internal friction angle increased. Less effective filling occurred when the fine
aggregate gradation coarsened. The adhesive effect of the emulsified asphalt mortar
between the coarse aggregates decreased, which led to a decrease in the internal cohesion of
CRME. On the contrary, due to the decreasing filler content, the emulsified asphalt content
was reduced. This led to a strengthening of the “interlocked effect” between aggregates and
a weakening of the “lubrication effect” of the emulsified asphalt. As a result, the internal
friction angle of CRME increased.

In addition, the powder filler contents of the three gradations were quite different. Part
of the cement was wrapped by emulsified asphalt due to the lower powder filler content,
and the cement could not be fully used for hydration. The adhesion of the “network
structure”, an interweaving of the cement hydration products and emulsified asphalt,
decreased and resulted in the cohesion decrease of CRME. However, the cement hydration
products had little effect on improving the “interlocked effect” between coarse aggregates,
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and the internal friction angle of CRME mainly depended on the “interlocked condition”
of the coarse aggregates themselves.
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Table 7. Results of fracture energy and failure strain for the mixtures.

Type of
Mixture

Confining Pressure 50 kPa Confining Pressure 100 kPa Confining Pressure 200 kPa

Fracture
Energy/(N/cm2)

Failure
Strain/%

Fracture
Energy/(N/cm2)

Failure
Strain/%

Fracture
Energy/(N/cm2)

Failure
Strain/%

G1 247.6 4.6 322.7 4.4 462.3 3.8

G2 212.3 3.8 276.8 3.5 392.1 3.1

G3 173.4 3.0 242.5 2.6 354.2 2.3

G3-2 197.5 4.1 270.4 3.6 372.7 2.9

According to the test results in Table 7, as confining pressure increased, the fracture
energy of CRME increased and the failure strain decreased. This indicated that confining
pressure significantly improved the load-carrying capacity of CRME, and the triaxial test
can better reflect the actual service state of pavement. With a decrease in filler content,
both the fracture energy and failure strain of CRME decreased. Taking the test results of
100 kPa confining pressure as an example, compared with the G1 mixture, the fracture
energy and failure strain of the G3 mixture decreased by 24.9% and 40.9%, respectively.
Also compared with the G1 mixture, the fracture energy and failure strain of the G3-2
mixture decreased by 16.2% and 18.2%, respectively. It can be seen that the content of fine
aggregate had a significant impact on the performance of CRME when compared with G1
and G3-2. The reason for this was that the lower the content of fine aggregates was, the
lower the emulsified asphalt content was in the mixture, and the adhesion between the
aggregates was weaker. Thus, less energy was needed to destroy the mixture. Similarly,
as the emulsified asphalt mortar content decreased, the brittleness of CRME increased.
Macroscopically, the failure strain was relatively small.
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3.2. Microstructure Characteristics of the RAP Interface

Ordinary Portland cement is composed of gypsum and ground cement clinker, in
which the cement clinker consists of C3S, C2S, C3A, C4AF, etc. The hydration process begins
after the cement comes into contact with water. Then, hydration products such as calcium
silicate hydrate (C-S-H), calcium hydroxide (CH) and AFt appeared. The air voids of
CRME were filled and bridged by hydration products. Thus, a three-dimensional structure
formed as the hydration products interweaved with emulsified asphalt mortar. Therefore,
the quantity, shape and distribution of the hydration products have a great impact on the
three-dimensional structure. However, C-S-H is mostly amorphous, and CH is in a layered
structure. Both of them were difficult to quantify. Hence, in this paper, AFt was used for
quantitative analysis to quantitatively describe the hydration product amounts.

As shown in Figure 6, there were a lot of cement hydration products and emulsified
asphalt mortar on the RAP surface of the G1 mixture. The relatively smooth part in Figure 6
was emulsified asphalt mortar, while the needle-like and cluster structures were cement
hydration products, namely, AFt and C-S-H, respectively. AFt and C-S-H interlaced with
emulsified asphalt mortar resulted in the formation of a “network structure”. Furthermore,
the “network structure” acted as a filler between the air voids in CRME. AFt and C-S-H
extended into the emulsified asphalt mortar, forming an “anchorage structure”. The
“bonding”, “reinforcement” and “crack resistance” effects between the aggregates were
strengthened. The air void structure was segmented and filled due to the distribution of
cement hydration products. This was the main reason that the strength of CRME was
changed. In order to reveal the influence of fine aggregate gradation on the micro-structure
of CRME, the differences in the micro-morphology of the aggregate surfaces of the G1, G3
and G3-2 mixtures were analyzed by SEM, as shown in Figure 7.

Figure 7a–c show the surface morphologies of the G1, G3 and G3-2 mixtures, re-
spectively. Compared with Figure 7b, many more cluster C-S-H and needle-like AFt
cement hydration products can be found in Figure 7a, and there were significantly fewer
in Figure 7c. Owing to the large amount of fine aggregate in the G1 mixture, the powder
filler content was relatively abundant. Sufficient powder filler was coated by emulsified
asphalt forming mortar. By contrast, the amount of powder filler coated with emulsified
asphalt forming mortar was insufficient. Emulsified asphalt needs to be further coated
with cement to form a mortar. As a result, part of the cement played the role of powder
filler and could not be completely hydrated due to asphalt coating. Hence, relatively few
cement hydration products were observed.
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The length of the AFt hydration products in the G1, G3 and G3-2 mixtures was quanti-
tatively analyzed using Nano Measurer software to evaluate the cement hydration degree.

According to the statistical results in Figure 8, 68.7% of the AFt hydration products in
the G1 mixture were in the range of 4–8 µm, and 69.4% of the AFt hydration products in
the G3 mixture were in the range of 2–5 µm, while 71.6% of the AFt hydration products
in the G3-2 mixture were in the range of 1–4 µm. This indirectly showed that there were
relatively more cement hydration products in the G1 mixture. It also was found that, as the
cement content increased in CRME, the length of the AFt hydration products increased [18].
Therefore, this indicated that part of the cement in the G3 and G3-2 mixtures could not fully
participate in the hydration reaction owing to the emulsified asphalt coating with cement
(especially G3-2). At the same time, the longer the “AFt fiber” length of the hydration
products was, the larger the interweaving area of the hydration products with emulsified
asphalt was, and the “overlap effect” between the hydration products, the “embedding
effect” into the aggregate surface and the “interweaving effect” with emulsified asphalt
were all enhanced. The research results indicated that the quantity of cement hydration
products and the interweaving state of asphalt and hydration products are the decisive
factors of mixture performance [14]. However, fine aggregate gradation, especially the filler
content, affected the composition of mortar in CRME. With the same emulsified asphalt
content, the larger the proportion of the ordinary filler was, the less cement filler was used
as ordinary filler, leading to an increase in the quantity of hydration products. Thus, the
interfacial strength between the aggregate and emulsified asphalt mortar was enhanced,
and the macroscopic strength of CRME was increased.
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Figure 8. Quantitative analysis of cement hydration products distribution. (a) G1 mixture. (b) G3
mixture. (c) G3-2 mixture.

3.3. Air Void Structure Characteristics of CRME
3.3.1. Air Void Amount Distribution of CRME

According to the X-ray CT test results, the air void information (such as the amount,
surface area, volume and three-dimensional position of each single air void) of CRME was
obtained. The numbered percentage of air void amount was defined as the ratio of air
voids in a certain volume range to the total air voids in CRME. The statistical results of the
air void cumulative distribution in different mixtures are shown in Figure 9.
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According to Figure 9, there was little difference in the distribution of air voids at
a volume V < 5 mm3. However, with an increase in the filler content, the number of air
voids in the volume range of 0.5 mm3 ≤ V < 1 mm3 and 1 mm3 ≤ V < 5 mm3 was reduced.
On the contrary, the number of air voids increased in the volume range of V < 0.5 mm3.
Compared with the G3 mixture, the number of air voids in the G1 mixture in the volume
range of 0.5 mm3 ≤ V < 5 mm3 in CRME decreased by 47.4%; and that of G1 in the volume
range of V < 0.5 mm3 increased by 48.0%. However, when compared with the G3-2 mixture,
the number of air voids in the G1 mixture in the volume range of 0.5 mm3 ≤ V < 5 mm3 in
CRME decreased by 27.9%; and that of G1 in the volume range of V < 0.5 mm3 increased by
20.1% (G1 and G3-2 had the same emulsified asphalt content). In other words, emulsified
asphalt content and fine aggregate gradation both have significant effects on the distribution
of air voids in CRME. On the one hand, the air voids of CRME were filled by redundant
fine aggregate, and the original larger air voids were divided into several small-volume
air voids. On the other hand, the higher the content of fine aggregate, the higher the
content of emulsified asphalt required for coating aggregates. Larger volume air voids were
filled and segmented by emulsified asphalt, which also led to a decrease in the number
of large-volume air voids and an increase in the number of small-volume air voids in
the mixture.

3.3.2. Equivalent Average Radius of Air Voids in CRME

Air voids were equivalent to a sphere of the same volume, and the radius of the sphere
corresponding to the same volume as that of the air void was defined as the equivalent
radius of the air voids. All equivalent radii of each air void in the mixture were averaged,
and this was called the equivalent average radius. The equivalent average radius was used
to describe the distribution characteristics of the air void size. The calculation method of
the equivalent average radius is shown in Equation (1).

r =
∑n

i=1
3
√

3Vi
4π

n
(1)

where r is the equivalent average radius, mm; Vi is the volume of the air void numbered i, mm3;
n is the total number of air voids in the mixture.

All of the air voids of CRME were equivalent to spheres with the same volume.
According to the CT scanning results and the calculation method, the equivalent average
radius of the different mixtures was calculated, as shown in Table 8. The air voids were filled
and divided into several small-volume voids as a result of a high content of fine aggregate
and asphalt. Thus, the void volume and equivalent average radius were both small.

Table 8. Air void equivalent average radius of CRME with different gradations.

Type of Mixture G1 G2 G3 G3-2

Equivalent average radius/mm 0.712 0.786 0.975 0.824

4. Conclusions

The influence of fine aggregate gradation on the mechanical properties, hydration
products and air void structures were studied by macro and micro tests. The ultimate
cause of the influence of fine aggregate gradation on the strength of CRME was revealed.
However, the research will deeply explore the influence of air void morphology to find a
relationship between the air void morphology parameters and mixture strength.

(1) The content of fine aggregate had a significant effect on the ITS, UCS and shear
strength of CRME. As the gradation of fine aggregate becomes finer, the emulsified
asphalt content increased obviously. As a result, compared with the G1 mixture, the
fracture energy and failure strain of the G3-2 mixture decreased by 16.2% and 18.2%,
respectively (100 kPa).
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(2) Emulsified asphalt mortar and cement hydration products interweaved to form a
“spatial network structure”, which had “reinforcement”, “anchorage”, “filling” and
“crack resistance” effects. It was one of the most important factors for the strength
formation of CRME.

(3) While the powder filler was insufficient, part of the cement was coated with emulsified
asphalt, which resulted in the cement failing to hydrate completely. Microscopically,
fewer hydration products on the aggregate surface could be found with sufficient
powder filler, while relatively more hydration products on the aggregate surface could
be found with insufficient powder filler.

(4) Quantitative analysis of the length of AFt hydration products was carried out. At
about 70% distribution frequency, the length of the hydration products of the G1
mixture ranged from 4 to 8 µm, while that of the G3 and G3-2 mixtures ranged from 2
to 5 µm and 1 to 4 µm, respectively. Part of the cement in the G3 and G3-2 mixtures
was not completely hydrated due to being coated with emulsified asphalt.

(5) An increase in the filler content in fine aggregate resulted in an increase in the emul-
sified asphalt content in CRME. With the same emulsified asphalt content, when
compared with the G3-2 mixture, the number of air voids in the G1 mixture in the
volume range of 0.5 mm3 ≤ V < 5 mm3 in CRME decreased by 27.9%; and that of
G1 in the volume range of V < 0.5 mm3 increased by 20.1%. Compared to the G3-2
and G1 mixtures, the equivalent radius of the air voids decreased by 13.4% with the
increase in filler content.

The quantity, size and formation of the interweaving structure of cement hydration
products and the number, distribution and size of the air voids were key to determining
the performance of CRME. Therefore, in order to improve the performance of CRME, it is
necessary to ensure the hydration quality of cement, increase the proportion of ordinary
filler and improve the compaction effect to reduce the number of large volume air voids as
much as possible.
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