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Abstract: To realize the application of epoxy asphalt concrete on roads and solve the problem of
the high cost of epoxy asphalt concrete and the causes of bulging in the construction process, a
low-content epoxy asphalt mixture was experimentally studied. Rheological and microscopic tests
were carried out to study its performance. At the same time, 17 kinds of low-content asphalt mixture
Marshall test pieces and rut plate test pieces with different oil stone ratios were made. Their road
performances were tested, and a watertight breathable epoxy asphalt mixture was studied to solve
the bulging problem. The research shows that, for ordinary roads, a content of epoxy resin of
10-15% can meet both the high-temperature and the low-temperature requirements. For sections
with special rutting resistance requirements, a controlled epoxy resin content between 15 and 30% is
recommended. When the content of epoxy resin is greater than 30%, epoxy asphalt initially forms a
crosslinked spatial network. An epoxy asphalt with a complex structure from asphaltene to epoxy,
with ultra-high performance, can be used for small steel bridge pavements. A BBR test showed
that, with an increase in epoxy resin content, the low-temperature performance of asphalt gradually
weakens. When the content was 20%, epoxy asphalt’s low-temperature performance was weaker
than that of SBS-modified asphalt. Under extremely low-temperature conditions, the performance of
epoxy asphalt could not meet the specifications. When the voids of low equivalent epoxy asphalt
mixture are controlled at 4.1-4.5%, it is watertight and breathable; this can solve the problem of
bulging and greatly reduce the cost of projects.

Keywords: pavement engineering; low content; epoxy asphalt; road performance

1. Introduction

The service life of asphalt pavements is 15 years, and some long-life pavements have
achieved a service life of 30 years; however, high-temperature rutting issues in specialized
sections, such as climbing sections and level intersections, are still frequent due to the
unreasonable functional design of asphalt pavement materials [1-4]. The proportion of
high-temperature shear instability rutting in asphalt pavement rutting is over 90% [5]. At
home and abroad, the high-temperature rutting problem caused by unreasonable pave-
ment function design is mainly compensated for by improving the material performance
standards. These methods include using high-performance-modified asphalt and function-
enhanced additives to improve the material’s performance; for example, one can use PG82
asphalt in long steep slope sections and in pouring semi-flexible pavement structures
at level intersections [6-8]. The construction viscosity of PG82-modified asphalt is too
high, construction quality control is difficult, and the high construction temperature is
also problematic due to the high level of energy consumption. Experience of applying
PG82-modified asphalt shows that the rutting problem of long steep slopes has not been
completely solved [9,10]. Poured, semi-flexible pavement structures are not wear-resistant
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and cannot play the function of a wear layer in pavement structures [11-13]. The research
shows that epoxy asphalt pavements exhibit excellent performances, high-temperature
stability, fatigue durability, and aging resistance [14-16]. The thermosetting characteristics
of epoxy asphalt can, in theory, fundamentally solve the rutting problem experienced by
asphalt pavements. It will become an advantageous pavement material for dealing with
long steep slopes, service areas, bridge decks, and other working conditions.

Epoxy asphalt is prepared by adding epoxy resin, curing agent, and other auxiliaries
to the mixture. The epoxy group of epoxy resin is crosslinked with the reaction site of the
amine curing agent through a ring-opening procedure; here, an irreversible curing epoxy
crosslinked system is formed after the hardening reaction. Epoxy resin is a thermoplastic
polymer containing two or more epoxy groups [17], which can be cured using various
curing agents to form a thermosetting, three-dimensional, crosslinked network structure.
Such polymers have strong adhesion, high-temperature and oil corrosion resistance, and
are often used as adhesives and waterproof materials in the industry. Its molecular structure
contains rigid groups such as benzene rings and isopropyl; this gives this kind of epoxy
resin excellent mechanical properties and heat resistance. Polar groups such as the ester
group and the hydroxyl group give it excellent bonding properties for steel and glass,
and it can be used as an adhesive [18]. Due to these properties of epoxy resin, asphalt’s
strength and high-temperature performance can be greatly improved. A curing agent
is another factor that enhances the excellent properties of epoxy asphalt. The epoxy
groups in the structure of epoxy resin crosslink with the reaction site of the curing agent
molecules through the open ring; here, a cyclo-oxygen crosslinked system with sufficient
mechanical strength is formed during the curing reaction. The crosslinked system has
high tensile strength, thermal stability, and other properties [19,20]. Therefore, it can
effectively improve asphalt pavement performance, such as its high-temperature stability
and durability. The Shell Oil Company of the United States has begun to develop an
epoxy asphalt mixture. To address the issue of aircraft fuel and jet incursions on airport
runways, the Shell Oil Company developed a thermosetting epoxy asphalt in the 1950s.
Epoxy resins and curing agents were used to form a three-dimensional mesh structure
by crosslinking during the curing reaction. Asphalt, as a dispersed phase, was filled in
the three-dimensional mesh structure formed by crosslinking the epoxy resin, forming
a two-phase, three-dimensional mesh structure [21-24]. Epoxy asphalt was first applied
to the steel deck of the San Mateo Hayward Bridge in 1967 [25,26]. With the successful
application of epoxy asphalt, epoxy asphalt has been widely used in orthotropic steel
bridge deck pavements with complex stresses, such as the San Diego Coronado Bridge in
California [27-30]. In the past three decades, epoxy asphalt mixtures have been used in steel
bridge deck paving, mainly in the United States, Canada, the Netherlands, and Australia,
with the United States being the most widely used. In the 1970s, Japanese pavement scholars
systematically studied epoxy asphalt mixture’s configuration, modulus, stress relaxation,
and destruction performance [31,32]. Japan’s “Asphalt Pavement Outline”, 1988, presented
detailed provisions for epoxy pavement technologies, from design to construction [33,34].
In the same period, epoxy asphalt, such as KD-BEP, produced in Japan, was widely used
and successfully applied in pavement projects, such as the Shanghai Yangtze River Bridge,
the Humen Bridge, and the Nansha Bridge in China [35]. Because steel bridge pavements
need a good collaborative deformation ability, ordinary asphalt pavement materials cannot
be applied. In contrast, epoxy asphalt has an ultra-high bonding performance and can be
tightly bonded with steel plates. Therefore, it is widely used in steel bridge deck paving.
However, due to the addition of epoxy materials, the expense of epoxy asphalt mixtures
is 10-20 times higher than that of general asphalt mixtures. When using expensive epoxy
asphalt mixtures on general roads, the problem of imbalance between input and output is
very prominent.

Due to the special properties of epoxy asphalt mixtures, researchers have attempted to
research general road applications [36,37]. The proportion of epoxy resin will directly affect
epoxy asphalt’s structure and mechanical performance [38—40]. Li et al. prepared epoxy
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asphalts with different epoxy proportions and performed microanalysis, which showed
that when the proportion of epoxy was more than 30%, the epoxy resin formed a skeleton.
Epoxy asphalt’s softening point and tensile strength, compared to ordinary asphalt, have
significantly increased, mainly affected by the epoxy resin crosslinking the formation of
the network structure [41]. Huang Hongming observed the cured hot-mix epoxy asphalt
with a fluorescence microscope. The research showed that the phase of epoxy asphalt
changed from asphalt to an epoxy resin network structure when the proportion of epoxy
was between 30% and 40%. An SEM test showed that the cured epoxy asphalt formed
a network structure when the content was 40%. The cured particles of epoxy resin were
distributed evenly when the content was 50%, and the epoxy asphalt formed a stable and
dense network structure [42]. Li Xiaoxu observed the epoxy asphalt with epoxy content
between 31 and 40% by SEM and found that 37% was the critical value for epoxy asphalt to
form a spatial network structure [43]. Xu Peijun et al. studied the relationship between the
curing process and the mechanical performance of epoxy through three aspects: different
curing agent content, temperature, and time. The research found that epoxy’s fracture
elongation and toughness increased with the raising of curing agent proportion. In addition,
its tensile strength increased and its elongation at break decreased with increasing curing
time. The above studies analyzed the spatial network structure of epoxy asphalt. They
investigated limiting the dosage of epoxy, but there is no practical solution for the mixture
performance and construction convenience after reducing the dosage of epoxy [44]. Epoxy
asphalt is a thermosetting material that changes from a fluid to a solid state with increasing
temperature and time. It is still difficult to grasp the time and temperature window
of epoxy asphalt pavement construction in engineering applications, and the control of
construction quality and rolling technology lacks solid data support [45-47]. In addition,
the gradation design of epoxy asphalt mixture adopts a continuous dense gradation form in
steel bridge deck pavement, which belongs to a suspended dense structure to prolong the
fatigue performance and waterproof performance. Due to being too dense, epoxy asphalt
pavements easily form bulges, which causes great construction difficulty to directly quote
the research on steel bridge deck pavement systems [48-51]. The bulging problem of epoxy
asphalt concrete has not been substantially solved.

The demand for epoxy asphalt mixtures is very high due to their excellent rutting
resistance, fatigue durability, and aging resistance. However, epoxy asphalt mixtures are
more costly and unusually difficult to construct due to the problem of rumble, which
prevents them from being widely used. In this study, by carrying out tests on rheological
properties and microscopic appearance of epoxy asphalt with different epoxy resin content,
the limiting content of epoxy resin applicable to different places was summarized, and a
low-content epoxy asphalt system was established. The low-content epoxy asphalt mixture
with dense water and air permeability is proposed to solve the application problem of
epoxy asphalt mixture on ordinary roads. The results of this study will contribute to the
widespread use of epoxy asphalt on ordinary roads.

2. Experimental Plan
2.1. Preparation

The epoxy resin and curing agent were preheated at 60 °C for about 1 h and then
mixed according to a certain proportion and stirred manually for about 3 min. The mixed
epoxy resin was mixed with 165 °C basis asphalt according to a certain proportion, and
then shearing and dispersing were carried out by a high-speed shearing instrument at
5000 r/min for 5 min to mix epoxy asphalt at different epoxy proportions. See Tables 1 and 2
for performance indicators of epoxy resin and basis asphalt.
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Table 1. Technical indicator of epoxy resin.

Item Technical Indicator Test Method
Tensile strength (23 °C, MPa) 3.83 GB/T 16777-2008 [52]
Elongation at break (23 °C, %) 252 GB/T 16777-2008
Viscosity (120 °C) increased to 5000 mPa-s (min) 45 JTG E20-2011 [53]
Table 2. Technical indicator of basis asphalt.
Item Indicators Test Method
Penetration (25 °C, 100 g, 0.1 mm) 64.5 JTG E20-2011
Softening point TR and B (°C) 47.7 JTG E20-2011
Ductility (10 °C, 5 cm/min, cm) 315 JTG E20-2011
Flashpoint (°C) 356 JTG E20-2011
Solubility (%) 99.96 JTG E20-2011
Density (15 °C, g/cm?) 1.04 JTG E20-2011
Dynamic viscosity at 60 °C (Pa viscosity) 191 JTG E20-2011
Residue after RTFOT
Quality change (%) -03 JTG E20-2011
Residual ductility (10 °C, cm) 8.5 JTG E20-2011

2.2. Fluorescence Microscope Test

A fluorescence microscope was used to irradiate the tested sample with a specific
light source to make it emit certain fluorescence. Because different materials have different
reflection characteristics on fluorescence, the shape and specific position of samples can
be observed under a microscope. Under the irradiation of blue light (wavelength 488 nm),
epoxy resin is strongly excited, and the morphology of epoxy in epoxy asphalt can be
directly observed without adding a fluorescent indicator. A small amount of epoxy asphalt
was dipped and placed on a glass slide, which was then covered with a coverslip, and the
epoxy asphalt was flattened with appropriate force. The sample was put in a constant-
temperature oven at 60 °C for 4 days and at 25 °C for 1 day. After curing, fluorescence
microscopy was used to observe the epoxy asphalt samples and to analyze the structural
morphology of the epoxy resin and the base asphalt in different epoxy asphalts. The
proportions of epoxy resin were 0%, 10%, 20%, 30%, 40% and 50%, respectively.

2.3. Rheological Test

The dynamic shear rheometer is a general instrument for evaluating the rheological
properties of materials in the polymer materials industry, and it is also an important piece
of test equipment for asphalt of middle and high-temperature properties in the SHRP
program of the United States. The rheological performance of SBS-modified asphalt (SBS
content 4.5%) and epoxy asphalt was tested using an AR2000 rheometer (TA Corporation,
New York, NY, USA). The proportions of epoxy resin were 5%, 10%, 15%, 20%, 25%, 30%
and 40%, respectively. The test temperatures were 58 °C, 64 °C, 70 °C, 76 °C, 82 °C, 88 °C,
94 °C, 100 °C, 106 °C and 112 °C, respectively.

2.4. Watertight Breathable Mixture Test

Seventeen kinds of epoxy asphalt mixture Marshall specimens with different asphalt—
aggregate ratios were prepared, and Marshall tests were carried out, with the mixture
gradation as shown in Table 3; the ratio of asphalt mass to aggregate mass was 5.5-7.0%, and
the interval was 0.1%. The ratio of asphalt mass to aggregate mass was increased by 5.0%
as a supplementary group to expand the test boundary. The mold of the rut plate specimen
was modified to a sealed tray with the specification of 300 mm x 300 mm x 55 mm. The
bottom plate was evenly coated with epoxy resin binder at a 0.5 kg/m? dosage. After
curing with epoxy resin binder for 1 day, 3 mL of water was dripped in the center of the
tray to simulate the basic environment of bulging. The 17 kinds of epoxy asphalt concrete
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with different asphalt-aggregate ratios were prepared to form rutting test specimens that
were placed in an oven at 100 °C for 12 h. The height between the top of the bulge’s center
and the surface of the specimen was measured, and the water seepage test was carried out
for the rutting plate after the temperature dropped. Low-content epoxy—asphalt-mixture-
related performance tests, including rutting test, low-temperature bending test, immersion
Marshall test, etc. were carried out.

Table 3. Mixture gradation.

Sieve Hole (mm) 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Pass rate (%) 100 97.6 75.3 60 43.5 34.6 25.4 17.5 10.8
3. Methods

The test chart of this research study is shown in Figure 1. The tests were divided
into three main parts: rheological performance tests, microscopic characteristics tests, and
road performance tests of asphalt mixture. Rheological performance tests were conducted
according to SHRP specifications. A dynamic shear rheometer conducted temperature
sweep (TS) and multiple stress creep recovery (MSCR) tests. The TS test was performed on
the asphalt sample, and the temperature was 42-80 °C. The MSCR test was performed on
the short-term aged asphalt sample. The bending beam rheometer (BBR) test proceeded at
—18 °C and —24 °C. A scanning electron microscope (SEM) test was carried out to reflect
the morphology characteristics of materials. The performance test of asphalt mixture is
carried out following the standard “Test Regulations for Asphalt and Asphalt Mixture of
Highway Engineering” (JTG E20-2011) [52], which mainly includes the dynamic stability
test, trabecular splitting test and freeze—thaw splitting test.

‘ Temperature sweep ‘

Rhelolgical
Performance

Mutiple sterss creep recovery

Bending beam rheometer

—» Low-content epoxy

Morphol(.)gy a{ SEM ‘
Characteristic

low-content epoxy
asphalt mixture

Marshall Test

Watertight-breathable
epoxy asphalt mixture

Optimum void fraction

Road performance and cost

Figure 1. Tests chart of low-content epoxy asphalt and its mixtures.

4. Performance of Different Epoxy Asphalt
4.1. Structure of Different Epoxy Asphalt

The fluorescence microscope images are summarised in Figure 1. Yellow represents
epoxy resin, and black represents basic asphalt. In Figure 2, with the gradual increase in
the epoxy resin content, the yellow particles in the picture gradually increased, and the size
of the particles also enlarged. When the proportion of epoxy reaches 10%, the epoxy is just
doped into the asphalt base in a tiny medium, which is only equivalent to the modifier role.
When the proportion of epoxy resin reaches 20%, the yellow particles increase significantly.
When the proportion of epoxy resin is increased to 30%, the resin aggregates with each



Buildings 2024, 14, 443

6 of 21

(d)

other and forms larger epoxy resin particles. The whole mixture is still mainly coated with
asphalt epoxy resin. When the proportion of epoxy resin reaches 40%, the epoxy asphalt
changes from bitumen-based to epoxy-resin-based. The epoxy resin has formed a skeleton,
and the asphalt is distributed in the epoxy skeleton, but the particle size of the asphalt is
not uniform. When the proportion of epoxy resin reaches 50%, the asphalt particles are
evenly distributed in epoxy. The properties of epoxy asphalt change qualitatively as the
epoxy proportion increases. When the proportion of epoxy is less than 30%, asphalt is
the major phase, and epoxy is the auxiliary phase in epoxy asphalt. When the proportion
of epoxy is more than 40%, epoxy is the main phase. Therefore, epoxy resin proportions
between 30% and 40% are the two values of phase inversion in epoxy asphalt.
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Figure 2. Fluorescence microscope photo: (a) 0%; (b) 10%; (c) 20%; (d) 30%; (e) 40%; (f) 50%.

In a steel bridge deck, the optimum dosage ratio is obtained when epoxy resin appears
in a continuous phase and forms a spatial network structure. Under the optimum dosage
state, the continuous phase formed by epoxy resin can effectively exert the characteristics
of epoxy resin and change thermoplastic materials into thermosetting materials. As the
asphalt is uniformly distributed in the epoxy resin structure, epoxy asphalt has excellent
toughness, while the crosslinking network formed by the epoxy resin endows epoxy asphalt
with high strength and thermosetting. For a long-span steel bridge deck pavement, to
ensure good follow-up, the epoxy content in epoxy asphalt is usually 50%. There will not
be huge flexural deformation on ordinary roads, and the epoxy asphalt mixture does not
need to have excellent following and thermosetting. The proportion of epoxy should be
determined according to the required performance for common roads without excessively
pursuing the performance of epoxy asphalt.

4.2. Viscoelastic Properties of Different Epoxy Asphalt
4.2.1. TS Test

The rheological test results are summarized in Figures 3 and 4, in which Figure 3
shows phase angle parameters and Figure 4 shows complex shear modulus parameters.
From Figure 3, the phase angle decreases with increasing epoxy proportion at the same
temperature. The phase angle of SBS asphalt is similar to epoxy asphalt with 10-15% epoxy
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resin. When the temperature rises above 70 °C, the phase angle of epoxy asphalt with
15% epoxy resin is lower than that of SBS asphalt, which indicates that the elasticity of
epoxy asphalt with 15% epoxy resin is better than that of SBS asphalt. When the epoxy
resin proportion is lower than 25%, the epoxy asphalt’s phase angle increases with the
increase in the test temperature. The phase angle of epoxidized asphalt did not increase
with increasing test temperature when the proportion of epoxy was greater than 30%. When
the proportion of epoxy asphalt reaches 40%, the phase angle of epoxy asphalt decreases
and then increases with increasing temperature.

90
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v " < 15%
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Figure 3. Phase angle parameters.
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Figure 4. Complex shear modulus parameters.

Figure 5 shows that the composite shear modulus increases with the increase in epoxy
proportion at the same temperature. The complex modulus of epoxy asphalt with 5% epoxy
resin is similar to basis bitumen. It can be seen that the addition of 5% epoxy has relatively
little effect on the composite modulus of basis asphalt. The composite modulus of SBS
asphalt is greater than that of epoxy asphalt with 20% epoxy resin at 58 °C. The complex
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modulus of SBS asphalt decreased significantly as the test temperature increased. When the
test temperature reaches 76 °C, the complex modulus of epoxy asphalt with a 10% epoxy
resin proportion is higher than that of SBS asphalt.
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Figure 5. G*/sind parameter.

In summary, epoxy asphalt cannot fully reflect its anti-deformation ability in the
middle-temperature stage. When the temperature rises due to its thermosetting, the anti-
deformation ability of epoxy asphalt will be fully reflected. To further investigate the
anti-deformation ability of epoxy asphalt, the rutting factor is calculated by using complex
modulus and phase angle parameters at different test temperatures, and the results are
summarised in Figure 5.

From Figure 5, the change law of the rutting factor is basically consistent with the
change law of the complex modulus. The G*/ sin(«) before aging is required to be greater
than or equal to 1 kPa in PG grade of asphalt, and the temperature at which epoxy asphalt
with different proportions of epoxy meets PG grade requirements is shown in Figure 6.
From Figure 6, the PG high-temperature grade of epoxy asphalt gradually increases with
the rising epoxy proportion. According to PG grading, the high-temperature grade of
basic asphalt is 70 °C, while epoxy asphalt with 5% epoxy can only reach 70 °C. The
performance improvement is not obvious. Epoxy asphalts with 10-15% epoxy have a high
PG temperature grade of 82 °C, which is higher than SBS asphalts. The high-temperature
grade of epoxy asphalt with 25-30% epoxy resin reaches 100 °C, and the high-temperature
grade of epoxy asphalt with 40% epoxy resin reaches 112 °C. It shows that adding 5% epoxy
resin improves the high-temperature performance of asphalt, while more than 10% epoxy
resin can greatly improve the high-temperature properties of asphalt. In the PG grade
system, 6 °C is a grade span, so certain epoxy asphalts have the same high-temperature
grade, but it does not mean that their anti-rutting is the same. In order to further study the
influence of epoxy asphalt with different proportions of epoxy on rutting resistance, rutting
factors of epoxy asphalt under different proportions were compared to study the difference
in rutting factor decline rate. The specific calculation formula is shown in Equation (1), and
the results are shown in Table 4 and Figure 6.

Li_j = G} /sin(a;) — G} / sin(a;) 1)

where L;_; is the decrease range of rut factor of epoxy asphalt when the proportion of
epoxy decreases from i to j, kPa; i and j are epoxy resin content, where i is 5%, 10%, 15%,
20%, 25%, 30%, 40%, and j is 0%, 5%, 10%, 15%, 20%, 25%, 30%; G / sin(«;) is the rut factor
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value of epoxy asphalt when the epoxy proportion is 7, and kPa; G]’f / sin(«;) is the rut factor
value of epoxy asphalt when the epoxy proportion is j, kPa.

120

100 100
100- 4

80 -

60

Temperature (°C)

40

20~

SBS 0 5 10 15 20 25 30 40
Epoxy content (%>

Figure 6. High-temperature grade.

Table 4. Rutting factor decline rate table.

Amount of Addition
Temperature (°C)
Ls5%—0% L10%-5% L15%-10% L50%-15% L5%20% L309%-25% Lyo%-30%
58 —0.82 —0.67 —1.26 —3.30 —8.69 —9.90 —12.68
64 —0.50 —1.90 —1.30 —2.48 —3.37 —5.80 —10.09
70 —0.21 —2.04 —0.76 —-1.72 —2.97 —2.00 —7.69
76 0.00 —1.49 —0.85 —1.24 —0.25 —2.00 —6.66
82 —0.56 —1.00 —0.44 —0.80 —4.84
88 0.18 —0.33 —3.66
94 —0.52 —2.48
100 —0.06 —1.53
Average —0.38 —1.53 —0.95 —1.95 —2.59 —2.68 —6.20

From Table 4 and Figure 7, when the test temperature is 58 °C, the rutting factor
of epoxy asphalt with a proportion less than 15% does not decrease rapidly with the
increase in epoxy content. When the proportion of epoxy is 15-25%, the rutting factor
decreases rapidly; when the content exceeds 25%, the decline rate slows down. When the
test temperature is higher than 58 °C, the decline rate of the rutting factor of epoxy asphalt
with less than 25% content oscillates. When the content of the epoxy asphalt is more than
25%, the decline rate of the rutting factor begins to increase with the improvement of epoxy
resin content. In order to further reflect the change rule of anti-rutting of epoxy asphalt
with different proportions of epoxy, the average rutting factors at all temperatures were
calculated. From Figure 6, with the improvement of epoxy proportion, the decline rate of
the rutting factor of epoxy asphalt oscillates less than 15%. When the proportion of epoxy
is 15-30%, the decline rate of the rutting factor increases slowly. When the proportion of
epoxy exceeds 30%, the decline rate of the rutting factor increases sharply. In summary;,
with the improvement of epoxy proportion, the rate of rutting factor decline is increasing.
That is, the rate of anti-rutting performance improvement is increasing.
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Figure 7. Rutting factor decline rate.

The rutting factor is analyzed logarithmically, and the relationship between 1g(G* / sin(«))
it and the test temperature is shown in Figure 8. Figure 8 1g(G*/ sin(«)) has a good linear
relationship with temperature, which the linear model fits. The results are shown in Table 5,
where K is the slope, and C is the intercept. From Table 5, the correlation coefficient R? of
linear fitting is higher than 0.99, which has a good fitting effect and can be used as a standard
curve to predict other rutting factors. The slope represents the temperature sensitivity
of the logarithmic rutting factor of epoxy asphalt. The greater the slope, the greater the
decrease in the logarithmic rutting factor between different temperatures, i.e., the higher
the temperature sensitivity. From Table 5, the slope changes significantly when the epoxy
content is 5—10%. When the epoxy proportion is greater than 10%, the slope is relatively
flat, indicating that the temperature sensitivity of the rutting factor is relatively small. That
is, the temperature sensitivity of the anti-rutting of the epoxy asphalt is relatively small.

Table 5. Linear fitting parameters of 1g(G*/sind).

Parameter SBS 0% 5% 10% 15% 20% 25% 30% 40%
C 8.96 8.33 8.94 6.04 5.75 5.59 7.2 7.92 7.64
K —0.11 —0.12 —0.12 —0.07 —0.06 —0.05 —0.07 —0.08 —0.07
R? 0.997 0.992 0.996 0.993 0.994 0.993 0.994 0.997 0.998

According to the above analysis, the rutting factor of epoxy asphalt is increasing with
the increase in epoxy proportion. From Figure 7, the rutting factor decline rate increases
significantly when the epoxy proportion is greater than 15%. The results show that the
rutting resistance of epoxy asphalt is greatly improved when the epoxy proportion is
greater than 15%. When the proportion of epoxy is greater than 30%, the rate of improving
anti-rutting properties of epoxy asphalt increases further.
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4.2.2. MSCR Test

The creep and recovery curves of 10 kinds of bitumen (matrix bitumen, SBS-modified
bitumen, and eight different epoxy bitumen mixtures) under 0.1 kPa and 3.2 kPa stress were
obtained through the MSCR test. The DSR rheometer automatically recorded the initial
strain, creep strain, and recovery strain of each loading cycle under different stress and
each one after applying stress for 1 s. The creep strain correction value within the loading
cycle and the total strain correction value within each loading cycle after 10 s of stress are
applied, and the unrecoverable creep compliance Jnr and the average strain recovery rate R
are obtained through calculation. The test temperature is 58 °C, and the results are shown
in Figure 9.

It can be seen from the above figure that under different stress levels, the high-
temperature performance of epoxy asphalt gradually becomes stronger with the increase
in epoxy resin content. It can be seen that the addition of epoxy resin can change the
high-temperature performance of epoxy asphalt. At 3.2 kPa stress, the R-value is greater
than the M value, indicating that epoxy asphalt’s recovery ability and rutting resistance are
decreased at high stress levels. Under the stress condition of 0.1 kPa, the high-temperature
performance of epoxy asphalt with a content of 10% is basically the same as that of SBS-
modified asphalt. When the content of the epoxy resin is increased from 10% to 15%, the
strain recovery rate increases by 31.2%, indicating that the high-temperature stability of
epoxy asphalt has been greatly improved. At the stress level of 3.2 kPa, when the content
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of epoxy resin reaches 15%, the high-temperature performance can be equal to that of
SBS-modified asphalt. Therefore, the content of epoxy resin in high temperature and high

load environments should be greater than 15%.
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Figure 9. MSCR test result: (a) 0.1 kPa, (b) 3.2 kPa.
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The results of temperature scanning and MSCR were analyzed. When the content was
increased to 30%, the improvement rate of high-temperature performance of epoxy asphalt
was further increased. According to the results of fluorescence microscope analysis, the
content was 30%. Epoxy asphalt has undergone qualitative changes. Epoxy asphalt initially
formed a crosslinked spatial network structure. Epoxy asphalt began to change from
asphaltene to epoxy, with ultra-high performance, and can be used in small steel bridge
pavement. For sections with special anti-rutting performance requirements, when the
content is greater than 15%, the anti-rutting performance improvement rate is significantly
increased, so the epoxy resin content can be controlled at 15—30%. For ordinary roads,
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the performance of epoxy asphalt should at least reach the performance of SBS-modified
asphalt, so the content of epoxy resin can be controlled at 10—15%.

4.2.3. BBR Test

The low-temperature bending beam rheology (BBR) test can characterize the perfor-
mance of asphalt under low-temperature conditions. According to the requirements of
low-temperature grade of road asphalt in most areas of China, 10 kinds of asphalt (matrix
asphalt, SBS modified asphalt, eight different kinds of epoxy asphalt) were tested at —12 °C
and —18 °C, respectively, and the creep modulus (S) and creep rate (M) indexes were
extracted It is an evaluation index. Generally speaking, the value of s is less than 300 MPa,
and the value of M is greater than 0.3. The results are summarized in Figure 10.
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Figure 10. BBR test result: (a) Stiffness modulus, (b) m—value.
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It can be seen from Figure 10 that with the increase in epoxy resin content, S gradually
increases and M gradually decreases, indicating that the greater the epoxy resin content,
the more susceptible asphalt is to low-temperature stress. The analysis is because the
addition of epoxy resin reacts with the curing agent when the curing product is brittle and
hard at low temperatures, and the deformation ability is poor, leading to epoxy asphalt’s
low-temperature performance. Under the condition of —18 °C, when the epoxy resin
content increases from 10% to 15%, the value of S increases by 8.8%. When the epoxy resin
content does not exceed 25%, both s value and M value meet the specification requirements.
When the epoxy resin content does not exceed 20%, the low-temperature performance of
epoxy asphalt is better than that of SBS modified asphalt. When the temperature drops to
—24 °C, the s value of epoxy asphalt with different dosages does not meet the specification
requirements. In summary, when the temperature is low, the content of epoxy resin can be
appropriately reduced to improve its low-temperature performance, and in an extremely
low-temperature environment, the low-temperature performance of epoxy asphalt cannot
meet the requirements.

4.2.4. Applicable Conditions for Different Epoxy Resin Content

Table 6 summarizes different application scenarios corresponding to different epoxy
resin contents based on the above research results. For ordinary roads, when the content of
epoxy resin is 10—15%, it can meet both high-temperature and low-temperature require-
ments. For sections with special rutting performance requirements, the content of epoxy
resin is recommended to be controlled between 15 and 30%. When the content of epoxy
resin is greater than 30%, the epoxy asphalt initially forms a crosslinked spatial network
structure, and the epoxy asphalt starts to change from asphaltene to epoxy, which has
ultra-high performance and can be applied to small steel bridge deck pavements. The
low-temperature performance of epoxy asphalt gradually decreases with the increase in
temperature. Therefore, the epoxy resin content of the road section should not exceed 20%
in the low-temperature environment, and the epoxy asphalt cannot meet the specification
requirements under extreme low-temperature conditions.

Table 6. Different dosages corresponding to different use places.

Epoxy Resin Content Applicable Place
10~15% Ordinary road
15~30% Sections with special rutting resistance requirements
>30% Small steel deck pavement
<20% Road section in low-temperature environment

5. Watertight Breathable Epoxy Asphalt Mixture
5.1. Marshall Test

To further study the performance of low-content epoxy asphalt concrete, 17 kinds of
Marshall specimens with different asphalt-aggregate ratios were prepared using epoxy
asphalt with 20% epoxy resin. The Marshall test was carried out, which is shown in
Figure 11. From Figure 11, with the rising asphalt-aggregate ratio, the bulk density and
stability first increase and then tend to be stable. When the asphalt-aggregate ratio reaches
6.5%, the bulk density and stability reach the peak. The porosity decreases and the flow
value increases with the increase in asphalt-aggregate ratio. Because of the need to prevent
rain from corroding steel decks, epoxy asphalt concrete with less than 3% air voids is
usually selected for steel deck pavement. Because epoxy asphalt concrete is too dense, the
vaporized water in the construction process cannot be discharged, resulting in bulging.
Anticorrosion is unnecessary in conventional asphalt pavement, so it does not need extreme
compactness. However, the property of epoxy asphalt pavement is closely related to its
compactness. Excessive porosity will cause water seepage in epoxy asphalt pavement, and
then early water damage will occur. Therefore, achieving watertight ventilation has become
a key point in the design of epoxy asphalt concrete.
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Figure 11. Marshall test results: (a) bulk density; (b) porosity; (c) stability; (d) flow values.

5.2. Optimum Void Fraction

The 17 kinds of epoxy asphalt concrete with different asphalt-aggregate ratios were
prepared to form rutting test specimens. The specimens were placed in an oven at 100 °C
for 12 h. The specimen was taken out, and the height between the center bulge apex and
the top of the specimen was measured. After the temperature of the epoxy asphalt mixture
specimen drops, the water seepage test is carried out. The results are summarized in
Figures 12 and 13.

From Figure 12, the epoxy asphalt mixture with air voids in the range of 4.1-6.5% has
no bulging, which indicates that the epoxy asphalt concrete in this range can discharge
water vapor. That is, there will be no bulging. With the decrease in air voids, the height of
the bulge of the epoxy asphalt concrete gradually increases. During the molding process of
epoxy asphalt concrete specimens, due to the high temperature, the liquid in the bearing
layer forms a gasification state. Then, the epoxy asphalt concrete is directly jacked up.
The deformation process changes the gas-tight state of epoxy asphalt concrete. Gas is
discharged from the interlayer along the internal channel of the concrete. With the decrease
in air voids, the compactness of the epoxy asphalt mixture increases, and the gas that can be
discharged is less. That is, more and more gaseous or liquid water remains between layers.
When the epoxy asphalt mixture specimen molding work is completed, the interlayer
water vapor jacks up the pavement again under the oven heating. Then, it forms the bulge,
and the bulge height increases with the increase in interlayer water vapor content, i.e., a
decrease in air voids leads to an increase in bulge height. When the air voids are less than
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2.4%, the height of the bulge does not increase with the decrease in air voids, which shows
that the epoxy asphalt mixture is completely dense (even if a bulge occurs in the molding
process, the epoxy mixture is also dense). Interlayer gas cannot escape from the epoxy
asphalt concrete during the molding process, so the height of the bulge is determined by the
pressure formed by interlayer gas. As can be seen from Figure 13, an epoxy asphalt mixture
with air voids of 1.9-4.5% is completely water-dense without water seepage. Therefore, the
air voids of watertight breathable epoxy asphalt concrete are 4.1-4.5%, corresponding to an
asphalt-aggregate ratio of 5.1-5.9%.

35
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Figure 12. Height of bulge.
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Figure 13. Permeability coefficient.

5.3. Road Performance and Cost

Taking the porosity of 4.1% watertight breathable epoxy asphalt mixture as an ex-
ample, its road performance is shown in Table 6. From Table 7, the deformation of the
solidified specimen is very small at high temperatures, and the rutting test results far
exceed the technical requirements of the modified asphalt mixture 3000 times/mm, which
has good anti-rutting stability. The low-temperature crack resistance also meets technical
requirements that the flexural-tensile strain of modified asphalt concrete is greater than
0.0025. In the aspect of water stability, the dense and breathable asphalt mixture also has
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good performance, in which the ratio of immersion residual stability to residual splitting
strength reaches 96.74% and 87.8%, respectively, which meets the technical requirements of
modified asphalt mixture greater than 85%, and has better water damage resistance.

Table 7. Test results of mixture performance.

Indicators

Dynamic Stability, 70 °C
(Times/mm)

Ultimate Flexural-Tensile

Strain Residual Stability (%)

Splitting Strength (%)

Results

12,444

0.0031 96.74 87.8

Epoxy resin content is 20%.

The cost of the low-content epoxy asphalt mixture is summarized in Tables 8 and 9.
From Table 8, the unit price of low-content epoxy asphalt that needs to resist rutting
is 12,600 CNY/t, and low-content epoxy asphalt for ordinary sections is 8100 CNY/t,
which is 49% and 67% lower than the epoxy asphalt used for the conventional steel bridge
deck, respectively. Due to the relatively small epoxy resin content in low-content epoxy
asphalt, the cost of low-content epoxy asphalt has decreased significantly. From Table 8,
the unit price of the low-content epoxy asphalt mixture that needs to resist rutting is
95 CNY/m?, and that of the low-content epoxy asphalt mixture on ordinary road sections
is 61.5 CNY/m?, which is 46% and 65% lower than epoxy asphalt used for the conventional
steel bridge deck, respectively. The costs of low-content epoxy asphalt pavement (ordinary
section) and SBS asphalt pavement are similar. Although the cost of the low-content epoxy
asphalt pavement (Special section) is 58% higher than the cost of the SBS asphalt pavement,
the low-content epoxy asphalt pavement (Special section) can effectively resist rutting and
reduce the amount of maintenance. Although the initial cost of the SBS asphalt pavement
is low, it requires frequent maintenance in special sections, and the comprehensive cost
is much higher than the application of a low-content epoxy asphalt pavement, and it can
reduce interference to traffic. In addition, because the low-content epoxy asphalt mixture
has eliminated the bulge, the construction cost is greatly reduced compared with the
conventional steel bridge deck pavement. Therefore, the cost of the low-content epoxy
asphalt mixture in common sections is the same as that of the conventional SBS asphalt
pavement, which solves the problem of the high cost of promoting epoxy asphalt pavement
in communal sections.

Table 8. Unit price of binder combination.

Special Section

Application Conventional Steel Deck (Rutting Resistance) Ordinary Section
Asphalt unit price (CNY/t) 4500 4500 4500
Epoxy unit price (CNY/t) 45,000 45,000 45,000
Asphalt proportion 0.5 0.8 0.8
Epoxy proportion 0.5 0.2 0.1
Epoxy asphalt unit price (CNY/t) 24,750 12,600 8100
The reduction ratio of Binder Material cost _ 49 67%
(compared with conventional steel deck)
Table 9. The cost of different roads.
Application SBS Asphalt C(S);‘;‘;Igi:c?(al Special Section Ordinary Section
Thickness (m) 0.04 0.04 0.04 0.04
Mixture weight (Kg/ m?) 102 102 102 102
Aggregate weight (Kg) 95.7 95.7 95.7 95.7
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Table 9. Cont.

.. Conventional . . . .
Application SBS Asphalt Steel Deck Special Section Ordinary Section
Cement weight (Kg) 6.32 6.32 6.02 5.2
Aggregate unit price (CNY/t) 200 200 200 200
Binder unit price (CNY/t) 6500 24,750 12,600 8100
Material cost (CNY/m?) 60.2 175.7 95 61.5
Cost reduction ratio o o
(compared with conventional steel deck) - - 46% 65%
Cost increase ratio _ _ 58% 29,

(compared with SBS asphalt pavement)

SBS asphalt pavement: SBS asphalt content of 6.2%; conventional steel bridge deck: epoxy asphalt content is 6.2%;
special sections: the content of epoxy asphalt is 5.9%; ordinary section: the content of epoxy asphalt is 5.1%.

6. Conclusions

In order to make the low equivalent epoxy asphalt more widely used in road engi-
neering, the rheological performance and morphological characteristics of epoxy asphalt at
different dosages were tested. A Marshall test was performed to study its road performance,
and its cost was analyzed. In summary, we can reach the following conclusion.

(1) Due to the excellent heat resistance of epoxy resin, the rate of improvement in anti-
rutting performance is increasing with the increase in epoxy resin content. When the
proportion of epoxy resin is increased to 30%, the resin aggregates and forms larger
epoxy resin particles, and high-temperature performance is further enhanced.

(2) Compared with the arbitrary selection of epoxy asphalt content in epoxy asphalt
pavement, this paper puts the epoxy asphalt content in different application scenarios
based on the starting point of road performance and cost. For road sections with
special anti-rutting requirements, epoxy content should be limited to 15-30%. For
ordinary roads, the performance of epoxy asphalt should at least reach the perfor-
mance of SBS asphalt, and the proportion of epoxy should be limited to 10-15%. The
low-temperature performance of epoxy asphalt gradually decreases with the increase
in temperature. Therefore, in a low-temperature environment, the content of epoxy
resin in the lower section should not exceed 20%. Under extremely low-temperature
conditions, epoxy asphalt does not meet the requirements of the code.

(3) The traditional epoxy asphalt mixture cannot solve the problem of bulging when
applied to ordinary roads. This paper solves the problem of bulging by studying the
watertight and breathable properties of epoxy asphalt mixture with different voids.
When the void of low-content epoxy asphalt mixture is 4.1-4.5%, it has the function
of water tightness and air permeability and will not form a bulge. Moreover, the
low-content epoxy asphalt mixture meets the requirements of various indicators of
a modified asphalt mixture, and its deformation resistance far exceeds the technical
requirements of a modified asphalt mixture.

(4) The low-content epoxy asphalt mixture proposed in this paper, which is suitable for
rutting-resistant pavement and ordinary road sections, reduces the cost of the mixture
by 46% and 65% compared with steel bridge deck pavement.

In addition, the watertight breathable mixture system solves the problem of swelling,
the construction difficulty of epoxy asphalt concrete is greatly reduced, and the comprehen-
sive cost will be further reduced.

A low-equivalent epoxy asphalt mixture has not been widely used on road surfaces.
The tests conducted in this study are all conducted based on the Marshall test, and its
durability is unknown. Therefore, the next stage of research should focus on the accelerated
loading test of low-content epoxy asphalt mixture to further verify the applicability of
low-content epoxy asphalt mixture while carrying out the application research of solid



Buildings 2024, 14, 443 19 of 21

engineering and finally determining the application technology of a low-content epoxy
asphalt mixture.
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