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[T I N

Abstract: As an important part of the bridge deck pavement system, the waterproof bonding layer
plays a vital role in ensuring the integrity and durability of the pavement structure. Asphalt-based
waterproof bonding materials have attracted extensive attention from researchers due to their low
cost and good combination with asphalt surfaces. However, the existing research results of asphalt
waterproof bonding layers are confused and there is a lack of systematic summaries. In addition,
there are significant differences in the type, specification, performance, evaluation method, and
evaluation index of asphalt materials. The performance evaluation indexes and methods of asphalt
waterproof bonding materials need to be further studied and improved. To further promote the
research and development of asphalt waterproof bonding layer materials, in this paper, the relevant
specifications for the waterproof bonding layer of roads and bridges in China were systematically
combed, the key performance index requirements in different specifications were compared and
evaluated, the research trends of the asphalt waterproof bonding layer in China and its application
in engineering construction were comprehensively reviewed, the performance of different asphalt
waterproof bonding materials were systematically investigated, and the construction technology and
economy of different asphalt waterproof bonding layer materials were analyzed. This paper provides
a useful reference for the specification improvement and quality control of asphalt waterproof
bonding layer.

Keywords: road materials; bridge deck pavement; asphalt-based waterproof bonding layer; research
progress; working properties

1. Introduction

A waterproof bonding layer acts as a functional layer between the bridge deck and
the paving layer, acting as a bonding and waterproofing layer. A good waterproof bonding
layer not only ensures the integrity of the paving structure, but also plays a part in stress ab-
sorption, inhibits surface cracking, and offers other effects [1,2]. At present, the commonly
used bridge deck waterproof bonding layer materials in China are mainly categorized as
asphalt and reactive resin types, and asphalt materials, because of their own water repellent,
low cost, and good adhesion with the surface layer, are widely used in the field of bridge
deck pavements, while the development of modified asphalt, so that it not only retains the
original advantages of asphalt materials, but also has a number of significant characteristics
of modified asphalt, is ongoing. In recent years, researchers have carried out a series of stud-
ies on the performance of different modified asphalt-based waterproof bonding materials.
Scholars represented by Haynes proposed a variety of modified asphalt-based waterproof
adhesive materials, with self-healing, crack resistance, impermeability, and other aspects
to enhance the performance of waterproof materials [3-6]. Scholars represented by Oh
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evaluated the service performance of different types of waterproof adhesive layer [7-9].
Scholars represented by Hailesilassie analyzed the bonding and debonding mechanism of
waterproof adhesive materials in different situations based on laboratory tests [10-14]. In
summary, it can be seen that the current research is mainly focused on the development
of waterproofing binder materials and interlayer bonding performance, but the results
are complicated, scattered, lack systematic sorting, and engineering applications have not
formed a complete system. In order to further promote the research and application of
asphalt-based waterproof adhesive layer, it is necessary to more systematically comb the
changing rules of the working performance of different asphalt-based waterproof adhesive
layers, so as to conduct further targeted research.

Based on above reasons, in this paper, the relevant specifications of asphalt waterproof
bonding layer for roads and bridges in China were systematically sorted out, the key
technical indicators of waterproof bonding layer in different specifications were compared
and evaluated, the research trends and the engineering applications of bridge deck wa-
terproof bonding layer in China were comprehensively investigated, the performance of
different asphalt waterproof bonding layer materials was comprehensively summarized,
and the construction technology and economy of different asphalt waterproof bonding
layer materials were compared and analyzed. This work provides a reference for revising
and improving the relevant specifications of asphalt waterproof bonding materials, and
lays a foundation for subsequent engineering applications and targeted in-depth research.

2. Survey and Evaluation of Asphalt-Based Waterproof Bonding Layer Specifications

The asphalt-based waterproof bonding layer is effectively bonded with the bridge deck
through physical action. The material softens or melts with the increase in temperature,
and solidifies with the decrease in temperature. In the project, the asphalt-based waterproof
bonding layer is divided into coiled material, coating film, and crushed stone seal according
to the structure type [15-17]. Because of the different structures of bridge deck pavement
combinations and the wide variety of waterproof bonding materials and specifications,
there are significant differences in their corresponding performance index requirements and
evaluation methods. In order to comprehensively and objectively evaluate the technical
performance of the waterproof bonding layer, this paper comprehensively investigated
the relevant specifications of waterproof bonding layer materials for roads and bridges
in China, and compared their key performance indicators and specific requirements, as
shown in Table 1.

Table 1. Relevant specifications of bonding layers for roads and bridges.

Serial Number Specification Name Specification Number

Atactic polypropylene(APP) asphalt waterproof roll for roads and

1 JT/T 536-2004

bridges
Waterproofing coatings for concrete bridges and road surfaces JC/T 975-2005
Emulsified asphalt waterproof coating JC/T 408-2005

Modified bituminous waterproofing sheets for concrete bridge decks

4 and other concrete surfaces trafficable by vehicles JC/T 974-2005
5 Technical guide to the de§ign and_ construction of highway steel box [2006] NO.274
girder bridge decks
6 Standard specification for waterborne eppxy-bmder waterproof coating DB32/T 2285-2012
for concrete bridges
7 Technical specifications for as}fl)halt pavement interlayer treatment of DB61/Z 917-2014
ighways
8 General specifications of epoxy asphalt materials for paving roads and GB/T 30598-2014
bridges
9 Water quality asphalt waterproof coating for highways JT/T 535-2015
Technical specifications for the construction of ERS steel deck
10 pavements DB33/T 2012-2016
Specifications for the design and construction of pavements on
1 highway steel deck bridges JTG/T3364-02-2019
12 Technical specification for rapid construction of a waterproof-bonding DB11/T 1680-2019

layer on concrete bridge decks
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According to the specifications in Table 1, at the beginning of the application of a
waterproof bonding layer for bridge deck pavements, building waterproof coiled materials,
the asphalt film, and other materials were mostly used, but the effect was not ideal. At
present, the composite waterproof system is mainly composed of a synchronous chip seal,
high-performance epoxy materials, and a variety of materials. Considering the characteris-
tics of bonding layer materials and the influence of construction factors, it is proposed that
the key technical indicators of a waterproof bonding layer should include drying time, heat
resistance, low temperature flexibility, impermeability, and bonding performance.

2.1. Drying Time
There are five specifications in the survey that limit the drying time of asphalt water-

proof bonding materials, mainly for solvent asphalt and water emulsion asphalt materials
(see Figure 1 for details).
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Figure 1. Comparison of relevant specifications for drying time of waterproof bonding layer materials.

Different specifications for asphalt-based waterproof bonding materials’ drying time
requirements are broader. Among them, specifications 2, 6, 9, and 11 have a surface
drying time of basically less than 4 h and a hard drying time of basically less than 8 or
10 h. Compared with the above specifications, the drying time in specification 3 is the
longest, and the surface drying time is consistent with the hard drying time in specification
2, both of which are 8 h, while the hard drying time is up to 24 h. As far as the different
asphalt types were concerned, solvent asphalt bonding materials have the most stringent
drying time requirements; specification 11 requires a surface drying time of less than
2 h, and specifications 2, 3, 6, and 9 require a surface drying time of 3 h, 4 h, or 8 h for
emulsified asphalt bonding materials. This indicates that solvent-based bonding materials
evaporate into film faster and are relatively more demanding than water-emulsion materials.
Generally speaking, the surface drying time is short, the materials easily solidify quickly,
and the immediate construction rarely produces the sagging phenomenon, meaning that the
project requirements can be met in a short time. However, a too short surface drying time
will affect the adhesion of the bonding layer, which will lead to a reduction in the bonding
performance between layers. Therefore, the surface drying and hard drying time can be
determined according to the actual situation to obtain a better interlayer bonding effect.

In summary, when solvent asphalt waterproof bonding materials are applied to bridge
deck pavements, the surface drying time shall be less than 2 h and the hard drying time shall
be less than 8 h, while the emulsion asphalt bonding materials shall meet the requirements
of a surface drying time of less than 4 h and a hard drying time of less than 10 h. According
to specification 2, a thermal-modified asphalt binder shall meet the requirements that the
surface drying time is less than 4 h and the hard drying time is less than 8 h.
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2.2. Heat-Resistant Properties

There are seven specifications in China that put forward requirements on the heat
resistance of asphalt waterproof bonding layer materials, mainly for modified asphalt
waterproof rolls, water emulsion asphalt materials, heat-modified asphalt materials, and
epoxy asphalt. See Figure 2 for details.
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Figure 2. Comparison of relevant specifications for heat-resistant properties of waterproof bonding
layer materials.

In Figure 2, the four specifications for heat-resistant property requirements are 160 °C
with no flow, sliding, and dripping, while this is also in addition to specification 8 in the
steel bridge deck epoxy asphalt waterproof bonding layer, namely that 300 °C does not melt
outside the highest requirements. Parts of the specification requirements for heat-resistant
properties of 150 °C and below, especially in the specification 3 requirements of high-
performance (H-type) waterproof bonding material with a heat resistance of 110 °C, are
relatively general for the visible water emulsion type asphalt waterproof bonding material,
with a low performance (L-type) of only 80 °C. However, with the increase in engineering
requirements and the development of modified asphalt, waterproof bonding material
requirements for heat-resistant properties have also gradually increased. For example,
rubber-modified asphalt mixes can be paved at temperatures of around 180 °C, although
there is a significant temperature difference between the waterproof bonding layer and the
asphalt mix, and the lower thermal limits make it difficult to meet the growing demand.
Therefore, in order to avoid the asphalt paving process due to high temperature caused
by excessive softness and flow of waterproof bonding material caused by hot aggregate
puncture phenomenon, while taking into account the appropriate softening of bonding
material or the slight flow that is conducive to improving the adhesion, waterproof bonding
material heat-resisting properties should meet the following technical conditions: 160 °C
conditions, bonding material without sliding, flowing, dripping.

2.3. Low-Temperature Flexibility

There are six specifications in the survey that limit the low temperature flexibility of
asphalt waterproof bonding layer materials, mainly for modified asphalt waterproof coiled
materials and water emulsion asphalt materials, as shown in Figure 3.

In Figure 3, the low-temperature flexibility of asphalt materials was more strictly
controlled, with more attention paid to the effects of heat treatment, corrosion, and aging
on them. Under standard conditions, the three specifications for low-temperature flexibility
are the same, with no cracks or fractures at —25/—15 °C. Specification 1 for hot mix
asphalt pavement APP asphalt waterproofing membrane and specification 3 in the H-type
emulsified asphalt material requirements is relatively low, at only —10 and 0 °C without
cracking or fracture. Most high-performance water-based asphalt materials and SBS-
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modified asphalt waterproofing roll-roofing are mainly between —25-—20 °C. In different
corrosive and aging environments, the requirements for low-temperature performance
were mostly relaxed by 5 to 10 °C. As the temperature drops, the brittleness of the asphalt
material increases, and shrinkage can lead to cracks or fractures, so this property was often
considered in cold areas and the requirements could be relaxed in hot and humid climates.
In summary, in hot and humid climatic conditions, requirements can be relaxed to —15 °C
without cracks and fractures; cold climatic conditions should meet —25 °C without cracks
and fractures; corrosion and aging conditions can be relaxed by 5 °C.
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Figure 3. Comparison of relevant specifications for the low-temperature flexibility of waterproof
bonding layer materials.
2.4. Waterproof Properties

A total of 10 specifications in China require waterproof properties for asphalt-based
waterproof bonding layer materials, as shown in Figure 4.
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Figure 4. Comparison of relevant specifications for the waterproof properties of waterproof bonding
layer materials.

In Figure 4, five specifications have the same waterproof performance requirements for
asphalt materials, which is 0.3 MPa and that it is impermeable within 30 min. In other spec-
ifications, the same test conditions only require the film to maintain a high impermeable
pressure; for example, the pressure in specification 1 and specification 7 is 0.4 and 0.7 MPa,
respectively. This also shows that compared with the coating materials, such as emulsion
asphalt, heat-modified asphalt, and solvent asphalt, the modified asphalt waterproof coiled
material has higher requirements for water resistance and a better waterproofing effect.
In addition, since the superstructure of the waterproof bonding layer is vulnerable to the
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impact of construction machinery or hot aggregate paving during the construction process,
resulting in the asphalt film being punctured and damaged and affecting its performance,
the five specifications have added hot rolling conditions to the waterproof performance
test. Four of them require that the waterproof performance after hot rolling is 0.1 MPa, and
that it is impermeable within 30 min. The highest requirement in specification 8 is 0.3 MPa,
and that it is impermeable within 30 min. Considering that the resistance to construction
damage of the waterproof bonding layer is extremely important, the waterproof perfor-
mance requirements should generally meet the following technical conditions: 0.3 MPa
after hot rolling, and 30 min impermeable.

2.5. Bonding Properties

Bonding performance is the most important road performance index of the water-
proof bonding layer, which is generally characterized by adhesion pull-out, interlayer
pull-out and interlayer shear. There are seven specifications in China that put forward
requirements for the bonding performance of asphalt waterproof bonding layer materials,
as shown in Figure 5.
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Figure 5. Comparison of relevant specifications for the bonding properties of waterproof bonding layers.

For the interlayer bonding properties of asphalt-based waterproof bonding materials,
different specifications respectively limit the water emulsion asphalt, hot melt asphalt, mod-
ified asphalt roll, waterborne epoxy asphalt, SBS-modified asphalt seal, rubber-modified
asphalt seal, solvent asphalt, and fiber reinforced rubber asphalt waterproof bonding layer.
Analysis of Figure 5 shows that for the shear strength, specifications 6 and 7 require that
waterborne epoxy asphalt, SBS-, and rubber-modified asphalt seals should be higher than
0.5 or 0.48 MPa at 25 °C. Specifications 2, 9, and 12 require high-temperature conditions
(40-60 °C) for water emulsion asphalt and that the modified asphalt waterproof bonding
layer should be higher than 0.16 or 0.2 MPa. Specification 4 for the modified asphalt
membrane shear strength requirements requests minimum high-temperature conditions
higher than 0.12 MPa. This is mainly due to the coil-type material on the concrete interface
treatment requirements being high, and the coil material joints” fragile shear deformation
resistance being poor, so its requirements are broader. For the pull strength, in addi-
tion to specification 11 in the solvent asphalt class of material requirements are relatively
high, but the rest of the difference is not much, while specifications 6 and 7 require the
waterproof bonding layer at 25 °C to have a pull strength higher than 0.25-0.4 MPa. Speci-
fications 2, 4, and 11 require that the high temperature (50 °C) pull-out strength should be
higher than 0.05 MPa.

In conclusion, when the modified asphalt is used as the waterproof bonding layer,
pull strength should be higher than 0.3 MPa, and the shear strength should be higher than
0.05 MPa. When the emulsion asphalt is used as the waterproof bonding layer, the shear
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strength at 50 °C must be higher than 0.05 MPa. The bonding performance of waterborne
epoxy asphalt, SBS-, and rubber-modified asphalt seal coat is excellent, so the requirements
can be appropriately raised, that is, that the shear strength at 25 °C is not less than 0.5 MPa,
and that the shear strength at high temperatures is not less than 0.35 MPa.

3. Investigation and Evaluation of the Working Properties of Asphalt-Based
Waterproof Bonding Layer Materials

A comprehensive survey of China’s roads and bridges with asphalt-based waterproof
bonding layer material research dynamics and physical engineering application status,
based on mathematical and statistical principles [18], was carried out. It summarized the
application of asphalt-based waterproof bonding layer material technical indicators, clari-
fied the level of performance of different asphalt-based waterproof bonding layer materials
and their differences, and provided a reference for subsequent targeted in-depth research.
For statistical purposes, data that were too fragmented were excluded from the statistics.

3.1. Basic Properties of Asphalt-Based Waterproof Bonding Layer Materials

According to the specifications, the basic properties of asphalt-based waterproof bond-
ing materials mainly include pull-out strength, heat resistance, low temperature flexibility,
water permeability resistance, and other properties. When applied to the surface of bridge
concrete or steel plate, the amount of waterproof materials should be 0.7-1.0 kg/m? [19-32].
We have carried out investigation and statistics on the above properties of the waterproof
bonding layer, as shown in Figure 6.
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Figure 6. Basic properties of the asphalt waterproof bonding layer materials. (a) Mechanical proper-
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In Figure 6a, the epoxy asphalt adhesion pull-out strength is the highest, with 75% of
the epoxy asphalt data having a strength higher than 1.89 MPa, and mainly concentrated
between 1.89~2.58 MPa. Waterborne epoxy emulsified asphalt adhesion pull-out strength
has an average value of 1.99 MPa, the overall strength is slightly lower than the epoxy
asphalt, and the data is mainly concentrated in the range of 1.71~2.02 MPa. Rubber-
modified asphalt, SBS-modified asphalt, and AMP waterproof coating adhesion’s pull-out
strengths are relatively similar, in the range of 1.56~1.62 MPa. The SBR-modified emulsified
asphalt and FYT waterproof coating’s overall strength is low, the former having 50% of the
data concentrated between 0.72~1.18 MPa, while the latter’s values are mainly concentrated
in 0.36~0.55 MPa. It can be seen that, in addition to waterborne epoxy emulsified asphalt,
the mechanical properties of the remaining water-emulsified asphalt-like materials are
low, which is mainly due to the small asphalt content as a result of the general emulsified
asphalt-like materials’ low viscosity, and the coating breaking because the emulsion curing
film thickness is thin, which affects the adhesion with the concrete panel.

In Figure 6b, as a thermosetting material, epoxy asphalt has the best heat resistance,
with its heat resistance mainly concentrated between 170 and 220 °C. The mean and median
heat resistance of the remaining materials can meet the specification of 160 °C without
flowing, sliding, or dripping. Analysis of Figure 6c shows that for low-temperature flex-
ibility performance, the rubber asphalt temperature was mainly concentrated between
—20 to —25 °C, which meets the requirements of specification 2 for no cracking and fracture
at —15/—25 °C for hot melt type asphalt. A total of 50% of the data for SBS-modified asphalt
was concentrated between —5 and —15 °C, which is lower than the specification require-
ment. The FYT waterproof coating and AMP-100 average value of —15 °C and —17 °C,
respectively, can meet the needs of the specification 9 in the case of warm conditions.
Waterborne epoxy emulsified asphalt and SBR-modified emulsified asphalt meet the re-
quirements of specification 9 for waterborne asphalt materials under cold conditions. It
shows that the waterborne epoxy emulsified asphalt and SBR-modified emulsified as-
phalt have excellent low-temperature performance among the water emulsion asphalt
type materials. In addition, the low-temperature performance of epoxy bitumen is poor,
with data mainly concentrated between —5 and —15 °C. In terms of impermeability, most
materials meet the specification of 0.3 MPa pressure for 30 min without water penetration,
but because the waterproofing bonding layer’s resistance to construction damage is more
important, it should be considered in conjunction with the study of the material’s own
resistance to water penetration. For the drying times, in the examples investigated, the
surface and actual drying times were 3.5 h and 7.5 h for solvent asphalt, and 4 h and 8 h for
both AMP-100 and waterborne epoxy emulsified asphalt, respectively.

To further ensure the long-term performance of the waterproofing binder material, the
researchers also tested the corrosion resistance of the asphalt-based waterproof bonding
material. Gao, Guo, Guo et al. studied the acid and alkali corrosion resistance of AMP-100,
FYT, SBS-modified asphalt, and epoxy asphalt materials by immersing the materials in 2%
H,S04, 1% NaOH or 2% NaOH, and 20% NaCl solutions for 7~15 d. It was found that
the four materials had good acid and alkali resistance [33-35]. Zhou immersed the epoxy
asphalt specimens into 20% HCl, 20% NaOH, 20% NaCl, and 20% CH3COONa solutions
for 15 d, followed by tensile properties tests, respectively, and found that the epoxy asphalt
specimens soaked in the solutions showed a small magnitude of mass change and a slight
decrease in tensile strength and elongation at break [26].

3.2. Investigation and Evaluation of the Bonding Performance of Asphalt-Based Waterproof
Bonding Layers

Due to poor shear resistance and complex construction processes, the coil-type water-
proof bonding layer currently used in road engineering was relatively small. At the same
time, temperature is the key factor affecting the performance of the waterproof bonding
layer. Therefore, based on temperature, we have combed the research work of asphalt
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coating types and gravel sealed waterproof bonding layers for bridge deck pavements in
China. The difference in adhesive properties of asphalt binder course materials is clarified.

3.2.1. Modified Asphalt Waterproof Bonding Layer Materials Bonding Properties

Bonding property statistics for epoxy asphalt at different temperatures can be seen
in Figure 7. Bonding property statistics for SBS-modified asphalt can be seen in Figure 8.
Rubber-modified asphalt bonding property statistics are shown in Figure 9. All data are
from literature [5,9,10,13,22,26-50].
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(a) Pull-out strength, (b) shear strength (direct shear), and (c) shear strength (45° oblique shear).
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Figure 9. Bonding properties of the rubber-modified asphalt waterproof bonding layer materials.
(a) Pull-out strength, and (b) shear strength (direct shear).

Epoxy asphalt is mainly applied to the coating of concrete bridge, making it a small
part of the epoxy asphalt gravel waterproof bonding layer. In Figure 7, for the pull-out
strength, which is highest at 25 °C, the mean value is approximately 1.96 MPa, meeting the
specification of above 1.0 MPa. As the temperature rises, the overall trend of interlaminar
drawing strength decreases, remaining at around 0.6 MPa at 45 °C, with an average
value of only 0.36 MPa at 60 °C. For shear strength, the direct shear strength is mainly
distributed between 1.49 and 2.53 MPa at 20 °C and remains at around 0.59 MPa at
60 °C. A total of 50% of the data for oblique shear strength at 25 °C are concentrated
in the range of 0.75 to 1.83 MPa, while the average value at 60 °C is only 0.23 MPa. The
pattern is basically the same as that for drawing strength, which decreases with increasing
temperature. It can be seen that even though the asphalt and epoxy resin form a highly
cross-linked mesh structure to improve strength and high temperature properties, as a
temperature sensitive material, there is a certain degradation of mechanical properties
when the temperature increases.

At present, the SBS-modified asphalt bonding material in the actual project is used
with a single particle size of gravel together with the spread of a SBS-modified asphalt
synchronous gravel waterproof bonding layer. Compared to coated materials, this structure
not only has a good ability to coordinate deformation, but also effectively reduces construc-
tion costs and greatly improves the controllability of construction quality. In Figure 8, for
the pull-out strength, the mean value is as high as 0.50 MPa at 20 °C. The pull-out strength
decreases significantly with increasing temperature and only remains at 0.10 MPa at 60 °C.
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As the median value is lower than the mean value, this indicates that the overall bonding
performance is low at high temperatures. The shear strength is consistent with the above
pattern, with the direct shear strength concentrated between 0.24-0.67 MPa at 20 °C, with
a lower variation during the rise from 40 °C to 60 °C. The 45° oblique shear strength is
mainly distributed between 0.29 and 0.41 MPa at 20 °C and concentrated between 0.07 and
0.36 MPa at 60 °C. In fact, when the asphalt surface paving uses a SBS-modified asphalt
bonding material in the role of high temperature melting, the excess part is squeezed into
the pores of the surface layer, and the surface layer shares the role of waterproofing, but the
process is mainly physical bonding, and thermal stability is poor, as is the bonding layer of
high-temperature adhesion performance in general.

Analysis of Figure 9 shows that the pull-out strength of the rubber-modified asphalt
bonding material at 25 °C was mainly distributed in the range of 0.64-0.84 MPa, and as
more concentrated in the range of 0.64~0.69 MPa. With the increase in temperature, pull-out
strength decreases significantly, as the average value of strength at 60 °C is only 26.7% of
that at 25 °C, which is about 0.20 MPa. The shear strength also decreases with increasing
temperature, while the overall shear strength at 40 °C and 60 °C is relatively similar, with
the former having a mean value of 0.24 MPa and the latter a mean value of 0.20 MPa. As the
rubber particles become slightly loose and soft at high temperatures, the particles regain
a certain degree of plasticity and adhesion, allowing them to maintain good adhesion at
high temperatures.

3.2.2. Water Emulsion Type Asphalt Waterproof Bonding Layer Materials Bonding Properties

Statistics on the bonding properties of waterborne epoxy emulsified asphalt at different
temperatures [10,32,51-57] were shown in Figure 10. Binding property statistics for SBS-
modified emulsified asphalt [26,40,42,47,48,50] can be seen in Figure 11. The SBR-modified
emulsified asphalt bonding property statistics [13,22,40,58,59] can be seen in Figure 12. The
FYT bonding property statistics [13,24,25,34,60—-62] can be seen in Figure 13. The AWP and
AMP waterproofing adhesive material bonding property statistics [25,27,29,30,62,63] see
Figure 14. In addition, some data are from literature [64-76].
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Figure 10. Bonding properties of the waterborne epoxy emulsified asphalt waterproof bonding layer
materials. (a) Pull-out strength; (b) shear strength (direct shear).
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Figure 11. Bonding properties of the SBS-modified emulsified asphalt waterproof bonding layer
materials. (a) Pull strength; (b) Shear strength (Direct shear).
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Figure 12. Bonding properties of the SBR-modified emulsified asphalt waterproof bonding layer
materials. (a) Pull-out strength; (b) shear strength (direct shear).
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Figure 13. Bonding properties of the FYT waterproof bonding layer. (a) Pull-out strength; (b) shear
strength (direct shear).
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Figure 14. Bonding properties of the AWP and AMP waterproof bonding layer. (a) Pull strength;
(b) shear strength (direct shear).

In Figure 10, for the pull-out strength, it was mainly concentrated between 0.65~1.05 MPa
at 25 °C and maintained at 0.48 MPa at 60 °C. Among these values, a few data have
higher pull-out strength at high temperature, which is mainly due to the higher admixture
of epoxy resin; the epoxy resin can form more reticulation with asphalt to improve the
strength, or the admixture of other viscosity increasing modified materials can also play a
role. For shear strength, the mean value of direct shear strength at 25 °C is approximately
1.14 MPa, compared to 0.69 MPa at 60 °C. The data was more concentrated in the range of
0.45 to 0.49 MPa, but there are still some materials with good high temperature properties.

Analysis of Figure 11 shows that the pull-out strength of the SBS-modified emulsified
asphalt bonding material at 25 °C was mainly concentrated in the range of 0.27-0.84 MPa,
with a high degree of data dispersion (not concentrated). At 60 °C, it mainly remains
at 0.26 MPa, but its median is only 0.09 MPa, which shows a high degree of overall
attenuation of its pull-out strength at high temperatures. At 25 °C, the shear strength was
mainly distributed between 0.44 and 0.77 MPa, and at 60 °C there is also a significant
reduction, with the shear strength remaining at only 0.13 MPa.

Analysis of Figure 12 shows that, at 20 °C, the SBR-modified emulsified asphalt water-
proof bonding layer’s pull-out strength was mainly distributed between 0.18~0.41 MPa,
and the data was more scattered. At 60 °C, when the strength dropped significantly, the
data were mainly distributed between 0.07~0.20 MPa. A shear strength at 20 °C was mainly
maintained at 0.36 MPa. At 60 °C when the strength is low, its average value is only
0.08 MPa, compared with at 20 °C. The mean value of strength decreased by about 77.8%
compared with 20 °C. It can be seen that although SBR can improve the viscosity and
toughness of asphalt, its high temperature stability is poor and it is difficult to apply in
high temperature areas.

Analysis of Figure 13 shows that, at 25 °C, the FYT waterproof coating’s pull-out
strength was mainly concentrated between 0.25~0.29 MPa. At 60 °C, when the pull-out
strength was mainly distributed in 0.05~0.09 MPa, the strength is relatively low. Shear
strength versus the temperature is decreasing trend, sd its strength at 25 °C is 0.39 MPa but,
at 60 °C, it reduced to 0.08 MPa. Thus, it can be seen that the high temperature performance
of general water emulsion asphalt materials is poor.

The AWP and AMP waterproof coating was mainly based on asphalt, with rubber,
resin, and other polymer materials used in the prepared water-based waterproof coating.
It uses a polymer emulsion as the main film-forming substances, which include the main
types of AWP-2000, AWP-2000F fiber-reinforced waterproofing materials and AMP-100,
etc. Among them, AMP-100 has a unique first- and second-order reaction process, and
construction can facilitate a certain degree of repair to concrete bridge deck micro-cracks.
After curing, they can form a highly elastic plastic coating film. In addition, the material
and asphalt surface compatibility is good, the bonding ability, and waterproofing effect
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are relatively strong, and the AWP-2000 type in the coating after curing can have a certain
degree of elasticity, allowing it to play a stress absorption role. In Figure 14, the pull-out
strength is mainly maintained at 0.55 MPa at 25 °C and decreases to 0.19 Mpa at 60 °C; the
shear strength is consistent with the overall pattern of pull-out strength, with the average
value decreasing from 0.55 Mpa at 25 °C to 0.21 Mpa at 60 °C.

In addition to the above commonly used types, researchers have also conducted
studies on other types of modified emulsified asphalt, such as CR and EVA and modified
emulsified asphalt thin slurry sealers, etc. Therefore, statistical summaries of the bonding
performance of other types of modified emulsified asphalt waterproofing binder materials
other than those mentioned above [14,27,40,55,60,64-66] are shown in Figure 15.
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Figure 15. Bonding properties of other types of modified emulsified asphalt waterproof bonding layer
materials. (a) Pull strength; (b) shear strength (direct shear); (c) shear strength (40° oblique shear).

Analysis of Figure 15 shows that for the drawing strength, the most data were collected
at 25 °C and were mainly distributed in the range of 0.34~0.52 MPa, with the temperature
increasing against the overall decreasing trend of strength. The average value was about
0.18 MPa at 45 °C and was only maintained at 0.06 MPa at 60 °C; the pattern of interlayer
shear strength and drawing strength is basically the same, as the most data were collected
at 20 °C for the direct shear strength, but its dispersion was high. The degree of the shear
angle was higher with the temperature of 60 °C, as it was only 0.07 MPa; at the shear angle
of 40 °, the average value of shear strength from 25 °C at 0.68 MPa decreased to 40~50 °C
at 0.20 MPa. Overall, the modified emulsified asphalt waterproofing binder layer offers a
low performance at high temperatures.
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3.2.3. Solvent Asphalt Waterproof Bonding Layer Materials Bonding Properties

Solvent asphalt was generally not used alone as a waterproof bonding layer, but
with epoxy resin and rubber asphalt sand adhesive together to form a waterproof bonding
system. Its bonding performance statistics [23,27,28,31,67-69,75,76] can be seen in Figure 16.
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Figure 16. The bonding properties of solvent asphalt waterproof bonding layer materials (a) Pull
strength; (b) shear strength (direct shear); (c) shear strength (40° oblique shear).

Analysis of Figure 16 shows that the most data were collected at 25 °C, and the pull-
out strength was mainly distributed in the range of 0.58~1.20 MPa, with a high degree
of data dispersion, and a few parts were higher than 1.5 MPa, which was mainly due to
the improvement of interlayer bonding performance by setting epoxy resin as the under-
seal layer. The pull-out strength showed a decreasing trend as the temperature rose,
maintaining at 0.6 MPa at 45 °C, and mainly concentrated between 0.26~0.32 MPa at 60 °C.
Shear strength also decreased with the rise in temperature, as direct shear strength at 25 °C
is mainly concentrated between 0.67~0.83 MPa, while at 40~50 °C it is at 0.25 MPa. With
a shear angle of 40 °, the shear strength changes from 1.13 MPa at 25 °C to 0.52 MPa at
60 °C. In addition, by including the rubber asphalt sand rubber, it can also play a role in
protecting the waterproof bonding layer and absorbing stress.

3.3. Comparison of Bonding Properties of Different Asphalt-Based Waterproof Bonding Layers

According to the data from Figures 7-16, a comparative analysis of different types of
waterproof bonding layer bonding performance indicators can be determined. Specific
indicators include 25 °C and 60 °C pull-out strength, and shear strength (direct shear), as
can be seen in Figures 17 and 18.
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Figure 18. Comparison of shear strength of different asphalt waterproof bond layers. (a) Shear
strength (direct shear 25 °C); (b) shear strength (direct shear 60 °C).

Analysis of Figure 17a shows that the epoxy asphalt mean and median are highest, fol-
lowed by the solvent asphalt waterproofing system, then the waterborne epoxy emulsified
asphalt, indicating that the epoxy resin and solvent-based asphalt constitute a composite
structure which can greatly enhance the adhesion and flexibility of the material. Rubber-
modified asphalt synchronous gravel waterproofing bonding layer has a high interlayer
pull-out strength, and is overall higher than SBS-modified asphalt, mainly due to the fact
that the overall amount of SBS-modified asphalt is less, and the gravel spreading bonding
material coating is not uniform, resulting in more voids which affect the bond strength. In
addition, it can be seen that of the water emulsion asphalt materials, except in the analysis
of Figure 17a, epoxy asphalt has the highest mean and median, followed by the solvent
asphalt waterproofing system, then the waterborne epoxy emulsified asphalt, indicating
that the epoxy resin and solvent asphalt constitute a composite structure, which can greatly
enhance the adhesion and flexibility of the material. Rubber-modified asphalt synchronous
gravel waterproof bonding layer has a high interlayer pull-out strength, and is overall
higher than SBS-modified asphalt, mainly due to the fact that the overall amount of SBS-
modified asphalt is less, and the gravel spreading bonding material coating is not uniform,
resulting in more voids which affect the bond strength. In addition, for water emulsion
asphalt materials, except waterborne epoxy emulsified asphalt, the overall pull-out strength
is low. This includes FYT and other types of modified emulsified asphalt bonding, meaning
that the performance is poor. This is mainly because the general water emulsion asphalt
materials contain about 40% water, so that the formation of the thin asphalt film after
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curing affects the bonding performance. Analysis of Figure 17b shows that as asphalt is
by nature a highly temperature sensitive viscoelastic material, the properties will decay to
a certain extent at high temperatures, resulting in a higher decay in pull-out strength at
60 °C compared to 25 °C for different asphalt materials. The average pull-out strength of
waterborne epoxy emulsified asphalt is the highest, at 0.48 MPa, followed by epoxy asphalt,
solvent asphalt, and SBS-modified emulsified asphalt, at 0.37 MPa, 0.27 MPa, and 0.26 MPa,
respectively, while the pull-out strength of rubber-modified asphalt binder materials is
mainly concentrated between 0.18~0.25 MPa, lower than the above four categories. The
other water emulsion asphalt, AWP and AMP, have a relatively high waterproof coating
performance, as its pull-out strength is maintained at 0.19 MPa, while FYT and other types
of modified emulsified asphalt can only be maintained at 0.10 MPa, 0.09 MPa and 0.06 MPa.

From Figure 18a it can be seen, the overall shear strength from high to low for water-
borne epoxy emulsified asphalt, solvent asphalt, epoxy asphalt, rubber-modified asphalt,
SBS-modified asphalt, SBS-modified emulsified asphalt and AWP and AMP are relatively
similar, except for waterborne epoxy emulsified asphalt and solvent asphalt. Analysis of
Figure 18b shows that waterborne epoxy emulsified asphalt and epoxy asphalt has the best
high temperature shear strength, followed by SBS-modified asphalt and rubber-modified
asphalt, meaning that a synchronous gravel waterproofing bonding layer at high tempera-
tures offers good coordination for shear deformation resistance. The remaining materials in
the AWP and AMP waterproof coating offer relatively good high temperature performance,
but its cost is higher.

The epoxy asphalt, waterborne epoxy emulsified asphalt, and solvent asphalt water-
proof bonding system have the best interlayer bonding performance, because the epoxy
resin has good mechanical properties, so that the three-dimensional interpenetrating mesh
structure formed with the asphalt, which fundamentally changed the ordinary asphalt
thermoplastic, greatly enhancing the high temperature stability of the material [77]. In
addition, waterborne epoxy emulsified asphalt can be used for cement concrete bridge
decks to repair micro-cracks during the construction period due to its good fluidity and
permeability. The SBS-modified asphalt and rubber-modified asphalt synchronous gravel
waterproof bonding layer with the advatanges of convenient construction, quality control,
low cost and good interlayer shear resistance and other advantages were widely paid
attention to by researchers. However, compared with the coating class materials, its high
internal void ratio leads to low bonding performance and its waterproofing performance
is average [78]. The reason for this is that it is difficult to form an effective embedding
structure after spreading single-grain gravel, which makes it easy for the gravel to be
incompletely coated during construction, resulting in a high porosity and susceptibility
to water infiltration and ponding. The water emulsified asphalt, when used as a coat-
ing material, has average interlayer bonding properties. The subsequent study can be
improved by mixing the appropriate grade of coarse and fine aggregates to improve the
interlayer shear resistance. In addition, as the emulsified asphalt has an electrical charge on
its surface, the asphalt particles can be closely adsorbed to the aggregate surface, which
not only reduces the void ratio but also increases the adhesion to the aggregate, giving it a
good waterproofing effect.

3.4. Construction Process of Asphalt-Based Waterproof Bonding Layer Materials

The construction process of waterproof bonding materials is one of the important
factors affecting the quality of the project. At present, there are many different types of
adhesive materials and different bonding principles and applicable conditions, resulting in
different types of waterproof bonding layer construction process differences. According
to existing research results [79-85], the construction process of the waterproof bonding
layer can be distinguished by coil, coating, and a gravel sealing layer. The thickness of
the coiled material is high, and the construction is mostly carried out by manual on-site
baking. After the asphalt is melted and rolled, it is bonded to the concrete panel. The
coating materials are constructed through an asphalt distributor, an intelligent distributor,
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mechanical spraying, and manual scraping. Among these, SBS-modified asphalt, SBR-
modified emulsified asphalt, and other materials are sprayed on-site by asphalt distributors.
The temperature, speed, and dosage of asphalt spraying should be kept stable and artificial
spraying should be carried out in time. Epoxy asphalt and waterborne epoxy emulsified
asphalt are generally spread by intelligent spreaders to ensure uniform, continuous, and
accurate dosage. To ensure uniformity, continuity, and accurate dosage, the binder materials,
such as AMP-100, AWP-2000, and solvent-type asphalt are applied by mechanical spraying
or manual scraping, etc. To avoid holes in the drying process of the binder materials,
the construction is generally applied in two layers. Synchronous gravel sealer is mostly
constructed by a synchronous gravel sealer truck, which should be driven smoothly and
evenly and that ensure the temperature of asphalt sprinkling is between 160~180 °C. After
the synchronous gravel sealer is sprinkled, it is rolled by rubber roller in time.

It is worth noting that there is a significant difference between the construction interval
time of different asphalt binder materials. The upper surface layer construction can be
carried out after the completion of the bonding, and the interval time is almost zero.
The construction interval of heat-modified asphalt bonding materials and a synchronous
crushed stone seal is relatively short. The SBS- and SBR-modified emulsified asphalt and
other water emulsion materials should be carried out on the upper surface layer after
the demulsification of emulsified asphalt and the complete evaporation of water, and the
interval time is about 8~4 h. The drying time of epoxy and waterborne epoxy emulsified
asphalt binder should be controlled between 3~5 h. The interval between the first and
second coating construction of AMP-100 is 2~8 h, and the asphalt surface layer construction
is carried out after the complete drying. The solvent-based asphalt is the second layer
coating after the first layer is dry. In addition, the coil has higher requirements on the
flatness of the bridge deck, which needs to be baked while rolling; synchronous crushed
stone seals are prone to incomplete gravel coating during construction. The coating rate
can be improved by spraying asphalt twice before and after gravel spreading.

4. Conclusions and Prospects

(1) For the asphalt waterproof bonding layer, the epoxy asphalt waterproof adhesive
material interlayer bonding has the best performance. The waterborne epoxy emul-
sified asphalt has good high-temperature performance and excellent fluidity and
permeability. The SBS and rubber-modified asphalt synchronous crushed stone seal
has the advantages of convenient construction, controllable quality, low cost, and
good high-temperature coordination shear resistance.

(2) Key performance indicators of asphalt-based waterproof bonding layers material
include heat resistance, low-temperature flexibility, impermeability, and bonding.

(38) Epoxy asphalt, solvent asphalt, and waterborne epoxy emulsified asphalt bonding per-
formances are high, with the average value of pull-out strength of 1.96, 0.92, 0.84 MPa,
respectively. Epoxy asphalt, waterborne epoxy emulsified asphalt, and solvent-based
asphalt waterproof bonding systems have the best high-temperature performance, fol-
lowed by SBS-modified asphalt and a rubber-modified asphalt synchronous crushed
stone waterproof bonding layer.

In the future, more in-depth research and exploration should be carried out in the
following aspects: (1) Scientific and reasonable index evaluation systems and advanced test
methods for the bridge waterproof adhesive layer should be further put forward; (2) Based
on the existing engineering experience and research results, the performance evaluation
system of the waterproof adhesive layer suitable for different regions and different material
types should be established.
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