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Abstract

:

The performance of waterproof bonding layer systems significantly affects the service life of concrete bridge deck pavement. This article aims to compare the bonding properties and composite structure mechanical properties of different waterproof bonding layer systems in bridge deck pavement to recommend appropriate structures based on service conditions. To fulfill this objective, four kinds of waterproof bonding material composite systems were designed, and test samples were fabricated. Then, the waterproof bonding layer properties were studied by penetration resistance tests, scalding resistance tests, and corrosion resistance tests. Pull-off tests were conducted to compare the bonding properties. Then, dynamic modulus tests, Hamburg wheel tracking tests, and static load creep tests of composite structure specimens were implemented to evaluate the dynamic and static mechanical performances and water-temperature stability. The findings showed that the four schemes had good impermeability. The pull-off strengths of scheme III at 25 °C were about 2.5-, 2.5-, and 4-times those of schemes I, II, and IV, respectively, and the pull-off strengths at 50 °C were about 1.6-, 2-, and 1.6-times those of schemes I, II, and IV, respectively, and the bonding performances and dynamic modulus of different schemes were ranked as follows: III > I > II > IV. The results of the Hamburg wheel tracking test were consistent with the static load creep test. The high-temperature stability of scheme IV was the best, while the stabilities of scheme III and I were better than that of scheme II. In conclusion, the scheme of concrete bridge deck pavement can be selected based on the environmental conditions and traffic load, and schemes III and I should be considered first. The findings of this research could provide technical support for the future design of bridge deck waterproof bonding systems.






Keywords:


cement concrete; bridge deck pavement; waterproof bonding layer; properties; impermeability; dynamic modulus












1. Introduction


With increasing traffic volumes and axle loads and increasingly harsh weather conditions, serious early disease appears on bridge deck pavement, which significantly affects the function of expressways and induces traffic accidents [1,2,3,4,5]. The performance differences between asphalt concrete and cement concrete are significant, so the interface is often considered to be vulnerable zone. There will inevitably be an insufficient bond strength between the interlayer if there are no waterproof bonding layers between the asphalt concrete and the cement concrete. This will cause delamination, rutting, cracking, and other diseases on the bridge deck pavement, which will affect the safety of traffic [6,7,8]. According to the research and analysis of multi objective grey target decision theory, some scholars have obtained the priority relationship among shear performance, bond performance, and cost [9]. Therefore, this paper mainly analyzes the four schemes from the bonding properties and composite structure mechanical properties.



To strengthen the overall bonding performance of the bridge deck and pavement materials, a considerable amount of research has been conducted on the performances of waterproof bonding materials around the world [10,11,12,13,14,15,16,17,18]. Large numbers of investigations have shown that the bonding effect of the waterproof system under low and normal temperatures is the main factor affecting the layer performance. Under high temperatures, the working temperature of the bridge deck is close to or even reaches the softening point of the asphalt-based waterproof material. Therefore, during the construction process, the rolling action of the roller and the high temperature generated during paving will cause the waterproof layer to fail to varying degrees [19,20,21,22]. Kruntcheva et al. [23] showed that the type of contact between the layers has a significant influence on the performance of the interface through dynamic and static tests. It is recommended to introduce vertical and horizontal shear response modulus to describe the stiffness and strength of the waterproof bonding layer. Xu et al. [24] used laboratory direct shear and pull-out tests to test the interface bonding strength of the waterproof bonding layer. Guo et al. [25,26] selected three different waterproof bonding layers to do waterproof and shear strength tests, and the results showed that SBS-modified asphalt was better. Zhang et al. [27] found that modified asphalt had the highest bonding strength to concrete slabs through experiments, followed by ordinary asphalt and then emulsified asphalt. Guo et al. [28] studied the influence of factors such as the drawing rate, roughness, thickness, temperature, and humidity on the drawing strength and shear strength of waterproof bonding layers. The research results showed that the construction quality of the waterproof bond system was greatly affected by temperature and humidity. The construction temperature should be 25 °C, and the relative humidity should not exceed 60%. Zhang et al. [10] analyzed the interlaminar performance of waterproof and cohesive materials for concrete bridge deck via oblique shear tests, pull-off tests, and shear tests after loading under specific test conditions. The results showed that the order of the shear failure life of the selected waterproof and cohesive materials is SBS-modified asphalt were superior to those of asphalt rubber (19%). For the bridge deck paving–waterproof bonding layer, not only the performance of the waterproof adhesive material itself needs to be tested, but the composite structure of the bridge deck paving system also needs to be tested and evaluated, which will help to determine the overall anti-destructive ability of the pavement. Ai et al. [29] carried out a direct tensile, direct shear, and 45-degree skew shear tests at different temperatures (0, 25, and 70 °C) on specimens to compare the bonding properties of different waterproof bonding material composites. The results showed that the composite specimens with the best direct tensile strength and fatigue life used CILBOND®55C as the upper bonding materials and CILBOND®62 W as the lower bonding materials. Qiu et al. [9] used a waterproof bonding system consisting of two layers, a waterproof layer and a bonding layer, to ensure that the deck pavement and the steel panel could form a monolithic structure. They conducted a series of laboratory experiments that demonstrated that applying a waterproof bonding system improved the fatigue life of the bridge deck pavement significantly.



In summary, there are many types of waterproof bonding layers on the market at present. Although there have been a large number of experiments to detect the waterproof bonding layer [30,31,32,33,34,35], most of the relevant research has focused on optimizing a specific aspect of its performance, such as its shear strength or fatigue performance. Waterproof bonding layers have different influences on the upper paving structure, so the whole bridge deck pavement system’s mechanical properties and temperature stability are changed. However, the previous research on the properties of different cement concrete bridge deck pavement waterproof bonding layer systems was not comprehensive, which limits the structural design of waterproof bonding layer of concrete bridge deck. Therefore, four commonly used cement concrete bridge-deck waterproof-bonding-material composite systems were designed and evaluated comprehensively in this paper, and the research framework is shown in Figure 1. The waterproof bonding layer properties were studied by impermeability tests, scalding resistance tests, and corrosion resistance tests. The interface bonding performances were studied by pull-out tests at two different test temperatures (25 and 50 °C). The properties of the composite bridge deck pavement structure were tested by Hamburg wheel track tests, dynamic modulus tests, and static load creep tests. Based on this study, the scheme of concrete bridge deck pavement can be selected based on the environmental conditions and traffic load, which is of great significance for the structure design of cement concrete bridge deck pavement.




2. Experiment Program


2.1. Materials and Methods


In order to compare the bonding properties and composite structure mechanical properties of different waterproof bonding layer systems of bridge deck pavement, a deep research study was conducted. Firstly, the four waterproof bonding layers and composite bridge deck pavement schemes were designed. Secondly, the preparation of waterproof bonding layer and the technical indices of component materials were introduced. Then, the four composite bridge deck pavement specimens were prepared based on the cement prefabricated slabs with dimensions of 32 cm × 26 cm. The details are described in the following chapter.



2.1.1. Structure Design of Bridge Deck Pavement


The four commonly used waterproof bonding layers and composite bridge deck pavement schemes were designed and are shown in Table 1. About 10 kinds of materials were examined, including styrene–butadiene–styrene (SBS) modified asphalt, modified emulsified asphalt, and protective board. Asphalt sand (AC–5), pouring asphalt concrete (GA–10), and stone matrix asphalt (SMA–13) were used in the different schemes, the aggregate gradation of the three mixtures is shown in Table 2. The technical indexes of AC-5, SMA-13 meet the requirements of JTG F40-2004, technical indexes of GA-5 comply with standard technical regulations of “Design and Construction of Pavement on Highway Steel Deck Bridge” (JTG/T 3364-02-2019).




2.1.2. Preparation of Waterproof Bonding Layer


(1) Scheme I



First, the SBS-modified asphalt was sprayed with the amount of 1.2 L/m2. Second, a layer with a thickness of 5–10 mm was spread with 3–5‰ asphalt ready-mixed crushed stone added. Third, when the sealing layer was complete, the AC–5 mixture was constructed by a linear rubbing test machine. Finally, the SBS–modified emulsified asphalt bonding layer was sprayed with a distribution amount of 1.0 kg/m2.



The technical indices of the SBS–modified asphalt complied with the requirements of the I–D standard JTG F40–2004. The modified emulsified asphalt met the technical requirements of the specifications of JTG–2004.



(2) Scheme II



First, rubber asphalt was coated with a controlled thickness of 5 mm. The rubber asphalt was different from the conventional rubber asphalt, which was processed through the composite modification process and had a high elasticity, viscosity, and toughness [36]. The test indices of rubber asphalt are shown in Table 3.



The protective plate impregnated with asphalt was placed, which mainly protected the rubber asphalt. The protective plate with the size of 30 mm × 30 mm × 4 mm was used in the laboratory. Finally, the modified emulsified asphalt bonding layer was sprayed with a distribution of 1.0 kg/m2.



(3) Scheme III



The waterproof bonding layer was mainly composed of a GIS–I solvent-based adhesive coating and GA–10 waterproof layer. The GIS–I was coated first and then the GA–10 was constructed. The pouring asphalt concrete had a small porosity and a good waterproofing function. Due to the high asphalt content, it exhibited excellent interface contact performances. The GIS–I solvent-based adhesive was a single-component solvent-based waterproof adhesive formed by melting asphalt and a variety of polymer-resin-based additives in organic solvents through special processing technology. Table 4 shows the drying and curing times of the GIS–I adhesive at different temperatures.



(4) Scheme IV



The waterproof bonding layer was a mechanically sprayed waterproof coating film. Different from the conventional flexible waterproof film, a polymer-modified asphalt waterproof coating was sprayed as five layers, and alkali-free glass was sprayed simultaneously when spraying the 2nd and 4th layers were completed. The technical indicators of the bridge deck bonding waterproof coating are shown in Table 5. The fiber that was sprayed simultaneously with the waterproof coating was alkali-free glass-fiber non-twisted coarse-sand-glass type-E fiber, with a single-fiber diameter of 13 μm and the technical indicators shown in Table 6.




2.1.3. Preparation of Bridge Deck Pavement Specimens


For the specimen preparation, the following steps were taken:




	
The cement prefabricated slabs with dimensions of 32 cm × 26 cm were prepared. To approximate the actual site conditions, the bridge-cement concrete-box-girder construction ratio and materials were used, which were formed and cured simultaneously. The box girder was cured for 28 days to meet the strength requirements. Then, cutting and surface grinding were carried out successively to remove the laitance on the surface and increase the surface roughness, as shown in Figure 2.



	
The four waterproof bonding layers and composite bridge deck pavement structures were constructed on the bridge deck according to schemes I–IV. The four bridge deck pavement specimens are shown in Figure 3.



	
According to the demands of the test, the bridge deck pavement specimens could be cut or drilled with a specific size. Figure 4 shows the drilling of cylindrical specimens.










2.2. Basic Performance Tests Method


2.2.1. Waterproof Bonding Layer Property Tests


(1) Impermeability Test



The composite specimens composed of cement concrete, asphalt mixture, and four kinds of waterproof and cohesive materials were formed. The impermeability was tested according to the regulations of “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20–2011) T 0730–2011. The impermeability test of a composite specimen was carried out by using the material permeameter for the structural layer, which is shown in Figure 5. The number of replicates was no less than three. The material permeameter for the structural layer was composed of a barometer, a pressure cylinder with a plate, a clamping bolt, and a base [37]. The water seepage on the side of the rutting plate was observed, and the starting time of the water seepage was recorded.



(2) Scalding resistance test



This scalding resistance test refers to “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20–2011) T 0755–2011. This test mainly verified whether the crack resistance of each waterproof layer material decreased or if the layer lost its waterproof effect after the surface layer was constructed. A release agent was coated on a glass plate, and the waterproof layer film was completely peeled off after forming. The waterproof layer film was covered with a cement concrete slab, and the asphalt mixture was overlaid via rotary compaction or rolling with a Hamburg linear kneading machine. The temperature was the on-site construction control temperature. After simulating the on-site rolling and forming, it was determined whether the bottom of the waterproof membrane was damaged.



(3) Corrosion resistance test



Corrosion resistance test refers to “Corrosion tests in artificial atmospheres. Salt spray tests” (GB/T 10125–2012). The purpose of this experiment was to qualitatively simulate the durability, corrosion resistance, and protection of the bridge deck when chlorine salt seeped into the waterproof layer with water after repeated high-temperature and low-temperature cycles [38]. The specimens were obtained by cutting the bridge deck pavement specimens with dimensions of 10 mm × 30 mm × 10 mm. There were three replicates for every scheme. Figure 6 shows the device for simulating chloride penetration into the waterproof layer specimens.



The test procedures were as follows:




	
When the specimen is formed, it was vacuumed and immersed in water at room temperature for 7 days. It was divided into two groups: ordinary fresh water and seawater;



	
The specimens were saturated in a 60 °C constant-temperature water bath for 7 days, and then they were put in air for 7 days. Finally, they were placed into a −10 °C freezer for 7 days, and the process was repeated twice;



	
The test specimens were removed and placed into a salt spray corrosion box with 5% salt spray at 35 °C. The test was stopped after 4 days;



	
The damage of the waterproof bonding layer at any time during the period was observed.









2.2.2. Interlayer Bonding Characteristics Test Method


In the bridge deck pavement structure, the interface bonding properties of the waterproof bonding materials are very important to the overall performance of the composite structure. To evaluate the tensile strength of different waterproof bonding materials, pull-off tests were conducted with the LGZ–1 structural layer material strength drawing instrument (Figure 7). The test temperatures were 25 and 50 °C, and the drawing head diameter was 100 mm. Two tests were carried out for each structure, and the average was taken as the result. The test results were processed, and the interlayer adhesion force can be calculated as follows:


  C =  F S  ,  



(1)




where C is the interlayer pull strength (MPa), F is the pulling force measured by the drawing instrument (kN), and S is the shear area between layers (m2).




2.2.3. Bridge Deck Pavement Structure Test Method


(1) Dynamic modulus test



The dynamic modulus was tested according to the regulations of American Association of State Highway and Transportation Officials (AASHTO) T312. The specimens were obtained by coring the test board. Each group had three samples. The test temperatures were 5, 25, and 50 °C, and the load frequencies were 0.1 and 10 Hz.



(2) Hamburg wheel tracking test



The test was conducted according to T324–2014 of AASHTO. The Hamburg wheel tracking device was from Helmut-wind company in Hamburg, Germany. There were two specimens in each group. The device is shown in Figure 8.



(3) Static load creep test



The MTS material testing machine was used for uniaxial, static-load, high-temperature creep tests. The axial stress was 0.2 MPa and the loading time was 3600 s. To eliminate the contact gap, the sample was preloaded with a 200-N load for 60 s before the formal test. The test temperature was strictly controlled at 50 °C, and the test piece was made by drilling cores of the composite rutting plate with dimensions of Ø100 mm × 100 mm.






3. Test Conclusions and Analysis


3.1. Waterproof Bonding Layer Properties


(1) Impermeability of waterproof bonding layer



There was no water seepage in the four waterproof bonding layer structures after water injection for 24 and 48 h. This indicated that the four kinds of waterproof bonding systems had good permeability resistances.



(2) Scalding resistance of waterproof bonding layer



The surface of the waterproof bonding layer had various degrees of damage after rolling. However, the damage of scheme II was the greatest. In the process of rolling, the board that played a protective role was more complicated. When the lower rubber asphalt was less and the concrete slab was relatively flat, the underside of the protective board became scalded as shown in Figure 9a, and there was a layer of non-sticky fiber plant between the rubber asphalt and the concrete, as shown in Figure 9b. In most cases, the protective plate was crushed, resulting in local enrichment. The protective plate was much less viscous than rubber asphalt, which could affect the bonding strength between the layers.



(3) Corrosion resistance of waterproof bonding layer



The test results of the corrosion resistance test are shown in Figure 10.



As shown in Figure 10, after repeated freezing and thawing cycles and salt spray corrosion, the four waterproof layers or undercoats were all well connected to the cement concrete bridge deck. However, the surfaces of schemes I and II became hard when pressed with a finger. The reason may have been that the chemical properties and physical composition of SBS–modified asphalt and rubber asphalt changed after the high-temperature and low-temperature cycles, and the viscosity and toughness decreased. There was no significant change of scheme III, indicating that the GIS–I–type primer had strong durability and corrosion resistance. Scheme IV bonded well, and there were burrs at the edge. Therefore, the long-term coupling effects of water, temperature, and salinity would accelerate the deterioration of waterproof layer materials in a short time. Thus, the influence of these factors should be considered in the design of bridge deck pavement structures.




3.2. Interlayer Bonding Characteristics


The pull-off test results of the four schemes are shown in Figure 11, and the section forms after the pull-out test are shown in Figure 12.



(1) Pull-off strength and deformation



The pull-off strength and deformation of bridge deck pavement scheme III were the largest at 25 and 50 °C. The pull-off strengths of scheme III at 25 °C were about 2.5-, 2.5-, and 4-times those of schemes I, II, and IV, respectively, and the pull-off strengths at 50 °C were about 1.6-, 2-, and 1.6-times those of schemes I, II, and IV, respectively. Hence, the order of the pull-off strengths of the bonding materials in the different schemes was as follows: III > I > II > IV, indicating that the order of the bonding performances between different waterproof bonding composite systems and cement concrete slab was as follows: III > I > II > IV.



The pull-off strengths of schemes I and II were relatively close, and the pull-off strength at 25 °C was greater than that at 0.35 MPa, which could meet the technical requirements of bridge deck pavement in “Technical Specifications for Construction of Highway Asphalt Pavement” (JTG F40–2004). The bonding principles of the two pavement structures were the same. The modified asphalt waterproof membrane achieved a good connection with the cement concrete bridge deck, and the bonding with the upper SMA–13 pavement layer was enhanced by the modified emulsified asphalt layer. However, the high-temperature pull-off test results showed the bonding strength of scheme II decreased rapidly, indicating that the thickness and temperature stability of the asphalt film determined the stability of the bonding layer. Therefore, it is necessary to optimize the distribution of modified asphalt and the appropriate thickness of rubber asphalt during the design of the bridge deck pavement structure.



The pull-off strength of scheme IV was not ideal. The reason may have been that the manual distribution method was used in the indoor tests, which could not accurately simulate the roller brush construction process. This affected the distribution uniformity of alkali-free glass fibers, resulting in partial thickening and strong plate properties and affecting the connection with the upper layer. Otherwise, based on the damage condition after the pull-off tests, the waterproof coating was well connected with the bridge deck. It cracked at the connection with the upper paving layer or between the waterproof layer. This indicated that scheme IV overemphasized the connection with the bridge deck and the overall anti-cracking capacity, while the current distribution amount and number of glass fibers made the waterproof coating too hard, and the contact area with the mixture of the upper paving layer was small. This reduced the pull-off strength between layers.



The pull-off deformation amounts and pull-off strengths of the four schemes at 50 °C were less than those at 25 °C. The variation range of scheme IV was small, which was mainly due to the low-temperature sensitivity of the cold-constructed GIS–I–type primer, and the temperature had little effect on its resistance to pull-off deformation.



(2) Failure section after pull-off test



The pull-off failure section of scheme III appeared between the pull-off head and the epoxy layer, as shown in Figure 12c. The reason was that, on the one hand, the GIS–I organic solvent was used as the bonding layer material, which had a strong permeability and improved the surface characteristics of the cement concrete bridge deck. On the other hand, the pouring asphalt concrete had a small porosity, good durability, strong adhesion, and good adaptability with deformation. Thus, it increased the interlayer bonding strength.




3.3. Bridge Deck Pavement Structural Properties


(1) Dynamic mechanical properties



The dynamic modulus test results are shown in Figure 13.



For the same bridge deck pavement structure, the higher the test temperature was, the smaller the measured value of dynamic modulus was. The higher the test frequency was, the larger the measured value of dynamic modulus was. Hence, the order of the dynamic modulus of the different schemes was as follows: III > I > II > IV. The dynamic modulus of scheme III was higher than those of the other three schemes. The dynamic modulus of scheme III at 6, 25, and 50 °C were, respectively, 1.5–2.4 times, 1.5–3.0 times, and 1–2.2 times those of schemes I, II, and IV. This indicated that scheme III exhibited good dynamic mechanical properties.



With the loading frequencies of 0.1 and 10 Hz, the phase angles of the four bridge deck pavement systems changed between 15–30°, indicating that the viscoelastic properties of the four composite structures were stable in the service temperature range of 6–50 °C, which was very beneficial to the stress of the whole bridge deck pavement structure.



To analyze the influence of the temperature on the dynamic modulus of different bridge deck pavement structures, the temperature-sensitive values (TSVs) of each bridge deck pavement structure with different temperature ranges were calculated. The formula is as follows:


    TSV   i j   =    D i  −  D j    i − j   ,  



(2)




where    D i    and    D j    are the dynamic modulus of the pavement structure at test temperatures  i  and j (°C). The calculation results are shown in Figure 14.



The TSVs of scheme III in the low- and high-temperature ranges were greater than those of the other three schemes, indicating that scheme III’s dynamic mechanical properties were greatly affected by the temperature. Although scheme III had good comprehensive properties in the medium-temperature region, it was still possible to be brittle at low temperatures and creep at high temperatures. This may have been caused by the high asphalt content of GA–10. The TSVs of schemes I and IV were less than those of the other three schemes, indicating that schemes I and IV had good temperature stability.



(2) Water-temperature stability



Until the Hamburg wheel tracking test stopped after 20,000 loading cycles, inflection points of the four bridge deck pavement systems did not appear, so the peeling inflection points were not obtained. The Hamburg wheel tracking test system automatically recorded the deformation of 12 points of the left and right wheel ruts, and the maximum deformation generally occurred near point 6. Therefore, the rutting depth and maximum rutting depth of each structure at points 3, 6, and 9 were collected, and the data are shown in Figure 15.



Figure 15 shows that the maximum deformation and the deformation at measurement point 9 of scheme II were larger than 10 mm, while the deformation values of the other three schemes did not exceed 8 mm, indicating that the water-temperature stability of scheme II was poor. Thus, it was not suitable for high-temperature environments.



The order of the deformation amounts of the different schemes were as follows: II > III > I > IV, indicating that the order of the water stabilities of the different waterproof bonding composite systems were as follows: IV > I > III > II. The deformation of scheme I was between 4–5 mm, that of scheme III was between 4.5–6 mm, and that of scheme IV was the smallest, between 2.5–3.5 mm. These results indicated that the water temperature stabilities of schemes I, III, and IV were good. Scheme IV showed an excellent water temperature stability. The reason may be that the fibers played a reinforcement role, effectively improving the overall strength of the waterproof bonding layer and the puncture resistance during construction. Furthermore, it could adapt to the dynamic load and the compression and tensile characteristics of the bridge, and it exhibited good waterproof performances and corrosion resistance.



(3) Static mechanical properties



Figure 16 shows the creep deformation and time curves of the four schemes measured by static load creep test. Although the creep deformation increases of different schemes were different at 50 °C, the variations were consistent. If the relationship between the creep deformation and time before rheology was plotted on semi-logarithmic coordinates, there was a good linear relationship between them, the linear correlation formulas were shown in Figure 17. Thus, according to the linear correlation formulas the creep deformation of the four structures can be predicted easily.



The creep deformation amounts of the four schemes under load went through three stages. First, in the migration period, the deformation increased quickly with time. Second, in the stable period, the deformation increased steadily. Third, the deformation increased rapidly with time until failure. The rheological time was defined as the time when the total volume did not change, that is, the beginning of the third stage was the rheological point, and the corresponding time was the rheological time (Ft). Thus, the Ft values of the four schemes were calculated, as shown in Table 7.



The rheological time of scheme IV was the longest, and it was 4.5-, 5.5-, and 1.8-times those of schemes I, II, and III, respectively. The rheological time of scheme III was about 2.5- and 3.0-times greater than that of schemes I and II, respectively, indicating that the schemes III and IV had strong high-temperature deformation resistances. Scheme II had the weakest high-temperature deformation resistance. This result was consistent with the test conclusion of the Hamburg rutting test. Therefore, when the ambient temperature was high, scheme III is recommended.





4. Conclusions


In this study, a series of tests were carried out to evaluate the waterproof bonding material composite systems of cement concrete bridge deck pavement. The following conclusions can be drawn from the tests:




	(1)

	
The four waterproof bonding systems exhibited good permeability resistances. In the process of rolling, scheme II was easily damaged because the protective board was scalded and crushed. According to the corrosion resistance test, the stability of scheme III was the best.




	(2)

	
The pull-off strengths of scheme III at 25 °C were about 2.5-, 2.5-, and 4-times those of schemes I, II, and IV, respectively, and the pull-off strengths at 50 °C were about 1.6-, 2-, and 1.6-times those of schemes I, II, and IV, respectively. The pull-off tests indicated that the bonding performances of different waterproof bonding composite systems and cement concrete slabs ranked as follows: III > I > II > IV, and only scheme IV could not meet the requirements of the standard.




	(3)

	
The dynamic modulus of scheme III was higher than those of the other three schemes. The dynamic modulus of scheme III at 6, 25, and 50 °C were respectively 1.5–2.4 times, 1.5–3.0-times, and 1–2.2-times those of schemes I, II, and IV. This indicated that scheme III exhibited good dynamic mechanical properties. The results of dynamic modulus tests showed that the dynamic modulus of the different schemes ranked as follows: III > I > II > IV. However, the TSV of scheme III in the low-temperature and high-temperature range was greater than those of the other three schemes, indicating that the scheme III dynamic mechanical properties were greatly affected by temperature.




	(4)

	
The results of the Hamburg wheel tracking test were consistent with the static load creep test results. The high-temperature stability of scheme IV was the best, while the stability of schemes III and I were better than that of scheme II. In conclusion, the scheme of concrete bridge deck pavement can be selected according to the environmental conditions and traffic loads, and schemes III and I are recommended.




	(5)

	
In this paper, the performances of four waterproof bonding layer systems for cement concrete bridge deck pavement are tested and evaluated. However, there are many different systems in practical engineering. Therefore, it is necessary to carry out more extensive research on the concrete bridge deck pavement structure, evaluate the properties of more structures, to serve the concrete bridge deck pavement structure design.
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Figure 1. The research flowchart. 
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Figure 2. Cement concrete deck. 
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Figure 3. Formed bridge deck pavement specimens. 
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Figure 4. Drilling cylindrical specimen. 
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Figure 5. ZHY permeability instrument. 
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Figure 6. Device for simulating chloride penetration. 
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Figure 7. Pull-off test instrument. 






Figure 7. Pull-off test instrument.



[image: Coatings 12 00308 g007]







[image: Coatings 12 00308 g008 550] 





Figure 8. Hamburg test instrument. 
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Figure 9. Burst resistance test phenomena of scheme II. (a) Scald of protective plate. (b) Protective board was crushed. 






Figure 9. Burst resistance test phenomena of scheme II. (a) Scald of protective plate. (b) Protective board was crushed.



[image: Coatings 12 00308 g009]







[image: Coatings 12 00308 g010 550] 





Figure 10. Specimen after corrosion resistance test. (a) Results of scheme I. (b) Results of scheme II. (c) Results of scheme III. (d) Results of scheme IV. 
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Figure 11. Test results of pull-off test. (a) Pull-off strength. (b) Pull-off displacement. 
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Figure 12. Sections of specimens after pull-off test. (a) Scheme I. (b) Scheme II. (c) Scheme III. (d) Scheme IV. 
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Figure 13. Test results of dynamic modulus. (a) Dynamic modulus. (b) Phase angle. 






Figure 13. Test results of dynamic modulus. (a) Dynamic modulus. (b) Phase angle.



[image: Coatings 12 00308 g013]







[image: Coatings 12 00308 g014 550] 





Figure 14. Temperature sensitive value. 
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Figure 15. Hamburg wheel tracking deformation. 
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Figure 16. Results of static load creep test. 
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Figure 17. Deformation–time semilog curves. 
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Table 1. Cement concrete bridge deck systems.
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	Scheme
	Waterproof Bonding Layer
	Upper Bridge Deck Pavement Structure





	I
	Gravel asphalt sealing layer + 20 mm AC–5 + modified emulsified asphalt
	60 mm SMA–13



	II
	5 mm rubber asphalt + 3.6 mm protective board + modified emulsified asphalt
	70 mm SMA–13



	III
	GIS–I primer + 30 mm GA–10
	50 mm SMA–13



	IV
	1.2 mm fiber-reinforced waterproof coating (five–layer spraying)
	80 mm SMA–13
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Table 2. Aggregate gradation of the three mixtures.
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	Sieve Size (mm)
	16.0
	13.2
	9.50
	4.75
	2.36
	1.18
	0.60
	0.30
	0.15
	0.075
	Binder Content/%





	AC–5
	100
	100
	100
	95
	65
	45
	30
	20
	12.5
	7.5
	6.1



	GA–10
	100
	100
	90
	71.5
	55.5
	45
	39
	33.5
	30
	25
	7.3



	SMA–13
	100
	81.6
	61.2
	24.2
	19.9
	16.8
	14.5
	12.4
	10.9
	9.8
	6.2
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Table 3. Technical indices of rubber asphalt.
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	Project
	Measured Value
	Test Method





	Penetration at 25 °C,100 g, and 5 s (0.1 mm)
	47.5
	T0604



	Fluidity at 60 °C (Pa·s)
	2.3
	ASTM D5329



	Softening point (°C)
	89.5
	T0606



	G*/sinδ (with the pressure of 4800 Pa and rotation speed of 8 rad/s)
	18.7
	T0628



	G*/sinδ (with the pressure of 1600 Pa and rotation speed of 10 rad/s)
	4.95
	T0628
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Table 4. Hard surface time and curing time of GIS–I adhesives at different temperatures.
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	Temperature (°C)
	Hard Surface Time (h)
	Curing Time (h)





	5
	8
	48



	15
	5
	36



	25
	3
	24



	35
	2
	18



	45
	1
	12
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Table 5. Technical indices of polymer-modified asphalt waterproof coating.
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Number

	
Project

	
Type II






	
1

	
Solid content

	
≥50




	
2

	
Hard surface time, h

	
<2




	
3

	
Actual dry time, h

	
4




	
4

	
Heat resistance, °C

	
180




	
5

	
Impermeable, 0.3 MPa, 30 min

	
Impermeable




	
6

	
Low-temperature flexibility, °C

	
−20




	
7

	
Tensile strength, MPa

	
1.0




	
8

	
Elongation at break, %

	
≥800




	
9

	
Salt treatment

	
Tensile strength retention rate, %

	
≥80




	
Elongation at break, %

	
≥800




	
Low-temperature flexibility, °C

	
−15




	
Quality increase, %

	
≤2.0




	
10

	
Hot aging

	
Tensile strength retention rate, %

	
≥80




	
Elongation at break, %

	
≥600




	
Low-temperature flexibility, °C

	
−15




	
Heating expansion rate, %

	
≤1.0




	
Quality loss, %

	
≤1.0
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Table 6. Technical indicators of alkali-free glass fiber.
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	Burn Loss
	Water Content
	Stiffness
	Dispersion





	0.8
	0.1
	≥140
	≥95
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Table 7. Rheological time of four schemes.
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	Scheme
	I
	II
	III
	IV





	Rheological time/seconds
	364
	298
	905
	1636
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