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Abstract 

On the concrete bridge decks overlaid by HMA, slippage cracks usually appear on the HMA layer because of the presence 

of waterproofing membranes below the HMA layer and a lack of bonding of the membrane with the PCC underlying layer. 

The objective of this work is to develop a laboratory-based method for the fabrication of test samples of an HMA layer, 

waterproofing membrane, and PCC layer system. In addition, a bond strength test procedure was adapted to evaluate the 

bonding of the three layers assembly at different test temperatures in the laboratory prior to the field application. According 

to the obtained evaluation results, it was found that the weakest bond in the HMA, waterproofing membrane, and PCC 

assembly is the bond between the HMA layer and the waterproofing membrane. The bond strength of the assembly is 

highly affected by increasing temperature, since it lost approximately 75% of its strength when the test temperature 

increased from 25°C to 50°C. Likewise, as the test temperature increased from 25°C to 60°C, the assembly lost 

approximately 75% of its strength. Therefore, the bond strength should be evaluated at the expected pavement temperature 

in the field, specifically at the membrane interface level. 
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1. Introduction 

In the construction of concrete bridges, water-impermeable membranes are placed on top of the Portland Cement 

Concrete (PCC) layer to protect the concrete reinforcement from water ingress; then, a hot mix asphalt (HMA) layer is 

placed on top of the membrane [1]. Many pavement failures occur due to poor bonding between the HMA layer and the 

waterproof membrane or between the waterproof membrane and the PCC underlying layer. The most frequently 

observed failure is slippage cracking and upheaval, which often occurs in locations where traffic experiences changes 

in speed (acceleration, deceleration) or at traffic turns, which affects driving comfort and reduces the service life of the 

bridge [2-4]. Imperfect bonding at the interfaces between the three layers results in high horizontal stresses and 

insufficient adhesion bonds between the pavement layers. Compaction difficulty, top-down cracking, premature fatigue, 

and surface delamination are also failures related to a lack of bonding between the layers [5, 6]. One common issue is 

slippage cracking because of weak bonding, which often occurs at intersections and near traffic lights, resulting in a 

significant decrease in the pavement’s shear strength [7-9]. When there is weak bonding, water can penetrate through 

the pavement, and the asphalt layers do not function as a unified structure [10]. 
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Wang et al. reported that under moving loads, the transverse shear stress exceeds the longitudinal shear stress; 
additionally, the shear stress increases as the vehicle speed decreases [11]. To increase shear stress, polyurethane 
pavement materials were used as waterproof adhesive layers, but this led to a decrease in shear stress with an increasing 

amount of coating material [12]. Additionally, increasing the temperature with vehicle speed and horizontal load 
decreases the shear strength [13]. Many researchers have extensively studied several reasons for poor bonding between 
pavement layers. These reasons can be summarized as follows: type of tack coat, tack coat application rate, curing time, 
application temperature, asphalt residue content, pavement surface characteristics, asphalt cement content, type of 
aggregate, aggregate gradation, surface texture, surface cleanliness (method of cleaning the original surface), and 
environmental conditions [14, 15]. The bonding linking Portland cement concrete (PCC) pavement and hot-mix asphalt 

(HMA) surface layer is one of the most recognized and vital performance aspects tested in the design and construction 
of pavements [16]. Several investigations have concluded that having a poor bond strength at the interface between two 
materials leads to greater bending and shear stresses and deflection in composite pavement, resulting in abrupt pavement 
distress [17, 18]. In the most unfavorable cases, slippage cracks, severe rutting, or delamination may occur [19]. 

Flexible pavements are commonly used for their unique features, benefits, and adaptability. The top layer is usually 
the HMA layer, and the majority of flexible pavements consist of multiple layers of HMA or an HMA layer on top of a 

PCC concrete layer. These layers are connected via a tack coat so that the pavement layers behave as monolithic 
structures [20]. A tack coat is a light coating layer of bituminous binder. The main purpose of a tack coat is to create an 
adhesive surface between two asphalt layers in a new construction, between the old asphalt layer and the overlay layer 
during maintenance, or between the PCC layer and the top HMA layer. Tack coats also play a role in patching asphalt 
concrete pavements. They improve waterproofing in the asphalt layers and protect structural layers [21]. Tack coatings 
are sometimes referred to as bond coatings, especially when the adhesion strength between two layers is essential. A 

tack coat spray system is usually used to apply the tack coat. The hot asphalt mixture laid over the tack coat layer softens 
it, allowing it to cover surface voids in the new hot mix layer and promote bonding between the two layers [22]. In most 
of the available specifications for waterproofing membranes for concrete bridge decks, the specifications are only for 
the bond tensile strength within the membrane and the underlying PCC layer, and there are no specifications for the 
bond strength between the top HMA layer and the membrane. In addition, in these standards, the bond strength is 
specified at a maximum test temperature of 40°C, whereas the pavement temperature at the bonding interfaces might 

reach temperatures higher than 40°C [23]. 

The main aim of this research study is to develop a test procedure for laboratory and field evaluations of the bond 
strength between the hot mix asphalt layer, the interlayer membrane, and the bridge deck concrete layer at different test 
temperatures. In composite pavements, the bond strength between the HMA overlay and the PCC layer is affected by 
many factors, such as the type of mixture, PCC surface texture, tack coat, spreading rate of the tack coat, normal stress 
at the interface, and temperature. According to a study by Haido et al. [24], the splitting strength, compressive and 

flexural strengths, elasticity modulus, and Poisson's ratio at temperatures between 25°C and 50°C reduce the 
compressive and tensile strengths of self-compacting concrete by more than 20%. 

A waterproof adhesive layer serves as a protective and structural layer between the bridge slab and the paving layer, 
confirming the consistency of the paving structure. Gao et al. [25] researched waterproof bonding materials and revealed 
that solvent-based asphalt waterproof bonding systems, epoxy asphalt, and waterborne epoxy-emulsified asphalt 
perform well at high temperatures. Therefore, it is essential to consider the shear performance of the waterproof-adhesive 

layer when designing bridge deck pavements. It also acts as a bonding and waterproofing agent, absorbs stress, inhibits 
surface cracking, and provides other benefits, such as resisting the hydrostatic pressure exerted by moisture in the liquid 
state [26, 27]. Many countries have adopted standards for the bond strength of waterproofing and the concrete layer at 
bridge decks. For example, Ireland [28] adopted the TII, and the United Kingdom adopted the BBA-HAPAS [29]. 
Similarly, the United States of America follows the NCHRP 425 standard for bond strength [30]. As shown in Figure 1, 
pull-off tests are recommended by all of the aforementioned standards to evaluate the failure stress between the 

waterproof membrane and the concrete layer. 

 

Figure 1. Example of a tensile pull-off, British Board of Agreements [29] 
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However, there are no specific tests or specification limits for the failure stress between the membrane and the asphalt 
layer, which is the weakest part in the structure. In addition, the International Specification Limits specify the bond 
strength at -10°C, 23°C and 40°C, whereas in many Middle Eastern countries, the pavement temperature at the 

waterproofing-HMA interlayer reaches 50°C. This study recommends a laboratory test procedure for evaluating the 
failure stress between the waterproof membrane and the asphalt layer or for evaluating the bond stress for the HMA 
layer, waterproof membrane, and PCC layer assembly. The suggested test procedure simulates the construction of the 
HMA layer on top of the membrane via a method that simulates and reproduces the real compaction conditions under 
actual road paving operations, including mix properties, compaction effort, and compaction temperature. The suggested 
test procedure also enables the evaluation of the bond strength of the structure assembly at different temperatures. 

2. Experimental Program 

To assess the bond strength of the HMA layer, membrane, and PCC layer assembly; twenty-four samples were 
fabricated via two types of waterproofing membranes, coarse and smooth surface membranes. The fabricated samples 

consisted of 15 cm diameter by 15 cm height PCC cylinders; waterproofing membranes were installed on top of the 
PCC cylinders, and then the PCC cylinder membrane assemblies were overlaid with 5 cm thick HMA layers. The HMA 
layers were compacted via the Superpave Gyratory Compactor (SGC). SGC is considered the best HMA compaction 
equipment for simulating HMA field compaction [31, 32]. Fabricated samples were subjected to pull-off testing to 
evaluate the bond strength of the assembly at different testing temperatures (25°C, 40°C, 50°C, and 60°C). Figure 2 
shows a schematic representation of the following experimental program. 

 
Figure 2. Experimental program 

3. Materials and Fabrication of Test Samples 

3.1. Concrete Mixture 

The design of the concrete mixture was intended to produce a concrete strength of 25 MPa after 28 days. In addition 
to silica sand, it includes coarse, medium, and fine aggregates. The weights of the concrete mix design for one cubic 
meter are shown in Table 1. Concrete cylinders measuring 15 cm in diameter by 30 cm in height were cast, left to cure 
for 28 days, then were sawed into two 15 cm by 15 cm cylinders (Figure 3). 

Fabricate twelve 15 cm diameter by 30 cm height 

concrete cylindrical specimens. 

Saw each fabricated cylinder into two 15 cm by 

15 cm cylinders 

Application of smooth surface 

membrane 

Application of coarse surface 

membrane 

Overlay the by a 5 cm HMA layer using 

the SGC 

Glue small size, 5 cm diameter, circular loading 

fixture on top of the HMA layer 

Carefully saw the HMA layer around the loading fixture, through the full thickness 

of the HMA layer, the membrane, and approximately 1 cm into the concrete layer 

Test the bond strength using the Pull-Off 

Tester at 25°C, 40°C, 50°C, and 60°C 
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Table 1. Materials weights for one cubic meter of concrete 

Material Type Value 

Coarse Agg. 

(kg/m3) (Dry) 

332 

Medium Agg. 617 

Fine (Crushed Sand) 334 

Silica Sand 620 

Cement (OPC)* (kg/m3) 275 

Water (Net) 
(lit/m3) 

162 

Water (Total) 176 

W/C 0.59 

* OPC: Ordinary Portland Cement 

 

Figure 3. PCC sawed cylinders 

3.2. Waterproofing System 

The waterproofing system consisted of three materials. First, a highly penetrative bituminous primer was applied on 

the concrete surface as the first layer. The primer used is a solvent-based, cold-applied, and highly penetrating thin 

bituminous solution with a black color. It is generally used for coating concrete surfaces, which should be clean and free 

of dust, dirt, oil, or humidity before application. Figure 4-a shows the applied primer layer. 

   
                   (a)                                                                              (b) 

 
(c) 

Figure 4. Construction of the waterproof membrane, a) application of the primer layer on top of the concrete surface, b) 

application of the oxidized asphalt layer, and c) use of the waterproofing membrane 

Next, tack coat was distributed at a specified rate of 0.3 kg/m² to promote better adhesion between the mastic asphalt 

and the concrete surface. The tack coat ensures a stronger bond between the layers. Following the tack coat, mastic 

asphalt was used at a rate of 40 kg/m². Then a mastic asphalt layer was applied on top of the tack coat. The mastic asphalt 

was produced by air-blowing petroleum waste products, which were subsequently mixed with silty sand, crushed 

limestone, cement, and hydrated lime. Mastic asphalt acts as an adhesive layer. Figure 4-b shows the application of the 

mastic asphalt layer. 
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In the last stage, a 5 mm thick waterproofing membrane (Figure 4-c) was laid on the mastic asphalt. The membrane 

is made of bitumen that has been modified with atactic polypropylene (APP). The compound is a mixture of distilled 

bitumen, thermoplastic polymers, and elastoplastic copolymer, which makes the membrane highly durable and flexible 

even at low temperatures and able to withstand high temperatures. The membrane was reinforced with 200 g/m² of 

nonwoven polyester fabric to achieve approximately 45–50% elongation and provide the membrane with the required 

resistance to heat aging, punching, and rutting. To avoid adhering to the roll and rapidly melting when heated during 

membrane installation, the membrane is made with a polyethylene coating on the underside. The properties of the 

utilized membrane are displayed in Table 2. 

Table 2. Properties of the used waterproofing membrane 

Property Value Test Method 

Dimension, m/roll 1×10 - 

Thickness, mm 5 ASTM D5147 

Weight per roll, kg 62 UEAtc MOAT 30 

Reinforcement Nonwoven Polyester 200 g/m2 - 

Penetration of coating mixture 

at 25°C, DMM 
20 ± 10 ASTM D5 

Softening point of coating 

mixture, °C 
150 ± 10 ASTM D36 

Heat Resistance No flowing after 2 hours at 120°C. BS EN 1110 

Cold Pliability No cracking at -12°C BSEN1109 

Tensile Strength, N/5 cm  

ASTM D5147, D146 and 

BSEN 12311 
Longitudinal 850 

Transverse 650 

Water Absorption, % <1 ASTM D5147 

Water Pressure Resistance 
No leakage at 1000 mm water 

head/24 hrs. 
UEAtc MOAT 27 

Water Vapor Transmission 0.2 g/m2 per day ASTM E96 

Resistance to Chemicals 
Resistant to alcohol, salt solutions, 

dilute acids, and alkalies. 
- 

In this study, we developed two types of membranes: a smooth surface membrane and a coarse surface membrane. 

Both were used to evaluate their impact on the bond strength with the HMA and PCC layers. While shot blasting or 

milling is typically used in bridge construction to prepare the levelling layer, our study focused on the bond strength 

between the membrane and the HMA layer under monitored conditions. The smooth and coarse membranes simulate 

the surface conditions before such treatments, allowing the evaluation of the influence of membrane surface 

characteristics on bonding. 

During membrane manufacturing, the upper face of the membrane can be left without coverage with other materials 

to have a smooth surface or can be covered with fine sand and fine granules to obtain a coarse surface. To fix the sheet 

to the lower layers, a propane gas burner is used to melt off the polyethylene film and to form a thin layer of melted 

bitumen while unrolling and laying the membrane. 

In this research, two types of membranes were used, the smooth surface and the coarse surface. Twelve samples 

were fabricated with a smooth surface membrane, and twelve samples were fabricated with a coarse surface membrane. 

The fabricated samples were subjected to pull-off testing at four test temperatures (25°C, 40°C, 50°C, and 60°C). Three 

samples from each group were tested at each test temperature. 

3.3. Asphalt Mixture 

Table 3 presents the key performance properties and mix proportions of the asphalt HMA mixture. Bitumen, grade 

60/70, produced from the Jordanian Petroleum Refinery was used in the HMA mixture. The asphalt mixture was 

designed to achieve HMA with air voids of 5.0%, ensuring both durability and structural integrity. The particle size 

distribution curve of the HMA mixture used is presented in Figure 5. 
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Table 3. Asphalt mixture proportions and properties 

Performance Characteristic Value Unit 

Bitumen Type 60/70 - 

Bitumen Source Jordanian Petroleum Refinery - 

bitumen content by weight of total mix 4.82 % 

bitumen content by weight of aggregate 4.60 % 

Unit weight at recommended bitumen content 2.439 gm/cm3 

Stability at Recommended bitumen content 1962 kN 

Flow at recommended bitumen content 2.7 mm 

Stiffness at recommended bitumen content 719 g/mm 

Air voids at recommended bitumen content 5.0 % 

VMA at recommended bitumen content 15.8 % 

Loss of Stability 15.3 % 

Filler/Bitumen Ratio 1.23 - 

Air voids at refusal 2.1 % 

 

Figure 5. Particle size distribution curve of the aggregates used in HMA 

3.4. Superpave Gyratory Compactor 

The Superpave Gyratory Compactor (SGC) is a computer-controlled compaction device designed to accommodate 

large-size aggregates to reduce the effect of boundary conditions. It combines both the rotary compaction action and the 

vertical resultant force on the HMA. Extensive studies by Galaviz-González et al. [10], Shabani et al. [33], and Wang 

et al. [34] determined that the SGC is the most popular HMA compaction equipment that simulates field compaction. 

This represents the HMA compaction that occurs in the field during construction and eventual traffic loading. 

The main parameters governing the compaction effort are the vertical pressure, 600 ± 18 kPa; the gyration angle of 

the mound, 1.16 ± 0.02° (internal), 1.25 ± 0.02° (external); the gyration rate, 30.0 ± 0.5 gyrations per minute; and the 

number of gyrations, which are based on the expected traffic level, or target air voids. The HMA mixtures were 

compacted using the SGC on top of the waterproofing membrane to achieve air void content of 5%. The HMA 

compaction temperature was maintained at 140°C to attain the proper HMA mix characteristics and the required bonding 

strength between the waterproofing membrane and the HMA layer. 

3.4.1. Selection of the Specimen Thickness and Test Temperatures 

Xu et al. [35] reported that the ambient temperature significantly influences the temperature within the top 5 cm of 

asphalt pavement. Furthermore, the study revealed that the bond strength was affected within the top 2–5 cm of the 

pavement depth. In addition, since the usual thickness of the HMA layer on top of the PCC layer on the HMA bridge 

decks is 5 cm, the selected thickness of the HMA layer was 5 cm. 
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The temperature of the asphalt layer also varies with depth from the top of the surface of the layer. Zhang et al. [36] 

developed a preventive technique for avoiding cracks in asphalt pavement. According to the developed equation, with 

a maximum air temperature of 50°C and a pavement depth of 5 cm, the pavement temperature is approximately 60°C. 

To measure the effectiveness of the pavement temperature on the bond strength between the waterproofing membrane 

and the asphalt layer and cover the upper temperature that the asphalt layer at a depth of 5 cm might reach, four test 

temperatures were selected: 25°C, 40°C, 50°C, and 60°C [36]. 

These results support the impact of the polypropylene geotextile retaining good deformability and strength with high 

thermal stability when interacting with thermal shocks at a temperature of 180°C. The recorded melting point was 166 

°C, and the thermal decomposition point was 400 °C. The glass transition point was measured at a temperature between 

–20 and –10°C. The bridge's paving structure has a strong bond because the structure has not demonstrated any 

temperature sensitivity. Moreover, the mixture of asphalt was waterproof after drying. The results indicate that a 

pavement structure integrated with a composite stress-absorbing layer reduces cracking (CSAL), especially at lower 

temperatures. The technique is five times better than the circumstances in which preventive measures are not addressed 

and the project's security is not secured. Even at the 2 mm amplitude, the chances of forming reflective cracks on the 

structure were still slightly lower at a temperature of 20 °C than those of the asphalt rubber stress-absorbing membrane 

interlayer (ARSAMI). In all the deformation scenarios, CSAL outperformed ARSAMI in terms of structural and 

standing forms [36]. 

A sample height of 15 cm was chosen for practical reasons related to the available testing equipment and ease of 

handling. While the typical leveling layer in expressways is 10 cm, the extra 5 cm allowed for better sample stability 

and did not affect the primary focus of the bond strength testing, as the interaction between the HMA, membrane, and 

PCC layers was still adequately represented. 

3.4.2. Pull-off Tensile Tests 

The tension pull-off test is a standard method used to evaluate the pull-off strength of coatings on concrete via 

portable pull-off adhesion testers, ASTM D 7234. This test assesses the ultimate force required to pull the coating or 

material away from the substrate under tension. The test is usually performed via a tensile loading fixture that applies a 

controlled tensile force to a small circular loading fixture, with a flat surface on one end that can be adhered to the test 

surface/coating and a means of attachment to the tester on the other end. The loading fixture is glued to the substrate 

and left to dry. The pull-off tester is fixed to the attachment of the circular loading fixture, and the pull-off tensile load 

is gradually increased until the bond between the coating and the substrate fails, resulting in the coating detaching from 

the surface. 

However, this study utilizes a testing system that differs from the British Board of Agreements standard, primarily 

in terms of sample size. The sample size selected for this research was adequate for obtaining reliable bond strength 

measurements. Despite the smaller sample size, it is still considered suitable for evaluating the bond strength between 

the HMA layer and the waterproofing membrane. The results were further validated by replicating the tests with multiple 

samples. 

3.5. Test Procedure 

Twenty-four test samples were fabricated, each consisting of a 15 cm diameter by 15 cm height concrete cylinder 

and waterproofing membrane, fixed according to the abovementioned procedure, overlaid with a 5 cm HMA layer, and 

compacted with the SGC to obtain 5% air voids (Figure 6). A smooth surface membrane was used for twelve of the test 

samples, and a coarse surface membrane was used for the other twelve test samples. 

 

Figure 6. Prepared test samples 

The test samples for each waterproofing membrane type were grouped into three replicate groups and tested at 25°C, 

40°C, 50°C, and 60°C. Therefore, the test variables were the membrane surface type (smooth or coarse) and test 

temperature (25°C, 40°C, 50°C, or 60°C). 
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After the small size, 5 cm diameter, circular loading fixture on top of the HMA layer was glued and allowed 

sufficient time for it to dry, the HMA layer was carefully sawed around the fixture through the full thickness of the 

HMA layer, the membrane, and approximately 1 cm into the concrete layer, ensuring that the bond strength was not 

affected (Figure 7). The pull-off tester was fixed to the screwed attachment of the circular loading fixture (Figure 8), 

and the pull-off tensile load was gradually increased until the bond between the HMA layer and the substrate failed, 

resulting in detachment of the HMA layer from the PCC sample. The bond failure surface was recorded, either 

between the HMA layer and the membrane or between the membrane and the PCC layer. After the pull-off test, the 

failure surface area was measured in detail. This involved examining the failure zone on the central portion of the 

sawed test sample. 

 

Figure 7. The circular loading fixture is glued to the top surface of the HMA layer 

 

Figure 8. Pull-off test setup 

Before the test samples were exposed to pull-off testing, they were preconditioned at the desired test temperature 

for a minimum of two hours. Both the failure surface and the failure pull-off load were recorded for each test sample. 

The pull-off strength was obtained by dividing the pull-off failure load by the area of the centerpiece of the sawed 

test sample. 

4. Results and Discussion 

Table 4 shows the bond strength results for both the surface membrane types and the tested samples at various test 

temperatures. Figure 9 shows the values for both membrane surface types. 
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Table 4. Pull-off test results 

Specimen 
Test temperature 

(°C) 

Stress (MPa) 

Sample 1 Sample 2 Sample 3 Average 

Coarse Surface 

Membrane 

25 0.622 0.596 0.612 0.610 

40 0.234 0.251 0.265 0.250 

50 0.143 0.142 0.135 0.140 

60 0.054 0.056 0.052 0.054 

Smooth Surface 

Membrane 

25 0.673 0.661 0.676 0.670 

40 0.252 0.278 0.280 0.270 

50 0.164 0.166 0.150 0.160 

60 0.087 0.099 0.102 0.096 

A comparison of the pull-off test results for the coarse and smooth surface membranes clearly reveals that the failure 

stress decreases with increasing temperature. This finding indicates that the bond between asphalt and concrete weakens 

as the temperature increases. 

    

Figure 9. Pull-off bond strength for a) the coarse surface membrane and b) the smooth surface membrane 

Regression analysis was used to determine the relationship between the obtained pull-off bond strength and the 

pavement temperature. 

Two formulas were obtained for both types of membrane surfaces: 

For a coarse surface membrane, 

Pull-Off Bond Strength (MPa) = - 0.642 ln (Pavement temperature) + 2.6578 with R2 = 0.9841                                   (1) 

For a smooth surface membrane, 

Pull-Off Bond Strength (MPa) = - 0.671 ln (Pavement temperature) + 2.8006 with R2 = 0.9685                               (2) 

Figure 10 shows the average pull-off test results for both types of membrane surfaces. Figure 10 shows that at all 

test temperatures, the bond strength of the smooth surface membranes is greater than that of the coarse surface 

membranes, which might be attributed to the greater contact surface area of the smooth surface membranes than that of 

the coarse surface membranes. 

For the coarse surface membrane, at 25°C, the average pull-off strength was 0.610 MPa, whereas at 50°C, it 

decreased to 0.140 MPa, and at 60°C, it decreased to 0.054 MPa. This indicates that the pull-off strength decreased by 

77% and 91% when the temperature was raised from 25°C to 50°C and 60°C, respectively. Similarly, the pull-off 

strength decreased by 76% and 86% as the temperature was raised from 25°C to 50°C and 60°C, respectively. Therefore, 

the bond strength should be evaluated at the expected in situ pavement temperature since the bond strength is highly 

affected by temperature. 
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For all the tested samples, failure occurred at the interface between the asphalt layer and waterproofing membrane, 

resulting in a smooth, peel off, failure surface (Figure 11). This finding conflicts with the International Standards for 

waterproofing and surfacing of concrete bridge decks, since they specify a limit for the bond strength between the 

waterproofing membrane and the underlying bridge concrete layer and ignore the bond between the waterproofing 

membrane and the HMA layer. In addition, they specify the test limits at -10°C, 23°C, and 40°C and ignore the bond 

strength at higher temperatures, where the bond strength is more critical. 

 

Figure 10. Average pull-off test results for the coarse and smooth surface membranes 

  

Figure 11. Failure interface between the HMA layer and the waterproofing membrane 

The shear bond strength of the HMA, membrane, and PCC layers can be assessed by fabricating test samples via the 

recommended sample preparation method and then testing their shear strength via a Leutner shear strength tester [37], 

layer-parallel direct shear (LPDS) testing device [38], NCAT bond strength device [39], or LCB shear test setup [40], 

as indicated in Figure 12. 

In addition, the suggested pull-off test procedure can be used to assess the bond strength of the HMA layer, 

waterproofing membrane, and PCC lathe field. This can be accomplished by gluing a small, 5 cm diameter, circular 

loading fixture on top of the HMA layer and leaving it for enough time to dry. The assembly was then sawed 

around all sides in the tensile fixture, up to the full thickness of the HMA layer, through the membrane, and 

approximately one cm inside the concrete layer. Then, pull-off testing was performed. Coring cannot be used to 

core through the HMA layer since the torque exerted by the machine between the HMA layer and the membrane 

is greater than the bond strength between them. Therefore, the HMA layer separates from the membrane during 

the coring process. 
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Figure 12. Shear Interlayer Bond Evaluation Test Devices; a) Leutner Shear Strength Tester, [37]; b) Layer-Parallel Direct 

Shear (LPDS) testing device [38]; c) NCAT Bond Strength Device [39]; d) LCB shear test setup [40] 

4.1. Analysis of Variance (ANOVA) 

The test data were collected and analyzed statistically to determine whether the pull-off bond strength is significantly 

affected by the membrane surface type and the test temperature. The analysis was performed via ANOVA for the single-

factor model. ANOVA is used to test for significant differences between variables or treatment means. To test the 

equality of variable or treatment means, the following hypothesis is checked as a standard procedure [41]: 

H0: 1 = 2
 = 3 = …. a (3) 

H1: i ≠ j (4) 

where i represents the overall mean values for the various evaluated variables, which are the membrane surface type 

and test temperature. If H0 is factual, the pull-off strength is not affected by these variables. However, if H0 is not true, 

then there is a significant effect of the variable on the pull-off strength, and it is improbable that the variable means are 

equivalent. The ANOVA calculations were accomplished statistically via Microsoft Excel software. Statistically 

significant results are obtained when the calculated P-level is below the chosen significance level (SL), which is 

generally 5%. This indicates that for 95% SL, to achieve a considerable influence of any factor, the P-level should be 

less than 0.05, i.e., the P-level value illustrates a decreasing measure of the reliability of the result. In other words, the 

greater the P-level is, the less reliable the results are. Essentially, the P-level represents the probability of error that 

comes with taking the observed results as a valid estimate of the population. In the majority of analyses, a P-level of 

0.05 is typically considered a ''borderline for an appropriate'' error level. The F statistic is another measure of significance 

testing that compares the variation caused by regression to the unexplained variability. This value should be greater than 

the F-critical value. Table 5 presents an overview of the ANOVA results for the impact of the test temperature on the 

pull-off strength. 

Table 5. ANOVA results for the effect of temperature on the pull-off strength 

ANOVA: Single Factor Analysis 

Groups (Temperature, oC) Count Sum Average Variance   

25 6 3.84 0.64 0.001174   

40 6 1.56 0.26 0.000314   

50 6 0.9 0.15 0.000158   

60 6 0.45 0.075 0.000556   

ANOVA 

Source of Variation SS df MS F P value F critical 

Between Groups 1.133513 3 0.377838 686.3533 2.5E-20 3.098391 

Within Groups 0.01101 20 0.000551    

Total 1.144523 23     
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Table 5 shows that the mean square value (0.377838) between the different temperature groups is significantly higher 

than the within-temperature groups or mean square error (0.000551). This finding reveals that it is improbable that the 

pull-off strengths indicate that the different temperatures are equal. The F ratio can be determined (i.e., F0 = 

0.377838/0.000551 = 686.3533) and compared with Fcritical = 3.0984. Since F0 > Fcritical, H0 is rejected, and the means of 

the temperature groups are different, i.e., the test temperature dramatically affects the pull-off strength. This can be 

verified by the low P level (2.5E-20 < 0.05), indicating the strong effect of the test temperature. 

A summary of the ANOVA results for the effect of the membrane surface type on the pull-off strength is presented 

in Table 6. Table 6 shows that the calculated F ratio for the effect of the membrane surface type on the pull-off strength 

is 0.146314, which is lower than Fcritical = 4.30095. Since F0 is not > Fcritical, H0 cannot be rejected, and it can be concluded 

that the membrane surface type group mean is not different, i.e., the membrane surface type does not significantly affect 

the pull-off strength. Therefore, although Figure 10 indicates that, at all test temperatures, the average values of the pull-

off bond strength of the smooth surface membrane samples are greater than those of the coarse surface membrane 

samples are, the statistical analysis of the obtained results for all the test samples proved that the differences in the 

obtained pull-off strengths between the two evaluated types of surfaces are not significant. Therefore, the pull-off results 

for both types of surfaces can be grouped. Regression analysis to correlate the obtained pull-off bond strength with the 

pavement temperature was repeated by pooling the results of both membrane surface types. The developed regression 

formula for the pooled results, ignoring the effect of the membrane surface type, is as follows: 

Pull-Off Bond Strength (MPa) = - 0.657 ln (Pavement temperature) + 2.7292 with R2 = 0.9690 (5) 

Table 6. ANOVA results for the effect of the membrane surface type on the pull-off strength 

ANOVA: Single Factor Analysis 

Groups (Membrane Surface Type) Count Sum Average Variance   

coarse 12 3.162 0.2635 0.049003   

fine 12 3.588 0.299 0.054357   

ANOVA 

Source of Variation SS df MS F P value F critical 

Between Groups 0.007562 1 0.007562 0.146314 0.705754 4.30095 

Within Groups 1.136961 22 0.05168    

Total 1.144523 23     

5. Conclusions 

In this study, a pull-off test was used to measure the bond strength between the HMA layer, waterproofing membrane, 
and PCC layer assembly. A Superpave gyratory compactor was used to compact the HMA layer to simulate the HMA 
field compaction density and compaction temperature. Bond strength testing was performed at various temperatures to 
assess how the temperature affected the bond strength of the HMA, membrane, and PCC assemblies. 

Pull-off testing involves applying a tensile force to assess the bond strength of the HMA, membrane, and PCC 
assemblies. In this study, two groups of samples were fabricated; in the first group, a coarse surface membrane was 
used, while a smooth surface membrane was used in the second group. Both groups of samples were tested at different 
test temperatures (25°C, 40°C, 50°C, and 60°C). 

The following observations can be concluded from the obtained test results: 

 The developed sample preparation procedure and bond evaluation technique can be used to evaluate the strength 
of the bond between all the layers in the HMA layer, waterproofing membrane, and PCC layer assembly at the 
expected in situ field temperature at the membrane interface level. 

 For all the tested samples, the failure of the bond was between the HMA layer and the membrane rather than 
between the membrane and the PCC layer. Therefore, efforts should be made to evaluate the bond strength of the 
entire assembly rather than concentrating on the bond between the membrane and the underlying PCC layer. 

 The test temperature significantly affects the bond strength of the test assembly. Therefore, the bond strength 
should be evaluated at the expected pavement temperature in the field, specifically at the membrane interface 
level. 

 Although the obtained test results did not prove the significant effect of the membrane surface type for the two 
types of surfaces evaluated in this study, the membrane surface type might have a considerable effect on the bond 
strength for other types of membranes or surface types. 

 Test samples that can be assessed for both tensile and shear bond strength by testing equipment and setups that 
are currently available can be created via a developed sample preparation technique. 

 The adopted testing procedure can be used to evaluate the bond strength of the HMA layer, waterproofing 
membrane, and PCC layer in the field. 
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