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Interface Bonding Strength Between Asphalt Pavement Layers Under Mixed 26 

Shear-Tensile Mode: Laboratory Evaluation and Modelling Predictions 27 

  Abstract: Highway traffic loads and environmental conditions, including temperature and 28 

moisture at the layer interface, could cause debonding or delamination between adjacent asphalt 29 

pavement layers in tensile, shear, or mixed mode failures. Thus, studying the tensile and shear 30 

strengths of interface bonding is crucial to maintaining durable and functional pavement structures. 31 

The main objective of this research is to evaluate and estimate the interface bonding strength (IBS) 32 

between asphalt pavement layers under the mixed shear-tension loading mode. To this end, an 33 

experimental, statistical, and machine learning (ML) approach was adopted. A total of 164 double-34 

layered hot mix asphalt specimens consisting of hot mix asphalt AC-13 in the upper layer and AC-35 

20 in the lower layer were tested via a direct tensile device with a supplementary shear fixture. 36 

The effects of test temperature, shear stress, and tack coat application rate on the IBS were 37 

considered. The results revealed that with increasing tack coat dosage, the IBS peaked at 0.8 kg/m2 38 

and was subsequently decreased. It was also found that the IBS was very sensitive to temperature 39 

changes and heavily dependent on shear stress at elevated temperatures. On the other hand, with 40 

increasing shear stress from 0 to 0.20 MPa, the IBS at temperatures of 5, 20, and 35°C declined 41 

by 10.96%, 61.85%, and 83.16%, respectively. Two prediction models for the IBS based on the 42 

conventional statistical models of multiple linear regression (MLR) and nonlinear regression were 43 

successfully developed. However, the nonlinear model outperformed with a better prediction 44 

accuracy of 24.2% than the linear regression (R2=71.8%). Finally, a highly accurate feed-forward 45 

backpropagation (FFBP)- artificial neural network (ANN) model was developed to predict and 46 

form a relationship between the IBS and independent variables with an extremely low margin of 47 

error. It was revealed that the developed FFBP-ANN model could capture 99% of the measured 48 

data. Finally, a comparative analysis demonstrated that the developed FFBP-ANN model was 49 

superior to regression modeling in terms of predicting the IBS. 50 

Keywords: asphalt pavement; interlayer bonding strength; direct tension test; shear load; 51 

evaluation; prediction; linear regression; nonlinear regression; ANN. 52 

1. Introduction 53 

Nowadays, flexible pavements are the most widely constructed pavement type worldwide due to 54 

their acceptable serviceability and low construction costs. However, with the rapid growth of 55 

highway traffic, vehicles’ axle loads coupled with environmental conditions, including 56 

temperature and moisture, can lead to different potential distresses in the pavement structure and, 57 

therefore, shorten its service life and increase the maintenance costs (Kubo et al. 2015; Woo and 58 

Yeo 2016). Asphalt pavement is a multi-layered structure typically comprised of a wearing 59 
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course, a base layer, and a subbase layer that lays on the subgrade and is designed to perform as 60 

a single unit and endure traffic and environmental loads. Consequently, the bonding between 61 

adjacent pavement lifts is crucial in allowing the asphalt pavement to act as a monolithic system. 62 

In other words, sufficient bonding between pavement layers (i.e., no stress/strain discontinuity at 63 

the layer interface) is critical for achieving a durable and functional pavement structure. In 64 

contrast, insufficient or missing bonding between successive pavement layers may result in 65 

various forms of damage, such as slippage cracking, top-down cracking, premature fatigue 66 

cracking, and delamination, thereby activating distress mechanisms that end in total failure of the 67 

pavement structure (Alae et al. 2020; Buttlar et al. 2018; Cho et al. 2019; Hossain et al. 2019; 68 

Jaskula and Rys 2017; Le et al. 2020; Nguyen et al. 2016; Romanoschi and Metcalf 2001; 69 

Tschegg et al. 1995; Wu et al. 2017; Xu et al. 2021), (see Figure 1(a)).  70 

In real field conditions, bond failure at the layer interface could be categorized into four 71 

groups: pure shear (Mode I), pure tension (Mode II), shear-compression (mode III), and shear-72 

tension (modes I+II) (Petit et al. 2018; Sutanto 2010) as is shown in Figure 1b. Modes I and III 73 

could occur in the transverse or longitudinal directions and are generated mainly by shear 74 

stresses induced by temperature and/or traffic loading at interfaces without joints. Mode II could 75 

occur at pavement interfaces consisting of a joint. Tensile failure can happen due to the tensile 76 

stress as a result of suction of the tire, or blistering. A mixed shear-tension mode (mode I+II) 77 

could occur at the interface below the thin surfacing layer, where the interface shear strength is 78 

relatively weak, resulting in a limited capability to transfer horizontal loads. Thus, the horizontal 79 

loads are concentrated in the surfacing layer and may cause buckling of the thin surfacing layer 80 

at the front of the tire. The buckling could generate vertical tensile stress while shear stress at the 81 

layer interface is induced by horizontal loading (Figure 1.c). Therefore, evaluation and prediction 82 
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of the interface bonding strength are of great significance in designing and maintaining pavement 83 

structures. In this regard, many testing methods have been developed in the lab and the field to 84 

assess the bonding condition at the layer interface. Rahman et al. (Rahman et al. 2017) 85 

mentioned that testing methods for evaluating bond strength could be divided into eleven test 86 

methods. Interface shear testing is a widely used method because of its straightforward 87 

operation. Researchers (Ai et al. 2017; Diakhaté et al. 2011; Raab et al. 2009; Song et al. 2015; 88 

Sutanto 2010; Wang et al. 2018; West et al. 2005)  have adopted this method (i.e., modes I and 89 

III) for evaluating interface bonding and corresponding influential factors. 90 

Fig.1. (a) Scheme of a pavement system subjected to traffic and environmental loadings; 91 

(b) Failure modes at layer interface; and (c) Shear-tensile separation associated with 92 

buckling.  93 

As previously mentioned, due to traffic or environmental factors, tensile failure may 94 

occur at the layer interface. The direct tension (pull-off) test is a standard test method for 95 

evaluating IBS under tensile force. Test set ups such as Louisiana Tack Coat Quality Tester 96 

(LTCQT) (Mohammad et al. 2009), field tack coat evaluator (A tacker) (Buchanan and Woods 97 

2004), interface bond test (IBT) (Hakimzadeh et al. 2012a), UTEP pull-off device (UPOD) 98 

(Eedula 2006) or wedge splitting test (WST) (Tschegg et al. 1995) allow performing the tension 99 

tests (i.e., mode II). Furthermore, the relationship between interface shear strength and tensile 100 

(pull-off) adhesion was discussed based on the outcomes of the pull-off and shear tests 101 

(Hakimzadeh et al. 2012b).  102 

The findings of previous studies revealed that selecting the suitable type and optimum 103 

content of tack coat material and ensuring that the interface surface is rough and clean are 104 

primary conditions for achieving sufficient interlayer bonding, which results in a durable 105 
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pavement system during its service life. Moreover, several numerical analyses were conducted to 106 

characterize and analyze the pavement interlayer behavior. (Chun et al. 2015; Mattos et al. 2017; 107 

Romanoschi and Metcalf 2001). For instance, under different loading scenarios acting on the 108 

pavement surface during vehicle maneuvering and temperature conditions, Rahman et al. 109 

(Rahman et al. 2021) developed a 3-dimensional (3D) pavement model using the ABAQUS 110 

software. They demonstrated that the interface debonding or failure could be caused by the 111 

combined effect of loading and environmental circumstances. Similarly, Cho et al.(Cho et al. 112 

2019) employed the FlexPAVE™ simulation software to study the impact of the debonding 113 

phenomenon on the fatigue cracking performance in asphalt pavements. They discovered that 114 

debonded surface layers in asphalt can reduce the fatigue performance life of the pavement 115 

structure by about 90%. Furthermore, based on the finite element analysis, a 2D simulation of the 116 

indirect tensile test of asphalt pavement interlayers was carried out, and the associated 117 

calculation formula was derived by Zhang et al. (Zhang et al. 2021).  118 

On the other hand, other researchers (Ai et al. 2017; Das et al. 2018) employed statistical 119 

techniques to develop models (mathematical models) for predicting interface bonding between 120 

pavement layers. In addition, artificial neural networks (ANNs) have recently been utilized to 121 

develop relationships and recognize behavioral patterns of pavement interface since not only 122 

could they save time and cost but assist practitioners and researchers in dedicating resources for 123 

other necessary operations (Nian et al. 2022; Raab et al. 2009). For instance, Raab et al. (Raab et 124 

al. 2015) applied three artificial neural networks to analyze and predict changes in interlayer 125 

bonding properties over time. Taking everything into consideration, one can conclude that most 126 

previous studies evaluated the interlayer bonding of asphalt pavement exclusively under shear 127 

mode (mode I) or tension mode (mode II). Therefore, further research is necessary to acquire a 128 
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deeper understanding of the interlayer bonding behavior under mixed shear-tension loading 129 

mode (modes I and II). This study aims to efficiently address the issue by adopting an 130 

experimental, statistical, and machine learning (ML) approach to interface bonding strength 131 

between asphalt pavement layers. The major objectives of this study are as follows: 132 

• To evaluate the changes in the interface bonding strength (IBS) affected by testing 133 

temperature, tack coat application rate, and horizontal shear stress under mixed tensile-134 

shear loading mode (modes I+II) through laboratory experiments. 135 

• To develop new prediction models using different statistical analysis techniques to 136 

estimate the relationship between the IBS and different factors. 137 

• To construct a novel FFBP-ANN for accurately predicting and analyzing the IBS from 138 

input-determined parameters. 139 

• To conduct a comparative analysis of the accuracy of developed models. 140 

The outcomes of this study are expected to provide some new insights into the evaluation 141 

and prediction of the mechanical response of the layer interface. This study employed linear and 142 

nonlinear regression techniques to build accurate predictive models using the statistical package 143 

for the social sciences (SPSS) software. At the same time, the ANN model was developed using 144 

MATLAB software. Figure 2 illustrates an overview of the methodology introduced in this 145 

study. 146 

Fig. 2. An overview of the proposed approach in this study 147 
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2. Experimental program 148 

2.1. Materials 149 

Interlayer bonding assessment was conducted through direct tensile testing with a supplementary 150 

fixture that can apply a horizontal shear load. The tests were carried out with a total number of 151 

164 double-layered asphalt specimens manufactured from two different dense-graded hot mix 152 

asphalts, in which AC-13 and AC-20 were chosen for the top and bottom layers. Table 1 153 

illustrates the aggregate gradation design of the two mixtures as per the Chinese standard of 154 

JTGF40-2004.  155 

Table 1. Aggregate gradation of mixtures (%). 156 

 157 

For preparing asphalt mixtures, basalt was used for both coarse and fine aggregates, 158 

which were clean, dry, free of weathered particles, and pure. Limestone mineral powder was 159 

utilized as the filler material. Properties of mineral materials met Chinese Technical 160 

Specifications for the Construction of Highway Asphalt Pavements (JTG F40-2004). The 161 

properties of coarse and fine aggregates are shown in Tables 2 and 3. Styrene-butadiene-styrene 162 

(SBS) modified asphalt was used as the binder in two asphalt mixtures with the properties 163 

presented in Table 4. The optimal asphalt content of the mixtures was 4.9% by weight of the 164 

total mixture. The tack coat material was cationic emulsified asphalt with 38% bitumen, which 165 

was applied at different application rates. The properties of tack coat material are summarized in 166 

Table 5. 167 

Table 2. Properties of coarse aggregate. 168 

      Table 3. Properties of fine aggregate. 169 
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Table 4. Properties of the SBS modified asphalt. 170 

Table 5. Properties of tack coat material. 171 

2.2.Specimen preparation 172 

Under the Marshall compactor, the specimens were manufactured using cylindrical molds with 173 

an inner diameter of 101.6mm and a height of 76.2mm. The blows were applied only to each 174 

layer's top surface until the bulk density reached 98% to 100% of Marshall density. The process 175 

began by compacting the bottom half of the AC-20 mixture using 125 blows to reach a height of 176 

32mm. After allowing the mixture to cool down to room temperature for 24 hours, tack coat 177 

material was spread uniformly using a paintbrush on the cleaned surface at the specified rate. 178 

The coated surface was then left to cure at room temperature. Next, the top half of the AC-13 179 

loose mixture was poured into the mold and compacted with 100 blows to a height of 32mm. 180 

Before conducting the experiment, the prepared specimens were allowed to cool at room 181 

temperature for 24 hours.  182 

It is noteworthy that cores drilled from the roller compactor or field may provide a more accurate 183 

representation of the in-situ compaction. However, due to existing limitations in the laboratory's 184 

facilities, the Marshall compactor was utilized for manufacturing the specimens in this study. 185 

2.3.Direct tension test (pull-off) with a shear load 186 

In this study, a customized pull-off test device supplemented with a shear fixture was developed, 187 

as shown in Figure 3.  188 

Fig. 3. Schematic diagram of interlayer bond testing configuration. 189 



9 

 

The set up applies a tensile force (P) and a horizontal shear force (F) at the interface 190 

between double-layered cylindrical specimens. As can be seen, the interface is in the middle of 191 

both layers. The testing procedure is as follows: 192 

(1) A double-layered asphalt specimen was prepared and conditioned in the climatic chamber 193 

at the target temperature. Then, the epoxy resin was applied to firmly attach the prepared 194 

specimen vertically with the top plate and bottom support of the pull-off test device. 195 

(2) According to the test needs, the appropriate horizontal shear load (F) was set and applied 196 

to the side of the specimen via a sequence of components: the jack, the load cell, the 197 

circular plate, the spring, and the circular shutter. A load reader records the applied load 198 

while a hydraulic jack regulates it. 199 

(3) The vertical tensile loading (P) was applied with a displacement rate of 10mm/min by the 200 

actuator of the universal testing machine (UTM) (CJJ 139-2010, JTG E20-2019)(Code of 201 

China 2010; Code of China. 2019)  to carry out the pull-off test and measure the 202 

interlayer bond strength of the specimen (Figure 4).  203 

Fig. 4. Procedure of interlayer bonding strength: (a) specimen preparation, (b) installation of the 204 

set up, (c) shear load application, and (d) failed specimen at the interface. 205 

2.4.Experimental parameters and test plan 206 

It is well known that factors such as temperature, tack coat material and application rate, tack 207 

coat curing time, and surface condition and preparation, among other factors, affect interface 208 

bonding performance. In general, the tack coat material is applied as a bonding agent to create 209 

sufficient adhesion between successive layers of the pavement. The bond's strength depends on 210 

the type and dosage of tack coat material being applied. Temperature can also greatly affect the 211 
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viscosity and adhesion properties of the tack coat.  The influence of temperature on interface 212 

bond strength would be greatest when the adhesion component plays a key role in the measured 213 

bond strength. Shear loading can cause pavement adjacent layers to slip or shear against each 214 

other as a result of poor bonding, affecting its performance. Owing to their significant influence 215 

on the IBS, factors of tack coat application rate, temperature, and shear loading were considered 216 

in this research to evaluate the IBS under mixed shear-tensile loading mode (modes I+II).  217 

Tack coat rate affects the bonding effectiveness between layers. Insufficient tack coat content at 218 

the layer interface leads to debonding between layers, whereas excessive tack coat leads to 219 

slippage cracking. In this study, first, residual tack coat application rates ranging from 0.40 to 220 

1.60 kg/m2 were selected to evaluate the effects of tack coat dosage on the measured IBS. The 221 

tests were conducted at a single temperature of 20°C and four shear stress levels of null 222 

confinement (0 MPa), 0.10MPa, 0.15MPa, and 0.20MPa. Subsequently, the optimal value of the 223 

tack coat rate was identified. In the next step, different temperature levels of 5°C, 20°C, 35°C, 224 

and 50°C were selected, and tests were carried out under the determined optimal tack coat rate 225 

and similar shear stress levels applied in the previous step to evaluate the effect of temperature 226 

on the IBS. Finally, under the testing temperatures of 5°C, 20°C, and 35°C, different shear stress 227 

levels of 0MPa, 0.05MPa, 0.1MPa, 0.15MPa, and 0.20MPa were applied to simulate the shear 228 

loading generated by the vehicle when driving on the road surface. Consequently, the influence 229 

of shear stress on the pull-off strength between asphalt pavement layers was investigated. 230 

Under the BZZ-100 standard axle load, the tire-pavement contact pressure is 0.70 MPa. 231 

The existing literature results indicate that the common emulsified asphalt bonding layer at room 232 

temperature has an interlayer shear strength of about 0.50 MPa (Cheng Meng et al. 2011). In 233 

order to ensure that the applied shear load would not directly damage the interlayer bonding, the 234 
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selected range of shear stress was less than 50% of the interlayer shear strength, ranging from 0 235 

to 0.2 MPa. The experimental parameters and their levels are summarized in Figure 5. 236 

Parameters and their ranges were carefully chosen to simulate field circumstances. 237 

 Fig. 5. Experimental parameters and their levels of the test plan 238 

3. Results and discussion 239 

3.1. Effect of tack coat application rate 240 

Figure 6 depicts the changing trend of the IBS against tack coat application rate at 20 °C under 241 

different shear stress levels. It can be seen that under the combined influence of shear and 242 

tension loads, the interlayer bonding strength first increased as the amount of tack coat increased, 243 

reaching its highest point at a rate of 0.80 kg/m2 before declining with further increases in tack 244 

coat content. Thus, an application rate of 0.80 kg/m2 was determined to be the optimum content 245 

for the tack coat. Moreover, when the tack coat rate was 0.8 kg/m2 and the shear stress increased 246 

from 0 to 0.2 MPa, the resulting bonding strength decreased by 38% of the original strength. In 247 

addition, corresponding slopes (k1 to k4) of the curves decreased with increasing shear stress, 248 

indicating that the bond strength improvement resulted from tack coat application suppresses 249 

with shear stress application. In other words, after applying shear stress, the interlayer is 250 

subjected to the superposition of shear and tensile loads, which weakens the overall performance 251 

of interlayer bonding and gradually reduces the contribution of adhesion to the IBS. That 252 

clarifies why tack coat dosage becomes less significant. 253 

Fig. 6. Effect of tack coat rate on the IBS under the mixed shear-tension load mode 254 

3.2.Effect of temperature 255 
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Figure 7 illustrates the temperature effect on the IBS under different shear stress levels. It is 256 

evident that the temperature significantly affected the degree of bonding strength under mixed 257 

shear-tension loading mode. As the temperature increased, there was a notable reduction in the 258 

IBS of asphalt pavement. For instance, when the temperature raised from 5 to 20°C, the interface 259 

bonding strength associated with shear stresses of 0, 0.1, 0.15, and 0.2 MPa reduced by 55.5%, 260 

72.1%, 76.6%, and 80.9%, respectively, with an average of 73.3%. With further temperature 261 

increase from 5 to 35°C, the resulting interface bonding strength corresponded to shear stress of 262 

0, 0.1, 0.15, and 0.2 MPa declined by 83.1%, 87.1%, 93.3%, and 96.8%, respectively, with an 263 

average of 90.1%. Finally, under conditions where the temperature reached the peak from 5 to 50 264 

°C, the resulting interface bonding strength under shear stress levels of 0, 0.1, 0.15, and 0.2 MPa 265 

fell substantially by 96.3%, 100%, 100%, and 100%, respectively, having an average reduction 266 

of 99.1%. These results demonstrate that a considerable strength reduction is expected for larger 267 

shear stresses practically at elevated temperatures. It can be concluded that at low temperatures 268 

(i.e., within the range of 5 to 20°C), interface bonding strength dropped moderately, at normal 269 

temperatures (i.e., within the range of 20 to 35°C), it declined significantly, and at high 270 

temperatures (i.e., within the range of 35°C to 50°C), it fell dramatically, indicating that 271 

decreasing trend of interlayer bond strength under different temperature ranges is dissimilar. 272 

Fig.7. Effect of test temperature on the IBS under the mixed shear-tension load mode 273 

3.3.Effect of shear loading 274 

The results of the shear stress effect on the IBS under different temperatures are displayed in 275 

Figure 8. It can be observed that the IBS at different temperatures declined with the increase of 276 

the shear stress, denoting that horizontal shear stress reduces interlayer bonding performance. 277 
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Increasing shear stress from 0 to 0.20MPa at temperatures of 5, 20, and 35°C resulted in an 278 

average reduction of interlayer bonding strength by 10.96%, 61.85%, and 83.16%, respectively. 279 

It leads one to conclude that the consequence of the shear stress application for the interlayer 280 

bonding strength was the smallest at low temperatures. In other words, the analysis indicates that 281 

at low temperature (5°C), the tack coat material has a higher viscosity, resulting in better 282 

adhesion. In this regard, the applied shear stress can hardly cause damage to interface bonding, 283 

so the application of shear stress at low temperatures cannot significantly affect the tensile 284 

strength of the interlayer. However, at normal temperature (20°C), the tack coat material is in a 285 

viscoelastic state, and its viscosity and strength are lower than at a low temperature. Therefore, 286 

the increase of shear stress leads to interlayer damage, thus affecting the bond strength and 287 

reducing the overall performance of the interlayer bonding. 288 

Fig.8. Effect of shear stress on the IBS under mixed shear-tension loading mode. 289 

To further analyze the influence of shear stress on the IBS, bonding strength under no 290 

confinement (F = 0 MPa) at each temperature was taken as a reference point. Afterward, the ratio 291 

of the IBS under various shear stresses to nil confinement was computed, as presented in Table 292 

6. It can be observed that the decrease rate in bonding strength is different under varying 293 

temperature conditions. Take, for instance, the case of 0.20 MPa shear stress. The decreased ratio 294 

of bonding strength at 5 °C, 20°C, and 35°C was 1.12, 2.62, and 5.90, respectively, denoting that 295 

as temperature increases, the expected impact of shear stress on the IBS becomes greater. Based 296 

on these results, one can deduce that the viscosity and adhesion properties of emulsified asphalt 297 

materials weaken with increasing temperature. Shear stress reduces interlayer friction resistance, 298 

and temperature negatively affects bonding strength. Therefore, under mixed shear-tension 299 

loading mode, the reduction of interlayer bonding strength is significant. That is also why the 300 



14 

 

interlayer debonding failure is more likely to occur in summer and in road sections where the 301 

vehicles accelerate, decelerate, brake, or turn, generating excessive shear stresses at the layer 302 

interface. 303 

Table 6. Interface bonding strength ratios under different horizontal loads 304 

3.4.Statistical analysis  305 

3.4.1. Descriptive statistical and ANOVA analysis 306 

A descriptive statistical analysis was performed to summarize and/or describe the statistical 307 

characteristics of the main parameters considered in this study. That is an important initial step in 308 

the data modeling process, which measures indicators of central tendency (such as the mean) and 309 

dispersion (such as standard deviation). Table 7 provides the descriptive statistical analysis of 310 

input and output parameters. 311 

Table 7. Descriptive statistical analysis 312 

Moreover, based on the above findings, tack coat application rate (TAR), test temperature 313 

(T), and horizontal load (HF) exert an influence on the IBS under mixed shear-tensile loading 314 

mode. However, the level of significance of each factor is uncertain. For this reason, the 315 

statistical analysis of variance (ANOVA) was performed to determine each factor's significance 316 

level on the IBS statistically. The analysis was carried out using data obtained from the testing 317 

program. ANOVA is a set of statistical processes that measure how independent (single) 318 

variables and their combinations affect particular responses, such as IBS. In this study, a P-value 319 

of 0.05, corresponding to a confidence level of 95%, was considered. Table 8 presents the results 320 

of the ANOVA for the IBS.  321 

The results indicate that the P-values of all factors are less than the significance level of 0.05, 322 
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indicating that all factors have a significant effect on the IBS statistically. In order of importance, 323 

the resulting F-values, which exhibit the significant level of each factor on the IBS, rank as test 324 

temperature, horizontal load (shear stress), and tack coat rate. Moreover, the interactions between 325 

tack coat and horizontal load, tack coat and test temperature, and horizontal load and test 326 

temperature on the IBS were statistically significant. Overall, the most significant factor 327 

affecting the IBS for a given tack coat was the temperature, followed by shear stress. While tack 328 

coat application rate was not the most influential parameter under mixed shear-tension loading 329 

mode, its optimal application rate contributes to the IBS to some extent, as previously 330 

mentioned. 331 

Table 8. ANOVA results for the single and interaction factor’s effect on IBS of pavement. 332 

3.4.2. Multiple linear regression (MLR)  333 

For the purpose of predicting and analyzing the potential change in the IBS of the pavement, the 334 

MLR was performed using SPSS software (IBM, 2009). MLR is a statistical technique that 335 

describes the relationships between several independent variables (categorical and numerical) 336 

and a single dependent variable. However, MLR implementation may cause overfitting and 337 

multicollinearity. Overfitting happens when too many independent variables are included in the 338 

model, which can cause insignificant contributions to the model. Multicollinearity occurs when 339 

some or all independent variables are associated. Thus, it is crucial to consider these factors, 340 

along with other important test diagnostics and assumptions.  341 

The general form of the MLR model is illustrated in Equation (1). 342 

                                       𝑌 = 𝛽𝑜 + ∑𝛽𝑖𝑋𝑖                                                                       (1) 343 

where Y is the dependent variable; 𝑋𝑖 is the independent variable; 𝛽𝑜 is the intercept; 344 

and 𝛽𝑖 is the regression coefficient. 345 
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Each coefficient in multiple regression represents the dependent variable's expected 346 

change for a one–unit change in an independent variable while keeping all other interdependent 347 

variables constant. Thus, the measured IBS represents the dependent variable, whereas T, HF, 348 

and TAR were designated as independent variables. 349 

Several MLR models were developed for the IBS of asphalt pavement in this work. 350 

However, a model with the minimum mean square error (MSE) and highest coefficient of 351 

determination (R2) was selected as the best one.  The MSE can be calculated as shown in 352 

Equation (2). 353 

                                     𝑀𝑆𝐸 = 1𝑛 ∑  𝑛𝑖=1 (𝑦(𝑎𝑐𝑡)𝑖 − 𝑦(pred )𝑖)2
                                           (2) 354 

where 𝑦(𝑎𝑐𝑡)  is the actual value; 𝑦(pred ) is the predicted value; and  𝑛 is the total amount 355 

of data samples.  356 

As mentioned above, certain test assumptions and diagnostics should be carefully 357 

considered to carry out the linear regression analysis appropriately. These assumptions for 358 

regression include linearity, normality of error distribution, homoscedasticity, and independence. 359 

Test diagnostics, such as checking multicollinearity and influential points, are also required to 360 

enhance the model's robustness.  361 

Following analysis conduction, results were produced and summarized after checking 362 

and verifying all assumptions of regression and test diagnoses. Table 9 summarizes the ANOVA, 363 

normality test, coefficients, and multicollinearity diagnostics of the developed linear regression 364 

model. This study employed a stepwise MLR approach to formulate desired prediction models 365 

that included or excluded predictors based on strict criteria at a 95% confidence level. It is 366 

evident that the model is acceptable and statistically significant, as demonstrated by the high F-367 

value (135.51) and very low (below 0.05) P-value. Furthermore, according to normality test 368 
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results, Kolmogorov-Smirnov and Shapiro-Wilk tests indicated that errors are normally 369 

distributed (values always greater than 0.05). Although the Kolmogorov-Smirnov test is more 370 

suitable for a larger dataset, it was also appropriate for the dataset in this study. In addition, the 371 

statistical analysis of the regression standardized residuals was presented in two forms: a 372 

frequency histogram and a normalized P-P plot. The frequency histogram illustrates the 373 

distribution of the residuals, while the normalized P-P plot provides a visualization of the 374 

probability distribution of the residues. Figures 9a and 9b display a normality-based histogram 375 

and normal P-P plot. Hence, the results confirm the null hypothesis that the residues are normally 376 

distributed. 377 

 The model’s coefficients and their relative significance are shown in Table 9 as well. All 378 

three predictors (T, HF, and TAR) were statistically significant, as demonstrated by significance 379 

values of less than 0.05. Moreover, this analysis used indicators such as tolerance, variation 380 

inflation factor (VIF), and condition index to measure collinearity. To ensure that the predictors 381 

are not inter-correlated, the VIF, the condition index, and the tolerance should be less than 10, 382 

30, and larger than 0.1, respectively (Kim 2019), which is the case for the developed IBS model. 383 

Figure 10 shows the good fitness of the developed model. Along the line of best fit, the estimated 384 

values of IBS are plotted against the observed values. 385 

Table 9. Model summary, test of normality, ANOVA, coefficients, and multicollinearity 386 

diagnostics of the proposed MLR model. 387 

Fig. 9. Regression standardized residuals: (a) Frequency histogram; (b) Normalized P-P plot 388 

Fig. 10. Measured vs. expected IBS values (in MPa) using the developed linear model. 389 

3.4.3. Nonlinear regression 390 

A nonlinear regression analysis was conducted further to enhance the predictive capability of the 391 
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developed linear model. Developing a suitable nonlinear regression between a dependent and 392 

independent variable requires identifying the individual nonlinear relationships and conducting 393 

overall nonlinear modeling. Individual nonlinear relationships could be found by scouring 394 

through mathematical space with software tools like Curve Fitter, which was utilized in this 395 

study to find the most suitable formula. The resulting formula is then entered into the SPSS 396 

nonlinear regression tab for iteratively determining the best-fitting parameters. Table 10 397 

summarizes the nonlinear model for predicting IBS values of the asphalt pavement. 398 

The developed nonlinear model is represented graphically in Figure 11. It is important to 399 

point out that the predictive capabilities of the model significantly improved by 24.2% through 400 

nonlinear regression compared to the linear regression model. The significant increase in 401 

prediction accuracy indicates that the relationship between the IBS with temperature, shear 402 

loading, and tack coat is nonlinear. For this reason, a nonlinear model for predicting the IBS is 403 

preferred to a linear one. 404 

Table 10. Results of the developed nonlinear regression model. 405 

Fig. 11. Measured vs. predicted IBS values (in MPa) using nonlinear regression modeling. 406 

3.5. Artificial neural networks (ANNs) 407 

Supervised machine learning techniques such as ANNs are highly flexible and well suited for 408 

handling nonlinear relationships. Moreover, when correctly implemented, ANNs can be 409 

relatively robust regarding overfitting, noise, and outliers in the data, which can be problematic 410 

for conventional nonlinear models. In this context, a multilayer feed-forward backpropagation 411 

(FFBP-ANN) algorithm was utilized in this study to improve or enhance the nonlinear model. 412 

Within the framework of this algorithm, inputs are multiplied by the weight values of the 413 
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connections linking the inputs to the hidden neurons. The sum of the results is processed through 414 

an activation function that produces a value that serves as input for the next layer. The output of 415 

any given layer would become the input of the next layer; this process is called feedforward. The 416 

error is determined by comparing the desired outcome (the target) to the output of the network. 417 

To enhance the precision of predictions in the subsequent cycles, the network weights are tuned 418 

through backpropagation, which involves propagating the error backwards through the network 419 

to minimize it. This procedure will continue until the error is optimized. Each iteration is called 420 

an epoch. A training Levenberg–Marquardt backpropagation algorithm was employed in this 421 

study. Accordingly, the entire input network training model was randomly arranged in this study 422 

to predict the IBS. Specifically, 70% of the data was utilized for training the network, 15% for 423 

network validation, and the remaining 15% for network testing, all of which were divided 424 

randomly (Gholamy et al. 2018). The training set was used for learning, i.e., fitting the weights 425 

and biases for the desired output, validation data was used to tune the network parameters, and 426 

the testing dataset was used to provide an independent measure of the network performance. 427 

Moreover, to evaluate the performance of the ANN model, a 10-fold cross-validation technique 428 

was employed. This procedure reduces the chance of overfitting and bias and avoids data 429 

leakage. 430 

The FFBP-ANN model for the IBS is shown in Figure 12. The design of the chosen 431 

FFBP-ANN model includes three layers, an input layer with three neurons for the three 432 

parameters, a hidden layer with ten neurons between the input and output layers, and an output 433 

layer representing the IBS. This figure shows a representation of the final FFBP-ANN model, 434 

which has been designed through an extensive process of experimentation that involved 435 

adjusting the number of hidden neurons, the activation function associated with each layer, and 436 
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the bias connections among the layers. The activation functions used here were the tangent 437 

sigmoid and purelin in hidden and output layers, respectively. 438 

Figure 13 illustrates the performance of the proposed FFBP-ANN for predicting the IBS. 439 

It is evident that extremely few errors occurred during the network system's performance, and the 440 

best validation performance was achieved at epoch 35, reaching a value of 0.00019542 MPa. 441 

Nonetheless, the average MSE on the test set that resulted from performing a 10-fold validation 442 

was 0.00011667 MPa. 443 

 Furthermore, Figure 14 displays the regression of the designed FFBP-ANN model (the 444 

relationship between the network outputs and the targets). This figure demonstrates that the 445 

developed FFBP-ANN model corresponds well with the experimental results. It was also verified 446 

through a high correlation between FFBP-ANN input and target variables during training, 447 

validation, and testing, as indicated by the high R2 and low MSE values in Table 11. These 448 

results suggest that the developed FFBP-ANN model is well-trained, can explain over 99% of 449 

the experimental data, and is accurate enough to predict the IBS of asphalt pavement. 450 

Fig. 12. The proposed feed-forward backpropagation FFBP-ANN model for interlayer bonding 451 

strength (IBS) 452 

                             Fig. 13. FFBP-ANN Performance (MSE vs. the number of epochs)  453 

Fig.14. Regression scheme of actual versus predicted values by FFBP-ANN model for training 454 

data, validation data, testing data, and all data 455 

Table 11. Performance of interlayer bonding strength of asphalt pavement FFBP-ANN model. 456 
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3.6.Comparative analysis  457 

The performance of three studied models, namely multiple linear regression, nonlinear 458 

regression, and feed-forward back-propagation (FFBP-ANN), was compared to identify the best 459 

predictive model for accurately predicting the IBS of asphalt pavement. The comparison between 460 

data obtained from the laboratory experiment and output data from three proposed models is 461 

illustrated in Figures 15a, 15b, and 15c. The X-axis represents the number of samples, while the 462 

Y- axis represents the IBS of asphalt pavement. The findings indicate that the output values from 463 

the developed models are highly close to the experimental data and follow a similar procedure, 464 

particularly nonlinear and ANN models. It demonstrates that the models learned and predicted 465 

the empirical data with an acceptable degree of accuracy. However, as can be seen, the FFBP-466 

ANN model had the best performance, followed by the nonlinear and linear models, respectively. 467 

Another indicator of the effectiveness of the models was associated with the R-squared value, in 468 

which the FFBP-ANN model exhibited the best correlation (R2=0.99), followed by the nonlinear 469 

model (R2=0.96) and linear model (R2=0.72). Consequently, the FFBP-ANN model is more 470 

precise in forecasting the IBS of asphalt pavement owing to the ANN technique's ability to 471 

uniformly and accurately represent the training data. 472 

Fig.15. Performance and validation of (a) MLR model, (b) Nonlinear model, and (a) ANN model 473 

4. Conclusions 474 

This study analyzed the interlayer bonding strength (IBS) of pavement under mixed tension-475 

shear loading mode (modes I+II) using a direct tension (pull-off) test with a supplementary shear 476 

fixture. The effects of temperature, shear stress, and tack coat application rate on the IBS were 477 

investigated. Furthermore, this study is a pioneer work that developed prediction models of the 478 
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IBS using conventional statistical models and feed-forward backpropagation ANN techniques 479 

under mixed-mode loading conditions. The following conclusions can be drawn: 480 

• When subjected to mixed shear-tension load (modes I+II), the IBS initially increased as 481 

the tack coat application rate increased, followed by a decline as the content of the tack 482 

coat was further increased. The optimal application rate of the tack coat was found to be 483 

0.8 kg/m2. 484 

• Simultaneous increase of the shear stress and the tack coat content slightly affected the 485 

IBS. However, increasing the shear stress from 0 to 0.2 MPa at the optimal tack coat 486 

application rate decreased bonding strength by 38% of the original strength. 487 

• The IBS of asphalt pavement was greatly affected by temperature, leading to its 488 

noticeable decrease as the temperature rose. The reduction degree in bonding strength 489 

was dissimilar in different temperature ranges. In this regard, the increase of the shear 490 

stress from 0 to 0.20 MPa led to an average decline of 10.96%, 61.85%, and 83.16% in 491 

interlayer bonding strength at 5, 20, and 35°C, respectively. 492 

• An ANOVA analysis showed the relative significance of each parameter for the IBS. The 493 

test temperature had the greatest impact, followed by shear stress and tack coat 494 

application rate. 495 

• The developed MLR model was significant at the 0.05 significance level, indicating that 496 

testing temperature, shear stress, and tack coat application rate significantly affected the 497 

IBS. In addition, the MLR model could explain more than 71% of the measured data of 498 

the IBS. Nonlinear regression improved the modeling power by 24.2% compared to 499 

linear regression, explaining about 96% of the measured data of the IBS. 500 
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• The feed-forward backpropagation ANN model achieved excellent prediction results with 501 

an accuracy of 99.0%, 99.8%, and 98.6% for training, validation, and testing data. The 502 

model achieved the best validation performance in epoch 35 with an MSE of 0.000195 503 

MPa, and the average MSE on the testing set that came from performing a 10-fold 504 

validation was 0.00011667 MPa, indicating high accuracy in predicting the IBS. 505 

Moreover, the FFBP-ANN technique exhibited a practical advantage that allows the IBS 506 

of asphalt pavement to be estimated in the shortest time with high accuracy without 507 

conducting a large number of laboratory experiments, which could save time and cost. 508 

That makes the application of the ANN technically justifiable. 509 

The findings of this research can provide experimental support and a basis for more 510 

scientific evaluation and accurate prediction of interfacial bonding conditions in the design and 511 

construction of asphalt pavement. Nevertheless, further laboratory testing should be carried out 512 

to verify these findings. This research utilized only one type of tack coat and a single tensile 513 

loading rate. It is recommended that for future studies effects of different types of tack coat and 514 

loading rates, along with other factors, such as interlayer surface characteristics and loading 515 

conditions, on the interface behavior under mixed shear-tension loading mode, are taken into 516 

consideration. 517 
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Figure Captions 661 

Fig. 1. (a) Scheme of a pavement system subjected to traffic and environmental loadings; (b) 662 

Failure modes at layer interface; and (c) Shear-tensile separation associated with buckling.  663 

Fig. 2. An overview of the proposed approach in this study. 664 

Fig. 3. Schematic diagram of interlayer bond testing configuration. 665 

Fig. 4. Procedure of interlayer bonding strength: (a) specimen preparation, (b) installation of the 666 

set up, (c) shear load application, and (d) failed specimen at the interface.  667 

Fig. 5. Experimental parameters and their levels of the test plan. 668 

Fig. 6. Effect of tack coat rate on the IBS under the mixed shear-tension load mode. 669 

Fig.7. Effect of test temperature on the IBS under the mixed shear-tension load mode. 670 

Fig. 8. Effect of shear stress on the IBS under mixed shear-tension loading mode. 671 

Fig. 9. Regression standardized residuals: (a) Frequency histogram; (b) Normalized P-P plot. 672 

Fig. 10. Measured vs. expected IBS values (in MPa) using the developed linear model. 673 

Fig. 11. Measured vs. predicted IBS values (in MPa) using nonlinear regression modeling. 674 

Fig. 12. The proposed feed-forward backpropagation FFBP-ANN model for interlayer bonding 675 

strength (IBS). 676 

 Fig. 13. FFBP-ANN Performance (MSE vs. the number of epochs).  677 

Fig. 14. Regression scheme of actual versus predicted values by FFBP-ANN model for training 678 

data, validation data, testing data, and all data. 679 

Fig. 15. Performance and validation of (a) MLR model, (b) Nonlinear model, and (a) ANN 680 

model. 681 
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Table 1. Aggregate gradation of mixtures (%). 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

Mixture 

Type 

Sieve size (mm) 

26.5 19 16 13.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

 Passing percentage (%) 

AC-13 - - 100 95 76.5 53 37 26.5 19 13.5 10 6 

AC-20 100 95 85 71 61 41 30 22.5 16 11 8.5 5 
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Table 2. Properties of coarse aggregate. 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

Property Unit 
Particle size /mm Test 

method 9.5–16 4.75–9.5 2.36–4.75 

Crushing value % 9.3 9.3 9.3 T0316 

Los Angeles abrasion value % 4.1 4.1 4.1 T0317 

Apparent density g.cm-3 2.890 2.877 2.87 T0304 

Soundness value % 1.91 1.52 3.14 T0314 

Elongated particle % 5.58 7.07 - T0312 

Water absorption % 1.467 1.858 - T0304 

Soft particle contents % 1.80 1.13 - T0320 
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      Table 3. Properties of fine aggregate. 719 

Property Unit Test results Test method 

Apparent density g.cm-3 2.926 T0328 

Soundness value % 2.28 T0340 

Silt contents % 0.62 T0333 

Sand equivalent % 90.61 T0334 

Angularity s 38.9 T0345 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 
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Table 4. Properties of the SBS modified asphalt. 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

Property Unit Test results Test method 

Penetration (100 g, 5 s, 25℃) 0.1mm 53.2 T0604 

Ductility at 5℃ cm 38 T0605 

Softening point (R & B) °C 65 T0606 

Flashpoint °C 270 T0611 

Solubility % 99.5 T0607 

Flexible recovery at 25°C % 96 T0662 

After 

RTFOT 

Mass loss  % 0.8  

T0610 Penetration ratio  % 82.9 

Ductility at 5°C  cm 32.5 
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Table 5. Properties of tack coat material. 751 

Property Unit Test result Code values Test method 

Sieve residue, 1.18 mm % 0.03 ≤0.1 T0652 

Particle charge - (+) Cation (+) T0653 

Normal viscosity s 13 8-20 T0621 

Storage 

stability at 

25°C 

1d  % 0.6 ＜1 T0655 

5d % 3.8 ＜5 T0655 

Evaporation residue content not less than % 38 ＜50 T0651 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 
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Table 6. Interface bonding strength ratios under different horizontal loads 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

Temperature (°C) 
Horizontal load (MPa) 

0 0.05 0.1 0.15 0.2 

5 1 1.04 1.07 1.09 1.12 

20 1 1.67 1.71 2.07 2.62 

35 1 1.23 1.41 2.76 5.90 
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Table 7. Descriptive statistical analysis 787 

Parameter Use No. of data Description Unit Mean 
Standard 

deviation 

T Input 164 
Testing temperatures 

(Numerical variable) 
℃ 19.512 9.881 

HF Input 164 
Horizontal Force 

(Numerical variable) 
MPa 0.086 0.070 

TAR Input 164 

Tack coat application 

rate (Numerical 

variable) 

kg/m2 0.910 0.335 

IBS Output 164 

Interlayer Bonding 

Strength (Numerical 

variable) 

MPa 0.273 0.222 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 
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Table 8. ANOVA results for the single and interaction factor’s effect on IBS of pavement. 802 

Dependent variable: IBS 

Factor Sum of squares Degrees of freedom Mean square F-value P-value 

TAR 0.04 6 0.007 42.655 0.000 

HF 0.104 4 0.026 168.490 0.000 

T 2.485 9 0.276 1782.135 0.000 

TAR*HF 0.021 17 0.001 7.994 0.000 

TAR*T 0.003 4 0.001 4.186 0.003 

HF*T 0.46 7 0.007 42.166 0.000 

Error 0.018 113 0.000   

Total 20.259 164    

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 
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Table 9. Model summary, test of normality, ANOVA, coefficients, and multicollinearity 818 

diagnostics of the proposed MLR model. 819 

Model summary and normality test 

Model summary  Test of normality 

Dep. variable 
R2 

Standard error 

of the estimate 

Durbin-Watson Kolmogorov-Smirnov 

significance 

Shapiro-Wilk 

significance 

IBS  0.7180 0.11914 1.094 0.200 0.094 

ANOVA results 

Model Sum of squares Degrees of freedom Mean square F-value P-value 

IBS Regression 5.771 3 1.924 135.51 0.000 

 Residual 2.271 160 0.014   

 Total 8.042 163    

Coefficients and multicollinearity diagnostics. 

Dep. 

variable  

Indep. 

variables 

Coefficients Collinearity statistics 

Unstand. 

coefficient 

Standard 

error 
t- statistics P-value Tolerance VIF 

Condition 

index 

IBS 

Constant 0.795 0.035 22.643 0.000   1.000 

T -0.019 0.001 -19.575 0.000 0.984 1.017 3.054 

HF -0.715 0.135 -5.311 0.000 0.979 1.021 4.699 

TAR -0.106 0.028 -3.799 0.000 0.995 1.005 8.448 

𝒀 = 𝟎. 𝟕𝟗𝟓 − 𝟎. 𝟎𝟏𝟗𝟕𝟎 𝑻 − 𝟎. 𝟕𝟏𝟓𝑯𝑭 − 𝟎. 𝟏𝟎𝟔𝑻𝑨𝑹 

 820 

 821 

 822 
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Table 10. Results of the developed nonlinear regression model. 823 

Model 𝑌 = [𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇3 + 𝑒𝑇4] + [𝑓 ∗ 𝑒𝑥𝑝𝑔∗𝐻𝐹] + [h ∗ 𝑒𝑥𝑝 (− (𝑇𝑅𝐴 − 𝑖)22𝑗2 )] 
Coefficient 𝑅2 

 𝑎 𝑏 𝑐 𝑑 𝑒 𝑓 𝑔 h 𝑖 𝑗 

0.9601 

Value 0.737 -0.047 3.6E-5 20.329 -5.14E-7 0.132 -9.002 0.125 0.908 -2.084 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 
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Table 11. Performance of interlayer bonding strength of asphalt pavement FFBP-ANN model. 842 

FFBP-ANN model 
Training   Validation   Testing 

MSE  R2   MSE R2  MSE R2 

3-10-1 0.001011  0.9903  0.000195 0.9979  0.001470 0.9860 

 843 


