
ABSTRACT 

HEO, JAEMIN (óJAMIEô). Laboratory Investigation of the Interface Shear Strength of Asphalt 

Overlays with Tack Coat Materials. (Under the direction of Dr. Y. Richard Kim). 

 

The bond between layers at the asphalt concrete (AC) layer interface is one of the most important 

characteristics to consider when discussing the performance of multilayered AC pavements. 

Only properly bonded AC layer pavement will allow stress and strain to be distributed 

adequately throughout the pavement structure and improve the long-term performance of the 

pavement. Otherwise, various pavement distress types, including fatigue cracking, slippage, 

delamination, and eventually the formation of potholes, can appear due to an insufficient bond. 

Despite the importance of the bond between adjacent AC layers, no adequate characterization 

method or model for interlayer bonding or associated test methods are currently available to 

ensure proper bonding performance. The bonding property of AC layers is closely related to the 

use of tack coat materials and conditions at the interface. Therefore, the type, quantity, and 

quality of the tack coat materials and tack coat construction conditions and practices must be 

considered carefully in order to prevent debonding failure and mitigate distress.  

In this study, an experimental framework and analytical approach were implemented to enhance 

the understanding of the interfacial shear bonding property of layered AC and to establish a 

method for evaluating debonding potential. Interface shear strength (ISS) tests were conducted 

on double-layered AC specimens in two different modes, monotonic and cyclic, using the 

Modified Asphalt Shear Tester (MAST) to investigate the significance of various material 

properties and environmental factors. Then, via the MAST test results, an ISS prediction model 

equation was developed with the time-temperature superposition principle. This model equation 

provides the ISS under any given conditions. The performance test results indicate that ISS is 

strongly governed by a combination of temperature and strain rate known as the reduced strain 

rate, and confining pressure, whereas the effects of tack coat type, application rate, and existing 

surface conditions are insignificant. The statistical analysis results quantitatively support this 

conclusion.  

Interface shear fatigue (ISF) tests also were conducted to evaluate the effects of tack coat type 

and application rate because this type of test in cyclic mode is more sensitive than shear tests 

conducted in monotonic mode. The interface shear fatigue tests were performed in two different 



modes, actuator displacement control and stress control. The test results indicate that the effects 

of tack coat type and application rate can be measured in cyclic shear bond performance tests.  

In order to describe the stress and strain states of AC pavement at critical conditions, 

computational analysis was carried out using FlexPAVEÊ. The shear stress under moving 

vehicle loading was computed to evaluate the debonding potential. Thus, the shear bond 

performance results could be calculated using the output strain data obtained from FlexPAVEÊ 

via the ISS prediction model equation. In order to compare the strength and stress, the maximum 

shear rate (MSR) concept was utilized as the shear debonding criterion. The critical condition for 

each tack coat and various factors thus could be identified.    

The bitumen bond strength (BBS) test that employs the Pneumatic Adhesion Tensile Testing 

Instrument (PATTI) was utilized as a tack coat material acceptance test. A BBS prediction model 

equation was developed by Sudarsanan et al. (2020), which allowed the determination of the 

required BBS at the critical condition. A relationship between ISS and BBS then was established 

to predict the ISS at MSR condition using the BBS values as inputs. Because the BBS prediction 

model is a function of the reduced stress rate, the output stress data obtained from FlexPAVEÊ 

at the critical condition were used as an input value for the BBS prediction equation. Finally, the 

debonding potential criterion that uses the BBS as the input was established by bridging the 

connection between the BBS and MSR.   
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1 INTRODUCTION  

1.1 Background and Research Needs  

Asphalt concrete (AC) pavement is known also as flexible pavement and typically is composed 

of several layers with different properties. The thickness of each layer and proper materials must 

be selected for effective pavement design. Asphalt pavements have multiple layers for two main 

reasons. First, if a pavement layer is too thick, it cannot be compacted to the designed thickness 

properly. Only a properly compacted layer can exhibit its designed properties, such as stiffness, 

modulus, resistance, friction, and smoothness. Second, each layer has its own purpose and price 

range due to its material composition. For instance, the surface layer must provide adequate 

friction and smoothness for serviceability and is the most expensive layer to construct due to its 

high content of asphalt bitumen. The main purpose of the base layer and intermediate layer is to 

transfer traffic loads to the layers below, and they are composed mostly of relatively cheaper 

materials such as coarse aggregate.  

Although the different pavement layers provide specific structural benefits and budgetary 

rationale, layering can lead to the debonding of the pavement structure if the bond between 

adjacent layers is poor. Lack of a sufficient interface bond may prematurely cause several 

distress types and performance degradation because the debonded structure no longer behaves as 

a monolithic structure. Figure 1.1 presents a comparison of the pavement stress distribution for 

three different pavement layer cases of fully bonded, partially bonded, and no bonding.  

 

Figure 1.1 Pavement bonding stress distribution (Kim et al. 2011). 
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The stress types that both bonded and debonded pavement structures experience can be measured 

and compared. The moment of inertia (I) is a key factor that is used to determine the bending 

stress (ů) when the applied and calculated bending moment (M) that is generated by traffic loads 

and the perpendicular distance from the neutral axis (y) are the same, as shown in Equation (1.1). 

Figure 1.2 is a schematic illustration of a pavement element with two layers. The moment of 

inertia (I) is calculated using the left-hand side of the inequality sign in Equation (1.2) when the 

pavement has a fully bonded interface whereas the right-hand side of the inequality sign in 

Equation (1.2) is used to obtain the moment of inertia (I) when the pavement is debonded. As 

shown in Equation (1.2), the fully bonded pavement structure has a longer moment of inertia (I), 

meaning that it experiences less of a bending moment (ů).  

 

 „
ὓώ

Ὅ
 (1.1) 

 

                  

Figure 1.2 Moment of inertia in asphalt concrete pavement element. 
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where  

„ = bending stress (N/m2), 

ὓ = applied and calculated bending moment (N-m),  

ώ = perpendicular distance from neutral axis (m),  

Ὅ = moment of inertia (m4), 

ὦ = element width (m), 

Ὄ = total thickness of two adjacent layers (m), and 

ὬȟὬ  = thickness of each layer (m). 
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In short, the interlayer bond condition between pavement layers significantly affects the overall 

performance of a pavement structure. So, the performance of the pavement structure depends not 

only on the properties of each layer but also on the bond properties between the layers. The 

pavement structure is able to transfer and dissipate various types of stress, such as vertical, 

horizontal, and normal stress, that occur by traffic loading as well as address environmental 

condition fluctuations when it has a strong interlayer bond between the layers.  

In contrast, in the case of a poor interface bond, the service life of the whole pavement structure 

can be shortened, and the performance degraded when the pavement no longer acts as a 

monolithic structure. Romanoschi and Metcalf (2001) found that a reduction in pavement life as 

low as 40% can occur under poor interlayer bond conditions. A North Carolina forensic 

investigation project also found that poor interlayer bonding often is the cause of pavement 

failure (Park 2013, Tayebali et al. 2004). Romanoschi and Metcalf (2001) likewise concluded 

that poor bonding between layers negatively affects pavement performance, especially in areas 

where high shear stress occurs. An inadequate bond can trigger several types of premature 

distress, such as slippage cracking, delamination, and fatigue cracking (Hakim 2002, Mohammad 

et al. 2009, Uzan et al. 1978). 

The debonding phenomenon occurs at the interface of two asphalt layers when the shear or 

tensile stress that is induced by traffic loads exceeds the shear or tensile strength of the bonding 

property. In order to prevent debonding, not only is the understanding of the stress and strength 

distribution relationship at the interface important, but also the behavior of the tack coat that is 

applied between the layers. The proper selection of the appropriate tack coat material and its 

application rate is essential and must be based on the stress and strength conditions for the 

particular pavement structure. Karshenas (2015) suggested that the selection of tack coats should 

be through empirical study and based on manufacturersô recommendations.  

To establish a reliable testing tool for bonding analysis, a good understanding of the factors that 

affect the bonding properties is necessary. Numerous previous studies have been conducted 

under various conditions, but some topics remain controversial.  
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1.2 Objectives 

The primary objective of this research is to improve the understanding of the interfacial shear 

behavior of double-layered AC specimens by means of an analytical and experimental 

framework. Accomplishment of this objective will  provide ways to evaluate the debonding 

potential of asphalt layers. 

The following tasks were conducted to accomplish this objective: 

1. Evaluate the effects of tack coat material type and application rate, surface conditions, 

temperature, and confining pressure on interface shear strength (ISS). 

2. Evaluate the shear fatigue test as a means to assess the effects of tack coat material type 

and application rate on the debonding potential. 

3. Develop relationships between the ISS and binder bond strength (BBS) measured by the 

Pneumatic Adhesion Tensile Testing Instrument (PATTI) in order to utilize the BBS test 

as a tack coat material acceptance test. 

1.3 Dissertation Organization 

Chapter 1 is an introductory chapter that provides background information about the research 

needs, highlights the importance of proper bonding at the AC layer interface, and states the main 

objective of this research and the tasks required to accomplish the objective. Chapter 2 presents a 

comprehensive literature review in which the factors that affect interface bond strength are 

presented and previous research efforts that have investigated these factors are outlined. Several 

different test methods that are used to measure interface bond strength also are discussed briefly. 

Chapter 3 describes the experimental program and testing methodology used for this research. 

Information about the study materials also is presented and the various approaches that were 

taken to provide information about milled surfaces in the field are described. Chapter 4 presents 

the pavement response analysis that was conducted to examine the comprehensive distribution of 

the stress intensity at the layer interface under actual loading conditions. In order to determine 

the critical conditions, results from the stress distribution analysis conducted using FlexPAVEÊ 

under various conditions are evaluated. Chapter 5 provides discussion of the results from tests 

conducted under various conditions and the effects of each influential factor. Chapter 6 presents 
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the analysis framework that was employed to determine interface debonding potential using the 

developed prediction model and to evaluate tack coat quality by establishing relationships among 

the various experimental results. Chapter 7 provides a summary of the findings and conclusions 

from this research and recommendations for future work.  
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2 LITERATURE REVIEW  

2.1 North Carolina Department of Transportation (NCDOT) HWY -2013-04 project 

A North Carolina State University (NCSU) research team completed the North Carolina 

Department of Transportation (NCDOT) HWY-2013-04 project, titled óThe Surface Layer Bond 

Stresses and Strengthô. This project work is reported in the dissertation by Cho (2016). During 

this project, the NCSU research team developed various methods, including numerical modeling, 

and evaluated various factors that relate to the determination of the shear bond strength between 

pavement layers through laboratory testing.  

For example, in the NCDOT project, the NCSU research team developed the Modified 

Advanced Shear Tester (MAST) to test interface shear performance under different confinement 

conditions. The team investigated ISS under various conditions, such as temperature, loading 

rate, confinement, and tack coat type, and then developed a prediction equation, shown in 

Equation (2.1). Table 2.1 presents the corresponding model coefficients used in Equation (2.1). 

Figure 2.1 indicates that ISS is a function of reduced strain rate and confinement. The research 

team used FlexPAVEÊ (originally referred to as the Layered Visco-Elastic pavement analysis 

for Critical Distresses, or LVECD, program) to evaluate the critical conditions for debonding, 

which are high temperature, low speed, and a heavy axle load on a thin pavement structure. The 

pavement analysis results also led to the conclusion that the critical depth is located 1.5 in. from 

the pavement surface. The critical condition was evaluated using the maximum shear ratio 

(MSR) method (discussed in detail in Chapter 5). Figure 2.2 shows an example of the shear ratio 

profiles. 

 ( )I Ib d

f I R I c I Ra e ct g s g= + +³ ³ ³ (2.1) 

 

where  

†= interface shear strength (kPa), 

= reduced strain rate (ɔ/s), 

„= normal confining pressure (kPa), and  

ὥȟὦȟὧȟὨȟὥὲὨ Ὡ = model coefficients for interface shear strength. 
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Table 2.1 Coefficients of Interface Shear Strength Prediction Equation for Five Asphalt 

Layer Interface Conditions at Reference Temperature of 5  (Cho 2016) 

Tack Coats 
Interface Shear Strength Model Coefficients 

aI bI cI  dI eI  R2 

CRS-2 2.6116 0.0685 6140.4 0.1564 0.18 0.99 

CRS-1h 1.8174 0.0564 6075.3 0.1566 0.16 0.99 

NTCRS-1hM 1.9341 0.0496 6956.0 0.1520 0.20 0.99 

No tack coat 1.2058 0.0329 5229.5 0.1612 0.15 0.99 

 

  

(a) (b) 

  

(c) (d) 

Figure 2.1 Shear strength mastercurves developed at various confining stress levels: (a) 

CRS-2 emulsion, (b) CRS-1h emulsion, (c) NTCRS-1hM (trackless) emulsion, and (d) no 

tack coat (Cho 2016). 
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Figure 2.2 Example of shear ratio profile under the tire at the layer interface: intermediate 

pavement, 24-kip axle load, 5 mph, 20°C, braking condition (Cho 2016). 

 

2.2 Factors that Affect Interface Bond Strength  

The interface bond strength is affected by numerous factors that can be categorized as follows 

(Ragni 2020): 

¶ Material properties (tack coat and AC mixture properties) 

¶ Construction variables (application rate, existing surface conditions, curing time, air 

void content, compaction, dust, and humidity) 

¶ Loading/environmental inputs (traffic loading/confining pressure, climate/ 

temperature, and aging) 

To evaluate the interface bond strength in a pavement structure, each of these factors as well as 

their interactions should be taken into account. However, quantifying interface bond strength is 

difficult due to the complexity of the interactions among the various factors. Thus, many 

researchers have used different performance evaluation methods due to the absence of a 

definitive standard for testing, which causes problems when comparing test results from different 

studies. Previous researchers have presented many divergent results regarding the effects of each 

performance-related factor (Raab and Partl 2009). Some of the most important factors that affect 

interlayer bond strength, such as tack coat material type, application rate, existing surface 

conditions, temperature, and confining pressure, are described in Sections 2.2.1 through 2.2.5.  
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2.2.1 Tack Coat Materials 

A tack coat provides the bond between the existing surface and new overlay of a pavement 

(Asphalt Institute 2007). Three types of asphalt materials, i.e., asphalt emulsion, paving grade 

binders, and cutback asphalt, are commonly used as tack coats (Mohammad et al. 2012). An 

especially slow-setting emulsion type of tack is used most commonly, while cutback asphalt is 

the least used type (Chaignon and Roffe 2002, Cross and Shrestha 2005, Paul and Scherocman 

1998). Asphalt emulsions consist of asphalt and water mixed with emulsifying agents to form a 

liquid at ambient temperature (James 2006). Asphalt emulsions offer workability to facilitate the 

application process whereas paving grade binders need to be heated to achieve appropriate 

viscosity for application (Caltrans 2009).  

Mohammad et al. (2009, 2012) found that a trackless type of tack coat performs better in ISS 

tests than other types (SS-1h, SS-1, CRS-1, and PG 64-22) for existing hot mix asphalt (HMA) 

layers through the laboratory testing of cylindrical core samples using the Louisiana Interlayer 

Shear Strength Tester (LISST) and indicated that higher ISS values are obtained for tack coats 

with higher viscosity. Wang et al. (2017) concluded that trackless tack coats outperform 

conventional cationic emulsions, conventional anionic emulsions, and paving grade binders. Hu 

et al. (2017) found that tack coat material properties, particularly viscosity, indicate that tensile 

strength leads to an increase in ISS at high temperatures. A study by Amelian and Kim (2017) 

showed that a rapid-setting emulsion, CRS-2P, at a high application rate (0.16 gal/yd2) performs 

better than all the other tack coats studied, including CFS-1h, which is a modified fast-setting 

CSS-1. The following year, Amelian and Kim (2018) implemented two different loading tests, 

monotonic and cyclic, to evaluate the differences among five tack coats: CSS-1h, CRS-2P, CFS-

1, PG 64-22, and trackless. CFS-1, a modified CSS-1, performed the best in both loading tests. 

At a high temperature using fine-graded mixtures, West et al. (2005) found that PG 64-22 

obtained greater bond strength than CRS-2 and CSS-1. Modified emulsion tack coat material 

showed greater interlayer shear resistance than conventional tack coats at 20°C (68°F) based on 

shear bond strength test results presented by Canestrari et al. (2005). 

Thus, several researchers claim that a high-quality tack coat with high viscosity is related to the 

development of high interface shear bond strength. Several studies have shown through different 

performance evaluation methods that specific types of tack coats, such as trackless, modified, 
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and performance grade (PG) binder, are superior materials. However, although the material types 

are similar, the performance results from researcher to researcher vary depending on the test 

method used.  

FHWA-OK-18-02 Project (Ghabchi et al. 2018) 

The LISST also was used in the FHWA-OK-18-02 project to measure the shear bond strength of 

tack coat materials. The objective of this FHWA research project was to evaluate the effects of 

tack coat type, application rate, surface type, and temperature. The study utilized five tack coats, 

three application rates, four surface conditions, and three temperatures (Ghabchi et al. 2018). 

Figure 2.3 presents the effects of tack coat type and application rate simultaneously for tack coats 

used in an unaged HMA layer. The trackless tack coats (NTHAP and NTQS-1HH) are shown to 

exhibit better ISS performance than the other emulsion tack coat types. Even the emulsion types 

of tack coats have lower ISS values than the no tack coat condition. In terms of application rate, 

the trackless tack coat shows higher ISS values when the application rate is increased, but the 

performance of the other coat types worsens when the application rate is increased. Figure 2.4 

shows the effects of different surface conditions on the various tack coat materials. The trackless 

tack coats have relatively high ISS values for all the surface conditions, and the difference in ISS 

values is insignificant. The emulsion tack coats have especially low ISS values when the surface 

is PCC, and the difference in ISS values between the PCC and other surface conditions is 

significant. The ISS test results for the milled HMA cores extracted from the field for all the 

emulsion tack coat types are slightly better than for the other surface conditions.  

 

Figure 2.3 Effects of residual application rate on interlayer shear stress: unaged HMA 

layer (Ghabchi et al. 2018).  
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Figure 2.4 Interlayer shear strength values for different surface types and optimum 

residual application rates of tack coats (Ghabchi et al. 2018). 

 

Research from Oregon (Coleri et al. 2020) 

The ODOT research team conducted a research project, óImplementation of ODOT Tack Coat 

Technologies and Procedures to Improve Long-Term Pavement Performanceô, to develop a 

quality control mechanism and tool to monitor long-term tack coat performance. The team also 

investigated and evaluated the effects of existing tack coat types used in Oregon, the effect of 

pavement surface type, and the effect of application rate. For the laboratory tests, lab-fabricated 

milled surfaces were produced by a grinder, and the grooves on the bottom layer were straight. 

The target MTD was within the range of 0.07 in. to 0.09 in. (1.78 mm to 2.29 mm).  

Figure 2.5 shows that the engineered tack coats, i.e., the modified and trackless tack coats from 

Company 1 (CO1) and Company 3 (CO3), have greater ISS than the other tack coat (CO2). 

However, no significant difference among the tacks is evident based on statistical analysis that 

indicates a p-value of 0.6. Figure 2.6 presents the effects of surface condition; the quantification 

of the surface conditions is in terms of MTD. The bar graphs indicate no significant correlation 

between ISS and MTD. Two different rates, 0.05 gal/yd2 and 0.09 gal/yd2, were chosen to 

determine the effects of application rate. Better performance was found for the higher rate that 

was used for unmilled overlay surfaces. However, in some milled surface cases, the higher 

application rate led to worse ISS test results, as shown in Figure 2.7. This outcome suggests that 

additional research is needed to evaluate optimum application rates for different tack coats.   
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Figure 2.5 Average interlayer shear strength test results for all tack coats (Coleri et al. 

2020).  

 

 

Figure 2.6 Interlayer shear strength versus mean texture depth (MTD ) for each tack coat 

(Coleri et al. 2020). 
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Figure 2.7 Milled surface tack coat responses (Coleri et al. 2020). 

 

The ISS test results for the lab- and field-fabricated samples shown in Figure 2.8 are not 

dissimilar. The field conditions can be observed through the lab ISS tests of specimens produced 

by a roller compactor. Mohammad et al. (2012) noted that the ISS of Superpave gyratory-

compacted specimens can be two to ten times greater than that of field core samples. Even the 

ISS test results shown in Figure 2.8 were not corrected for MTD; but, for this MTD, the effect of 

surface is not considered to affect the relationship between the lab and field samples because the 

correlation between the MTD and ISS test results is insignificant, as shown in Figure 2.6.   

 

Figure 2.8 Interlayer shear strength versus application rate for field and lab samples 

(Coleri et al. 2020). 
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2.2.2 Application Rate 

To ensure adequate bond strength between pavement layers, the amount of tack coat applied is a 

significant factor. Thus, an awareness of the huge difference between the amount of tack coat 

that is dispensed from the distributing truck to the existing pavement surface and the amount of 

tack coat that is left on the surface after curing and setting is important, because the quantity of 

the initial diluted asphalt emulsion is not the same as the residual amount. This phenomenon is 

the reason that the so-called óresidual application rateô should be used to specify the amount of 

tack coat that remains on the pavement to avoid any confusion (Al-Qadi et al. 2008). 

Hachiya and Sato (1997) and Al-Qadi et al. (2008) found that the application rate of 0.18 L/m2 

(0.04 gal/yd2) is the optimum rate and Sholar et al. (2004) and Leng et al. (2008a) claimed that 

0.23 L/m2 (0.05 gal/yd2) is the optimum rate via their respective research. Mohammad et al. 

(2002) tried to determine an optimum residual application rate using two PG asphalt binders (PG 

64-22 and PG 76-22M) and four emulsified asphalts (CRS-2P, CSS-1, SS-1, and SS-1h) at five 

application rates, 0.0 (0.0), 0.09 (0.02), 0.23 (0.05), 0.45 (0.1), and 0.90 (0.2) L/m2 (gal/yd2), at 

two test temperatures, 25°C (77°F) and 55°C (131°F). Their results indicated that CRS-2P is the 

best tack coat and the optimum rate is 0.09 L/m2 (0.02 gal/yd2). In the Mohammad et al. (2002) 

study, at lower temperatures in particular, the shear bond strength decreased when the 

application rates were increased, but the effect of higher application rates was not shown for 

shear bond strength at high temperatures. In the National Cooperative Highway Research 

Program (NCHRP) Project 9-40 (2012), the best ISS performance was found to be with the 0.155 

gal/yd2 application rate for all tack coat materials. Mohammed et al. (2009) found that the 

optimum residual rate is 0.23 L/m2 (0.053gal/yd2) for CRS-1, SS-1h, trackless, and PG 64-22 

tack coats using the Louisiana Tack Coat Quality Tester (LTCQT) at temperatures ranging from 

30°C to 80°C (86°F to 176°F) in the field. Chen and Huang (2010) discovered that 

approximately 0.027 gal/yd2 is the optimal residual application rate for CRS-2 emulsion. Hasiba 

(2012) found residual optimum rates for SS-1vh emulsion to be 0.04 gal/yd2 and 0.06 gal/yd2 for 

unmilled and milled HMA surface conditions, respectively.  

Application rates can differ depending on the existing surface conditions (see Section 2.2.3) in 

order to achieve proper bond strength. Commonly, lower application rates are suggested for new 

or subsequent layers and higher application rates are required for milled or damaged asphalt 
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pavements. Research by Sholar et al. (2004) and West et al. (2005) advanced their 

recommendation that some particular conditions, such as milled surfaces or coarse mixtures, 

should be treated with special care with regard to physical damages. Tashman et al. (2006) 

showed that the reduction in bond strength for a milled surface without a tack coat is not 

significant, whereas it is significant under non-milled surface conditions. Kruntcheva et al. 

(2006) stated that a perfect milled surface condition without contamination may not need a tack 

coat at all. Cross et al. (2005) and Amelian and Kim (2018) concluded that the application of a 

tack coat between two pavement layers exhibits no particular trend or has only a slight effect on 

pavement performance. Several researchers discovered that the bond strength decreases when the 

application rate is increased (Buchanan and Woods 2004, Chen and Huang 2010, Tashman et al. 

2006), but other researchers claim that bond strength is improved with the use of tack coat 

materials (Chen and Huang 2010, Mohammad et al. 2012, Tran et al. 2012). Several researchers 

came to the common agreement that debonding and slippage could be generated when either not 

enough or excess tack is applied, respectively (Cross and Shrestha 2005, Mohammad et al. 2012, 

Tayebali et al. 2004). The application rates for tack coats must be decided according to the 

existing surface conditions to avoid interlayer debonding pavement failure (Al -Qadi et al. 2012, 

Asphalt Institute 1991). In particular, higher application rates are usually required for milled or 

aged surfaces(Mohammad et al. 2012). Covey et al. (2018) found that an excessive application of 

tack coat material causes slippage, especially when slow-setting emulsions are chosen as the tack 

coats. However, debonding, particularly in the wheel paths, can occur due to an inadequate 

amount of tack coat over the design life of the pavement structure (Tashman et al. 2006).  

Typically, state agencies or departments of transportation (DOTs) suggest the applicable range of 

application rates. The application rates range from 0.05 gal/yd2 to 0.15 gal/yd2 for diluted 

emulsions or between 0.02 gal/yd2 and 0.05 gal/yd2 for residual application rates, as 

recommended by the Asphalt Handbook (MS-4) (2007). Cross et al. (2005) conducted surveys of 

13 DOTs that indicated that application rates range from 0.14 L/m2 to 0.68 L/m2 (0.03 gal/yd2 to 

0.15 gal/yd2). Determining the optimum amount of tack coat is a difficult task as the 

recommended rate varies among researchers for different tack coat types. For example, an 

application rate between 0.05 gal/yd2 and 0.20 gal/yd2 is recommended by the Oregon DOT 

(ODOT) (Coleri et al. 2020) in their construction specifications, but the application rate varies 

depending on the type of surface and tack coat materials used. Table 2.2 presents several 
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different criteria for application rates in the United States (Asphalt Institute 2007, Caltrans 2009, 

FHWA 2016, Flexible Pavements of Ohio 2012, Mohammad et al. 2012, NCDOT 2012).  

Table 2.2 Recommended Application Rates Used by Various Agencies (Fonte 2018) 

Source 

Surface Type, L/m2 (gal/yd2) 

New 

Asphalt 

Mixture  

Existing/Old 

Asphalt 

Mixture  

Milled 

Asphalt 

Mixture  

Portland 

Concrete 

Cement 

NCHRP Report 712 

(Residual) 
0.16 (0.035) 0.25 (0.055) 0.25 (0.055) 0.20 (0.045) 

Asphalt Institute 

(Residual) 

0.09-0.20 

(0.02-0.045) 

0.18-0.32 

(0.04-0.07) 

0.18-0.36 

(0.04-0.08) 

0.14-0.23 

(0.03-0.05) 

FHWA (Residual) 
0.09-0.23 

(0.02-0.05) 

0.18-0.32 

(0.04-0.07) 

0.18-0.36 

(0.04-0.08) 

0.14-0.23 

(0.03-0.05) 

NCDOT 
0.14-0.23 

(0.03-0.05) 

0.23-0.32 

(0.05-0.07) 

0.23-0.32 

(0.05-0.07) 

0.32-0.41 

(0.07-0.09) 

Caltrans 
0.23* 

(0.05*) 
0.32* (0.07*) 0.32* (0.07*) 0.50 (0.11*) 

Flexible Pavements of 

Ohio (Residual) 

0.14-0.18 

(0.03-0.04) 

0.23-0.27 

(0.05-0.06) 

0.23-0.27 

(0.05-0.06) 

0.18-0.23 

(0.04-0.05) 

*minimum requirement 

NCHRP Report 712 (Mohammad et al. 2012) 

NCHRP Report 712 is the result of NCHRP Project 9-40, óOptimization of Tack Coat for HMA 

Placementô (Mohammad et al. 2012). The NCHRP 9-40 project research team developed the 

LISST to help determine optimal testing methods for application rate, device type, and tack coat 

materials. Figure 2.9 presents a plot of the ISS test results for the lab-fabricated samples that 

were used to investigate the effects of application rate. Only the trackless tack coat is shown to 

exhibit better ISS performance when the application rate is increased, and CRS-1 shows the 

opposite trend. The other tack coats have optimum rates at 0.061 gal/yd2.   
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Figure 2.9 Effects of residual application rate on interface shear strength (ISS) for lab-

compacted samples (Mohammad et al. 2012). 

 

Figure 2.10 presents differing ISS trends for the lab- and field-prepared specimens. The NCHRP 

research team noted that the different compaction methods and lack of uniformity of the 

application rates in the field led to the discrepancy between the lab and field ISS test results.  

 

Figure 2.10 Effects of sample preparation methods on interface shear strength 

(Mohammad et al. 2012). 

 

Figure 2.11 presents the effects of texture by comparing the ISS values of different mixtures, i.e., 

open-graded friction course (OGFC), sand, and stone matrix asphalt (SMA) mixtures. The 

research team expected that the ISS of the sand mixture would decrease when the application 

rate was increased because the tack coat acts as a lubricant on the smooth surface. For the OGFC 

mix, when the air voids are filled with tack coat material, the ISS becomes greater. The SMA 

mixture results indicate that the SMA mix has an optimum application rate for ISS performance.  
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Figure 2.11 Mean interface shear bond strength values for open-graded friction course 

(OGFC), sand, and stone matrix asphalt (SMA) mixtures (Mohammad et al. 2012). 

 

2.2.3 Existing Surface Conditions 

The existing surface conditions, together with the application rate, often affect the performance 

of the bond strength of the pavement, but they also have a significant inherent implication that 

can determine the development of the bond between layers. The texture of the underlying layer 

can be described as roughness, which is caused by cold milling prior to the placement of an 

overlay. Generally, a rougher surface texture helps to achieve better bond strength. Al-Qadi et al. 

(2008), Leng et al. (2008a), Mohammad et al. (2012), and Tran et al. (2012) showed that the 

bond is stronger on milled surfaces than on new surfaces and Sholar et al. (2004) showed that 

coarse mixtures lead to better bond performance than fine mixtures. That is, the properties of the 

asphalt mixture can affect the interlocking effect on a milled surface. ISS tests conducted by 

Song et al. (2015) showed that pavement performance is improved when only the effect of the 

surface condition remains after the effect of the tack coat application rate is no longer evident at 

high temperatures. Al-Qadi et al. (2012) also found a reduction in bond shear strength when the 

nominal maximum aggregate size (NMAS) is less than 9.5 mm (3/8 in.). Coleri et al. (2020), the 

FHWA (2016), and Mohammad et al. (2010) showed that a high degree of texture, such as a 

milled surface interlocking with a new pavement layer, provides good interlayer bonding 

performance. Higher ISS values have been observed for milled surfaces that have more contact 

friction with the new layer (Al -Qadi et al. 2012).   
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Wisconsin DOT Research (Bahia et al. 2019) 

The WisDOT research team conducted a project entitled óInvestigation of Tack Coat Materials 

Tracking Performanceô (Bahia et al. 2019). These researchers conducted ISS tests using a LISST 

to assess the bond strength of tack coats with asphalt mixtures, specifically their shear bonding 

performance. Table 2.3 shows the levels of the factors used for the laboratory testing and 

describes the test conditions for each. The mean texture depth (MTD) was used to quantify the 

surface conditions in mm and was measured using the modified sand patch test (ASTM E 965 

(2019)). Surface texture was categorized as óhighô or ólowô; Figure 2.12 presents images of actual 

mixture specimens for these texture categories. 

Table 2.3 Test Factors and Levels for Laboratory Shear Test Study (Bahia et al. 2019) 

 

 

 

Figure 2.12 High texture (left) and low texture (right) mixture specimens (Bahia et al. 

2019). 
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Figure 2.13 illustrates the effects of surface texture and application rate in terms of ISS and 

emulsion type. The ISS test results of the lab-fabricated specimens show that shear strength is a 

function of the surface texture, i.e., stone matrix asphalt (SMA) versus fine aggregate, and tack 

coat material. First, the effect of texture is pronounced such that high texture leads to better ISS. 

Second, although no clear trend or effect of tack coat material type is evident, the NTQS-1hh (a 

trackless tack coat) exhibited the best performance. Also, the application rate was found not to 

affect the shear strength performance significantly; however, the lower rate (0.02 gal/yd2) is 

shown in Figure 2.13 (a) to correspond to slightly higher ISS values than the higher rate (0.05 

gal/yd2) shown in Figure 2.13 (b), except for the CQS-1h tack coat. Moreover, most of the tested 

tack coats correspond to ISS performance that is worse than that of no tack coat, except for 

NTQS-1hh. The WisDOT research team noted that determining the optimal tack coat application 

rate and type based on laboratory ISS test results was challenging. 
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(a) 

 

(b) 

Figure 2.13 Effects of surface texture and application rate for various tack coat materials: 

(a) 0.02 gal/yd2 and (b) 0.05 gal/yd2 (Bahia et al. 2019). 

 

Table 2.4 presents analysis of variance (ANOVA) results for the ISS test factors. Table 2.4 (a) 

and (b) both show that surface texture is the most significant factor and (b) shows that the 

emulsion type (tack coat material type) is insignificant when the trackless tack coat is excluded.  
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Table 2.4 ANOVA Results for Interface Shear Strength Main Factors: (a) Trackless Tack 

Coat Included and (b) Trackless Tack Coat Excluded (Bahia et al. 2019) 

 

(a) 

 

(b) 

 

In order to validate the relationship between the lab and field ISS test results in the WisDOT 

project, field cores were taken from various sites; Table 2.5 describes the fabrication method for 

the bottom and top layers of each sample type. Both new materials and the same tack coat and 

mixture materials were collected from the field to use for the laboratory-fabricated specimens in 

order to remove material effects; Figure 2.14 presents the test results. The lab ISS values are 

significantly higher than the field ISS values for the new surface pavements. The ISS values for 

the milled lab specimens are significantly lower than the ISS values of the other new (19 mm and 

25 mm) lab specimens, but this phenomenon is not seen with the milled field specimens. The 

WisDOT research team explained that possible reasons for this outcome include uncertainties 

surrounding the field conditions, such as inconsistency in the application rate and dust problems. 

Moreover, the report claims that the reason for no significant difference between the lab and field 

results is damaged surfaces extracted from milled pavements; however, if damaged surfaces 

from milled pavements are the reason, then the milled field ISS values should be affected as 

well. In short, many factors are in play in this comparison, and therefore, pinpointing the specific 

reason(s) for these observations and outcomes is difficult. 
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Table 2.5 Description of Fabrication of Each Sample (Bahia et al. 2019) 

Sample Type Bottom Layer (Field) Top Layer 

Milled Lab 
Milled Surface 

Lab-Compacted 

Milled Field Field-Compacted 

19 mm New Lab 19 mm NMAS New 

Surface 

Lab-Compacted 

19 mm New Field Field-Compacted 

25 mm New Lab 25 mm NMAS New 

Surface 

Lab-Compacted 

25 mm New Field Field-Compacted 

 

 

Figure 2.14 Comparison of lab and field interface shear strength (ISS) test results for field 

validation study (Bahia et al. 2019). 

 

The WisDOT research team also carried out a series of statistical t-tests that resulted in p-values 

that could be used to determine the significance of each factor, i.e., application rate, emulsion 

type, and the difference between the lab and field results, as shown in Table 2.6. The red 

numbers indicate that the comparisons at those conditions are significant at the 95% confidence 

level. For better understanding, Figure 2.15 shows three bar graphs for these results. With regard 

to the effect of the application rate, Table 2.6 shows only two significant cases and Figure 2.15 

(b) presents insignificant differences and no clear trend. The p-values allow three comparisons of 

the effects of emulsion type and indicate statistical differences. Nine cases out of 12 cases show 

that the SS-1h emulsion has higher ISS values than QS-1h. The reason the QS-1h emulsion 
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performs worse than the SS-1h emulsion is assumed to be the liquid type of additive in QS-1h. 

Table 2.6 and Figure 2.15 do not show any trend or significance with regard to the effect of 

application rate. The only difference between the new (19 mm and 25 mm) and the milled 

surfaces of the lab-fabricated specimens is shown in Figure 2.15 (c), but even this difference 

does not provide clear evidence to validate the relationship between the lab and field ISS values.  

Table 2.6 P-values from T-tests of Groupings of Interface Shear Strength Data for Field 

Validation Study (Bahia et al. 2019) 
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(a) (b) 

 

(c) 

Figure 2.15 Reproduced graphs to evaluate the effects of each factor: (a) tack type, (b) 

application rate, and (c) surface condition. 

 

Research from Louisiana (Das et al. 2017) 

The Louisiana research project, óEffects of Tack Coat Application on Interface Bond Strength 

and Short-term Pavement Performanceô, also evaluated the effects of surface type, tack coat 

material type, and residual application rate for ISS performance. This research project 

investigated 14 test sections in three different field projects in Louisiana, Missouri, and Florida 

and utilized the LISST as a test device and MTD as the parameter to measure the surface 

properties. Table 2.7 indicates the surface conditions for each project in terms of MTD and 

Figure 2.16 shows the effects of surface condition in terms of ISS values. High MTD values 

correlate to good ISS performance, except for the PCC surface condition where the average ISS 

value is the lowest among all the surface conditions.  
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Table 2.7 Surface Mean Texture Depths in Field Projects (Das et al. 2017) 

 

 

Figure 2.16 Effects of pavement surface type on interface shear strength for all projects 

(Das et al. 2017). 

 

Figure 2.17 shows the effects of tack coat type on ISS. The non-tracking material is shown to 

exhibit greater ISS than the other materials regardless of surface condition, except for the 

existing HMA condition in Florida. Figure 2.18 presents the effects of application rate and, in 

this Louisiana research project, the higher application rate (0.04 gal/yd2) corresponds to greater 

ISS, but this conclusion may be questionable because the number of data points is only four.    

 

Figure 2.17 Effects of tack coat material type on interface shear strength for all pr ojects 

(Das et al. 2017). 
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Figure 2.18 Effects of residual application rate on interface shear strength for existing 

HMA pavement surface in Florida project (Das et al. 2017). 

 

Research from Illinois (Leng et al. 2008b)  

The Illinois research project, óInterface Bonding Between Hot-Mix Asphalt and Various Portland 

Cement Concrete Surfacesô, investigated the effects of surface conditions on different mixtures, 

application rates, and tack coat types. Figure 2.19 shows that the SM-9.5 surface mixture 

correlates with greater ISS than the IM-19.0 mix, 0.05 gal/yd2 is considered the optimum 

application rate, and finally, SS-1hP exhibits greater ISS than RC-70. Figure 2.20 describes three 

different PCC surface conditions and the anticipated tining direction according to traffic 

direction. Figure 2.21 presents the effects of the PCC surface texture. The direction of the tining 

in this PCC surface has no effect on the ISS. Even the smooth surface exhibits better 

performance than all the tined surfaces at the 0.05 gal/yd2 application rate. 

 

Figure 2.19 Effects of HMA, tack coat, and tack coat application rate on interface shear 

strength (Leng et al. 2008b). 
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Figure 2.20 Portland concrete cement surface texture (Leng et al. 2008b). 

 

 

Figure 2.21 Effects of Portland concrete cement surface texture (Leng et al. 2008b). 

 

Research from Tennessee (Song et al. 2015)  

Research conducted in Tennessee, entitled óFactors Affecting Shear Strength between Open-

graded Friction Course and Underlying Layerô, also investigated the effects of application rate 

and temperature and described the relationship between these two factors in terms of various 

surface conditions. The surface texture was assessed using the sand patch method with texture 

depths of 0.2 mm, 0.5 mm, and 1.1 mm for D, TLD, and SMA, respectively. Figure 2.22 shows 

that greater texture depth leads to greater shear strength except under the 0-temperature 

condition. The effects of application rate and surface texture become less significant at the low 

temperature (0 ). The research team noted that, at lower temperatures, asphalt is stiff, so the 

effects of application rate and surface texture on shear strength are less significant than at higher 

temperatures.  



29 

 

   

Figure 2.22 Effects of underlying layer on shear strength at different temperatures (Song et 

al. 2015). 

 

2.2.4 Temperature 

The performance of the bond between two adjacent layers is governed mostly by the tack coat 

performance, and temperature affects the tack coat performance. Thus, temperature is one of the 

most significant performance factors that affects the tack coat bond strength (Song et al. 2015). 

Because asphalt is a thermorheologically simple material, tack coat materials between the 

pavement interlayers behave differently at different temperatures. Tack coat material selection 

must take into account climate conditions because the pavement temperature affects the 

pavementôs stress and strength properties (Coleri et al. 2020).  

Research conducted in NCHRP Project 9-40 (2012) showed that, as the temperature rises, the 

tensile strength of the tack coat improves, but after the peak, the strength decreases. However, 

several researchers found that bonding performance worsens when the temperature increases 

(Chen and Huang 2010, Cho 2016, Karshenas 2015, Kim et al. 2011, Leng et al. 2008a, 

Romanoschi and Metcalf 2001, Sholar et al. 2004, West et al. 2005). A more recent study 

conducted in Missouri by Blomberg and Denkler (2018) found a reduction in bond strength when 

using laboratory-fabricated specimens and field cores subjected to freezing weather conditions. 

Due to the increased stiffness of the tack coat residue at low temperatures, increased ISS was 

observed in an investigation by Song et al. (2015); however, the ISS decreased when the tack 

coat became less viscous beyond the softening point of the residual asphalt at higher 

temperatures. Thus, the effect of the surface condition varies (similar to the effect of the 

application rate) at different temperatures.   
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The ISS also is affected by surface characteristics such as interlock and friction and increases in 

ISS have been found at lower temperatures as the tack coat performance improves (Chen and 

Huang 2010). Kim et al. (2011) investigated the effect of temperature by running shear tests 

using two separate devices and found that the ranking of the test results varied depending on the 

test temperature and frequency. They found a rapid decrease in shear strength after the peak 

shear strength at a low temperature, but a slow change in the strength at the intermediate 

temperature in tests of interlayer samples. These results indicate that the tack coat material is 

more sensitive at lower temperatures than at higher temperatures (Amelian and Kim 2017).  

Research from China (Hu et al. 2017) 

The Chinese research project, óEffect of Tack Coat Dosage and Temperature on the Interface 

Shear Properties of Asphalt Layers Bonded with Emulsified Asphalt Bindersô, investigated the 

effects of application rate and temperature and their relationship. Figure 2.23 (b) shows that the 

PC-3 tack coat material has greater ISS when the application rate is decreased at the 50-

temperature condition, but this trend is not evident at 25 ., shown in Figure 2.28 (a). The HV 

tack coat shows similar trends at the two different temperatures.  

  

(a) (b) 

Figure 2.23 Interface shear strength by different materials and application rates at 

different temperatures: (a) 25  and (b) 50 (Hu et al. 2017).  

 

2.2.5 Normal Confining Pressure 

A positive linear correlation has been observed in various studies when an increase in normal 

pressure (also known as confining stress) increases the shear bond strength. Less dilation and 
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more stone-to-stone contact are seen across the interface with a positive linear correlation. In 

other words, normal pressure enhances frictional resistance, which somehow prevents debonding 

(Cho 2016). 

Bond strength is more sensitive to normal pressure at high temperatures than at low and 

intermediate temperatures based on tests to measure the effect of the tack coat at three 

temperatures (10°C, 25°C, and 60°C) and three normal pressure levels (0 psi, 10 psi, and 20 psi) 

conducted by West et al. (2005). Test results from NCHRP Project 9-40 (2012) indicate that an 

increase in confining pressure induces the effects of roughness and the aggregateôs resistance to 

sliding at the interface with a decrease in the residual application rate, whereas the effect of 

aggregate roughness and resistance to sliding is reduced when the residual application rate is 

increased.  

2.3 Bonding Performance Evaluation Methods 

Pavement interface debonding commonly occurs in either shear mode or tension mode under 

traffic loading, so most bond performance evaluation methods use shear, tensile, and/or torsion 

modes, as shown Figure 2.24. In order to simulate field conditions by actual traffic loading, test 

devices and/or modes can be divided into two main categories: monotonic/static mode for the 

braking condition and cyclic/dynamic mode for continuous (moving) traffic conditions.   

 

Figure 2.24 Main types of laboratory tests used to evaluate tack coat interfaces: (a) direct 

shear, (b) pull-off, and (c) torsional shear (Al -Qadi et al. 2008). 
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2.3.1 Laboratory Shear Test Methods 

Florida DOT Shear Test 

In order to evaluate the interface bond strength between two layers of asphalt pavement in shear 

mode, the Florida DOT (FDOT) suggested a specification procedure without normal confining 

pressure, FM 5-599 (FDOT 2012). First, the field core sample is conditioned at 25°C for two 

hours and then placed on shear plates. The test is conducted at a constant rate of 50 mm/min until 

failure (Tashman et al. 2006); Figure 2.25 presents the FDOT shear test set-up.   

 

Figure 2.25 Florida DOT shear test set-up (Tashman et al. 2006).  

 

Direct Shear Apparatus Developed at the Illinois Center for Transportation  

The Illinois Center for Transportation developed a direct shear test apparatus, shown in Figure 

2.26, to apply shear force and normal force in the vertical and horizontal directions at the same 

time. Its U-shaped loading arm helps remove the effect of the bending moment that is created by 

the eccentricity of the shear load. This device can be utilized in cyclic mode and monotonic 

mode to measure the shear bonding performance according to the number of cycles to failure and 

the peak load before failure, respectively.  
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Figure 2.26 Direct shear test apparatus developed at Illinois Center for Transportation 

(Leng et al. 2008a). 

 

Louisiana Interlayer Shear Strength Tester (LISST) 

In order to characterize ISS, Louisiana state university developed a direct shear testing device 

known as the LISST, shown in Figure 2.27. Bae et al. (2010) conducted ISS performance tests at 

different temperatures using the LISST to identify the effects of temperature. Their results 

showed that the ISS decreases as the temperature is increased and that the shear strength 

improves when the application rate is increased. These test results showed that the application 

rate of 0.706 L/m2 (0.156 gal/yd2) leads to the best shear strength.  

 

Figure 2.27 Louisiana Interlayer Shear Strength Tester (LISST) (Mohammad et al. 2012). 
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Direct Shear Device 

The direct shear device shown in Figure 2.28 can be used to evaluate the effects of several 

surface properties in order to determine the behavior of tack coats (Chen and Huang 2010). The 

device applies a vertical normal load and a horizontal shear load which allows the behavior at the 

interface to be analyzed. A data acquisition system records both the shear force and displacement 

measurements. 

 

Figure 2.28 Diagram of direct shear device (Chen and Huang 2010).  

 

Tack Coat Shear Test Device 

The tack coat shear test device shown in Figure 2.29 was developed by Al-Qadi et al. (2008) to 

evaluate the tack coat bonding performance of both AC layers and AC-Portland concrete cement 

(PCC) layers in shear load-related tests. The device gauges the changes in shear load, dilation, 

and shear displacement. Moreover, both monotonic and cyclic loading modes can be applied for 

different purposes; for example, cyclic loads at different desired frequencies can simulate field 

conditions. 

 

Figure 2.29 Tack coat shear test device (Al-Qadi et al. 2008). 
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2.3.2 Fatigue Test Methods 

Shear Fatigue Test 

In order to simulate the repetitive loading of moving vehicles, Romanoschi and Metcalf (2001) 

proposed a laboratory test configuration to perform shear fatigue tests on AC with interfaces. 

Figure 2.30 presents a schematic illustration of their test set-up. The test uses specimens with 

diameters of 100 mm. The device allows for the longitudinal axis of the test specimen to be at a 

25.5° angle to the vertical axis to apply shear and normal forces simultaneously. To simulate a 

speed of 50 km/h and various weights of vehicle, the test uses the frequency of 5 Hz and four 

different normal stress levels (0.05 MPa, 0.75 MPa, 1.00 MPa, and 1.25 MPa). 

 

Figure 2.30 Schematic illustration of shear fatigue test set-up (Romanoschi and Metcalf 

2001). 

All the displacements caused by the normal and shear loads are measured until the test is 

stopped, which is when the permanent shear displacement reaches 6 mm or can be determined by 

extrapolating the corresponding permanent shear displacement of 6 mm. The concept of 

parameter ND1 was derived by Romanoschi and Metcalf (2001) to represent the number of load 

cycles that leads to an increase in the permanent shear displacement of 1 mm, which in turn 

indicates the interface bond fatigue performance. The test results varied even when the same 

normal stress but higher ND1 was recorded for specimens with a tack coat compared to 

specimens without a tack coat.  
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Double Shear Tester (DST) 

A NCSU asphalt research team developed the Double Shear Tester (DST) to study the ISS and 

fatigue mechanisms of symmetrical three-layered specimens (Safavizadeh and Kim 2017). The 

advantage of the DST is that the two interfaces experience relatively pure shear stress. The effect 

of the bending moment that is created by the eccentricity of the shear load could be found in 

single interlayer tests. The DST tried to solve this problem but generating crack propagation at 

two interfaces was practically impossible. Figure 2.31 (a) presents a schematic illustration of a 

DST specimen and the loading mechanism and Figure 2.31 (b) shows the DST installed in a 

Materials Test Systems (MTS) loading frame. 

 

Figure 2.31 (a) Schematic illustration of Double Shear Tester test specimen and loading 

mechanism and (b) Double Shear Tester installed in MTS loading frame (Safavizadeh and 

Kim 2017).  

 

Virginia Shear Fatigue Test 

Donovan et al. (2000) at Virginia Tech conducted research to optimize the application rate of 

tack coats for geocomposite membranes and overlay bridge decks. Their Virginia shear fatigue 

test apparatus, shown in Figure 2.32, measures the number of shear load cycles that is required to 
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cause failure at the interface using specimens (diameter of 93.7 mm) that consist of PCC and 

HMA. A cyclic shear load of 0.1 s half-sine wave with a deflection of 0.4 mm is applied, 

followed by a relaxation period of 0.9 s to simulate the movement of vehicles on the pavement. 

Donovan et al. (2000) recommended application rates of 1.40 kg/m2 (2.58 lb./yd2), 1.50 kg/m2 

(2.77 lb./yd2), and 1.75 kg/m2 (3.23 lb./yd2) for cases in which the geocomposite is in contact 

with an HMA base, an HMA wearing course, and PCC, respectively.  

 

 

Figure 2.32 Virginia shear fatigue test set-up (Donovan et al. 2000).  

 

2.3.3 Tensile Strength Evaluation Methods 

Devices such as ATacker, the LTCQT, and the University of Texas at El Paso (UTEP) Pull-off 

Device (UPOD) are used to measure bonding properties in tensile mode. These devices work by 

having a plate in direct contact with the field surface where the tack coat is applied, and then, the 

peak tensile strength is measured and analyzed when the plate is separated from the surface by 

torque or tensile power. This procedure can be problematic when the surface is an uneven milled 

surface, but as a method to verify the tack coat application quality in the field, it is beneficial, 

simple, and productive.  

ATacker  

Buchanan and Woods (2004) developed ATacker, shown in Figure 2.33, to evaluate tack coat 

performance in both tensile mode and torque-shear mode. They found that the mean tensile 

strength increases when the application rate is decreased and that a long set time enhances tensile 
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strength as well. Buchanan and Woods (2004) also found that CRS-2 is the best tack coat 

material whereas SS-1 exhibits the lowest strength, and that the test results are not affected 

consistently by temperature. The main disadvantage of ATacker is that load applications on an 

uneven surface are difficult and time-consuming; nonetheless, its simplicity and portability are 

beneficial for testing in various distress modes (Karshenas 2015).  

 

 

Figure 2.33 ATacker test device (Buchanan and Woods 2004). 

 

Louisiana Tack Coat Quality Tester (LTCQT)  

Mohammad et al. (2012) developed the LTCQT by modifying ATacker (Buchanan and Woods 

2004) to evaluate the quality of the bond strength of tack coats in NCHRP Project 9-40. This 

device, shown in Figure 2.34, allows loading applications that use electronic sensors, 

modifications to the sensitivity of the load cell, and adjustments to the sensitivity of the actuator. 

Mohammad et al. (2012) also compared LTCQT results with LISST results and demonstrated 

that the LTCQT can rapidly confirm tack coat quality during construction. 
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Figure 2.34 Second-generation Louisiana Tack Coat Quality Tester (Mohammad et al. 

2012).  

 

University of Texas at El Paso Pull-off Device (UPOD) 

Researchers at UTEP developed a pull-off testing device, known as UPOD, to measure the 

tensile strength of tack coats, shown in Figure 2.35. A 40-lb load is applied to the plate for 10 

minutes and the torque that is needed to separate the plate from the tack coat applied to the 

pavement surface is measured and then converted to strength (Deysarkar 2004). Additional field 

tests by Tashman et al. (2006) showed that a drawback of the UPOD is that it has inadequate 

contact on milled surfaces.   

 

Figure 2.35 University of Texas at El Paso Pull-off Device (Tashman et al. 2006).  
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2.4 Critical Summary  

A critical literature review was conducted to focus specifically on a few important factors, 

namely, the effects of the tack coat material type, application rate, and surface conditions on ISS. 

The reason that these three particular factors were targeted for further investigation is the 

uncertainty surrounding their effects on ISS. Many of the researchers of the reviewed studies 

reached different or conflicting conclusions in this regard.  

Effect of tack coat type 

The effect of tack coat material type on ISS is generally insignificant; however, trackless and 

modified tack coat materials show better performance than emulsion type materials. ANOVA 

results also indicate that the effect of the tack coat is insignificant when the trackless coat is 

excluded from the analysis (Bahia et al. 2019). Moreover, the emulsion types of tack coats have 

lower ISS values than the no tack condition in some cases (Ghabchi et al. 2018). The 

performance of the emulsion types of tack coats is similar to cracking between two adjacent 

asphalt layers, because these emulsion materials have relatively lower modulus and stiffness 

values than the other types of tacks and even of the AC binder of the mixture itself. Tack coat 

selection that is based on performance measurements is required in some cases; otherwise, the 

bonding performance may be compromised.    

Effect of application rate 

The application rate remains a controversial factor, but its effect is not critical for ISS 

performance. The F ratios and p-values obtained from ANOVA also indicate the insignificance 

of the effect of application rate on ISS test results (Bahia et al. 2019). The optimum application 

rate varies by factors such as material type, surface and/or texture, and temperature. The 

trackless and modified tacks exhibit better performance at higher application rates whereas the 

other emulsion type of tack coats have optimum application rates that reflect the best ISS 

because of the superior performance of the trackless and modified tack coats themselves. For 

surfaces with low texture, such as when a sand mixture is used, the ISS worsens when the 

application rate increases because the large amount of tack coat acts as a lubricant. For surfaces 

with high texture, such as when an OGFC mix is used, the ISS becomes greater because the air 

voids are filled with tack. In conclusion, the effect of application rate and surface texture become 

less significant at a low temperature such as 0  because the modulus and stiffness values of the 
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tack coat have increased, which is a dominant factor for ISS. The correlations and effects of the 

various factors remain difficult to clarify.  

Effect of surface condition 

The surface condition affects the ISS more significantly than the other two factors, i.e., tack coat 

material type and application rate. Rough surfaces or high textures mostly support better ISS 

performance, but the significance or trend of the effect of the surface or texture can vary 

according to specific conditions or other factors. Specimens from the field with high surface 

texture show worse ISS, and the damage caused by the milling process is a possible reason for 

this outcome. Moreover, a high texture surface needs a higher application rate to have a positive 

effect on the ISS. For instance, a high texture surface caused by the use of an OGFC mix leads to 

a pavement with better ISS because the air voids are filled with tack coat material. Many factors 

are in play, and therefore, clear reasons for outcomes or conclusions are difficult to pinpoint.   
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3 EXPERIMENTAL PROGRAM  

3.1 Materials 

3.1.1 Asphalt Mixture  

In this study of tack coat materials for overlays, HMA loose mixture for shear performance tests 

was obtained from the Fred Smith Companyôs Knightdale plant on US 64 at Wake Stone Quarry 

in Wake County, NC. Figure 3.1 presents the aggregate gradation of the RS9.5B mix and Table 

3.1 presents the job mix formula and provides details about the materials. This RS9.5B mix was 

used to fabricate the specimens for this research. The designation, RS9.5B, describes the 

mixtureôs characteristics: óRô indicates that it is reclaimed asphalt pavement (RAP), óSô indicates 

that it is a surface mixture, 9.5 reflects its NMAS, and óBô represents the middle level of traffic. 

Specifically, this material is warm mix material and Evotherm 3G is used as the additive agent. 

 

Figure 3.1 Aggregate gradation of RS9.5B mixture. 
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Table 3.1 Job Mix Formula  

Job 

Mix  

Formula 

Material RS 9.5 B 

Asphalt Type Warm Mix Evotherm 3G 

Total Binder 5.5% 

Aggregate 

25%, Coarse Aggregate #78M 

40%, Screenings, Washed 

35%, Fractionated RAP 9.50 mm 

Anti-Strip Evotherm 3G-M1 

Gradation  

% Passing 

25 mm (1 in.) 100 

19 mm (3/4 in.) 100 

12.5 mm (1/2 in.) 100 

9.5 mm (3/8 in.) 97 

No. 4 (4.75 mm) 75 

No. 8 (2.36 mm) 58 

No. 16 (1.18 mm) 44 

No. 30 (0.6 mm) 31 

No. 50 (0.3 mm) 20 

No. 100 (0.15 mm) 11 

No. 200 (0.075 mm) 5.7 

Gmb 2.331 

Gmm 2.428 

%VMA @ Ndes 15.8 

%VFA @ Ndes 74.8 

Note: RAP is reclaimed asphalt pavement; Gmb is the bulk specific gravity of the mix; Gmm is the 

maximum specific gravity; VMA is voids in mineral aggregate; VFA is voids filled with asphalt; 

Ndes is the design number of gyratory compactions. 

 

Dynamic modulus (|E*|) tests of the RS9.5B warm mix material were conducted to acquire its 

viscoelastic properties, i.e., dynamic modulus values and time-temperature (t-T) shift factors 

(AASHTO TP 132-19 2019). AC in the linear viscoelastic range is known to be 

thermorheologically simple material so that reduced time/frequency can be used as a parameter 

that combines time and temperature. In this research, the test specimens had dimensions of 38 

mm in diameter and 110 mm in height. Four test specimens were extracted from a gyratory-
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compacted sample that was 150 mm in diameter and 180 mm in height. The target air void 

content for the test specimens was 6.0%, and the air void contents of the four test specimens 

fabricated were 5.5%, 5.8%, 6.2%, and 6.3%, which satisfies the acceptable range between 5.5% 

and 6.5 percent. An Asphalt Mixture Performance Tester (AMPT) Pro was used as the testing 

device (AASHTO 2019a). The tests were performed at three temperatures, 4°C, 20°C, and 40°C, 

and six frequencies, 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, and 0.1 Hz. Equation (3.1) shows how the 

reduced time/frequency, fR, or rate represents the effect of time and temperature using the shift 

factor (aT), which can be expressed with its coefficients as shown in Equation (3.2). Equation 

(3.3) indicates dynamic modulus values that correspond to reduced frequency as a fitted 

sigmoidal function. Equation (3.4) shows how the Prony series coefficients are obtained by 

fitting the storage modulus using the collocation method (Park et al. 1996, Schapery 1962). 
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where 

Rf  = reduced frequency (Hz), 

f
 = loading frequency (Hz), 

ὥ = shift factor, 

ὥȟὥȟὥ = model coefficients,  

Ὕ = conditioning temperature ( ), 

|E*| = dynamic modulus (MPa), 
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d = minimum value of |E*|, 

d+a = maximum value of |E*|, 

b, g = constants, material parameters that describe the shape of the sigmoidal function, 

E(t) = relaxation modulus (MPa), and  

E¤ = equilibrium modulus (MPa). 

 

Figure 3.2 (a) and (b) present the phase angle and dynamic modulus mastercurves from three 

replicates of the RS9.5B mix, respectively. The t-T shift factors, which represent the amount of 

horizontal shift in log scale to develop the mastercurves, are shown in Figure 3.3. Table 3.2 

presents the shift factor coefficients.  

  
(a)                                                                             (b) 

Figure 3.2 Mastercurves of three replicates of RS9.5B: (a) phase angle and (b) dynamic 

modulus. 
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Figure 3.3 Time-temperature shift factor curve. 

 

 

Table 3.2 Shift Factor Coefficients of Mixture Material Used in Study 

Shift Factor 

Coefficients 
RS9.5B Mixture 

a1 9.63E-04 

a2 -0.167 

a3 3.084 

 

 

3.1.2 Tack Coat Materials 

In this study, five different tack coat materials, CRS-2 (Source 1), CRS-1h, NTCRS-1hM, 

Ultrafuse, and CRS-2 (Source 2), were used for the ISS tests. The residual application rate for 

each tack coat was evaluated using the residue recovery test (ASTM D6937-16 (2016)) and the 

percentages of the residue were obtained by Equation (3.5). Table 3.3  
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Table 3.3 presents the material properties of the study tack coats. 

 ὙὩίὭὨόὩȟϷ ςὡ ὡ  (3.5) 

where  

WA = weight of beaker, rod, and residue (g) and 

WB = tare weight of beaker and rod (g). 
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Table 3.3 Material Properties of Tack Coats Used in Study 

Property Unit  

Type of Tack Coat 

CRS-2 

(Source 1) 

CRS-2 

(Source 2) 
CRS-1h 

NTCRS-

1hM 

Ultrafuse 

(Hot 

Binder) 

Residual 

Asphalt 

Content 

% 56.91 66.17 53.75 48.15 100 

Density kg/L 1.010 1.010 1.016 1.018 1.014 

Base Binder  PG 58-22 PG 58-22 PG 64-22 
PG 64-22 

Modified 

Polymer 

Modified 

Residual 

Application 

Rate 

L/m2 0.14 0.14 0.14 0.14 0.14 

gal/yd2 0.30 0.30 0.30 0.30 0.30 

Tack Coat 

Application 

Rate 

L/m2 0.20 0.19 0.20 0.21 0.14 

gal/yd2 0.43 0.40 0.44 0.46 0.30 

 

The dynamic shear modulus (|G*|) is the fundamental property of asphalt binder that is measured 

via dynamic shear rheometer (DSR) tests (AASHTO T315-19 (2019b)). Equation (3.6) describes 

how the dynamic shear modulus (|G*|) mastercurves were constructed based on the Christensonï

AndersonïMarasteanu (CAM) model (Christensen and Anderson 1992) and Equation (3.7) 

shows the reduced frequency and shift factor the same way as shown in Equation (3.2). 

Sudarsanan et al. (2020) performed the dynamic shear rheometer testing on the tack coat 

materials selected for this study and developed the dynamic shear modulus mastercurves shown 

in Figure 3.4. The figure shows that Ultrafuse consistently has a higher modulus value than the 

other tack coats and that CRS-2 (Source 2) has a lower modulus value at a high reduced 

frequency. Also, CRS-2 (Source 1) and CRS-1h have much lower moduli values than the 

remaining tack coats at low reduced frequencies (i.e., at high temperatures). Table 3.4 presents 

the shift factor coefficients for each tack coat based on the 20-reference temperature that are 

reported in Sudarsanan et al. (2020). 
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 R Taw w= ³ (3.7) 

where 

|G*| = dynamic shear modulus (Pa), 

|G*|g = glassy dynamic shear modulus when frequency tends to infinite, 

w = angular loading frequency (Hz), 

Rw = reduced loading frequency (Hz),  

cw  = constant, location parameter where loss modulus equals storage modulus, and  

me, n = constants, dimensionless, shape parameter. 

 

 

Figure 3.4 Dynamic shear modulus mastercurves for study tack coats (Sudarsanan et al. 

2020). 

 

1.E-01

1.E+01

1.E+03

1.E+05

1.E+07

1.E+09

1.E+11

1.00E-07 1.00E-04 1.00E-01 1.00E+02 1.00E+05 1.00E+08

G
* 

(P
a
)

Reduced Frequency (Hz)

CRS-2 (Source 1)

CRS-1h

NTCRS-1hM

Ultrafuse

CRS-2 (Source 2)



50 

 

 

Figure 3.5 Shift factors of study tack coats (Sudarsanan et al. 2020). 

 

Table 3.4 Shift Factor Coefficients for Study Tack Coats (Sudarsanan et al. 2020) 

Shift Factor 

Coefficients 

CRS-2 

(Source 1) 

CRS-2 

(Source 2) 
CRS-1h 

NTCRS-

1hM 
Ultrafuse 

a1 7.82E-04 1.40E-12 7.68E-04 7.12E-04 2.94E-04 

a2 -0.146 -0.134 -0.150 -0.160 -0.116 

a3 2.618 2.675 2.701 2.913 2.198 

 

 

3.2 Experimental Method 

Five different tack coat materials were used for the ISS tests under various test conditions. All 

the ISS test specimens were loaded in monotonic shear mode to investigate the effects of 

temperature, loading rate, confining pressure, application rate, and surface conditions on the ISS 

of the materials. Table 3.5 presents the factors and parameters that were used to create the 

various ISS test conditions. In order to evaluate the effect of the tack coat material type and the 

application rate in depth, interface shear fatigue (ISF) tests also were conducted. Table 3.6 

presents the proposed experimental test design for the ISF analysis.   
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Table 3.5 Interface Shear Strength Test Conditions 

Factors Number of Levels 

Tack Coat  
5 (CRS-2 (Source 1), CRS-1h, NTCRS-1hM, 

Ultrafuse and CRS-2 (Source 2)) 

Temperature 4 (5°C, 19°C, 35°C, and 53°C) 

Loading Rate 3 (0.508, 5.08, and 50.8 mm/min) 

Confining Pressure (Normal Stress) 3 (69, 276, 483 kPa) 

Application Rate (Residual) 3 (0.045, 0.14, and 0.23 L/m2) 

Surface Condition 2 (Unmilled, Milled) 

Compaction Method 2 (Gyratory, Slab) 

 

 

Table 3.6 Interlayer Shear Fatigue Test Conditions 

Factors Number of Levels 

Tack Coat  3 (CRS-1h, NTCRS-1hM and Ultrafuse) 

Test Mode 2 (strain and stress control modes) 

Temperature 1 (18°C) 

Loading Frequency 1 (10 Hz) 

Confining Pressure (Normal Stress) 1 (173 kPa) 

Application Rate (Residual) 2 (0.045 and 0.23 L/m2) 

 

 

3.2.1 Modified Advanced Shear Tester (MAST) 

In this study, the MAST was used to investigate the interface shear properties of adjacent asphalt 

layers. The MAST was designed and developed in the NCDOT (HWY 2013-04) research project 

to resolve issues associated with several of the current devices used for shear testing. As a direct 

shear test apparatus, the MAST allows tests to be conducted using specimens with different 

geometries, e.g., 152.4 mm and 101.6 mm square-shaped specimens as well as 101.6 mm 

diameter cylindrical specimens, as shown in Figure 3.6. In order to simulate the states of stress 

that occur in the field due to traffic loading, the MAST has the capability to apply initial normal 
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confining stress for different test modes, i.e., simple monotonic and cyclic fatigue modes, under 

various environmental conditions, e.g., in stress or strain control mode at various temperatures.  

 

Figure 3.6 Illustrations of the Modified Advanced Shear Tester (MAST). 

 

3.2.2 Specimen Fabrication 

In this study, the final MAST specimens consisted of two AC mixture layers and the selected 

tack coat between the layers. Each layer for the final specimen had the same symmetrical 

geometry, 101.6 mm in diameter and 38.1 mm in height. The first step of the MAST specimen 

fabrication process was to produce the bottom layer (150 mm diameter and 50.8 mm height) 

using a Servopac Superpave Gyratory Compactor, manufactured by IPC Global of Australia. 

Once the compaction and cooling were complete, a designed amount of tack coat was applied 

uniformly on the top of the bottom layer. After curing, the top layer was applied by repeating the 

same compaction process as for the bottom layer using the same specimen geometry. Figure 3.7 

presents the whole process to the compaction of the top layer. Finally, the MAST specimen was 

obtained by coring and cutting, as shown in Figure 3.8.  
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(a) (b) 

  

(c) (d) 

Figure 3.7 MAST specimen preparation steps: (a) compaction of bottom layer, (b) tack coat 

application, (c) placement of bottom layer in specimen mold, and (d) completed gyratory-

compacted specimen (Cho 2016). 
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Figure 3.8 Coring and cutting process for MAST specimen. 

 

The optimal mass of AC that is required to achieve 6% air void content for the top and bottom 

layers is necessary to achieve the desired gyratory-compacted MAST specimen. Table 3.7 shows 

the results of the air void study for each layer. Based on the relationships shown in the table, 

7.5% air void content was chosen for the design air void content in order to obtain 6.0% air void 

content.   
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Table 3.7 Air Void Content Data for Gyrator y-Compacted MAST Specimens 

Design Air 

Void (%)  
Layer 

Dimensions (mm) 

150 (D)  

50.8 (H)* 

150 (D)  

50.8 (H)* 

101.6 (D)  

38.1 (H) 

7.5 
Bottom 6.8 6.4 6.1 

Top - 7.4 6.4 

8.0 
Bottom 7.3  6.8 6.7 

Top - 7.7 6.8 

 

Different types of additional MAST specimens also were fabricated to compare the effects of 

compaction and air void content using the slab compactor model CRT-RC2S, manufactured by 

James Cox and Sons. The slab-compacted MAST specimen has the same geometry as the 

gyratory-compacted MAST specimen after coring and cutting. However, the slab specimen has a 

different air void content, 8.5%, and requires a different tack coat application process. Similar to 

the process used to fabricate the gyratory-compacted specimens, the slab specimen fabrication 

process is carried out in three stages. The first stage is to create the bottom layer via compaction, 

and the second stage is the application of the tack coat on the bottom layer using a spray gun. 

The third stage is compacting the top layer that is above the tack coat and bottom layer. 

Following this compaction process, six slab MAST specimens were cored from the slab in this 

study. Figure 3.9 shows the fabrication process for the slab-compacted MAST specimens. 
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(a) 

  

(b) (c) 

Figure 3.9 Slab-compacted MAST specimen fabrication: (a) fabricated bottom layer 

interface shear strength test specimen, (b) using hot spray gun to apply tack coat, and (c) 

core pattern on slab. 

 

Figure 3.10 shows how the final cored and cut specimen is glued into óshoesô, which are the 

frames used to hold the test specimen inside the MAST to restrain the bending force. Figure 3.11 

presents the MAST test set-up. Once the specimen with shoes is installed in the MAST, the 

confining pressure is applied by tightening bolts on the left-hand side of the MAST. After 

temperature conditioning, the shear performance test is conducted whereby shear force is applied 

by the Material Testing System (MTS) and the displacement is measured as the digital image 

correlation (DIC) system captures the movement of the speckled paper that is attached to the side 

of the specimen; see Section 3.2.3 for details regarding DIC. 
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Figure 3.10 Gluing procedure of slab-compacted MAST specimen: (a) MAST cored 

specimen, (b) glue on steel shoes, (c) specimen placed on half of steel shoes, (d) second half 

of steel shoes on top of specimen, (e) shoe with specimen fastened inside gluing frame, and 

(f) completed assembly (Xue 2020).  

 

 

Figure 3.11 MAST test set-up: (a) schematic diagram, (b) loading MAST shoes into loading 

jig, and (c) test set-up with digital image correlation (DIC) system (Ragni et al. 2021). 

 



58 

 

3.2.3 Digital Image Correlation (DIC)   

The MAST is a sophisticated device that can be employed to conduct multiaxial loading tests 

with shear stress and normal confining stress. However, it has a large number of components and 

associated machine compliance issues such that attaching an on-specimen linear variable 

differential transformer (LVDT) in its proper position is a difficult task. In order to collect 

accurate displacement information, a DIC system is employed. The relative displacements and 

strains are measured and computed via comparisons between the previous image and current 

image. Specifically, speckled paper with a large number of pixel dots is attached to the MAST 

close to the actual specimen. DIC analysis is the procedure by which the speckled image is 

divided into small subsets, the corresponding locations of the subsets are recognized, and the 

locations are tracked in order of image creation. In this study, the measurements and 

computations were conducted using DIC software packages developed by Correlated Solutions, 

Inc., Vic-Snap and Vic-2D, respectively. Figure 3.12 shows how the displacement or 

deformation information can be derived by tracking the location of the subsets, i.e., the 

horizontal and vertical displacements of the center point of each subset in the pixels, using a 

large number of images (Seo et al. 2002).  

 

Figure 3.12 Digital image correlation analysis of differences between initial image and 

deformed image (Seo et al. 2002).  
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3.3 Mille d Surfaces and Specimen Fabrication 

3.3.1 Milled Surface on Field Cores 

After specimens were fabricated using milled surface field core samples, the need to obtain more 

information about milled surfaces emerged. Figure 3.13 shows two milled surfaces with different 

shapes, heights, and widths of grooves. At first, these differences were considered to be 

ignorable, but after the fabrication of the milled surface specimens, these differences led to 

different volumes of the samples and thus two different test specimens.  

 

Figure 3.13 Milled surface field cores. 

 

Also, when the same amount of top layer material was applied on two different milled bottom 

layers to achieve the same height for the top layers, the density values of the two top layers were 

completely different. The different density values of the top layers of these specimens could be 

confirmed based on visual observation of asphalt binder that had extruded out of Specimen No. 

2, as shown in Figure 3.14.  
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Figure 3.14 Two milled surface gyratory-compacted specimens with different density 

values. 

 

Given the difficulties that were encountered for precise specimen fabrication, a three-

dimensional (3-D) laser scanner, depicted in Figure 3.15, was utilized to glean specific 

information about the milled surfaces. Typically, a 3-D laser scanner is used to measure the rut 

depths of a pavement. Although many efforts have been made to obtain information about milled 

surfaces, the 3-D laser scanner method is still considered the best way to estimate milled surface 

measurements. However, this method offers almost no consistency and the surfaces of the field 

core samples showed significant variation.  

 

Figure 3.15 Three-dimensional laser scanner. 

 

The investigation using the 3-D laser scanner was focused on the milled surfaces of field core 

samples because the milled surface affects the specimen fabrication process and was expected to 

affect the test results also. The 3-D laser scanner was used to measure the milled surfaces, but 
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uncertainties surrounding the sample geometries and inconsistency of the grooves led to 

skepticism about using field cores. The main concern came from the observation that the milled 

surface was not perpendicular to the side of the field core. This problem would cause the shear 

loading plane, which is perpendicular to the side of the core, not to be even with the interface of 

the milled surface and overlay. Figure 3.16 shows that field core samples that do not have 

perpendicular geometries can affect the results of shear tests.  

 

 

Figure 3.16 Effects of perpendicularity of field core samples on shear tests. 

 

The texture or perpendicularity of a milled surface can significantly impact the fabrication of a 

MAST specimen and even the shear strength test results. An alternative to field core samples was 

tried by producing an artificial milled surface in the laboratory to mimic the actual milled surface 

of field core samples. This artificial surface had more consistent grooves on the surface and 

guaranteed perpendicularity between the top and side surfaces. 

3.3.2 Milling Machine  

To make the artificial milled surfaces as similar as possible to actual milled surfaces, a visiting 

was made for a milling contractor, Delta (Haw river, NC), to obtain information about the 

milling process. Figure 3.17 shows details of the milling machine, in particular the teeth that 

determine the texture of the milled surface. Each tooth rotates to prevent one-sided or uneven 

wear. When the teeth contact the surface for milling, they are at acute angles, not right angles, to 
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the pavement surface. Usually, milled pavements have grooves that are wider than a tooth width, 

which has a range of 10 mm to 13 mm (0.4 in. to 0.5 in.). The distance between the centerlines of 

two teeth is 15.875 mm (5/8 in.). 

 

Figure 3.17 Milling machine (Wirtgen) : teeth details. 

 

Artificial Milled Surface Prototypes  

In order to fabricate an artificial milled surface bottom-layer sample, the drilling machine shown 

in Figure 3.18 was chosen because it has a mechanism that makes a groove using a rotation that 

is similar to that found in Wirtgen milling machines. The machine shown in Figure 3.18 is able 

to make rounded grooves using round-tip drill bits that are similar to the grooves made by a 

milling machine. Figure 3.19 shows photographs of specimen prototypes with different groove 

widths.  
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Figure 3.18 Drilling machine used for artificial milled surfaces. 

 

  

(a) 1/2 inch 

 

(b) 5/8 inch 

 

  

(c) 3/4 inch 

 

(d) 7/8 inch 

 

Figure 3.19 Prototype artificial field cores with different groove widths. 

 

Using field core samples is considered the best way to reflect actual field conditions and real 

pavements but it involves many uncertainties and possibly large variations. Laboratory-milled 

samples would reduce the variations in the test results; however, whether the shear strength 
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measured from such laboratory-milled samples is representative of the shear strength of field 

cores remains in question. 

3.3.3 Field Milled Surface Investigation 

The investigation into milled surfaces utilized the Hillsborough Street pavement construction 

project in Raleigh, NC as the milled surface field. The surface grooves were almost the same 

width as the distance between the centerline of two teeth in the milling machine. However, the 

actual groove width of approximately 9.5 mm (3/8 in.) was narrower than the tooth width, which 

has a range of 10 mm to 13 mm (0.4 in. to 0.5 in.). Importantly, no asphalt binder material was 

evident on top of the walls that separated two grooves because the milling machine obviously 

and randomly crushed the top of the walls. Figure 3.20 shows the overall conditions and texture 

of the Hillsborough Street milled surfaces.       

 

  

(a)  (b) 

  

(c) (d)  

Figure 3.20 Field milled surfaces on Hillsborough Street, Raleigh, NC. 
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Advanced Artificial Milled Surface Prototypes  

Based on the Hillsborough Street field investigation, new versions of the artificial milled surface 

bottom-layer sample were fabricated. The previous samples (shown in Figure 3.19) could have 

any amount of asphalt binder material on top of the walls between the grooves and appeared as a 

new pavement surface with the grooves full of asphalt binder material. However, the actual field 

milled surface on Hillsborough Street did not have much asphalt binder material on the top of the 

walls between the grooves. So, additional prototypes with various heights of groove walls were 

made; Figure 3.21 (a), (b), and (c) show these prototypes with high, medium, and low walls, 

respectively. 

   

(a) (b)  (c) 

Figure 3.21 Artificial milled surfaces: (a) high, (b) medium, and (c) low walls between 

grooves. 

 

A visual inspection of the surface conditions of the Hillsborough Street field pavement was 

unable to validate the intended similarity of the laboratory-fabricated samples to the actual 

milled surface. In order to obtain accurate texture depth measurements, a second investigation 

was conducted at a pavement construction site at Maynard Road in Cary, NC to inspect the 

pavementôs milled surface using a 3-D laser profiler, as shown in Figure 3.22. This profiler 

employs the innovative RoLine line laser, produced by LMI Selcom. This laser was used 

successfully in developing RoboTex, a 3-D laser sensor for measuring the surface texture of 

concrete pavement, as part of a research effort under the sponsorship of the FHWA. The RoLine 

laser measures the distance between the laser sensor and pavement surface in both the 

longitudinal and transverse directions and produces a 3-D map of the pavementôs surface texture 

(Kim and Adams 2011). Thus, by using this 3-D laser profiler, more accurate field data about the 
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surface texture could be obtained and then it was able to be measured the mean profile depth 

(MPD), a parameter that indicates a pavementôs surface condition.  

 

Figure 3.22 3-D laser profiler on Maynard Rd., Cary, NC.  

 

Mean Profile Depth Definition  

The MPD represents the exposed texture depth of a pavement surface. Transit New Zealand 

(2005) defined the MPD as expressed here by Equation (3.8). 

 
(1 ) (2 )

2

Peak level st Peak level nd
MPD Averagelevel

+
= -  (3.8) 

 

Figure 3.23 schematically explains the variables used in Equation (3.8). In the diagram, the MPD 

clearly indicates the roughness (i.e., macro-surface texture) and exposure depth of the milled 

surface.  
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Figure 3.23 Schematic diagram of mean profile depth determination (Transit New Zealand 

2005). 

 

In addition to using a 3-D laser profiler, the NCSU research team also visually inspected the 

surface conditions of the pavement section at Maynard Road in Cary, NC. The surface grooves 

appeared as dotted lines in some sections. In most cases, the distance (width) between the 

grooves was the same as the distance (width) between the centerlines of two teeth in a milling 

machine. Figure 3.24 shows the overall conditions and texture of the milled surfaces at the 

Maynard Road site. Figure 3.24 (a) and (b) are photos taken perpendicular to the pavement 

surface, whereas Figure 3.24 (c) and (d) are photos taken at an angle. Figure 3.24 (a) and (c) 

show the milled surface with mostly straight grooves, whereas Figure 3.24 (b) and (d) show 

more dotted patterns in the grooves. Moreover, Figure 3.25 also shows three different surface 

profiles of the lab-fabricated samples in transverse direction.  
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(a) (b) 

  

(c) (d)  

  

Figure 3.24 Field milled surfaces on Maynard Road, Cary, NC. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 3.25 Profiles of lab-fabricated milled surfaces (transverse direction): (a) high, (b) 

medium, and (c) low walls between grooves. 

 

Profile data for five different field sections at the Maynard Road site in Cary, NC were obtained. 

Figure 3.26 shows the five different profiles of these field milled surfaces. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

Figure 3.26 Profile depths of actual field milled surfaces (transverse direction) at Maynard 

Road site, Cary, NC: (a) Field 1, (b) Field 2, (c) Field 3, (c) Field 4, and (d) Field 5. 

It was difficult to determine the differences between the laboratory-fabricated (Figure 3.25) and 

field milled (Figure 3.26) surfaces using profile data alone. Therefore, the 3-D laser profiler to 
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analyze the profiles was used for a comparison the laboratory-fabricated and field milled 

surfaces. The MPD values were used to find the samples that most closely resembled the field 

conditions. Table 3.8 presents the MPD values of the three laboratory-fabricated samples and 

five field milled surfaces. Figure 3.27 (a) and (b) indicate the MPDs for the laboratory-fabricated 

and field milled surfaces, respectively. Based on a comparison of the MPD results presented in 

Table 3.8 and Figure 3.27, the óMidô wall laboratory-fabricated milled sample has the highest 

MPD value among the three laboratory-fabricated samples with a depth of 1.37 mm. Among the 

field sections, Section F4 has the lowest MPD of 1.54 mm. The other field sections show 1.2 to 

1.9 times higher MPD values with a standard deviation (SD) of 15% to 20 percent. Also, all the 

other field surfaces were more uneven than Section F2. 

Table 3.8 Mean Profile Depth (MPD) Values of Three Laboratory-Fabricated Milled 

Surfaces and Five Field Milled Surfaces 

Place Type 
MPD (mm) 

Avg. Max Min  SD 

Lab 

Low 1.13 1.37 0.93 0.10 

Mid  1.37 1.52 1.23 0.06 

High 1.34 1.46 1.19 0.05 

Field 

F1 1.84 2.84 1.20 0.37 

F2 2.87 3.78 2.22 0.35 

F3 2.18 3.56 1.47 0.43 

F4 1.54 2.09 1.15 0.22 

F5 2.30 3.13 1.66 0.36 
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(a) (b) 

Figure 3.27 Mean profile depths: (a) laboratory-fabricated milled surfaces and  

(b) field milled surfaces. 

 

Figure 3.28 presents 3-D rendered images that show the profile depths of the laboratory-

fabricated óMidô wall sample and field sections F2 and F4. The groove pattern on the milled 

surface of Section F2, shown in Figure 3.28 (b), is highly irregular compared to that of Section 

F4, shown in Figure 3.28 (c), as justified by Section F2ôs standard deviation of its MPD value. 

Also, the óMidô wall laboratory-fabricated sample and field section F4 have similar groove 

patterns according to their 3-D images. Therefore, among the laboratory-fabricated samples, the 

óMidô wall sample is the most representative of a field milled surface. Although the MPD value 

of the óMidô wall sample is lower than the MPD values of the field milled surfaces, the lower 

MPD value would result in less shear strength in the MAST test, which provides relatively 

conservative shear strength data. 
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(a) 

  

(b) (c) 

Figure 3.28 Three-dimensional renderings: (a) lab-fabricated óMidô wall, (b) Field 2, and 

(c) Field 4. 
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4 TEST RESULTS AND DISCUSSION 

4.1 Interface Shear Bond Strength Test Results 

4.1.1 Digital Image Correlation Strain Rate 

Due to machine compliance effects, on-specimen LVDTs measure lower strain values than 

crosshead LVDTs, and even the strain values from on-specimen LVDTs vary at different 

temperatures because of changes in stiffness of the material and machine itself. Figure 4.1 shows 

that the crosshead strain rate is constant whereas the DIC strain rate is not constant, but 

nonlinear. Chehab et al. (2002) also found that strain rates obtained from on-specimen LVDTs 

are nonlinear and can be fitted by a pure power form function up to the failure point of the 

specimen. On-specimen strain in the power form is shown in Equations (4.1), (4.2), and (4.3).  

 

Figure 4.1 Shear strain measured using crosshead LVDTs and DIC technique in interface 

shear strength tests at 50.8 mm/min (2 in./min), 19̄ C (66 ), and 483 kPa (70 psi) confining 

pressure, with  Ultrafuse. 

 

 ‐ Ὧᴂ ὸ (4.1) 

 

 ‐ Ὧ ὥ 
ὸ

ὥ
 (4.2) 

 

 ‐ Ὧ ‚  (4.3) 
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where 

e = strain, 

kô = slope of strain vs. time at temperature T,  

aT = shift factor at temperature T, 

t = time, 

x = reduced time at reference temperature, and  

k = reduced strain rate at reference temperature. 

 

Figure 4.2 shows a process to obtain the strain rate by fitting. For this process, only the data 

before failure are used. In other words, if the data deviate from the power law, they are excluded 

from the fitting process for the acquisition of the strain rate.  

 

Figure 4.2 Pure power form fitting method to evaluate strain rate (k') at 50.8 mm/min, 

19̄ C, and 483 kPa confining pressure, with Ultrafuse. 

 

In this study, the slope of the strain versus time (kô) curve was chosen as the DIC shear strain rate 

() based on work by Chehab et al. (2002), as mentioned in regard to Equation (4.1), (4.2), and 

(4.3). Further, the DIC shear strain rate () also can be used to calculate the reduced shear strain 

rate () using the shift factors (aT) obtained from dynamic modulus tests of each tack coat 

material, as described by Equation (4.4) as well.  
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   ὥ  (4.4) 

 

where  

 = reduced DIC shear strain rate and 

 = DIC shear strain rate. 

 

4.2 Validation of Time -Temperature Superposition Principle for Shear Strength  

Cho (2016) applied the t-T superposition principle to construct an ISS mastercurve based on 

MAST and DSR test results. Following the same methodology used by Cho (2016), in this study, 

11 different reduced shear strain rates were selected to verify the applicability of the t-T 

superposition principle to construct a smooth ISS mastercurve. The MAST specimens and test 

conditions selected for the verification are a CRS-2 tack coat, 276 kPa confining pressure, 0.03 

gal/yd2 residual application rate, and an unmilled surface. The Cho (2016) approach was verified 

to ascertain the reproducibility of the approach for different users. 

The shift factors of each tack coat material were measured by carrying out temperature-

frequency sweep tests using a DSR. The t-T shift factor function shown in Equation (3.2) was 

fitted to the measured data points to obtain the model coefficients. The model coefficients for 

each tack coat material at the 20̄ C reference temperature are shown in Table 3.4. The 

coefficients of the shift factors that were measured for each tack coat type at the standard 

reference temperature of 20̄C using the DSR were substituted in the t-T shift factor formula 

shown in Equation (3.2) to obtain the shift factors at the respective conditioning temperatures 

used in the MAST tests. Then, Equation (4.4) was used to calculate the reduced shear strain rate 

at the MAST testing temperature.  

Figure 4.3 shows that the ISS values at two adjacent reduced strain rates, tested at different 

temperatures and strain rates, overlap/align to create the ISS mastercurve. The fitted function of 

the ISS mastercurve has a power form. Therefore, the t-TS principle was validated by creating a 

smooth mastercurve for ISS.  
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Figure 4.3 Verification of time-temperature superposition principle for interface shear 

strength mastercurve. 

 

Table 4.1 presents the selected actuator shear strain rates, measured DIC shear strain rates, and 

corresponding ISS test results.  

Table 4.1 Selected Actuator Strain Rates and Corresponding Reduced Digital Image 

Correlation (DIC) Strain Rates and Interface Shear Strength Values 

Temperature 

( ) 

Loading Rate 

(mm/min) 

DIC Strain Rate 

(ɔ/sec) 

Reduced DIC 

Strain rate 

(ɔ/sec) 

Inter face Shear 

Strength (kPa) 

5 

50.8 4.116E-02 1.789E+00 4113.75 

5.08 3.644E-03 1.584E-01 2692.72 

0.508 3.072E-04 1.335E-02 1846.98 

19 

50.8 7.800E-02 1.339E-02 2623.51 

5.08 3.215E-03 1.066E-01 1722.16 

0.508 3.182E-04 4.394E-03 1219.68 

35 
50.8 7.232E-02 4.350E-04 1555.34 

5.08 7.914E-03 2.715E-03 793.61 

53 

50.8 7.289E-02 2.971E-04 706.40 

5.08 7.325E-03 1.239E-04 495.96 

0.508 7.591E-04 1.291E-06 441.55 




























































































































































































