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EXECUTIVE SUMMARY  

Background 

The performance of multilayered asphalt concrete (AC) pavements and the relevance of proper 

bonding at the AC layer interface are inseparably linked. A sufficient bond between AC layers 

allows the stress and strain to be distributed adequately throughout the pavement structure. 

However, a weak bond can lead to pavement distress, including fatigue cracking, slippage, 

delamination, and eventually, the formation of potholes. The source of such failure often is not 

recognized as an insufficient bond between the AC layers. The bonding of AC layers typically can 

be improved by the use of tack coats between the layers. The additional cost incurred by the 

application of tack coats for a new or reconstruction pavement project is 0.1% to 0.2% of the total 

cost. For milling and overlay projects, the inclusion of tack coats adds 1% to 2% to the project 

cost. The rehabilitation of a debonded surface by replacing the top lift can be as much as 20% to 

100% of the total project cost. Therefore, the type, quantity, and quality of the tack coat materials 

and tack coat construction practices must be considered carefully in order to prevent premature 

pavement failure and mitigate subsequent costs (FHWA 2016).  

Objectives  

The primary objective of this proposed research is to develop a set of test procedure and 

acceptance criterion that can be used in a tack coat quality control (QC) program to mitigate 

debonding in asphalt pavements. This study covers the effects of tack coat application rate, AC 

surface conditions (milled and unmilled), confining pressure, strain rate, and temperature on 

interface shear strength (ISS) of double-layered AC specimens. 

Materials and Methodology 

The AC loose mixture used in this study is a warm mix designated as RS9.5C with 20% reclaimed 

asphalt pavement (RAP). The five types of tack coats used in this study are CRS-2 (Source 1), 

CRS-2 (Source 2), CRS-1h, NTCRS-1hM, and Ultrafuse. The experimental design was to measure 

the binder bond strength (BBS) of each of these five tack coats and the ISS of double-layered AC 

specimens. The BBS and ISS were measured using pneumatic adhesion tension testing instrument 

(PATTI) and Modified Asphalt Shear Tester (MAST), respectively. Figure I-1 presents a 

schematic illustration of the MAST and PATTI test setups. The MAST test specimens were 

fabricated with different tack coat materials sandwiched between double-layered AC. The MAST 

tests were carried out at various confining pressures, temperatures, and (monotonic) strain rates 

using specimens fabricated with different tack coats, application rates, and surface conditions, as 

shown in Table I-1. Three application rates, 0.0452 L/m2 (0.01 gal/yd2), 0.136 L/m2 (0.03 gal/yd2), 
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and 0.226 L/m2 (0.05 gal/yd2), were selected to investigate the effects of the tack coat application 

rate on the ISS. The PATTI tests were carried out at 13 different temperatures for each tack coat; 

these temperature data were used to construct BBS mastercurves.  

 

      (a)          (b) 

Figure I-1. Schematic illustrations for (a) MAST test setup and (b) PATTI test setup. 

 

Table I-1. Testing Conditions for MAST Tests 

Factors Conditions 

Tack coat type CRS-2 

(Source 1) 

CRS-2 

(Source 2) 

CRS-1h NTCRS-1hM Ultrafuse 

Test temperature 5°C, 19°C, 35°C, 53°C 

Application rate 0.0452 L/m2 (0.01 gal/yd2), 0.136 L/m2 (0.03 gal/yd2),  

0.226 L/m2 (0.05 gal/yd2) 

Loading rate 50.8 mm/min (2 in./min), 5.08 mm/min (0.2 in./min),  

0.508 mm/min (0.02 in./min) 

Confinement 69 kPa (10 psi), 276 kPa (40 psi), 483 kPa (70 psi) 

Surface Ungrooved Surface (U) Grooved Surface (G) 

 

The response of a pavement section also was studied by running numerical simulations using a 

three-dimensional finite element software package, FlexPAVEÊ. The section dimensions of the 
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simulated pavement represent those of a thick pavement structure used in North Carolina, as shown 

in Figure I-2. The previous NCDOT project HWY-2013-04 (Kim et al. 2015) found that a thick 

pavement structure is more vulnerable to debonding at the AC layer interface than a thinner 

structure due to the greater shear stress that is induced in a thick pavement. Also, analysis of the 

maximum shear ratio (MSR) indicates that a high temperature, low speed, and heavy axle load are 

critical conditions that are conducive for debonding at the AC layer interface (Kim et al. 2015, Cho 

2016). Therefore, the thick pavement investigated in this study was loaded using a dual tire with an 

axle load of 80 kN running at various vehicular speeds of 1.61 km/h (1 mph), 4.82 km/h (3 mph), 

8.04 km/h (5 mph), 16 km/h (10 mph), 32.2 km/h (20 mph), and 72.4 km/h (45 mph). These 

conditions assume a vehicle in the braking state with a frictional coefficient of 0.55 at the speed 

under consideration. The pavement temperature is set at 50C̄. 

 

Figure I-2. Thick pavement section. 

 

Research Approach 

Figure I-3 presents a flow chart of the research approach used in this project. The end result is the 

minimum BBS value that is required for acceptance of a tack coat. Four phases are needed to 

achieve this goal, as described in the following subsections.  
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Figure I-3. Flow chart for research approach. 

Phase 1: Development of Predictive Equations for the Interface Shear Strength (ISS) and Binder 

Bond Strength (BBS) Based on Laboratory Tests  

In Phase 1, the BBS (Step 1) and ISS (Step 2) of the different tack coat interlayers were measured. 

The MAST tests were carried out at various confining pressures, temperatures, and (monotonic) 

strain rates using specimens with different tack coats sandwiched between double-layered AC. 

Chapter 5 presents a critical evaluation of the MAST test results. Analysis of all the outcomes led 

to the establishment of a relationship that is based on confining pressure and reduced strain rate, 

which is a function of temperature and strain rate, to the ISS, as shown in Equation (1). 



 

ix 

 

 ( )I Ib d

f I R I c I Ra e ct g s g= + +³ ³ ³   (1) 

where 

ft   =  ISS, kPa, 

Rg  =  reduced shear strain rate, and,  

cs   =  normal confining stress, kPa. 

 

The parameters aI, bI, cI, dI, and eI for the four tack coats were found and are reported in Table 6-1. 

Similarly, BBS tests were conducted at 13 different temperatures. The results were used 

successfully to verify the validity of the time-temperature superposition (t-TS) principle for the 

BBS. Consequently, a relationship between the BBS and reduced stress rate was derived, as shown 

in Equation (2). 

 Bn

t B Ras s=   (2) 

where 

Rs   =  reduced stress rate, 

t
s  =  BBS, and 

aB, nB =  material parameters. 

 

Phase 2: Numerical Simulations of Pavement Response 

Pavement response analysis of a thick pavement structure typically used in North Carolina was 

carried out using the finite element program, FlexPAVEÊ version 1.1. The normal stress, shear 

stress, and shear strain observed at the interface during the analysis were extracted and reported. 

Chapter 2 provides details regarding the numerical simulation results. 

Phase 3: Identification of Interface Debonding Potential Based on the Maximum Shear Ratio 

(MSR) 

The debonding potential of an interface depends on its ability to resist the maximum shear stress at 

the interface that is induced by vehicular loads. Thus, the debonding potential is defined by a factor 

known as the maximum shear ratio (MSR). The shear ratio is the ratio of the shear stress to the 

shear strength along the interface. The maximum value of the shear ratio, i.e., the MSR, along the 

interface is the indicator for the potential of debonding. Higher MSR values indicate greater chance 

of debonding at the layer interface. If the MSR exceeds one, then the interface fails in shear, and 

debonding occurs. 
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The maximum shear stress at the interface can be derived from numerical simulations. The shear 

strength of a specific tack coat at the interface in the field is predicted using Equation (1). The 

normal pressure (confining pressure) and reduced strain rate used in Equation (1) are obtained from 

the FlexPAVE simulation (Step 3). Thus, the MSR for the different tack coats can be determined 

for the critical field condition (Step 5). All five tack coats used in this study showed the MSR value 

smaller than one. 

The reduced shear stress rate is employed to predict the BBS using Equation (2) (Step 4) while the 

reduced shear strain rate is used to predict the ISS in Equation (1). Rigorous numerical simulations 

performed under numerous field conditions led to the establishment of a universal relationship 

between the ISS and BBS that is independent of the tack coat type; Chapter 6 provides details. The 

bridging factors for establishing the universal relationship between the ISS and BBS are the shear 

strain rate and shear stress rate that were measured for each numerical simulation condition.  

Phase 4: Evaluation of Minimum BBS Requirement for Tack Coat Acceptance 

The establishment of the universal relationship between ISS and BBS led to the development of a 

predictive model for the MSR as a function of BBS and depth of the interface (Step 6). The 

predictive model is shown in Equation (3). 

 
0.3

.3.051( 60) 0.04(3 )t critMSR ds -

-= + + -  (3) 

where 

MSR = maximum shear ratio, 

.t crits-   = BBS at 50̄C in kPa; the test stress rate must be 690 kPa/sec (100 psi/sec), and 

d = depth of interface from the asphalt surface, in inches. 

Typically, the PATTI test protocol recommends a tensile stress rate that is within 75 psi/sec to 150 

psi/sec (518 kPa/sec to 1034 kPa/sec). The stress rate determined at the interface depth of 3 inches 

(7.62 cm) from the pavement surface via numerical simulation carried out at 50̄C for an 80-kN 

dual-tire vehicle at a speed of 1 mph (1.61 km/hour) induces 664 kPa/sec. In order to match the 

stress rate of the PATTI test with that determined from the numerical simulation, the PATTI test 

procedure proposed in this study recommends the stress rate confined between 90 psi/sec to 115 

psi/sec (620 kPa/sec to 792 kPa/sec) and the test temperature of 50C̄. Further, the MSR predicted 

at the interface depth of 3 inches (7.62 cm) can be extrapolated by establishing the variation in 

MSR with interface depth. Assuming that all the tack coats considered in this study are acceptable, 

an MSR that is less than 0.7 is considered a reasonable acceptance criterion for any tack coat for 

the selected warm mix surface layer. The MSR threshold value of 0.7 results in the BBS threshold 

value of 75 kPa at 50̄C. However, if the layer above the tack coat is an open-graded friction 

course (OGFC), the cut-off is maintained at 750 kPa; Chapter 6 provides details.  
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Major Conclusions 

Despite the importance of applying a tack coat to enhance the bond strength at the asphalt interface 

and improve the long-term performance of the pavement structure, no standard QC test method is 

currently available to ensure the proper quality of tack coats. The current research approach and 

test results are used herein to propose a test procedure and criterion for acceptance of tack coats, 

which can be used for a tack coat QC program. This program incorporates a laboratory test 

procedure to determine the BBS of tack coats and the minimum BBS that is required for the 

acceptance of tack coat materials to ensure debonding resistance. In addition, a guideline for best 

practices and usage of tack coats is developed based on experience reported by different agencies 

in the United States and the test outcomes from the previous NCDOT project HWY-2013-04 and 

the current project RP 2018-03 on tack coats.  

The following conclusions can be drawn based on the experimental work and computational 

analyses conducted in this research. 

Experimental work 

¶ The use of the t-TS principle to establish the ISS and BBS mastercurves was verified in this 

study. The t-T shift factors determined from axial compression dynamic modulus tests of 

the AC mixture were used successfully to develop ISS mastercurves. The t-T shift factors 

determined from dynamic shear rheometer tests of tack coat emulsions were used 

successfully to develop BBS mastercurves. 

¶ The predictive model equation for ISS developed by Cho (2016) was fitted to obtain 

coefficients for the five different tack coat materials used in this study. This predictive 

model can be used to predict the shear strength at a specific pavement depth of interest, 

which can be in turn compared against the shear stress at that depth predicted from 

FlexPAVETM.  

¶ The ISS decreases with an increase in the test temperature and a decrease in strain rate. 

This finding applies to all the tested MAST specimens, independent of the tack coat type. 

¶ Three different confining pressures were applied to determine the effects of confinement on 

ISS. The results clearly indicate that the ISS is proportional to the applied confinement 

pressure. The mobilization of aggregate interlocking resulted in increased frictional 

resistance to the applied shear stress. Therefore, shear strength increases with an increase in 

confining pressure. 

¶ MAST specimens were fabricated with three tack coat application rates (0.01 gal/yd2, 0.03 

gal/yd2, and 0.05 gal/yd2) for the five different tack coats. The MAST test results did not 

indicate any effect of tack coat application rate on the ISS. Statistical analysis of the effect 

of the application rate on the ISS also supports this finding. However, the ISS test is a quick 

monotonic shear test that acts as a QC test and, hence, the real effects and performance of 
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the application rate cannot be completely captured with this test. A cyclic shear fatigue test 

is considered more reliable in terms of understanding the effects of application rate because 

the loading mode is similar to that found in field conditions.  

¶ Tack coat type does not have a significant effect on ISS. Statistical analysis of all the 

outcomes under the different testing conditions supports this finding. However, the strain at 

failure and the strain at plateau stress for the non-tracking emulsions (NTCRS-1hM and 

Ultrafuse) were significantly greater than for the unmodified tack coats (CRS-2, CRS-1h), 

especially at temperatures higher than 35C̄. This finding clearly indicates that focusing 

only on shear strength may lead to discrepancies with field performance. The energy that is 

dissipated during an ISS test could be a better indicator of debonding potential than shear 

strength. However, in this study, the dissipated energy up to failure could not be used to 

compare different tack coat materials because it was difficult to define the failure strain in 

the ISS test results for the non-tracking tack coats, especially at high temperatures. For 

these conditions, the shear stress reached an asymptotic behavior and the failure strain at 

the peak stress was difficult to determine and has a significant effect on the energy 

calculation. 

¶ Therefore, it is unreasonable to conclude that the performance of non-tracking or modified 

emulsions is equivalent to that of unmodified emulsions based on shear strength. Cyclic 

shear fatigue tests may be a better method to capture the performance differences of various 

tack coat types that the monotonic shear strength test. 

¶ Milled and unmilled are the two surface conditions considered in this study. The grooved 

surface of the laboratory specimens was created using a mechanical rotary milling machine 

that mimics the field-milled surface and matches the field-milled mean profile depth 

(MPD). The results show that the shear strength of the ungrooved surface is comparable to 

that of the grooved surface specimens. However, this finding may be related to the fact that 

the shear tests were carried out with the groove path aligned with the shearing direction. 

The smooth surface of the grooves that are aligned with the shearing direction facilitated 

easy slippage rather than resisting the shear displacement. Moreover, a grooved surface 

often weakens the strength of the pavement more than an ungrooved surface due to the 

damage caused by milling. 

¶ In order to investigate whether or not the insignificant effect of the grooved surface on the 

ISS was due to the grooves and shearing orientation being in the same direction, additional 

tests were conducted with grooves at 30̄  and 90̄ angles from the shearing direction. 

Statistical analysis of the ISS results suggested no significant effect of the directional angle 

of the grooves on the ISS. This unexpected finding may be due to the damage that was 

induced on the bottom layer surface during the milling operation. Whether or not this 

finding would hold true in the field under actual milling operations remains unclear. 

¶ A prediction equation for BBS, which is a function of the reduced tensile stress rate, was 

developed in this study. It was found that the BBS mastercurve construction typically 
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requires 13 different conditioning temperatures per tack coat, which consumes an enormous 

amount of time and effort. A new two-point method is proposed to predict the BBS 

mastercurve; that is, two tests conducted at two different temperatures. The proposed two-

point method reduces the mastercurve construction time to within eight hours of testing, 

with a degree of accuracy that is comparable to the predictive model that uses the data from 

13 temperatures. 

¶ The ranking of the mastercurves that were constructed using the dynamic shear modulus 

values of each tack coat type follows the same ranking pattern as the predicted BBS 

mastercurves, thereby making the dynamic shear modulus a potential predictor of BBS. 

¶ To identify the effects of the application rate on BBS, three residual application rates of 

0.045 L/m2 (0.01 gal/yd2), 0.14 L/m2 (0.03 gal/yd2), and 0.23 L/m2 (0.05 gal/yd2) were used 

at a single temperature, i.e., 44 C̄ for NTCRS-1hM and 22̄C for CRS-2 and CRS-1h. Even 

though no definite trend emerged among the different tack coat application rates for the 

different tack coats, the optimum residual application rate for the tested emulsions was 

below 0.14 L/m2 (0.03 gal/yd2). Agencies, including the NCDOT, should specify the tack 

coat application rate as the residual application rate instead of the emulsion application rate 

in order to gain more consistent BBS test outcomes, thereby avoiding the residue variation 

within different emulsions that can affect the performance of the pavement system. 

Numerical simulations 

¶ In this research, óshear ratioô is defined as the ratio between the shear stress at the interface 

under vehicular loading and the ISS. The maximum shear ratio (MSR) is determined by 

comparing the shear ratios at various locations in a pavement structure that are determined 

using the shear stress calculated from FlexPAVETM and the shear strength calculated from 

the ISS predictive model. A higher MSR implies greater potential for interface debonding 

that is due to repeated vehicular braking. An MSR that is greater than one indicates that 

debonding failure would occur due to the single braking of a dual tire at 80 kN. All the tack 

coats considered in this study generated sufficient shear strength to resist the shear stress in 

the field based on numerical simulations. Hence, the potential for interface debonding using 

these tack coats is minimal. 

¶ The MSR typically is observed along the center of the longitudinal axis of the tire at 10 cm 

to 14 cm in front of the tire. The MSR location depends on the depth of the interface and 

the tack coat type.  

¶ The worst field conditions expected in North Carolina for the interface to resist debonding 

during its service life are as follows: a thick pavement with a dual tire of 80 kN under the 

braking condition at a speed of 1 mph (1.61 km/hour) at 50̄C. 

Minimum required binder bond strength (BBS) 
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¶ Rigorous numerical simulations for different field conditions helped to develop a universal 

relationship between ISS and BBS followed by the MSR versus BBS relationship. The 

MSR-BBS relationship is presented as a function of interface depth and is used to 

determine the BBS threshold values for different interface depths. 

¶ A methodology that can be used as part of the tack coat QC program is proposed to ensure 

the appropriate bonding of tack coat emulsions and provide acceptable field performance. 

This methodology uses the PATTI test to measure the BBS of the tack coat material tested 

at 50̄C. The required stress rate during the test must be maintained at between 90 psi/sec 

and 115 psi/sec (620 kPa/sec and 792 kPa/sec).  

¶ Assuming that all the tack coats considered in this study qualify for acceptance, an MSR 

that is less than 0.7 can be considered a reasonable acceptance criterion. Based on the 

MSR-BBS relationship, the BBS value at 50̄ C that corresponds to the MSR value of 0.7 

was found to be 75 kPa. Therefore, if the BBS of a tack coat at 50C̄ is above 75 kPa, then 

the tack coat can be accepted for purchase. However, when tack coats are to be used for an 

open-graded friction course, the cut-off must be maintained at 750 kPa.  
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SYMBOLS AND ABBREVIATIONS  

A   =  Constant, asphalt concrete mix material parameter used for maximum shear      

               ratio predictive equation 

a1, a2, a3 =  Functions of temperature 

aB, nB  =  Material parameter constants for binder bond strength predictive equation 

Acs   =  Cross-sectional area of specimen, m2 

aI, bI, cI, dI, eI =  Material parameter constants for interface shear strength predictive equation    

aT  = Time-temperature shift factor 

b, c   =  Constants, shape parameters used for maximum shear ratio predictive 

                                     equation 

BBS  = Binder bond strength, kPa 

d  = Depth of interface from asphalt surface, inches 

DIC  = Digital image correlation 

E¤   =  Equilibrium modulus, MPa 

E(t)   =  Relaxation modulus, MPa 

E*   = Dynamic modulus, MPa 

Ei   =  Relaxation strength, MPa 

FA   =  Axial force, kN  

Fc   =  Confining force, kN  

f   =  Loading frequency, Hz 

Rf   = Reduced frequency, Hz 

G*  = Dynamic shear modulus, MPa 

G*g   = Glassy dynamic shear modulus when frequency tends to infinite  

ISS  = Interface shear strength, kPa 

k   =  Reduced strain rate at reference temperature 

kô   =  Slope of strain vs. time at temperature T   

m   =  Number of Maxwell elements 

me, n  = Constant, dimensionless, shape parameter 

MPD  = Mean profile depth, mm 

MSR  = Maximum shear ratio 

PATTI  =  Pneumatic Adhesion Tension Testing Instrument 

SG   =  shear gap, mm 

t  = time, s  

uA-act   =  Actuator-based axial displacement, mm 

uA-DIC   =  Digital image correlation-based axial displacement, mm  

xi   =  Independent predictor, or explanatory variable. 

ĔY    =  Dependent or response variable  
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WA  =  Weight of beaker, rod, and residue, g 

WB  =  tare weight of beaker and rod, g  

Ĕ
ib   =  Regression model parameter 

b, g  = Constant, material parameters for the sigmoidal function 

d  = Minimum value of |E*|, MPa 

d+a  = Maximum value of |E*|, MPa 

e   =  Strain 

ri   = Relaxation times, s 
g  =  Shear strain rate 

Rg   =  Reduced shear strain rate  

yzg    =  Shear strain in the longitudinal direction under the tire 

xzg    = Shear strain in the transverse direction under the tire 

cs    =  Normal confining stress, kPa. 

s  = Axial stress rate, kPa/s 

Rs    =  Reduced axial stress rate, kPa/s 

ts    =  Tensile strength / binder bond strength, kPa  

.t crits-    = Critical tensile strength / binder bond strength at 50̄C, kPa 

st  = Shear stress, kPa 

ft    =  Shear strength at the layer interface, kPa 

cohesiont  = Cohesion component of shear strength, kPa 

yzt    =  Shear stress in longitudinal direction under the tire, kPa 

xzt    =  Shear stress in transverse direction under the tire, kPa 
w  =  Angular loading frequency, Hz 

cw   = Constant, location parameter where loss modulus equals storage modulus 

Rw   = Reduced angular frequency, Hz 

x   =  Reduced time at reference temperature, s 
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Chapter 1. Introduction  

1.1 Background 

The desirable design thickness of surface layers in the flexible pavement is constructed through 

multiple-layers. The layered construction eases the overall procedure, improves the quality control, 

and is economical than using a single pavement layer. Prior to paving, the top surface of the 

existing layer is cleaned to make the surface dust and moisture-free. Further, a thin layer of tack 

coat is applied to provide a sufficient bond between the new surface and the existing layer. Tack 

coat is usually in the form of an emulsion or hot binder.  For optimal performance, the tack coat 

should be thin and uniform and should óbreakô just before the new asphalt concrete layer/overlay is 

paved. The process of breaking the emulsion is characterized by the separation of liquid asphalt 

and water into two separate phases. After the water evaporates, the residual asphalt forms a bond 

with the underlying surface. For the pavement to be structurally and functionally sound, a proper 

bond between the structural layers is essential. Lack of interface bonding may lead to several 

premature distresses because the debonded layers no longer act as a monolithic pavement section. 

Debonding/delamination occurs at the interface of two asphalt layers when the shear or tensile 

stress exceeds the shear or tensile strength of the tack coat. Therefore, the prevention of debonding 

requires a good understanding of the stress that acts on the bonded interface. Figure 1-1 shows the 

debonding failure mechanism observed in the field. Figure 1-2 exemplifies the delamination of a 

surface layer with cracking in the underlying layer. 

 

 

Figure 1-1. Field mechanism of bond failures. 

 



 

2 

 

 

Figure 1-2  Delamination and exposure of underlying layer. (Source: 

http://www.defence.gov.au/demg/7technical_guidance/aircraft_pavement_manual/part_a/a4.htm) 

 

1.2 Research Needs and Significance 

The forensic investigation of the pavement failures in North Carolina apparently shows the 

occurrence of premature debonding/delamination distresses. The weak bond among the adjacent 

concrete layers is the contributing factor for such failures (Park 2013, and Tayebali et al. 2004). It 

is debatable that cracking or debonding occurred first; however, it is clear that the debonding 

aggravates the rate of pavement failure. 

Although there are many numerical analysis tools available to model the asphalt concrete 

materials, similar attention is not given in modeling and understanding the interface behavior. The 

current pavement design method lacks a systematic and mechanistic approach in designing the 

pavement interfaces. Thus, the tack coat selection procedure is based on empirical methods and 

manufacturersô recommendations (Karshenas 2015).  

Two significant factors that ensure adequate bond strength between the pavement layers are a 

proper tack coat application rate and good tack coat quality. Although control of the tack coat 

application rate can be achieved through various methods, the minimum tack coat rate that is 

needed to ensure adequate bond strength for a given situation is currently unknown. The rate 

required is dependent on material type, interface conditions, structural design, and the service 

conditions of the pavement in question.  

In order to have proper control over the tack coat quality and its application, an evaluation of the 

effects of various factors on the interface shear strength (ISS) of tack coated applied asphaltic 

layers need to be studied. Modified asphalt shear tester (MAST), a direct shear test device with 

normal confinement, is found to successfully mimic the field condition and help to predict the field 

ISS (Cho 2016). Besides, more research is required to refine and validate a tack coat quality 

control methodology for various tack coats and conditions in the field. Consequently, a quick and 

http://www.defence.gov.au/demg/7technical_guidance/aircraft_pavement_manual/part_a/a4.htm
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in-situ test method and selection criteria need to be proposed, that could provide the quality control 

measurement of tack coats that is set based on rigorous numerical and experimental relations. A 

comprehensive literature review is reported in Appendix A, and the major research gaps were 

noted. In summary, a tack coat quality control (QC) program is needed that accounts for the effects 

of the overlay mixture to be used, the type of the tack coat material and its application rate, and the 

milling conditions on the debonding potential of asphalt overlay over asphalt pavements. 

1.3 Research Objectives and Scope 

The primary objective of this proposed research is to develop a set of test procedure and 

acceptance criterion that can be used in a tack coat quality control (QC) program. ISS and Binder 

Bond Strength (BBS) were measured from double-layered AC specimens with five different tack 

coat materials at the interface and tack coat materials, respectively. Several factors that affect ISS, 

including material type, application rate, surface conditions, temperature, normal pressure, were 

considered in the ISS testing. Specifically, the application rate, which is the only factor that 

engineers can readily control to mitigate debonding in asphalt pavements, was evaluated in detail. 

Moreover, a particular investigation for surface conditions was conducted because surface 

condition as a factor for ISS is a controversial issue for engineers and contractors.  

Numerical analysis of various pavement structures and vehicular loading conditions were 

performed to calculate the critical stresses that govern the debonding and compared against the 

predicted ISS of different tack coat in the field to evaluate the debonding potential of each tack 

coat. Eventually, all the information from the ISS and BBS tests and numerical simulations was 

used to develop universal relationships between ISS and BBS and between the maximum shear 

ratio (MSR) versus BBS.  These relationships serve the basis for the acceptance criterion for BBS 

in a tack coat quality control (QC) program. 

1.4 Research Approach 

The research approach for the current project is outlined in Figure 1-3. This approach eventually 

aids in finding the minimum required BBS values for acceptance of a tack coat. There are four 

phases for achieving this goal.  
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Figure 1-3. Flow chart for research approach. 

Phase 1: Development of Predictive Equations for the Interface Shear Strength (ISS) and Binder 

Bond Strength (BBS) Based on Laboratory Tests.  

Phase 1 measures the ISS of double-layered AC specimens with different tack coat materials at the 

interface using a Modified Asphalt Shear Tester (MAST). The tests were carried out at various 

confining pressures, temperatures, and strain rates (monotonic). Chapter 5 critically evaluates the 

outcome of the ISS test results. Analyzing all the outcomes establishes a relation in measuring the 

ISS based on confining pressure and reduced strain rate, as shown in Equation (4). 

 ( )I Ib d

f I R I c I Ra e ct g s g= + +³ ³ ³   (4) 

where  

ft   =  ISS, kPa,  
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Rg  =  reduced shear strain rate, and  

cs   =  normal confining stress, kPa.  

 

The parameters aI, bI, cI, dI, and eI for all the five tack coats were found and reported in Table 6-1. 

Similarly, The BBS test was conducted at 13 different temperatures. Further, the results were 

successfully used to verify the validity of the time-Temperature superposition principle on the 

BBS. Consequently, a relationship between BBS and reduced stress rate was derived, as shown in 

the Equation (5). 

 Bn

t B Ras s=   (5) 

where  

ts   =  BBS, 

Rs   =  reduced stress rates, and 

aB, nB =    material parameters. 

 

Phase 2: Numerical Simulation of Pavement Response 

The pavement response analysis is carried out on a typically found thin pavement structure in 

North Carolina using a finite element program known as FlexPAVEÊ. The normal stresses, shear 

strains, and shear stresses observed at the interface during the analysis were extracted and reported. 

The details of the numerical simulation results are in Chapter 2. 

Phase 3: Identifying the Interface Debonding Potential based on Maximum Shear Ratio (MSR) 

The debonding potential of an interface depends on the tack coat materialôs ability to resist the 

maximum shear stresses at the interface induced due to vehicular loads. Thereby, the debonding 

potential is defined by a factor known as the maximum shear ratio (MSR). Shear Ratio is the ratio 

of shear stress over shear strength along with the interface. The maximum value of the shear ratio 

along the interface is considered as the MSR and indicator for debonding. If the maximum shear 

ratio along the interface exceeds one, then the interface fails in shear and debonding occurs. 

The maximum shear stresses at the interface are derived from the FlexPAVE simulations, whereas 

the shear strength of a specific tack coat along the interface in the field is predicted using Equation 

(4). The normal pressure (confining pressure) and reduced strain rate used in Equation (4) are 

obtained from the numerical simulations. Thereby, the MSR value for different tack coats was 

found out for the critical field conditions. The MSR analysis shows that all five tack coats 

considered for the current study passed the MSR criterion. 

Meanwhile, the reduced shear stress rate during simulation aids in predicting the expected BBS 

using the Equation (2) (Step 4) while the reduced shear strain rate at the same simulation condition 
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predicts the ISS using Equation (1). These rigorous numerical simulations at numerous field 

condition aid in establishing a universal relationship between the ISS and BBS irrespective of the 

tack coat type. The details of this development are provided in Chapter 6. The bridging factors for 

constructing the universal relationship between the ISS and BBS are the shear strain rate and shear 

stress rate determined from the numerical simulation. 

Phase 4: Evaluating the Minimum BBS Requirement for Tack Coat Acceptance 

The universal relationship between ISS and BBS leads to develop a predictive model for MSR as a 

function of BBS and depth of the interface. Typically, PATTI test procedure recommends carrying 

out the test at a tensile stress rate within 75 to 150 psi/sec (518 to 1034 kPa/sec). The new test 

procedure proposed in this study recommends the stress rate ranging between 90 to 115 psi/sec 

(620 to 792 kPa/sec). The stress rate measured at an interface depth of 3 inches (7.62 cm) from the 

pavement surface using numerical simulation carried out at 50̄C for an 80 kN dual tire vehicle at a 

speed of 1 mph induces 664 kPa/sec. The field stress rate of 664 kPa/sec falls within the typical 

stress rate range observed during the BBS tests. Henceforth, the test protocol recommends to carry 

out the BBS test at 50̄C. Further, the MSR predicted at 3 inch (76.2 mm) depth interface is 

extrapolated by establishing the variation of MSR with the interface depth. Assuming all the tack 

coats considered for the current study is acceptable for selection, the MSR value less than 0.7 is 

considered as a reasonable acceptance criterion for any tack coats for the selected warm mix 

surface layer.  If the BBS value measured at 50C̄ is above 75 kPa then the tack coat can be 

accepted for purchase. However, for open-graded friction course the cut-off is kept at 750 kPa. The 

details are provided in Chapter 6.  

1.5 Report Organization 

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

needs, highlights the importance of proper bonding at the asphalt concrete layer interface, and lists 

the objectives of this research. Chapter 2 provides the details of materials and their properties used 

for the current research. Chapter 3 shows different test methods, the experimental program, and the 

testing methodology used for this research. Information about the materials used for the current 

study is also presented. It also aids in understanding the various approaches that are used to 

provide information about milled surfaces in the field. Chapter 4 presents the numerical simulation 

conditions considered for the current analysis, the material models, and the parameters. Chapter 5 

provides a discussion of the test results of ISS and BBS under various conditions and the effects of 

each influential factor. Chapter 6 explains the step-by-step procedure followed to develop the tack 

coat selection criteria in detail. It also presents a pavement response analysis that describes 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 7 proposes the best 

practices and usage of tack coats in North Carolina based on extensive review of various 
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specifications, research reports, articles and the current research experience. Chapter 8 concludes 

the findings of the current research and the recommendations for the future work. The details of the 

supportive test results for the respective chapters including literature review are provided in various 

appendices. 
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Chapter 2. Materials and Properties 

2.1 Asphalt Mixture  

The AC material used in the current project for the fabrication of MAST specimens were obtained 

as loose mix from the Fred Smith Company Knightdale plant in US 64 at Wake Stone Quarry. The 

procured AC loose mix was designated as RS9.5B where the letter óRô indicates the presence of 

reclaimed asphalt pavement (RAP), óSô stands for the surface mixture on the pavement, the number 

9.5 reflects the nominal maximum aggregate size, and óBô represents the middle level of traffic (3-

30 million ESAL). The current mix is categorized by the manufacturer as a warm mix material and 

Evotherm 3G is used as an additive agent. Besides, it contains 35% of fractionated RAP. The total 

binder content of the mix is 5.5%. Figure 2-1 presents the aggregate gradation of RS9.5B. The 

theoretical specific gravity and the bulk specific gravity of the loose mix RS9.5B were measured as 

per AASHTO T 209-20 (AASHTO 2020a) and AASHTO T 331-17 (AASHTO 2017a) 

respectively. It is found that Gmm for the mix is 2.43 g/cm3. 

 

Figure 2-1. Aggregate gradation of RS9.5B mixture. 

 

2.1.1 Dynamic Modulus (|E*|) Test 

The linear viscoelastic properties of asphalt concrete mixtures can be determined by dynamic 

modulus (|E*|) tests that measure a specimenôs stress-strain relationship under continuous 

sinusoidal loading. The parameters obtained are the complex modulus values and time-temperature 

(t-T) shift factors. Shift factor (aT) aids in representing the effect of time and temperature by a 

unique parameter referred to as reduced time/frequency, fR with Equation (6). Figure 2-2 presents 

the dynamic modulus test results for three replicates each of the RS9.5B mixtures at different 

temperature/frequency combinations conducted as per AASHTO TP 132-19 (AASHTO 2019). 
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The test specimens were 38 mm in diameter and 110 mm high cylindrical specimen cored and cut 

from a gyratory sample of 180 mm height. The air void of each specimen obtained from gyratory 

sample was 6%. 

An Asphalt Mixture Performance Tester (AMPT) Pro was used as the testing device, and the tests 

were performed at three temperatures, 4°C, 20°C, and 40°C, and six frequencies, 25, 10, 5, 1, 0.5 

and 0.1 Hz. A mastercurve was developed by shifting the data points of each replicate horizontally 

at an arbitrarily selected reference temperature; in this case, 20 C̄. Table 2-1 presents the t-T shift 

factor function coefficients for the mixture obtained while fitting a sigmoidal function (Equation 

(7)). The Prony series coefficients are obtained by fitting the storage modulus with the function 

shown in Equation (9) using the collocation method (Park et al. 1996, Schapery 1962). 

 R Tf f a= ³   (6) 
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where 

a1, a2, a3 =  regression coefficients, 

aT = time-temperature shift factor, 

f =  loading frequency, Hz, 

fR = reduced frequency, Hz, 

|E*|  = dynamic modulus, MPa, 

d = minimum value of |E*|, 

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

b, g = material constants describing the shape of the sigmoidal function, 

E(t) =  the relaxation modulus, MPa, 

E¤  =  the equilibrium modulus, MPa, 

Ei  =  the relaxation strength, MPa, 

ri  = the relaxation times, s, 

m  =  the number of Maxwell elements, and 

t = time, s. 

An Excel solver developed at NCSU, named as FlexMATTM, automates the above steps, and 

provide the Prony series representation of relaxation modulus. The output parameters obtained are 

used as material model property input for the numerical modeling software, FlexPAVEÊ 1.1. 
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Figure 2-2. Dynamic modulus mastercurve for RS9.5B. 

Table 2-1 Shift Factor Coefficients of RS9.5B Mixture Used in the Study 

Shift Factor Coefficient Value 

a1 9.63E-04 

a2 -0.167 

a3 3.084 

 

2.2 Tack Coat 

Three emulsion types, CRS-2 (2 sources), CRS-1h and NTCRS-1hM, and one hot binder, 

Ultrafuse, were selected as tack coat material for the current project. In order to avoid the storage 

instability, only two out of four tack coat materials (CRS-2 and CRS-1h) were obtained initially . 

The experimental plan was designed in such a way that the duration from material acquisition to 

sample testing through fabrication was kept minimal. As the sample fabrication for Interlayer shear 

strength (ISS) and binder bond strength (BBS) tests using the two tack coats progresses, the 

remaining three tack coat materials, CRS-2 (Source 2), NTCRS-1hM, and Ultrafuse were acquired.  

2.2.1 Residue Recovery of Asphalt Emulsions 

The residual application rate for each tack coat was estimated based on the results from residue 

recovery tests. ASTM D6937-16 (ASTM 2016a) guidelines were followed in this study to recover 

the residue. The method stipulates heating 50 ±0.1 grams of asphalt emulsion in an air-forced oven 

at 163°C ± 3.0°C for two hours. Each emulsion was placed inside an oven in 140-mm diameter 

open beakers made from glass or metal along with a glass rod used for stirring. After two hours, 
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each beaker was removed from the oven and its contents were stirred thoroughly using the glass 

rod. The samples were returned to the oven for another one hour and then allowed to cool to room 

temperature. Finally, the percentage of residue was calculated by weighing the samples using 

Equation (10). 

 Residue, % = 2( )A BW W-   (10) 

where 

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

WB =  tare weight of beaker and rod (g).  

2.2.2 Curing Time for Asphalt Emulsions 

Breaking and setting are the two stages of the emulsion curing process. During breaking, the 

dispersed state of the emulsion is altered to its base asphalt binder form; i.e., this phase 

differentiates the liquid asphalt and water as two different entities. The setting stage allows this 

separated water to evaporate, thereby curing the emulsion. An evaporation test typically is carried 

out to determine the curing time that is required for the water to escape by monitoring the water 

loss with time. In this research, each type of emulsion was placed in an environmental chamber at 

25°C for the evaporation tests. The test temperature was determined based on the normal ambient 

temperature in the North Carolina State University (NCSU) laboratory. Three replicates for each 

emulsion were prepared and subjected to the same test conditions. The tack coat application rate of 

0.181 L/m2 (0.04 gal/yd2) was used to distribute the tack coat material uniformly in a 140-mm 

diameter container at 25°C. The curing time was determined to be when the percentage of water 

loss reached asymptotic trends, that is, the point at which no more water loss occurred. The curing 

time of all emulsions were approximately 30 minutes.  

2.2.3 Density of Emulsified Asphalt 

The density of the emulsified asphalt was determined in order to convert the volume unit per unit 

area of the tack coat application rate (or the tack coat residual application rate) to the weight unit 

per unit area. These tests were performed according to ASTM D6937-16 (ASTM 2016a). The 

density values obtained from these tests and residue recovery outcomes were used to calculate the 

weight of the tack coat (g) needed to fabricate laboratory samples. Table 2-2 presents the material 

properties of the study emulsions. 
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Table 2-2. Material Properties of Tack Coats Used in the Current 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 

Curing Time Min 30 NA 

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 

 

2.2.4 Dynamic Shear Rheometer (|G*|) Test 

The DSR measures the dynamic shear modulus (|G*|) and determines the t-T shift factors of 

asphalt binders. The DSR model used in the current study is an Anton Paar MCR 302. The MCR 

302 is a user-friendly device that is capable of reaching wide temperature ranges, as low as -160°C 

to as high as 1000°C in minutes, for any type or combination of rheological tests. These 

mechanical tests were performed as frequency sweep tests at 5°C, 20C̄, 35̄ C, 50̄ C, and 64̄C. 

The loading frequency ranged from 0.1 Hz to 30 Hz at 1% shear strain amplitude. The frequency 

sweep tests were designed to enable the construction of mastercurves of the dynamic shear 

modulus values and to obtain t-T shift factors for the binder and emulsion residue used in this 

study. The asphalt residue used for DSR testing was recovered according to AASHTO R78-16 

(AASHTO 2020b) Method B. 

Analysis of DSR test outcomes is a simple process due to the long-established standards and 

practice of the device. If the results of any two tests of the same emulsion type exceed the 

recommended 6.4% difference specified in AASHTO T315-12 (AASHTO 2020c), then neither 

results should be used and the emulsion must be retested. In this study, the results from the DSR 

tests were averaged per each emulsion and input into a mastercurve template builder using an 

Excel spreadsheet. This Excel spreadsheet uses the dynamic shear modulus, frequency, and 

temperature from the DSR tests to calculate the shift factors for each emulsion by fitting the data 

points to the ChristensonïAndersonïMarasteanu (CAM) model (Christensen and Anderson 1992) 

at a reference temperature, as given in Equation (11). The general form of the t-T shift factor 

equation is shown in Equation (12), where |G*|g is the glassy dynamic shear modulus and is equal 

to 1 GPa for asphalt binder. ɤc, m, and v are the CAM model fitting parameters for the |G*| 

mastercurve. Equation (12) describes the reduced frequency, ɤR, where aT is the shift factor at 

temperature T and ɤ is the actual testing angular frequency. 
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where 

|G*| = dynamic shear modulus, 

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

wc = constant, location parameter where loss modulus equals to storage modulus, and 

me, n = constant, dimensionless shape parameter. 

 

Table 2-3 presents the shift factor coefficients for each emulsion in this study that were measured 

at the reference temperature of 20C̄. Figure 2-3 shows the master curve for dynamic shear 

modulus for various tack coats. 

Table 2-3. Shift Factor Coefficients of Different Tack Coats Used in the Current Study 

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 

 

 

Figure 2-3. Dynamic shear modulus mastercurves for various tack coats. 
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Chapter 3. Test Methodology 

3.1 Interlayer Shear Strength (ISS) Test 

Five different tack coat materials were tested for ISS under various test conditions. Modified 

Asphalt Shear Tester (MAST) is employed to measure the ISS of various tack coat interfaces. All 

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

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

the materials. Table 5.2 presents the factors and parameters that were used to create the various ISS 

test conditions. 

Table 3-1. Interlayer Shear Strength Test Conditions 

Factors Number of Levels 

Tack Coat  
2 (CRS-2, CRS-1h, NTCRS-1hM, Ultrafuse and 

CRS-2 (Source 2)) 

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

Loading Rate 3 (0.02, 0.2, 2 in./min) 

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

Application Rate (Residual) 3 (0.01, 0.03, 0.05 gal/yd2) 

Surface Condition 2 (Unmilled, Milled) 

Compaction Method 2 (Gyratory, Slab) 

 

3.1.1 Laboratory  Fabrication of MAST Specimens 

Several steps are involved in the fabrication of double-layered MAST specimens. A detailed study 

on air voids was carried out on MAST specimens to find the optimal mass of AC to achieve 6% air 

voids for the top and bottom layers. Table 3-2 shows the results of the air void study.  

Table 3-2 Air Void Content Data for MAST Specimens 

Design Air 

Void (%)  
Layer 

Dimension (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 

 

The initial step of specimen fabrication is to make the MAST samples. The necessary quantity of 

AC for the respective layers (top/bottom) was batched and heated to the compaction temperature 

[145̄ C (293̄F)]. The gyratory compaction molds were heated to 155̄ C (311̄F). The primary 

stage is to create a one-layered cylindrical sample that is 150 mm (6 in.) in diameter and 50.8 mm 

(2 in.) in height. Typically, a cooling period of 24 hours is allowed before the application of a tack 
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coat. Further, a tack coat is applied uniformly to achieve a consistent thickness on the top of the 

bottom layer. A foam brush is used to spread the emulsified asphalt above the bottom layer while a 

metal canister with a perforated cap was used to pour the hot binder (application rates are reported 

in Table 3-1). The hot binder was spread at the interface using a spatula and a hot gun. If the tack 

coat used is an emulsified asphalt, then the tack coat is allowed to cure. A curing period of 30 min 

to 1 hour is ideal before proceeding to the top layer compaction. During the curing period, the 

water evaporates, leaving the residual asphalt on the surface. If a hot asphalt is used as a tack coat, 

then no curing period is required. After curing, the bottom layer with the tack coat layer on the top 

is placed into the gyratory mold again. The same compaction process that was followed for the 

bottom layer is repeated on top of the bottom layer in order to produce the upper AC layer that also 

has a thickness of 50.8 mm (2 in.). Thus, the final MAST sample of 150 mm (6 in.) diameter and 

101.2 mm (4 in.) height is produced. The presence of air void gradient along the sample periphery 

in contact with the hot mold is well known (Chehab et al. 2000). Henceforth, to maintain a 

consistent air void distribution throughout the specimens, the samples were cored and cut to a 

height of 76.2 mm (3 in.) and a diameter of 101.6 mm (4 in.) before testing. Figure 3-1 and Figure 

3-2 show the sample preparation steps (Cho 2016) and the final MAST specimens, respectively. 
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Figure 3-1. Specimen preparation steps: (a) compaction of bottom layer, (b) tack coat 

application, (c) curing process, (d) placement of the bottom layer in the mold, (e) compaction of 

top and bottom layers, and (f) completed gyratory-compacted specimens (Cho 2016). 
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Figure 3-2 MAST specimens. 

3.1.2 Modified Advanced Shear Tester (MAST) 

The MAST was designed to investigate the shear properties of uniform asphalt mixtures as well as 

interlayer interfaces. A thorough study about the pros and cons of the existing interface direct shear 

testing devices around the globe was carried out by the previous researchers at NCSU. Further to 

which a rigorously designed shear testing device was developed, tagged as modified asphalt shear 

tester (MAST), that address the problems inherent to many of the current devices used for shear 

testing. Figure 3-3 presents illustrations of the MAST, which is a direct shear apparatus that is 

capable of testing 6-inch and 4-inch square specimens as well as 4-inch diameter cylindrical 

specimens for direct shear. This device can perform not only a simple shear bond strength test but 

can also test for shear fatigue resistance under different loading and environmental conditions (i.e., 

load- or displacement-controlled mode at various temperatures).  

The initial step in the MAST test set-up is to glue the specimen, shown in Figure 3-4(a) to steel 

shoes using Devcon steel putty. Each steel shoe has grooves to provide a sufficient bond between 

the shoe and the specimen, as shown in Figure 3-4(b). Extreme care was taken to clean the shoes 

before each glue application to prevent failure at the glued area. A special guiding frame was 

employed to ensure proper alignment of the specimen during gluing, thus minimizing any 

eccentricity that might occur during the test. Figure 3-4(c) show the specimen placed in the shoes. 

Once the specimen was properly glued into the shoes, it was cured for 24 hours. 
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Figure 3-3. Illustrations of the Modified Advanced Shear Tester (MAST). 

 

Figure 3-4. Gluing procedure of MAST specimen: (a) MAST specimen, (b) glue on steel shoes, 

(c) specimen laid on half steel shoes, (d) second half of steel shoes on top of specimen, (e) shoe 

with specimen fastened inside gluing frame, and (f) completed assembly. 

The MAST consists of a loading jig, which is a metal box frame bisected into two sections 

separated by a gap of 8 mm. One section of the loading jig is fixed while the other side is movable. 

The movable side is free to travel vertically (parallel to the interface) as well as horizontally 
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(perpendicular to the interface). This unconstrained movement is provided by linear roller tracks. 

One of the distinctive features of the MAST is that the initial normal confining stress that is applied 

to a specimen can be controlled by tightening a set of bolts while simultaneously monitoring the 

load level using an in-line load cell. This application method for normal confining stress was 

inspired by Adam Zofkaôs shearing device (Zofka et al. 2015), the Advanced Shear Tester.  

Figure 3-5 shows the specimen in the loading shoes being mounted and fastened to the MAST 

loading jig through multiple screws. Once the MAST with specimen is ready, the jig is installed to 

the MTS machine allow for temperature conditioning. The specimens were conditioned at the 

respective test temperature for at least three hours before testing. A closed-loop feedback climatic 

chamber, fueled with liquid nitrogen as the coolant, was employed to control and maintain a 

constant temperature during conditioning and testing. After which the ISS test is commenced at a 

specific displacement amplitude planned as per the experimental design. 

Figure 3-5 also shows the speckled paper and opening that are used in the digital image correlation 

(DIC) set-up, and Figure 3-5 shows the lighting and camera used in the DIC system to capture 

images of the MAST specimen. 

 

Figure 3-5. MAST test setup: (a) schematic diagram, (b) loading MAST shoes into loading jig, 

and (c) test setup with DIC system. 

 

3.1.3 Digital Image Correlation (DIC) Technique 

Even though the principle behind a monotonic asphalt shear test is simple, the MAST is a 

sophisticated device. It has numerous components that must be assembled and disassembled during 

specimen loading and unloading. The major challenge during MAST testing is to ensure that 
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shearing occurs only along with the interface, which is achieved by securely attaching shoes to the 

jig through threaded bolts and screw fasteners. Even then, the moment that is induced on the shoe 

is so high during the test that it causes a rocking action. The degree of the rocking movement 

depends on the temperature at which the analysis is carried out, thus indicating that the cause of the 

rocking is a machine compliance issue. Furthermore, many connections and bearings are located 

between the actuator and the MAST, which also adds deformation to the actuator linear variable 

differential transformer (LVDT) measurements. At a glance, an on-specimen LVDT should be a 

quick solution, but the rocking action makes those measurements inaccurate. Hence, the on-

specimen displacement of the shear test is measured using an external non-contact DIC system. 

A digital image correlation (DIC) system can be employed to compute the relative displacements 

and strains at the layer interface through the comparison of images of a deformed specimen with 

the images of an initial, undeformed reference specimen using advanced mathematical techniques. 

To implement the DIC analysis of the differences between the initial image and the deformed 

images, the undeformed reference image is divided into small subsets, and then the corresponding 

locations of these subsets in the deformed images are tracked by matching their grayscale pixel 

levels, as shown in Figure 3-6. By tracking the location of the subsets, the horizontal and vertical 

displacements of the center point of each subset in the pixels can be determined at different stages 

in the testing (Seo et al. 2002).  

 

 

Figure 3-6. Digital image correlation analysis of differences between initial image and deformed 

image (Seo et al.2002). 

The DIC system set-up includes a 5-megapixel camera along with a 35ï75 mm f: 3.3ï4.5 manual 

focus lens to capture images. Two dual-fiber optical gooseneck lights were used to provide 

consistent, cool, and sufficient lighting on the specimen surface. An adjustable tripod stand with 
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built-in bubble levels was used to level the camera and place it at an approximate distance of 75 cm 

from the specimen and at the same height and lateral position as the specimen. A relatively high 

shutter speed of 1.5 ms was used to prevent blurry images. An f-stop of 3.3, which is a relatively 

wide lens aperture size, was used to let in the maximum possible light to hit the camera sensor. A 

relatively low gain setting close to -3.9 db was used to prevent unwanted image noise. The DIC 

camera was connected to a computer that was installed with two commercially available DIC 

software packages developed by Correlated Solutions, Inc: Vic-Snap and Vic-2D. Vic-Snap is used 

to acquire images during testing and also aid in controlling the camera shutter speed, position, and 

lighting levels. VIC-2D is two-dimensional DIC analysis software that is used to calibrate the 

scale, analyze the captured images, and calculate the displacements and strains through 

comparisons of images using advanced mathematical algorithms. Key aspects and details regarding 

DIC analysis can be found in Safavizadeh and Kim (2017). 

3.2 Understanding the Milled Pavement Surface and Fabrication in Laboratory 

3.2.1 Field Core Milled Specimens 

Surface condition of pavements, milled and unmilled surfaces, is one of the factors considered in 

this research project. Therefore, a few field core samples were obtained as part of the project. 

Further, the top layer was fabricated following the procedure detailed in Section 3.1.1. Figure 3-7 

shows the 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 3-7. 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 of the top layers, the density values of these two top layers were 
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completely different. Visual observation of the two specimens shows that asphalt binder from 

specimen no 2 has extruded out of specimen indicating excess compaction, hence, different density 

as shown in Figure 3-8.  

 

Figure 3-8. Two milled surface gyratory-compacted specimens. 

Following the fabrication of specimens using milled surface field core samples, the need to obtain 

more information about milled surfaces emerged. Given the difficulties that were encountered for 

precise specimen fabrication, a three-dimensional (3D) laser scanner, depicted in Figure 3-9, was 

utilized to measure specific information about the milled surfaces. Typically, a 3D laser scanner is 

used to measure the rut depths of a pavement. Although many efforts have been tried to obtain 

information about milled surfaces, until now, the 3D laser scanner method has been considered as 

the best way to estimate mill surface measurements. However, this method offers almost no 

consistency, and the surfaces of the field core samples show significant variation.  

 

Figure 3-9. Three-dimensional laser scanner. 
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The investigation using the 3D 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 3D laser scanner was used to measure the milled surfaces, but the 

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 3-10 shows that field core samples that do not have perpendicular 

geometries can affect the results of shear tests.  

 

Figure 3-10. 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 

specimen and even the shear strength test results. An alternative to field core samples tries by 

producing an artificial milled surface in the laboratory that mimics the actual milled surfaces of 

field core samples. This artificial surface has more consistent grooves on the surface and also 

guarantees perpendicularity between the top and side surfaces. 

3.2.2 Milling Machine 

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

research team visited a milling machine company, Delta, to obtain information about the milling 

process. Figure 3-11 shows details of a milling machine, in particular the teeth that determine the 

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

the teeth contact the surface for milling, they are at acute angles, not right angles, to 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 

5/8 inch. 
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Figure 3-11. Milling machine: teeth details. 

3.2.3 Artificial Milled Surface Prototype  Based on Field Cores 

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

Figure 3-12 was chosen because it has a mechanism that makes a groove using a rotation that is 

similar to that found in the Delta milling machines. The machine shown in Figure 3-12 is able to 

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

machine. Figure 3-13 presents specimen prototypes with different groove widths.  

 

Figure 3-12. Drilling machine used for artificial milled surfaces. 
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(a) 1/2 inch (b) 5/8 inch 

  

(c) 3/4 inch (d) 7/8 inch 

Figure 3-13. Prototype artificial field cores with different groove widths. 

Using field core samples is considered the best way to reflect 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 measured from such 

laboratory-milled samples is representative of the shear strength of field cores remains in question. 

3.2.4 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 3/8 inch was narrower than the tooth width, which has a 

range of 0.4 inches to 0.5 inches. 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 3-14 shows the overall conditions and texture of the Hillsborough Street 

milled surfaces.       
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(a) (b) 

  

(c) (d) 

Figure 3-14. Field milled surfaces on Hillsborough Street, Raleigh, NC. 

 

3.2.5 Artificial Milled Surface Prototypes  Based on Field Survey 

Based on the Hillsborough Street field investigation, the NCSU research team fabricated new 

versions of an artificial milled surface bottom-layer sample. The previous samples 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, the NCSU research team made additional prototypes with various heights 

of groove walls; Figure 3-15 (a), (b), and (c) present these prototypes with high, medium, and low 

walls, respectively. 
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(a) (b) (c) 

Figure 3-15. 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 3-16 This profiler employs the innovative RoLine 

line laser, produced by LMI Selcom. This laser has been 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 Federal Highway Administration. 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, the NCSU research team was able to obtain more accurate 

field data about the surface texture and then could measure the mean profile depth (MPD), a 

parameter that indicates a pavementôs surface condition.  

 

Figure 3-16. 3-D laser profiler on Maynard Rd., Cary, NC. 

 



 

28 

 

Mean Profile Depth Definition  

The MPD represents the exposed texture depth of a pavement surface. Transit New Zealand (2005) 

defines the MPD as expressed here by Equation (13): 

 

st ndPeak level (1 )-Peak level (2 )
Average level

2
MPD= -   (13) 

Figure 3-17 schematically explains the variables used in Equation (13) . In the diagram, the MPD 

clearly indicates the roughness (i.e., macro-surface texture) and exposure depth of the milled 

surface.  

 

Figure 3-17. Schematic diagram of mean profile depth determination. 

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 3-18 shows the overall conditions and texture of the milled surfaces at the Maynard Road 

site. Figure 3-18 (a) and (b) are photos taken perpendicular to the pavement surface, whereas 

Figure 3-18 (c) and (d) are photos taken at an angle. Figure 3-18 (a) and (c) show the milled 

surface with more straight grooves, whereas Figure 3-18 (b) and (d) show more dotted patterns in 

the grooves. 
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(a) (b) 

  

(c) (d) 

Figure 3-18. Field-milled surfaces on Maynard Road, Cary, NC. 
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(a) 

 

(b) 

 

(c) 

Figure 3-19. Profiles of lab-fabricated milled surfaces (transverse direction): (a) high, (b) 

medium, and (c) low walls between grooves. 

 

The NCSU research team was able to obtain profile data for five different field sections at the 

Maynard Road site in Cary, NC. Figure 3-20 shows the five different profiles of these field-milled 

surfaces. 

  



 

31 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 3-20. Profile depths of actual field-milled surfaces (transverse direction): (a) Field 1, (b) 

Field 2, (c) Field 3, (d) Field 4, and (e) Field 5. 
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The NCSU research team had difficulty in determining the differences between the laboratory-

fabricated (Figure 3-19) and field-milled (Figure 3-20) surfaces using profile data alone. Therefore, 

the team used the 3-D laser profiler to analyze the profiles of laboratory-fabricated and field milled 

surfaces. The MPD values were used to find the sample that most closely resembled field 

conditions. Table 3-3 presents the MPD values of the three laboratory-fabricated samples and five 

field milled surfaces. Figure 3-21 (a) and (b) indicate the MPDs for the laboratory and field milled 

surfaces, respectively. 

Table 3-3. Mean Profile Depth Values of Three Laboratory 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 

 

  

(a) (b) 

Figure 3-21. Mean profile depths: (a) laboratory milled surfaces and (b) field milled surfaces. 

Based on a comparison of the MPD results, the ómidô wall laboratory milled sample had the 

highest MPD value among the three laboratory samples with a depth of 1.37 mm. Among the field 

sections, Section F4 had the lowest MPD of 1.54 mm. The other field sections had 1.2 to 1.9 times 

higher MPD values with a standard deviation of 15% to 20 percent. Also, all the other field 

surfaces were more uneven than Section F2. Figure 3-22 presents 3-D rendered images that show 

the profile depths of the laboratory ómidô wall sample and field sections F2 and F4. The groove 

pattern on the milled surface of Section F2, shown as Figure 3-22 (b), is highly irregular compared 

to that of Section F4, shown in Figure 3-22 (c), as justified by Section F2ôs standard deviation of 
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its MPD value. Also, the ómidô wall laboratory sample and field section F4 have similar groove 

patterns according to their 3-D images. Therefore, among the laboratory samples, the ómidô wall 

sample is the most representative of a field milled surface and used for all milled MAST specimen. 

However, such specimens are tagged as grooved specimens hereafter. The MPD value of the ómidô 

wall sample is lower than the MPD values of the field milled surfaces; however, a lower MPD 

value would result in less shear strength in a Modified Advanced Shear Tester (MAST) test, which 

provides relatively conservative shear strength data. 

 

(a) 

 

  

(b) (c) 

Figure 3-22. 3-D renderings: (a) lab ómidô, (b) Field 2, and (c) Field 4. 

 

3.3 Binder Bond Strength (BBS) Test 

3.3.1 Pneumatic Adhesion Tensile Testing Instrument (PATTI) Test 

AASHTO T361-16 (AASHTO 2020d) details the laboratory test procedure for adhesion testing but 

does not consider different application rates and cannot be used for field testing. In response, 

Karshenas (2015) developed a new procedure based on AASHTO T361-16 (AASHTO 2020d) and 

describes the use of an adhesion tester in the field and in the laboratory. Karshenas (2015) also 
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established a strong prediction relationship between BBS and bond shear strength of asphalt 

concrete specimens. The current research extends the Karshenas research by investigating the 

possibility of applying the time-temperature (t-T) superposition principle to the measured tensile 

strength to build mastercurves.  

In this study, the PATTI is used to measure the BBS of asphalt binders. PATTI is a self-aligning, 

pneumatic device that is used to measure the pull-off tensile strength of tack coats and the 

corresponding stress rate at different test temperatures. Figure 3-23 shows the PATTI used in this 

study. It is a Quantum Series Gold model, categorized as a Type IV/ Method D test device in 

ASTM D4541-17 (ASTM 2017). The system applies a true axial force relative to the pull stub to 

obtain a tensile strength value. This value can quantitatively represent the tensile bond strength 

between the tack coat and substrate. The PATTI test is not limited to asphalt binder but also can be 

used to test paint, film, coatings, or most adhesives on a smooth, rough, porous, flat, or curved 

substrate. The PATTI system can test bond strength levels up to 68,948 kPa (10,000 psi).  

 

(a) 
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(b) 

Figure 3-23. (a) Type IV self-alignment adhesion tester (PATTI) and (b) cross-sectional 

schematic of self-aligning piston assemblies (ASTM D4541-17 (2017)). 

 

3.3.2 Binder Bond Strength Test Methodology 

The PATTI test procedure that is described in this section draws from previous research conducted 

at NCSU (Cho 2016, Karshenas 2015). The fundamental procedure is derived from ASTM D4541-

17 (ASTM 2017) and later AASHTO TP-91-13, now AASHTO T361-16 (AASHTO 2020d). The 

goal of this guideline is to allow both laboratory and field testing using PATTI. Figure 3-24 

illustrates the step-by-step procedure for conducting PATTI pull-off tests. 
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Figure 3-24. Step-by-step procedure for PATTI testing. 

Step 1: Tack Coat Sample Preparation 

The tack coat sample used for PATTI tests can be obtained either by placing a metal plate 

(substrate) on the existing asphalt surface prior to the application of the tack coat at the 

construction site or by applying a tack coat with the specified application rate using a foam 

paintbrush in the laboratory. According to ASTM D4541 (ASTM 2017), a metal substrate should 

be used when testing pull-off strength. However, the rigidity and surface texture of the substrate 
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will affect the results of the test, and these characteristics are not controllable variables in field 

measurements. In this study, the research team used the recommended standard substrate, which is 

an 11-gauge cold-rolled steel plate with matte finish, in accordance with ASTM A568/A568M-17a 

(ASTM 2019). The team used this specific plate because of its availability and ease of production 

and standardization. The foam paintbrush is to be used only for emulsions, and a hot spray gun is 

employed to apply hot binder onto the substrate in the lab. Figure 3-25 shows the hot spray gun 

that was used to spray Ultrafuse hot binder onto a metal substrate in this study. The metal template 

is used to confine the spray within the testing area. 

 

Figure 3-25. Test set-up for hot spray gun usage. 

Step 2: Curing the Emulsion 

Improper curing of emulsions causes weak bonding. Therefore, allowing sufficient curing time is 

crucial for gaining inherent strength, and the length of the curing time depends on the tack coat 

type. For example, rapid-setting emulsions require a curing period of 30 minutes, whereas slow-

setting emulsions need at least an hour to cure. For either case, the pull stubs and substrate with 

tack coat are heated to the application temperature of 60C̄ in an oven for their respective curing 

time. Each substrate sample requires at least three pull stubs or replicates. In the case of hot 

binders, the substrate with tack coat and pull stubs are heated to the compaction temperature 

(typically 145̄C) for ten minutes to liquefy the binder and to activate the tackiness of the binder to 

bond with the pull-off stub. This heating time of ten minutes was found to be the most appropriate 

time for this purpose based on the outcome consistency of all the stubs placed after different 

heating times. 

Step 3: Application of Setting Pressure 

During preliminary testing, once a sample has cured, the heated pull stubs are placed on the tack 

coat sample, and the pull-off strength is measured after conditioning. In this study, the dominant 

Metal template 

Metal substrate 

Hot spray gun 
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adhesive failure that was observed for the hard and non-tracking tack coats. To mitigate this 

problem, a metal cap weighing 55.0 g ±1.0 g was placed on top of each pull stub for two minutes at 

the ambient temperature of the laboratory to ensure the formation of a good bond with the tack 

coat, as shown in Figure 3-26. This overburden weight was intended to mimic the dead load 

(stress) of typical surface layers.  

 

Figure 3-26. Metal caps on pull-off stubs to apply setting pressure. 

 

Step 4: Conditioning the Plate and Stub  

After two minutes of setting pressure application, the metal caps are removed, and the tack coat 

sample is conditioned in an environmental chamber at the testing temperature for one hour. 

Asphalt binder properties are highly dependent on temperature. ASTM D4541-17 (ASTM 2017) 

recommends that the stress rate range should fall within a small bandwidth of 345 kPa/s to 1,034 

kPa/s (50 psi/s to 150 psi/s) such that the PATTI test is conducted at numerous temperatures to 

obtain the necessary overlap among the pull-off strength values, which in turn aids the mastercurve 

construction. For the present study, tests were run at 5C̄, 7̄ C, 10̄ C, 13̄ C, 15̄ C, 17̄ C, 19̄ C, 

22̄ C, 25̄ C, 30̄ C, 35̄ C, 44̄ C, and 53̄C using the residual application rate of 0.14 L/m2 (0.03 

gal/yd2).  

Step 5: Pull-off Tensile Testing 

The standard practice specified in ASTM D4541-17 (ASTM 2017) is to pull off the stubs for at 

least three substrate replicates (four stubs per substrate) at the same conditioning temperature. The 

PATTI Quantum software that accompanies the device records the peak tensile strength and 

changes in stress with time. However, this tensile strength value may not be a legitimate result 

because it depends on the failure mode of the pull stub, the load rate, and the repeatability.  

The PATTI system can apply only a limited range of loading rates during BBS tests of asphalt 

binder to meet acceptability standards. ASTM D4541-17 (ASTM 2017) and the PATTI ownerôs 

manual state that the load rate shall not exceed 1,034 kPa/s (150 psi/s), as the variability in the 

measured BBS values for asphalt binders is too high after this point. Therefore, most of the load 

rates used in this research fell within 345 kPa/s to 1,034 kPa/s (50 psi/s to 150 psi/s). The 

procedure, according to ASTM D4541-17 (ASTM 2017), is to start with the load dial in the óoffô 

position and slowly turn the dial counterclockwise to release the air pressure after pressing the 
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óRunô button until the desired stress rate is achieved. The major difficulty of the stipulated 

procedure is maintaining a constant stress rate. In fact, a nonlinear stress-growth curve was 

observed, as shown in Figure 3-27. An alternative to this procedure is to set the load dial to a 

specific position prior to running the test. This position is determined based on multiple trials and 

is usually below the quarter of the dial circle. The dial is left at this position for the entire test 

series. As shown in Figure 3-27 this alternative method resulted in a linear stress-growth curve that 

is both repeatable and eases the calculation of the stress rate (the slope of the line). Hence, this 

alternative method was used throughout the study.  

 

Figure 3-27. Stress rates measured using PATTI for rotation and fixed dial conditions. 

 

3.3.3 Failure Modes in PATTI Test 

Once the binder achieves its tensile strength under specific PATTI test conditions, the pull-off stub 

detaches from the substrate. This detachment is considered pull-stub failure and occurs in three 

primary ways that define the failure modes. Cohesive failure mode occurs within the asphalt 

binder, leaving a uniform layer of binder on the stub and substrate, as shown in Figure 3-28 (a). 

Adhesive failure mode occurs when the pull stub completely detaches from the binder, leaving the 

binder entirely on the substrate. Or, the pull stub pulls the binder layer along with the stub, leaving 

no trace of the binder on the substrate, as shown in Figure 3-28 (c). A test can also fail in a 

combination of these two modes, as seen in Figure 3-28 (b), which is termed ómixed failure.ô 

During mixed failure, some portion of the asphalt binder remains on either the stub or substrate. 

Other miscellaneous types of failure are possible when sliding or twisting occurs during the initial 

application of the pull stub or during placement of the piston. The ideal type of failure for this 
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research is a cohesive failure because it demonstrates the tensile strength of the binder itself and 

not its adhesive capabilities. During the data analysis performed in this study, if the failure was 

outside the cohesive type of failure, then the results were dismissed. 

 

(a) 

 

(b) 

 

(c) 

Figure 3-28. (a) Ideal cohesive failure of binder, (b) mixture of cohesive failure and adhesive 

failure of the pull stub, and (c) adhesive failure of the pull stub. 

The final stage of PATTI test analysis should follow the repeatability criteria stipulated by ASTM 

D4541-17 (ASTM 2017). According to the standard, the difference between each test in terms of 

intra-laboratory results should be less than 14.8%, and the difference in inter-laboratory test results 

should be a maximum of 28.4% for a D-type tester. In this research, if the results were found to 

differ more than 14.8%, then they were dismissed as outliers. 
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Chapter 4.  Numerical Simulation of Pavement Response 

4.1 Background 

The presence of sufficient interface bond strength among the pavement layers is evaluated by 

understanding and quantifying the distribution of the stresses within the pavement section under 

realistic traffic conditions. NCSU research group has developed a fast Fourier transform-based 

three-dimensional (3D) viscoelastic finite element (FE) analysis tool known as FlexPAVEÊ 

(formerly known as the LVECD program) to evaluate the pavement response under moving 

vehicle loads. It can simulate actual climatic conditions as generated by the Enhanced Integrated 

Climatic Model (EICM). Besides, the software is zipped with the Simplified ViscoElastic 

Continuum Damage (S-VECD) and permanent deformation shift model that could predict the 

pavement response and distresses viz. fatigue cracking and rutting for any temperature and any 

traffic conditions. In this study, FlexPAVEÊ was used to determine the critical stresses involved 

in debonding. 

Cho (2016)  has conducted extensive pavement response analysis on three typical pavement 

sections constructed in North Carolina, categorized as thin, intermediate, and thick structures. The 

analysis was carried out at 5̄C, 20̄ C, 40̄ C, and 60̄C, three different speeds, 8 km/hour (5 mph), 

40 km/hour (25 mph), and 88 km/hour (55 mph), three axle loads, 106.8 kN (24 kips), 160 kN (36 

kips), and 213.6 kN (48 kips), and two types of tire rolling conditions, i.e., free rolling and Braking 

to measure the critical debonding condition. The outcome shows that the most critical stress state 

condition that leads to debonding is created by a thick pavement structure ran over by a single tire 

with a single ï axle single - tire load of 213.6 kN (48 kips) at a fixed vehicular speed of 8 km/hour 

(5 mph) under braking condition. Henceforth, that specific condition is considered for the current 

study except that the tire loading is assumed as 80 kN (18 kips) single-axle dual-tire configuration. 

All the conditions considered by Cho (2016) were simulated using the current studyôs mixture 

properties and tack coat predictive equation. The outcomes are reported in Appendix B. 

4.2 Parameters Used in the Numerical Simulations 

4.2.1 Structure Information  

Among the typical pavement sections in North Carolina, a thick pavement has higher vulnerable 

chances to debonding (Cho 2016). Figure 4-1 shows the cross-section view and provides the 

thickness of each layer assumed for the thick pavement structure for the present study. The top 

three layers i.e., surface, intermediate, and base layers, are asphalt concrete mixtures with different 

gradations. The standard thickness for surface course constructed with asphalt mixtureôs having 9.5 

mm nominal maximum aggregate size usually ranges between 38.1 mm (1.5 in.) and 63.5 mm (2.5 

in.). Henceforth, in the present study, a thickness of 25.4 mm (1 in.), 38.1 mm (1.5 in.), 50.8 mm (2 

in.), 63.5 mm (2.5 in.) and 76.2 mm (3 in.) was chosen to analyze the critical loading condition.  
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Figure 4-1 Thick pavement structure used in computational simulations. 

 

4.2.2 Material Parameters for Each Pavement Layers 

Asphalt Concrete 

The three top layers of the thick pavement structure are assigned with the material properties of 

asphalt concrete. The surface course is assigned with either Warm Mix (RS9.5B-RAP35%) or 

Hot Mix (RS9.5B-RAP30%) depending mixture under consideration, while the intermediate and 

base layers with properties of mixtures I19B and B25B, respectively.  

The viscoelastic nature of asphalt concrete is defined with the aid of Prony series 

coefficients/parameters in the FlexPAVEÊ. It is achieved through the interconversion from 

dynamic modulus to relaxation modulus over a wide time region using the generalized Maxwell 

model using the Equation (9). The number of Maxwell elements decides the prediction accuracy, 

more elements, high accuracy but leads to more complexity at the same time. FlexMATTM, an 

excel based software, is used to analyze the dynamic modulus outcomes to calculate the Prony 

series coefficients, as shown in Table 4-1. The material properties for I19B and B25B were 

adopted from Cho (2016).  

Subgrade 

The subgrade is assumed as linear elastic material in the FlexPAVEÊ simulations and the 

modulus value used in the current analysis is 68.95 MPa (10,000 psi). 
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Table 4-1. Prony Coefficients for Relaxation Modulus 

ri  Ei (MPa) 

(sec) WM HM I19B B25B 

2.00E+08 8.202168 13.42 15.86 10.71 

2.00E+07 6.853888 25.71 31.18 21.24 

2.00E+06 21.46807 52.45 65.98 45.3 

2.00E+05 61.20037 115.27 150.13 105.76 

2.00E+04 184.5173 270.18 356.33 268.88 

2.00E+03 519.327 641.43 823.24 702.8 

2.00E+02 1219.639 1401.35 1685.67 1676.39 

2.00E+01 2218.648 2533.1 2821.99 3194.19 

2.00E+00 3079.913 3595.62 3759.34 4550.7 

2.00E-01 3370.041 3173.76 3476.25 4160.3 

2.00E-02 3067.792 3761.12 3756.6 4357.92 

2.00E-03 2451.163 3104.72 3081.01 3337.35 

2.00E-04 1793.888 2497.32 2440.15 2452.81 

2.00E-05 1239.69 1851.65 1802 1669.18 

2.00E-06 825.7544 1323.71 1286.44 1099.82 

2.00E-07 536.8434 917.49 893.45 705.84 

2.00E-08 355.599 624.31 610.14 446.61 

EÐ 2.859034 60.49 38.24 51.59 

Ref Temp 

( C̄) 

5 5 5 5 

4.2.3 Climate Data 

Although FlexPAVEÊ has the ability to simulate the pavement behavior under changing 

temperature as a function of time and pavement depth, the isothermal temperature profile at 50C̄ 

was used in this study as it acts as the critical condition for debonding. 

4.2.4 Traffic Data  

The design vehicle configuration for the response analysis is chosen as a dual-tire system to 

replicate the tire loading condition of a half of a single-axle dual-tire condition.  An axle load of 

80 kN is used, which is distributed through the dual tire configuration as 40-kN (9 kips) with 

827.4-kPa (120 psi) tire-pavement contact pressure. 

4.2.5 Tire-Pavement Contact Pressure Configuration 

The tire-pavement contact pressure distribution is non-uniform and mimicking it is essential in 

accurate pavement response computations.  Moreover, the tire-pavement contact pressure 

distribution is affected significantly by tire inflation pressure, tire type, and tire load. NCSU 
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research team determined the FlexPAVEÊ tire-pavement contact area on the Stress-In-Motion 

(SIM) technology under the moving load (De Beer et al. 2004).The rectangular shape with an 

aspect ratio of 11/7 (length/width) is assumed in FlexPAVEÊ. The tire-pavement contact 

pressure distribution is based on fitting a quadratic function to the actual pressure in both the 

longitudinal and transverse directions. The test outcomes after carrying out different combination 

of numerical simulations are reported in Chapter 6.  
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Chapter 5. Test Results and Discussion 

5.1 Interface Shear Strength Results 

During the MAST test, four measurements were recorded to analyze the ISS results. They are the 

actuator displacement, actuator force, confining force, and the on-specimen displacement using 

DIC. Actuator displacement, actuator force and confinement loads were acquired using a 16-bit 

National Instruments data acquisition board and recorded using LabVIEW software. VIC-2D 

software is employed to measure the on-specimen displacements. 

The measured actuator force is used to calculate the shear stress (ts) at any time during the test, as 

shown in Equation (14). 

 A
s

cs

F

A
t=   (14) 

where  

FA  =  axial force, kN and  

Acs  =  cross-sectional area of the specimen, m2. 

 

The actuator displacement is only used to verify the input constant displacement rate for the test 

and is not used for the analysis. The on-specimen displacement measured using DIC is used to 

calculate the DIC shear strain (g) to avoid the effect of machine compliance on the actuator strain.  

 A DICu

SG
g -=   (15) 

where  

uA-DIC  =  DIC based axial displacement and  

SG  =  shear gap (8 mm in this study). 

 

The confining force measured using the load cell placed in the platen parallel to the specimen is 

used measure the normal stress that mimics the real field conditions. 

 c
c

cs

F

A
s=   (16) 

where  

Fc  =  confining force. 

 

The on-specimen strain values are lower than the crosshead LVDT's (actuator) measured strain 

values and differ depending upon the stiffness of the specimen due to the machine compliance. As 
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shown in Figure 5-1, the crosshead strain rate is constant through the test, while the DIC strain rate 

follows a non-linear trend. Chehab et al. (2002) proposed a pure power form-fitting method to 

measure the strain rates of such non-linear responses. The on-specimen strain rate in a power form 

is shown in Equations (17), (18), and (19) . 

 

Figure 5-1. Shear strain measured based on crosshead LVDT and DIC technique for ISS test at 

50.8 mm/min, 19̄C, 483 kPa confining, and Ultrafuse.  

 

 nk te ¡= ³  (17) 
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ç ÷
  (18) 

 
nke x= ³   (19) 

where  

e  =  strain,  

kô  =  slope of strain vs. time at temperature T,   

x  =  reduced time at reference temperature, and  

k  =  reduced strain rate at reference temperature. 
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Figure 5-2. Pure power form-fitting method to evaluate strain rate (k') at 50.8 mm/min, 19C̄, 

483 kPa confining, and Ultrafuse. 

Figure 5-2 shows the fitting technique used to obtain the strain rate. For this process, only the data 

before failure were used. In other words, if the data deviate from a power law, they are excluded 

from the fitting process for the acquisition of strain rate.  

In this research, k' is considered as the DIC shear strain rate (‎) measured based on the proposed 

method by Chehab et al. (2002). Further, the reduced shear strain rate (‎) was calculated by 

multiplying the DIC shear strain rate with the shift factor (aT) measured from dynamic shear 

modulus tests of the corresponding tack coat material used within the MAST specimen, as shown 

in Equation (20).  

 R Tag g= ³   (20) 

where 

Rg =  reduced shear strain rate and  

g = shear strain rate. 
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5.1.1 Validation of Time-Temperature Superposition Principle for Interlayer System with 

Tack Coat 

Cho (2016) demonstrated that the time-temperature superposition principle is valid for the 

construction of an ISS mastercurve based on the MAST and DSR test results. Following the same 

methodology, in this research, 11 different reduced shear strain rates were selected to verify the 

applicability of t-T principle to construct a smooth mastercurve. The MAST specimens and test 

conditions selected for the verification are CRS-2 tack coat, 276 kPa confining pressure, 0.03 

gal/yd2 residual application rate, and unmilled surface. Cho (2016) approach is verified to ascertain 

the reproducibility of the approach with a different user. 

The shift factors of each tack coat materials were measured by carrying out temperature-frequency 

sweep tests using DSR. The time-temperature shift factor function shown in Equation (8) was 

fitted to the measured data points to get the model coefficients. The model coefficients for each 

tack coat materials at 20̄C reference temperature are shown in Table 2-3. 

The coefficients of the shift factors that were measured for each tack coat type at a standard 

reference temperature of 20̄C using the DSR were substituted in the t-T shift factor formula 

shown in Equation (8) to obtain the shift factors at the respective conditioning temperatures used in 

the MAST tests. Further, using Equation (20), the reduced shear strain rate at the MAST testing 

temperature was calculated. 

Table 5-1 presents the selected actuator shear strain rates, measured DIC shear strain rates and 

corresponding ISS results, respectively.  

 

Figure 5-3. Verification of t-TS principle for construction of ISS mastercurve. 
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Table 5-1. Selected Actuator Strain Rate and Corresponding Reduced DIC Strain Rate and 

Interface Shear Strength 

Temperature 

( ) 

Loading Rate 

(mm/min) 

DIC Strain Rate 

(ɔ/sec) 

Reduced DIC 

Strain rate 

(ɔ/sec) 

Interlayer 

Shear Strength 

(kPa) 

5 

50.8 4.116E-02 2.136E-02 4113.75 

5.08 3.644E-03 1.891E-03 2692.72 

0.508 3.072E-04 1.594E-04 1846.98 

19 

50.8 7.800E-02 1.274E-03 2623.51 

5.08 3.215E-03 5.249E-05 1722.16 

0.508 3.182E-04 5.196E-06 1219.68 

35 
50.8 7.232E-02 3.246E-05 1555.34 

5.08 7.914E-03 3.552E-06 793.61 

53 

50.8 7.289E-02 1.484E-06 706.40 

5.08 7.325E-03 1.491E-07 495.96 

0.508 7.591E-04 1.546E-08 441.55 

 

The ISS values from two adjacent reduced strain rates, tested at different temperatures and strain 

rates, overlaps/align to draw the mastercurve as shown in Figure 5-3. The fitted function of the ISS 

mastercurve has a power form. Thereby, the t-TS principle was validated by creating a smooth 

mastercurve for ISS. 

Further to the verification, the number of test combinations with regard to loading rate and 

temperature was reduced from 12 (4 rates × 3 temperatures) to four: 0.02 in./min (53°C), 0.2 

in./min (35°C), 2 in./min (19°C), and 2 in./min (5°C) from hereafter. Some tests exhibited the 

failure within the mixture (rather than at the interface), and the data from these tests were discarded 

in the analysis. 

5.1.2 Effect of Tack Coat Type 

Figure 5-4 presents an overall comparison of the CRS-2 and CRS-1h emulsions based on all the 

ISS test results. As shown, the CRS-2 tack coat provides greater shear strength than the CRS-1h 

tack coat. 
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Figure 5-4. Comparison of shear strength values of CRS-2 and CRS-1h via line of equality. 

 

5.1.3 Effect of Tack Coat Application Rate 

Figure 5-5 and Figure 5-6 present the shear strength mastercurves of CRS-2 under unmilled and 

milled conditions, respectively. The shear strength mastercurves were developed at three different 

application rates: 0.01 gal/yd2, 0.03 gal/yd2, and 0.05 gal/yd2. Each figure consists of three graphs 

with the different confining pressures: 69 kPa, 276 kPa, and 483 kPa. 
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(a) 

 

(b) 
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(c) 

Figure 5-5. Shear strength mastercurves of CRS-2 at various application rates under unmilled 

condition: (a) 69 kPa, (b) 276 kPa, and (c) 483 kPa. 

 

(a) 
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(b) 

 

(c) 

Figure 5-6. Shear strength mastercurves of CRS-2 at various application rates under milled 

condition: (a) 69 kPa, (b) 276 kPa, and (c) 483 kPa. 

Similar to the comparisons of the shear strength values at two different confining pressures (Figure 

6.7), Figure 5-7 presents comparisons of the shear strength values at two different application rates. 

In general, the effects of the tack coat application rate on the ISS are insignificant. 
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(c) 

Figure 5-7. Comparisons of shear strength values of CRS-2 at two different application rates via 

line of equality: (a) 0.03 gal/yd2 vs. 0.01 gal/yd2, (b) 0.05 gal/yd2 vs. 0.01 gal/yd2, and (c) 0.05 

gal/yd2 vs. 0.03 gal/yd2. 

In order to examine the effects of the application rate, shear strength mastercurves were developed 

at three different application rates: 0.01 gal/yd2, 0.03 gal/yd2, and 0.05 gal/yd2 at 483 kPa under the 

milled condition, as shown in Figure 5-8. Figure 5-9 presents comparisons of the shear strength 

values of CRS-1h at two different application rates under the milled condition. As was the case for 

the CRS-2 tack coat results, the effect of different application rates on the ISS is insignificant. 
































































































































































































































































































































