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Asphalt overlays often fail prematurely by allowing the propagation of existing cracks over the overlay surface, 

thereby forming reflective cracks. Among the many available interlayer reinforcement technologies, geosynthetic 

products are gaining popularity for mitigating reflective cracking. The main goal of this research effort is to ensure 

that North Carolina Department of Transportation engineers can choose the appropriate geosynthetic pavement 

interlayer product for a specific application based on performance data. The negative side effect of geosynthetic 

applications for surface paving is aggravation of the debonding distress. Hence, another objective is to develop a 

tack coat selection criterion for a specific geosynthetic type that safeguards against debonding failure. The scope of 

the test plan includes five geosynthetic products designated as paving composite #1 (PC#1), paving composite #2 

(PC#2), paving grid (PaG), paving mat (PM), and paving fabric (PF). In this study, geosynthetic-reinforced and 

unreinforced specimens were tested using four-point notched beam fatigue test equipment together with the digital 

image correlation (DIC) technique and a Modified Asphalt Shear Tester to measure the specimensô crack resistance 

capacity and interface shear strength, respectively. The double-layered asphalt concrete specimens were fabricated 

in gyratory and slab compactors using a hot mix designated as RS9.5C with 40% reclaimed asphalt pavement. The 

geosynthetic product was sandwiched between the asphalt layers with a tack coat (PG 64-22) applied at the rate 

recommended by the geosynthetic productôs manufacturer. Binder bond strength (BBS) tests were performed on the 

PG 64-22 binder. The DIC data were analyzed to determine the Von Mises strain, which in turn was used to 

determine the failure mode of the geosynthetic-reinforced asphalt beams. The DIC contours revealed that the failure 

mode could be classified into either vertical cracking or debonding and that each of these two failure modes depends 

on the geosynthetic product type, tack coat application rate, and strain level. Sufficient bond strength is needed to 

minimize debonding at the interface and is an important factor to mitigate vertical reflective cracking as well. 

The three-dimensional pavement analysis program, FlexPAVEÊ v. 1.1, and EverStressFE v 1.0 were used to 

determine the pavement responses. The pavement response analysis for numerous layer modulus and thickness 

combinations led to a predictive equation for interface tensile strain (et-overlay). The predictive et-overlay equation is a 

function of the surface curvature index, base damage index, base curvature index, and overlay thickness. A 

geosynthetic product selection table was developed based on the expected improvement factor and failure mode that 

correspond to the field et-overlay. Subsequently, a tack coat criterion for each geosynthetic product was developed 

based on the maximum shear ratio and BBS relationship. The BBS threshold values for PC#1, PC#2, PaG, PM, and 

PF are 280 kPa, 860 kPa, 455 kPa, 860 kPa, and 280 kPa, respectively. The results of this research effort are the 

guidelines developed for geosynthetic interlayer product selection and for tack coat selection. Populating more 

laboratory and field data is highly encouraged and will help to reinforce and improve the findings from this study 

and assist in the implementation of the developed guidelines in practice. 
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EXECUTIVE SUMMARY  

Background 

As pavement systems age, distress types such as cracking, rutting, raveling, and polishing the 

surface aggregate impede the pavement's ability to carry the daily traffic demand safely, 

comfortably, and effectively. Each year, highway agencies spend billions of dollars on pavement 

repair and rehabilitation to keep roadways in an acceptable condition for the traveling public. A 

commonly cited statistic is that 94% of the over 2.27 million miles of roads throughout the 

United States are surfaced with asphalt materials. Therefore, the maintenance and rehabilitation 

of these roads consume a significant portion of highway agencies' transportation budgets.  

Geosynthetics have been recognized as a cost-effective technology that can enhance pavement 

performance by providing reinforcement, stress relief, rutting and moisture resistance, good 

drainage, and minimal reflective cracking (Sudarsanan et al. 2015, 2018b). However, despite 

their proven effectiveness, geosynthetic products are not widely used in North Carolina due to 

the lack of proper specifications and product selection guidelines. Currently, the North Carolina 

Department of Transportation (NCDOT) does not have enough information, testing capability, 

and performance requirements to evaluate and select geosynthetic pavement interlayer products 

effectively for its transportation projects.   

Objectives  

The proposed research aims to develop performance testing methodologies and performance 

criteria that can be used in performance specifications and product selection guidelines by the 

NCDOT for geosynthetic products in pavement interlayer applications. The scope of the 

proposed research includes geosynthetic interlayer products that are placed between asphalt 

layers.   

Materials and Methodology 

This study's asphalt concrete (AC) loose mixture is RS9.5C with 40% reclaimed asphalt 

pavement (RAP). The five types of geosynthetic products investigated in this study are referred 

to as paving composite #1 (PC#1), paving composite #2 (PC#2), paving mat (PM), paving fabric 

(PF), and paving grid (PaG). A hot binder of performance grade (PG) 64-22 was used as the tack 

coat for all five geosynthetic products as well as control specimen (with no geosynthetic 

interlayer) and was applied at the rates recommended by the respective manufacturers. Table I-1 

presents the tack coat rates used for these five geosynthetic products and control specimen. 
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Table I-1. Tack Coat Rates for Different Geosynthetic Types 

Geosynthetic 

Type 

Control 

Specimen 

(no 

interlayer)  

Paving 

Composite 

#1 

Paving 

Composite 

#2 

Paving 

Mat  

Paving 

Fabric 

Paving 

Grid  

Nomenclature CS PC#1 PC#2 PM PF PaG 

Tack coat type PG 64-22 

Application rate, 

gal/yd2 (L/m2) 

0.03  

(0.14) 

0.14  

(0.63) 

0.33  

(1.49) 

0.12  

(0.59) 

0.08  

(0.36) 

0.23  

(1.04) 

The experimental design includes measuring the interface shear strength (ISS) and crack 

resistance capacity of geosynthetic-reinforced and unreinforced specimens in terms of the 

number of cycles to failure (Nf). The AC test specimens are double-layered and either 

unreinforced (the control specimen, referred to as óCSô hereafter) or reinforced with one of the 

five geosynthetic products. The ISS and crack resistance were measured using a Modified 

Asphalt Shear Tester (MAST) and four-point bending beam fatigue test equipment, respectively. 

The binder bond strength (BBS) of the PG 64-22 binder was measured using a Pneumatic 

Adhesion Tension Testing Instrument (PATTI).  

Figure I-1 (a), (b), and (c) present schematic illustrations of the MAST, PATTI, and four-point 

beam fatigue test set-ups, respectively. The MAST is a monotonic shear tester that is used to 

measure the ISS of a double-layered AC specimen with or without a geosynthetic interlayer 

(impregnated with asphalt) sandwiched between the layers. Each layer of the MAST test 

specimens was 38.1-mm (1.5-in.) thick. The MAST tests were carried out at various confining 

pressures, temperatures, and (monotonic) strain rates, as shown in Table I-2. The PATTI tests 

were carried out using PG 64-22 binder at six (6) different temperatures; the temperature data 

were then used to construct BBS mastercurves. Notched beam fatigue tests (NBFTs) were 

carried out using double-layered AC beam specimens with an 18-mm (0.7-in.) thick bottom layer 

and 36-mm (1.41-in.) top layer. A 7.5-mm (19/64-in.) deep and 2.5-mm (3/32-in.) wide notch 

was milled at the bottom of the beam specimens to mimic the existing crack damage. The 

NBFTs were conducted in controlled-strain mode at a minimum of four different strain levels for 

each type of geosynthetic-reinforced beam specimen, as shown in Table I-2. All the NBFTs were 

conducted at 23̄C (73̄ F), which is the nominal average temperature in North Carolina, using the 

standard load frequency of 10 Hz. 
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(a)                                                          (b) 

 

(c) 

Figure I-1. Schematic illustrations for (a) MAST test set-up, (b) PATTI test set-up, and (c) four-

point bending beam fatigue test set-up. 
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Table I-2. Test Conditions Used in Study 

Test Type MAST Test Notched Beam Fatigue Test 

Loading rate 5.08 mm/min (0.2 in./min) 10 Hz 

Strain level N/A*  
180, 200, 250, 300, 350, 400 

microstrain 

Confinement 
172 kPa (25 psi), 276 kPa (40 psi), 483 

kPa (70 psi) 
N/A 

Temperature 23°C (73°F), 35°C (95°F), 54°C (129°F) 23°C (73°F) 

Note: *Not applicable 

The digital image correlation (DIC) technique was used to track and measure the deformations 

on the surface of the beam specimens, especially at areas around the interlayer and cracks. The 

DIC technique captures a sequence of images during the test. Vic-2D®, which is commercial 

two-dimensional (2-D) DIC analysis software developed by Correlated Solutions, Inc., was used 

to calibrate the scales, analyze the images, and calculate the displacements and strains on the 

surface of the specimens. The DIC analysis results were used to determine the interfacial 

debonding and vertical crack propagation throughout the AC beams subjected to the NBFTs. 

Pavement response analysis of various test sections was undertaken by running numerical 

simulations using the three-dimensional finite element software, FlexPAVEÊ. The section 

dimensions of the simulated pavements represent those of a thick pavement structure used in 

North Carolina, as shown in Figure I-2. In an earlier NCDOT project, HWY-2013-04, the North 

Carolina State University researchers 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, previous analyses of the maximum shear ratio (MSR) indicate 

that a high temperature, low speed, and heavy axle load constitute the worst field conditions that 

are conducive to debonding at the AC layer interface (Cho 2016, Kim et al. 2015b). Therefore, 

the thick pavement simulated in this study was loaded using a dual tire with an axle load of 80 

kN (18 kips) 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). The test conditions also 

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

consideration. The pavement temperature was set at 50C̄ (122̄ F). 
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Figure I-2. Thick pavement section used for FlexPAVEÊ simulations. 

In addition to the FlexPAVEÊ simulations, EverstressFE, which is three-dimensional linear 

elastic finite element software, was used to simulate the pavement responses of the same 

structure with various thickness and modulus combinations (~1500 combinations). The reason 

for performing this additional analysis is that EverstressFE allows pavement response 

simulations to be carried out in batch mode and generates bulk input files using an Excel VBA 

code, whereas FlexPAVE does not have this capability. The outcomes of nearly 1500 

combinations helped to develop a predictive equation to estimate the tensile strain underneath a 

newly constructed overlay (at the interface) based on falling weight deflectometer (FWD) 

measurements of the existing damaged pavement. Table I-3 presents the simulation conditions. 
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Table I-3. Pavement Simulation Conditions Using EverstressFE 

Eoverlay 
psi 500,000 

MPa 3,447 

Toverlay  in. (mm) 1.5 (38.1), 3 (76.2), 4 (101.6) 

Eac  
psi 700,000 500,000 300,000 100,000 50,000 

MPa 4,826 3,447 2,068 689 345 

Tac in. (mm) 4 (101.6), 7 (177.8), 10 (25.4) 

Eabc 
psi 50,000 40,000 30,000 20,000 10,000 

MPa 345 276 207 138 69 

Tabc in. (mm) 8 (203.2) 

Esg 
psi 20,000 15,000 10,000 5,000 2,500 

MPa 138 103 69 34 17 

Tsg in. (mm) Semi-infinite 118 (300)  

 

Note: Eoverlay is overlay modulus; Toverlay is overlay thickness; Eac is asphalt concrete layer modulus; Tac is 

asphalt concrete layer thickness; Eabc is aggregate base course modulus; Tabc is aggregate base course 

thickness; Esg is subgrade modulus, and Tsg is subgrade thickness. 

Research Approach 

Figure I-3 presents a flow chart of the research approach taken to develop guidelines for 

selecting geosynthetic products based on the product's ability to resist debonding and reflective 

crack propagation. The outcomes of this research approach are (1) the ranking of the various 

geosynthetic products in terms of the load-bearing capacity of the existing pavement for the 

overlay project and (2) the prediction of the expected mode of failure in the field, i.e., debonding 

or vertical reflective cracking.  

Similarly, Figure I-4 shows the research approach in a flow chart form that aids in determining 

the appropriate tack coat for the selected geosynthetic product. The outcome of the research 

approach is the minimum BBS that the chosen tack coat should provide for the selected 

geosynthetic product, thereby avoiding the debonding distress. This project's experimental and 

numerical research has resulted in the geosynthetic interlayer selection guidelines shown in 

Figure I-5. The three-phase research effort that was undertaken to develop these step-by-step 

guidelines is described briefly in the subsequent text according to the three phases. 
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Figure I-3. Flow chart of research approach taken to develop geosynthetic product selection 

guidelines. 
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Figure I-4. Flow chart of research approach taken to develop tack coat selection guidelines. 
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Figure I-5. Step-by-step selection guidelines for geosynthetic type and tack coat materials. 
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Phase 1: Evaluate crack resistance in terms of the number of cycles to failure (Nf) and failure 

mode (debonding and/or vertical cracking) of various geosynthetic products based on laboratory 

test results. 

In Phase 1, the crack resistance and failure mode of the different geosynthetic-reinforced beam 

specimens were measured using NBFTs. The NBFTs were carried out at different constant 

actuator tensile strain levels at 23C̄ (73̄ F). Chapter 6 of this report presents a critical evaluation 

of the NBFT results. Analysis of the outcomes led to establishing a relationship between tensile 

strain and crack resistance, presented here as Equation (I-1). 
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where  

Nf  = number of cycles to failure, representing crack resistance, 

k1, k2 = regression coefficients, and 

et = tensile strain in microns. 

Table I-4 presents the parameters k1 and k2 for each of the five geosynthetic products and the 'no 

interlayer' scenario, i.e., the control specimen (CS). Based on the expected tensile strain 

underneath the overlay, a table was developed that comprises an improvement factor for the 

crack resistance that corresponds to each geosynthetic product. Figure I-5 contains this table 

under the description of Step 3. This table will help the designer to choose a product based on 

his/her engineering judgment. 

Table I-4. Measured Parameters k1 and k2 Based on On-Specimen Tensile Strain versus Number 

of Cycles to Failure 

Interlayer Type CS PC#1 PaG PM PC#2 PF 

k 1 5.15³10-16 1.42³10-11 8.82³10-19 5.09³10-38 6.38³10-24 8.03³10-16 

k 2 5.35 4.25 6.21 11.50 7.72 5.49 

R2 0.78 0.90 0.95 0.42 0.1 0.89 

 

The DIC technique was employed to study the crack propagation patterns throughout the AC 

beams (Step 2 shown in Figure I-5). The digital images captured using the DIC technique were 

analyzed using Vic-2D® to determine the Von Mises strain. The Von Mises strain that is 

measured on the beam surface between the loading points can be used to determine the macro-

crack development and, therefore, failure mode. In this study, a comparison between visual 

observations of the DIC images and Von Mises strain helped identify the macro-crack criterion, 

which is the point at which the Von Mises strain is greater than or equal to three percent. The 

debonding area was determined by selecting a region of constant area [150 mm2 (0.23 in.2)] with 

the dimensions of 60 mm ³ 2.5 mm (2.36 in. ³ 0.1 in.) around the interface and then counting the 

number of pixels that satisfies the Von Mises macro-crack criterion. Correspondingly, the middle 

one-third area of the beam with a constant area [340 mm2 (0.53 in.2)] and dimensions of 20 mm 
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³ 17 mm (0.79 in. ³ 0.67 in.) was selected to count the pixels that were used to determine the 

vertical macro-crack area. The vertical and debonding cracked areas were then plotted against 

the number of load cycles. The percentages of the vertical and debonding cracked areas helped to 

determine the failure mode for each test condition.  

Figure I-6 shows the Von Mises strain contours that were measured at the failure points during 

the NBFTs; Chapter 7 presents detailed results. A close investigation of the crack patterns shown 

in the DIC contour images during the NBFTs of the reinforced and unreinforced beam specimens 

reveals that each test failure can be classified into two failure modes, vertical cracking and 

debonding. That is, the energy that is input by repeated loading is dissipated by the creation of 

new surfaces through either vertical cracking or debonding. The results indicate that all five 

types of geosynthetic products delay vertical crack propagation but promote debonding. Also, the 

chance of vertical crack propagation is shown to be greater at higher tensile strain levels. 

Therefore, depending on the type of geosynthetic product and tensile strain tested, the 

propensities of vertical cracking and debonding vary.  

Figure I-6 also shows that CS, irrespective of the tensile strain set during the NBFT, exhibits 

vertical cracking at failure. However, at the 180 m actuator tensile strain level, CS at failure 

shows signs of debonding strain. The debonding strain becomes debonding cracking once it 

meets the macro-crack criterion. In all the geosynthetic product cases, the lower strain levels 

caused predominantly debonding failure, whereas the higher tensile strain levels led to vertical 

cracking failure. During the high tensile strain tests, both the top and bottom layers served as two 

independent beams. Decoupled beam behavior occurs once the crack that is generated from the 

notch passes through the bottom layer and touches the top layer, causing crack initiation at the 

bottom of the top layer. The delay in the crack initiation from the bottom of the top layer 

depends on the geosynthetic type and test strain level. This phenomenon indicates the existence 

of transition tensile strain, which is the tensile strain where the failure mode switches from 

debonding to vertical cracking when testing specimens at low to high tensile strain levels.  

Figure I-6 shows that, in the cases of PC#1 and PaG, debonding failure can be observed only at 

an interlayer tensile strain that is less than 40 m. The results for all the tests conducted above 40 m 

interlayer tensile strain show vertical cracking failure. Therefore, the transition tensile strain is 

considered to be 40 m. In the cases of PC#2 and PM, the transition tensile strain at the interlayer 

is approximately 70 m. Note that the application rate recommended by the manufacturer for PC#2 

is high compared to the other geosynthetic products due to product thickness. Hence, PC#2 

requires a larger quantity of tack coat for complete impregnation. In addition, the thicknesses of 

PC#2 and PM are greater than the rest of the products. Factors such as the tack coat application 

rate, product stiffness, and product thickness help the geosynthetic product to absorb the stress 

near the crack tip, thereby arresting vertical cracking. Unfortunately, the data for PF are not 

sufficient to determine the transition tensile strain. All the PF tests resulted in debonding failure. 

Further study using PF at higher tensile strain levels could help identify the transition tensile 

strain. Therefore, in the geosynthetic interlayer selection guideline presented in Chapter 8, the 

overlay strain that is greater than the highest tested interlayer tensile strain for PF results in an 

unidentifiable debonding/vertical cracking failure mode. Any overlay strain that is above the 

transition tensile strain is defined as vertical cracking, whereas any overlay strain that is below 
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the transition tensile strain is defined as debonding. These observations suggest that the failure 

mechanism in geosynthetic-reinforced overlays depends on the geosynthetic product type and the 

strain level at the bottom of the overlay. However, the selection of a suitable geosynthetic 

product should be made before the overlay is constructed, thus making it necessary to predict the 

tensile strain at the bottom of the overlay. 
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eos (eint)  203 m (68 m) 208 m (69 m) 174 m (58 m) 170 m (56 m)    

PM  

    

   

*Note: eact and eos are tensile strains calculated using actuator displacement and on-specimen displacement, respectively; and eint is tensile strain predicted at the 

interlayer based on on-specimen displacement (eint = eos/3). The failure mode of each test is identified by the shades in each cell with the following patterns: 

 Vertical Cracking   Debonding Cracking  Failure not recorded using Stress ³ N 
 

Figure I-6. Von Mises contours for different interlayer geosynthetic-reinforced beam specimens at failure points in notched beam fatigue tests.
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Phase 2: Perform numerical simulations of pavement responses. 

Kim et al. (2000) demonstrated that the tensile strain at the bottom of an asphalt layer is closely 

related to the deflection basin parameters. In order to develop the relationship between the tensile 

strain at the bottom of an overlay and the deflection basin parameters, pavement response 

analysis using EverstressFE software for various thickness and modulus combinations (~1500 

combinations) was carried out (Step 2 shown in Figure 4). Equation (I-2) was developed based 

on the numerical simulation study. Esg³Teq in Equation (I-2) is calculated using Equation (I-3). 

Chapter 4 provides details regarding these numerical solutions. 

 
( ) ( ) ( ) ( ) 575×log +1034×log SCI - 1346×log BDI +1136×log BCI

                +115×  - 3539

t overlay sg eq

overlay

E T

T

e- = ³
  (I-2) 

 

BCI BCI

0.3827 2.459( ) 78683 7503965 698559sg eqE T e e

å õ å õ
æ ö æ ö
- -ç ÷ ç ÷³ = + ³ + ³   (I-3) 

where 

SCI = D0 ï D12, surface curvature index (mils),  

BDI = D12 ï D24, base damage index (mils), 

BCI = D24 ï D36, base curvature index (mils), 

D0, D12, D24, and D36 = deflections at the distances of 0 in., 12 in., 24 in., and 36 in. from 

the center of the FWD loading plate, respectively, 

Toverlay = thickness of the overlay (in.), 

Tac = thickness of the asphalt concrete layer (in.), 

Tabc = thickness of the aggregate base course (in.), 

Teq = T(ac)eq+T(abc)eq = 3 3
ac abc

ac abc

sg sg

E E
h h

E E
+   

Teq = equivalent thickness of the pavement structure (in.) in terms of subgrade modulus, 

Eac = Youngôs modulus of the asphalt concrete layer (psi), 

Eabc = Youngôs modulus of the aggregate base course (psi), 

Esg = Youngôs modulus of the subgrade (psi). 
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Equations (I-2) and (I-3) allow the prediction of the tensile strain at the bottom of the overlay (et-
overlay) using FWD measurements taken from the existing pavement and the thickness of the 

overlay (Toverlay). 

Phase 3: Determine the minimum binder bond strength for the different geosynthetic product 

types. 

Figure I-4 presents a flow chart of the research approach that was taken in a previous tack coat 

study, RP 2018-13 Development of a Tack Coat Quality Control Program for Mitigating 

Delamination in Asphalt Pavement Layers, to control the debonding distress. The same approach 

was taken in this project to determine the minimum tack coat BBS values for the different 

geosynthetic interlayer types. The experimental design for this research approach calls for 

measuring the ISS using the MAST and measuring the BBS using PATTI. The MAST test is 

carried out at three strain rates and temperatures to build the ISS mastercurve and an ISS 

predictive equation. Similarly, PATTI is used to measure the BBS of a binder at various 

temperatures to build the BBS mastercurve and a BBS predictive equation. Further, the braking 

event of a truck is simulated numerically using FlexPAVETM, and the in situ strain rate and stress 

rate at the interlayer are predicted. Consequently, the predicted strain and stress rates help in 

calculating the field ISS and BBS that are experienced by the interlayer using the predictive ISS 

and BBS equations developed based on experimental data. The outcomes show a universal 

relationship between the ISS and BBS experienced by the interlayer. The end result of this 

approach is the minimum BBS value that serves as the criterion for acceptance of the tack coat 

that corresponds to a specific paving geosynthetic product. The selected tack coat and 

corresponding geosynthetic product are fully expected to provide sufficient ISS to resist shear 

stress in the field, thereby avoiding debonding failure. 

Figure I-7 shows the failure envelopes of the different geosynthetic products. The MSR versus 

BBS curves are based on the steps described in Figure I-4. The cut-off value for MSR acceptance 

is set at 0.7, which is a value proposed for tack coat selection alone (no interlayer). The results 

show that the MSR value increases, i.e., the shear strength reduces, with different geosynthetic 

product inclusions between the AC layers. The developed selection criteria will encourage 

engineers to use a better tack coat than PG 64-22 (used in the present study) with a minimum 

BBS value, provided in Stage 4 of Figure I-3. The current results show that a better tack coat 

should improve the performance of the geosynthetic products, similar to the performance of the 

no-interlayer condition in resisting the debonding distress.  
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Figure I-7. Failure envelopes showing the minimum binder bond strength required for tack coat 

(TC) selection. 

The current study proposes a threshold shear test protocol to evaluate each geosynthetic product's 

potential to resist debonding. The confined shear test should be conducted at 50C̄ (122̄ F), 5.08 

mm/min (0.2 in./min) at the actuator deformation rate (on-specimen reduced shear strain rate of 

2.6³10-4/sec) and 275 kPa (40 psi) confining pressure. Based on the MSR information, the 

minimum required shear strength for acceptance of the geosynthetic-reinforced specimens is 470 

kPa (68 psi). Also, for quality control purposes in the field, threshold shear tests should be 

performed using field cores. Once measured, the ISS must be substituted in Equation (I-4) to 

verify the acceptance criterion.  

 
210

MSR 0.05 0.7
0.6 ISS
= - ¢

³
  (I-4) 

where 

MSR = maximum shear ratio, and 

ISS = interface shear strength in kPa. 

Major Conclusions 

This report proposes a framework that practitioners can follow to identify the improvement 

factors provided by various geosynthetic products as well as the products' failure modes. The 

results from this study's laboratory tests were linked to field-measured deflections, aided by a 

regression equation that was developed based on numerical simulations of pavement responses. 

The findings of this study will help engineers to select the best-fit geosynthetic product based on 
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existing pavement conditions. The study also proposes a minimum BBS requirement for the tack 

coat that best corresponds to the selected geosynthetic product.  

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

analyses conducted in this research. 

Experimental Work Based on Test Results 

Interface shear strength tests  

The use of the t-T superposition principle to establish ISS and BBS mastercurves was verified in 

this study. The t-T shift factors determined from DSR measurements of the asphalt binder (PG 

64-22 in this study) were used successfully to develop ISS and BBS mastercurves. 

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

coefficients for the double-layered AC specimens with five different geosynthetic types 

and one unreinforced (CS) condition used in this study. This predictive model can predict 

the shear strength at a specific pavement depth of interest, which then can be compared 

against the shear stress at that depth predicted from FlexPAVETM.  

¶ In comparison to the unreinforced specimen (CS), the presence of any geosynthetic 

product under any test conditions reduced the ISS and increased the chance of interfacial 

debonding.  

¶ The ISS decreased with an increase in test temperature and a decrease in strain rate. This 

finding applies to all the tested MAST specimens, independent of geosynthetic product 

type. 

¶ The shear strength reduced 40% to 65% with a change in temperature from 23C̄ (73̄ F) 

to 54̄ C (129̄ F). The difference in the shear strength of the different geosynthetic-

reinforced specimens decreased with an increase in the testing temperature. 

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

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

pressure. The mobilization of aggregate interlocking resulted in increased frictional 

resistance to the applied shear stress. Therefore, the shear strength increased with an 

increase in confining pressure. However, the rate of the ISS increase with confining 

pressure is a function of the geosynthetic product type. 

¶ No effect of the tack coat application rate on the ISS of the geosynthetic-reinforced 

specimens was readily apparent. Statistical analysis of the ISS data generated in this 

study also supports the visual observations. 

¶ The bond at the interface will deteriorate with environmental impacts and traffic loading. 

Hence, a safety factor should be considered to take into account field conditions. The 

acceptance MSR was set at 0.7 based on findings from this study and NCDOT RP2018-

13. 

¶ According to the MSR analysis results, threshold shear strength tests for the evaluation of 

geosynthetic-reinforced products should be conducted at 50C̄ (122̄ F), 5.08 mm/min 

(0.2 in./min) actuator deformation rate (on-specimen reduced shear strain rate of 2.6³10-

4/sec), and 275.8 kPa (40 psi) confining pressure. Based on the MSR information, the 

minimum required shear strength for geosynthetic-reinforced specimens under these 

conditions is 470 kPa (68 psi). 
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Notched beam fatigue tests 

¶ All the geosynthetic products studied can improve crack resistance (in terms of reducing 

the number of cycles to failure) under in-service conditions (typical tensile strain 

expected in the field). 

¶ The tack coat application rate affects the pavement's crack resistance whereby an increase 

in the tack coat rate extends the fatigue life. However, this conclusion is based on three 

application rates that were applied only to CS and PC#1. Further study is required to 

confirm the observed results.  

¶ Several failure criteria were applied to the outcome of each NBFT to identify the failure 

cycle number. However, the stress ³ N failure criterion eventually was selected for 

determining failure due to its ease of application and non-dependency on on-specimen 

deformation measurements. Moreover, the Nf values from the stress ³ N failure criterion 

are comparable to those determined by other available failure criteria. 

¶ Full-field displacement and strain contours obtained through the NBFTs using the DIC 

technique revealed that the failure of geosynthetic-reinforced asphalt beam specimens can 

be classified into two failure modes, vertical cracking and debonding. The energy that is 

input by repeated loading is dissipated by the creation of new surfaces through vertical 

cracking and debonding. Therefore, the increase in interfacial damage effectively 

mitigates vertical cracking. However, this behavior is not necessarily beneficial to 

pavement life because the interlayer products that have a greater tendency for interfacial 

damage will cause debonding pavement failure. 

¶ Strong bonds between geosynthetic interlayers and surrounding asphalt layers that can be 

provided by high quality tack coat not only prevent the debonding but also allow the full 

use of the strength of the geosynthetic interlayers in mitigating the reflective cracking.  

¶ DIC analysis revealed that interlayer movement can be significant depending on the 

geosynthetic product type. Typically, thick and continuous geosynthetic products 

exhibited greater interlayer movement than thinner and grid-type products. 

¶ When the tip of a vertical crack in the bottom layer nearly reached the interface, the 

interface damage (if any) started to grow. However, when the vertical crack propagation 

reached the top layer, i.e., the crack initiated from bottom of top layer, the energy input 

by the repeated loading was mostly used to propagate the vertical crack and therefore the 

severity of the interfacial damage did not change significantly. 

¶ During the NBFTs, the failure modes for the PC#1- and PaG-reinforced beam specimens 

were observed to change from debonding cracking at a low strain level to vertical 

cracking at a high strain level. Hence, depending on the strain level chosen for testing, the 

failure mode could change. 

¶ For all the geosynthetic product cases, lower strain levels led to predominantly debonding 

failure whereas higher tensile strain levels led to vertical cracking failure. During the high 

tensile strain tests, both the top and bottom layers served as two independent beams due 

to local debonding at the crack tip. Therefore, vertical cracking at high tensile strain 

levels could be mitigated if debonding is minimized. This observation emphasizes the 

importance of sufficient bond strength at the interface of geosynthetic-reinforced asphalt 

overlays, which is needed to capture the full benefits of geosynthetic products and 

mitigate reflective cracking. 
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¶ The areas of debonding cracking and vertical cracking that were measured on the 

geosynthetic-reinforced beam specimens corresponded closely to the stress degradation 

rate that can be measured from load responses without the DIC technique. However, 

insufficient data led to the inability to establish a relationship. Hence, future research is 

recommended that could help identify the failure mode without the aid of the DIC 

technique. 

 

Experimental Work Based on Numerical Simulations   

FlexPAVEÊ analysis 

The FlexPAVEÊ analysis of various overlay pavement structures, traffic speeds, temperatures, 

and overlay thicknesses suggest the following conclusions. 

 

¶ In this research, 'shear ratio' is defined as the ratio between the shear stress at the 

interface under vehicular loading and the ISS. The 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 (18 kips). 

The tack coat considered in this study (PG64-22 binder) generated sufficient shear 

strength to resist shear stress in the field, based on the numerical simulations. Hence, the 

potential for interface debonding using this tack coat is minimal. 

¶ The MSR typically is found at the center of the longitudinal axis of the tire at 10 cm (3.9 

in.) to 14 cm (5.5 in.) 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 an interface to resist debonding 

during its service life are as follows: a thick pavement with a dual tire at 80 kN (18 kips) 

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

¶ The difference in the MSR values among different structures typically is between 2.5% 

and 3.5 percent. The pavement structures considered for the current study did not 

significantly affect the MSR because shear debonding is a near-the-surface phenomenon.  

 

EverstressFE linear elastic model analysis 

¶ The batch analysis of 1500 combinations of pavement structures with various elastic 

modulus values and thicknesses was undertaken to predict the overlay tensile strain based 

on FWD measurements of the existing pavement. 

¶ All the analyses were carried out assuming the temperature of 23C̄ (73̄ F). Hence, the 

deflection measurements had to be corrected for temperature using BELLS equation and 

the NCDOT deflection correction method. 

¶ The predictive equation for overlay tensile strain is a function of the SCI, BDI, BCI, and 

Toverlay. Hence, this approach is not dependent on any back-calculation software to 

identify the elastic modulus and then analyze simulated responses of an overlay 

pavement. 

 

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

universal relationship between the ISS and BBS, followed by the MSR versus BBS 

relationship. The MSR-BBS relationship is presented as a function of interface depth and 

was used to determine the BBS threshold values for different interface depths. 

¶ A methodology that was developed under the NCDOT RP 2018-13 project as part of a 

tack coat quality control program is used in this study to ensure the appropriate bonding 

of tack coat and provide acceptable field performance. This methodology uses PATTI to 

measure the BBS of the tack coat material tested at 50C̄ (122̄ F). 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, respectively).  

¶ Based on the MSR-BBS relationship, the BBS value at 50̄C (122̄ F) that corresponds to 

the MSR value of 0.7 can be found, as presented in Figure I-7. Therefore, if the BBS of a 

tack coat at 50̄C (122̄ F) is above that shown in Figure I-5, then the tack coat can be 

accepted for application with the corresponding geosynthetic product at the 

manufacturer's recommended rate.  

¶ Employing the selected tack coat that corresponds to a specific geosynthetic product will 

improve overall pavement performance. Safavizadeh (2015) also reported that a better-

performing tack coat will help geosynthetic-reinforced beam specimens exhibit superior 

performance. 

 

Step-by-Step Procedure for Geosynthetic and Tack Coat Selection Guidelines 

Engineers should follow the developed step-by-step process presented in Figure I-5 to select a 

best-fit geosynthetic product based on expected pavement performance. The appropriate tack 

coat can then be selected based on the minimum BBS required for the geosynthetic product 

selected. The main aim of proposing the selection procedure for geosynthetic products is to build 

a solid research framework. More laboratory and field data will help to reinforce the current 

approach and eventually assist in developing numerical simulation models. 

Step 1: Measure surface deflections. 

The existing pavement conditions must be evaluated using an FWD. The deflections must be 

measured at D0, D12, D24, and D36. Dr is the surface deflection, and r is the distance from the load 

center (in.). The measured deflections are used to determine the SCI, BDI, and BCI.  

Step 2: Predict the tensile strain underneath the overlay. 

The overlay tensile strain predictive equation shown in the Equation (I-2) is a function of the 

SCI, BDI, BCI, and overlay thickness (Toverlay). The SCI, BDI, and BCI are measured in Step 1, 

so the only unknown factor is Toverlay. The designer must assume a minimum Toverlay of 1.5 in. or 

more. Then, the parameters must be substituted in Equations (I-2) and (I-3) to predict the overlay 

tensile strain. If the predicted overlay tensile strain is negative because the neutral axis of all the 

asphalt layers is below the bottom of overlay, then the interface is in the compressive stress state. 

This case indicates that the existing pavement under the overlay is in good condition. In this 

case, the selection of the geosynthetic product is at the engineer's discretion. The engineer needs 

to note that the initial compressive state of the interface would eventually transform to the tensile 

state as the damage progresses with time and traffic.  
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If the predicted overlay tensile strain is greater than 100 m, then the pavement is severely 

damaged, in which case milling the surface layer followed by a leveling course is recommended 

before installing the geosynthetic product. Alternatively, increasing the overlay thickness also 

reduces the tensile strain. If increasing the overlay thickness reduces the interface tensile strain 

below 100 m, then the geosynthetic product can be used after standard crack fill and patchwork. 

These suggestions are based on laboratory test results; a thorough field study based on these 

recommendations would refine the findings. 

 

Step 3: Select the geosynthetic product based on performance. 

Determining the crack resistance of the various geosynthetic products investigated in this study 

helped to develop the selection table shown in Step 3 of Figure I-5. The improvement factor 

reported in the table is the ratio of the crack resistance of a geosynthetic-reinforced AC beam at a 

specific strain level to that of an unreinforced AC beam. The DIC study helped identify the 

failure mode between debonding and vertical cracking. The presence of vertical cracking 

accelerates damage by allowing moisture to infiltrate the pavement structure. In general, 

debonding failure is more prevalent than vertical crack failure.  

The strain range in Step 3 is selected based on the tensile strain at the bottom of the overlay that 

is predicted in Step 2. The improvement factor of the various products for the selected strain 

range is provided, and the product can then be chosen based on the improvement factor for the 

predicted strain value in a given project. Note, however, that the improvement factor is 

insignificant for various products within a certain range of tensile strain. Hence, the engineer's 

judgment regarding product selection must be based on the cost-benefit ratio. The proposed 

selection table (Step 3 in Figure I-5) is based on limited laboratory test results. Hence, relying on 

field improvement factor values is unrealistic. However, the table may offer a ranking pattern of 

the geosynthetic products' performance for different field conditions. 

Step 4: Select the tack coat based on the geosynthetic product selected. 

The tack coat is selected based on the minimum BBS of the geosynthetic product selected. 

PATTI is used to measure the BBS of the tack coat material at 50̄C (122̄ F). 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, respectively). If the BBS value meets the minimum BBS reported in Step 4 of 

Figure I-5, then the tack coat should be applied at the application rate recommended by the 

manufacturer. The minimum BBS value is based on the MSR of 0.7, which is the value used for 

tack coat selection (without geosynthetics). A previous NCDOT research project found through 

laboratory study that the crack resistance of geosynthetic-reinforced products increases with a 

better-quality tack coat (i.e., greater BBS). The crack resistance of all the geosynthetic products 

in the current study was evaluated using PG 64-22 binder as the tack. The typical BBS value of 

PG 64-22 binder is between 75 kPa (11 psi) and 90 kPa (13 psi). However, the recommended 

tack coat requires a BBS value that is at least three to eight times that of the PG 64-22 binder. 

Hence, the improvement factor proposed in Step 3 is expected to be observed in the field. 

Nonetheless, the superiority of one product over another with a better tack coat cannot be 

confirmed by the current study and remains a topic for future research.  
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SYMBOLS AND ABBREVIATIONS  

b     =  Slope of the linear regression in the second stage 

x   =  Reduced time at reference temperature 

e   =  Strain 

w  =  Angular loading frequency (Hz) 

q  =  Bending angle 

sɜ  = Axial stress rate (kPa/s) 

d  = Minimum value of |E*| (MPa) 

r  = Radius of curvature 

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

d+a  = Maximum value of |E*| (MPa) 

e1, e2   = Principal strains at an element 

eact  = Actuator based tensile strain at the bottom of the asphalt layer 

sc  =  Normal confining stress (kPa) 

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

tcohesion  = Cohesion component of shear strength (kPa) 

tf  =  Shear strength at the layer interface (kPa) 

fi   =  Phase angle between stress and strain at load cycle i  

ri   = Relaxation times (sec) 

eint  =  On-specimen based tensile strain at the interlayer 

eos  = On-specimen based tensile strain at the bottom of the asphalt layer 

sɜR  =  Reduced axial stress rate (kPa/s) 

wR  = Reduced angular frequency (Hz) 

ts  = Shear stress (kPa) 

et   =  Tensile strain at the bottom of the asphalt layer 

st  =  Tensile strength / binder bond strength (kPa)  

st-crit  = Critical tensile strength / binder bond strength at 50C̄ (kPa) 

ev   =  Von Mises strain 

lw   =  Temperature correction factor 

exx   =  Strain along the x-axis 

exy   =  Shear strain tensor 

txz  =  Shear stress in transverse direction under the tire (kPa) 

gxz  = Shear strain in the transverse direction under the tire 

eyy   =  Strain along the y-axis 

gyz  =  Shear strain in the longitudinal direction under the tire 

tyz  =  Shear stress in longitudinal direction under the tire (kPa) 

a   =  center-to-center spacing between clamps (Cox: 119 mm) 

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

shear ratio predictive equation 

A0, A1, and B1   = Fitting parameters 

a1, a2, a3  =  Functions of temperature 

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

Acs   =  Cross-sectional area of specimen (m2) 
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aI, bI, cI, dI, eI  =  Material parameter constants for interface shear strength predictive 

equation    

aT  = Time-temperature shift factor 

b   =  Average specimen width (mm) 

BBS  = Binder bond strength (kPa) 

BCI   = Base curvature index (mils) 

BDI   =  Base damage index (mils) 

C0 and A   =  Regression constants 

CS  =  Control Specimen 

D  =  Damage 

d  = Depth of interface from asphalt surface (in.) 

D0, D12, D24, and D36 = Deflections at distances of 0, 12, 24, and 36 inches from the center of the            

falling weight deflectometer loading plate, respectively 

DIC  = Digital image correlation 

E   =  Modulus of the asphalt concrete 

E¤   =  Equilibrium modulus (MPa) 

E(t)   =  Relaxation modulus (MPa) 

E*   = Dynamic modulus (MPa) 

E0   = Initial stiffness (modulus) of the material, and  

Eabc   =  Youngôs modulus of aggregate base course (psi) 

Eac   =  Youngôs modulus of asphalt concrete layer (psi) 

Ei   =  Relaxation strength (MPa) 

Esg   =  Youngôs modulus of subgrade (psi) 

f  =  Loading frequency (Hz) 

FA   =  Axial force (kN)  

Fc   =  Confining force (kN)  

fR  = Reduced frequency (Hz) 

FWD  = Falling Weight Deflectometer 

G*  = Dynamic shear modulus (MPa) 

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

h   =  Average specimen height (mm) 

Hac   =  Asphalt concrete layer thickness (in.) 

ISS  = Interface shear strength (kPa) 

Izz   = Area moment of inertia 

k   =  Reduced strain rate at reference temperature 

kô   =  Slope of strain vs. time at temperature T   

k1, k2, k3    =  Material properties (calibration parameters) 

ln (a)   =  Intercept of the linear regression of the second stage. 

m   =  Number of Maxwell elements 

M  = Total moment of the forces 

me, n  = Constant, dimensionless, shape parameter 

MSR  = Maximum shear ratio 

N or n or Ni  =  Number of cycles 

NBFT  = Notched beam fatigue test 

Nf    =  Number of cycles to failure 

P   =  Load applied by the actuator (N) 
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PaG  = Paving grid 

PATTI   =  Pneumatic Adhesion Tension Testing Instrument 

PC#1  = Paving composite #1 

PC#2  = Paving composite #2 

PF  = Paving fabric 

PM  = Paving mat 

r   =  Radial distance from center of load plate (in.) 

R2        =  Coefficient of determination 

SCI   =  Surface curvature index (mils) 

SG   =  Shear gap (mm) 

Si  =  Stiffness at the i th cycle 

So   =  Initial stiffness measured at the 50th load cycle 

SR   =  Flexural beam stiffness ratio, beam stiffness at the cycle of interest divided 

by initial beam stiffness 

SSres   =  Sum of squared residual errors 

SStot    = Sum of squared total errors 

t   = Time (sec) 

T  =  Total number of periods 

Tabc  =  Thickness of aggregate base course (in.) 

Tac  =  Thickness of asphalt concrete layer (in.) 

Teq    =  Equivalent thickness (in.) of pavement structure in terms of subgrade 

modulus 

Toverlay   =  Thickness of the overlay (in.) 

u and v  =  Displacements 

uA-act   =  Actuator-based axial displacement (mm) 

uA-DIC   =  Digital image correlation-based axial displacement (mm)  

W0  =  Energy dissipated in the first cycle 

Wi   =  Dissipated energy at load cycle i 

Wn   =  Energy dissipated in the nth cycle 

wT   =  Deflection at temperature T 

wT0   =  Deflection corrected to temperature T0 

xə  =  Global mean for covariate x 

xi   =  Independent predictor, or explanatory variable 

xij   = Covariates 

җ        =  Mean value of y (measured values) 

yᴗ        =  Predicted value of y 

ȑ  =  Dependent or response variable  

yi          =  Measured values 

Yij  = j th observation under the ith categorical group 

ɓᵈ  =  Regression coefficient for the relationship between the response and 

covariate 

ɔᵌ  =  Shear strain rate 

ɔᵌR  =  Reduced shear strain rate  

i᷾j   =  Random errors 

‘   =  Overall mean 
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Chapter 1. Introduction  

1.1 Background 

One common form of pavement rehabilitation that is quick and reliable for treating pavement 

distress is asphalt concrete (AC) overlays. The phenomenon of crack propagation through a new 

overlay from the underlying pavement structure is known as reflective cracking. Many interlayer 

reinforcement technologies can be employed to mitigate reflective cracking, but geosynthetic 

products are gaining attention due to their ease of installation, low cost, and wide availability. 

The primary functions of geosynthetics are reinforcement, stress relief, and waterproofing. The 

reinforcing function requires the geosynthetic material to have a significantly higher modulus 

value than the surrounding asphalt. Such reinforcement can redirect cracking at the interlayer, 

thereby delaying or mitigating reflective cracking indefinitely. Stress-relieving geosynthetic 

products have low stiffness values and can store strain at low stress levels. With regard to the 

waterproofing function, when a crack penetrates through the overlay, the geosynthetic acts as a 

barrier to prevent water infiltration and protects the underlying structure. A geosynthetic product 

that is fully impregnated by the tack coat significantly reduces water permeability. Proper 

installation, control of the overlay thickness, and oversight of the compaction quality are 

required to achieve the three primary geosynthetic functions. Similarly, ensuring a proper bond 

between adjacent asphalt layers to allow the pavement structure to act monolithically in resisting 

vehicular and thermal loads is of critical importance for solid pavement performance. A weak 

bond between the layers and the geosynthetic product eventually leads to premature failure due 

to debonding, followed by a reduction in the service life of the asphalt pavement. Therefore, 

proper selection criteria are needed for geosynthetic products to meet the variable pavement 

conditions. Numerous types of geosynthetic products are available in the market, and the primary 

goal of each product for paving applications is to control reflective cracking and improve the 

pavementôs longevity. Unfortunately, limited studies have been undertaken to establish selection 

guidelines for the various geosynthetic products based on field conditions. 

1.2 Research Needs and Significance 

In recent years, the North Carolina Department of Transportation (NCDOT) has been working 

with the Geosynthetic Materials Association (GMA) to develop a special provision for improved 

geosynthetic pavement interlayer materials and create a distress chart that provides valuable data 

for product selection. The GMA has recently addressed both needs by developing five standard 

categories of geosynthetic materials for pavement applications. These categories (which were 

developed based on the Virginia DOTôs geosynthetic specifications) are (1) Paving Fabrics 

Types I & II, (2) Paving Mats Types I, II, & III, (3) Paving Grids Types I, II, & III, (4) 

Composite Paving Grids Types I, II, & III, and (5) Pavement Repair and Bridge Deck 

Waterproofing Strip Membranes. Although these five categories provide the NCDOT with an 

excellent foundation to develop the special provision and distress chart, further research is 

needed to identify a list of properties and performance criteria that geosynthetic products must 

meet to perform adequately for their intended function. The main goal of this research effort is to 

ensure that NCDOT engineers can choose the appropriate geosynthetic pavement interlayer 

products for a specific application based on performance data. 

Because specifying and testing the material properties (tensile strength, elongation percentage, 

melting point, etc.) of the geosynthetics themselves are relatively straightforward tasks, the 
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major challenge with this effort is the identification or development of tests that can adequately 

capture the specific mechanisms that can cause or mitigate distress in actual pavement structures 

in a realistic manner, all while remaining practical enough for routine testing by agencies and 

manufacturers. One common example of this challenge is fatigue testing. Fatigue tests that are 

performed at realistic strain levels may take weeks to run and thus are impractical. However, 

fatigue tests that are performed at higher strain levels may not adequately represent field distress 

mechanisms and material behavior. Thus, test results from these fatigue tests need to be verified 

based on more realistic strain levels. 

Findings from two recently completed research projects, funded by the NCDOT and conducted 

by North Carolina State University (NCSU) researchers, serve to aid this joint effort by the 

NCDOT and GMA. These projects are NCDOT HWY-2012-02 Performance of Cracking 

Mitigation Strategies on Cracked Flexible Pavements (Kim et al. 2015a) and NCDOT HWY-

2013-04 Surface Layer Bond Stresses and Strength (Kim et al. 2015b). The NCDOT HWY-

2012-02 project used both laboratory and field studies to investigate the ability of geosynthetic 

interlayer products to mitigate reflective cracking in asphalt overlays. A flexible pavement 

section of U.S. 1 in Moore County was selected for field trials, and five interlayer research 

segments that incorporated three geosynthetic products, a chip seal, and a control (tack coat only) 

segment were placed. Cores obtained from the field pavements and specimens fabricated in the 

laboratory using a slab compactor were tested using four-point bending notched beam fatigue 

tests (hereinafter called NBFTs) and direct shear tests. The results from the laboratory tests 

clearly demonstrated the benefits of geosynthetics in mitigating reflective cracking, as long as 

the bond between the geosynthetic product and surrounding AC is sufficiently strong to resist 

shear stress at the layer interface. These findings were verified based on the results of a condition 

survey of the U.S. 1 field trial sections. As part of the NCDOT HWY-2013-04 project, the 

NCSU research team developed a computational, experimental methodology to determine shear 

failure in asphalt overlays reinforced by interlayer systems.  

The findings from both the NCDOT HWY-2012-02 and NCDOT HWY-2013-04 projects were 

used to develop shear strength threshold values that can be applied to accept or reject asphalt 

overlays reinforced by interlayer systems. The current study critically evaluates the findings 

from these two projects, and Appendix A provides a comprehensive literature review. Based on 

the earlier work, the current research effort includes the development of a comprehensive test 

methodology for evaluating pavement interlayer geosynthetic products, development of selection 

criteria for pavement interlayer geosynthetic products and tack coats based on performance data, 

and the synthesis of this information to provide technical documents for use by the NCDOT. 

1.3 Research Objectives and Scope 

The primary objective of the proposed research is to develop performance testing methodologies 

and performance criteria for geosynthetic products used in pavement interlayer applications that 

can be used in developing performance specifications and product selection guidelines for the 

NCDOT. Another study objective is to develop a tack coat selection criterion for specific 

geosynthetic types to safeguard against debonding failure. The scope of the test plan includes 

five different geosynthetic products designated as paving composite #1 (PC#1), paving 

composite #2 (PC#2), paving grid (PaG), paving mat (PM), and paving fabric (PF). This scope 

also encompasses geosynthetic applications for asphalt overlays that are placed over damaged 
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AC pavement. The damaged AC layer is mimicked by creating a notch on the underside of an 

AC beam test specimen. A geosynthetic product would be placed one-third from the bottom of 

the asphalt beam, which represents the surface of the damaged AC pavement.  

Gyratory and slab compactors were used to fabricate double-layered geosynthetic-reinforced and 

unreinforced (control) specimens. The AC mixture used for the current study is classified as 

RS9.5C with 40% reclaimed asphalt pavement (RAP). The geosynthetic products were 

sandwiched between the layers with a tack coat (PG 64-22) applied at the rate recommended by 

the manufacturer. Binder bond strength (BBS) tests were performed using the hot binder (PG 64-

22) as a tack coat. The geosynthetic-reinforced and unreinforced specimens were tested using 

NBFT equipment and a Modified Asphalt Shear Tester (MAST) to measure the specimensô crack 

resistance capacity and interface shear strength (ISS), respectively.  

In the case of an asphalt overlay placed above Portland concrete cement, the major fracture 

modes that drive cracking are Modes I and II, which indicate thermal loads  + wheel loads and 

wheel loading, respectively. An overlay tester, the Belgium laboratory test, the Ecole Nationale 

des Travaux Publics de lôEtat (ENTPE) test, or the University of Illinois test are designed to 

mimic thermal cracking (Mode I) in the field. Three-point beam tests and four-point beam tests 

represent Mode I fracture that is due to bending under vehicular loading. However, these Mode I 

types of fracture that are caused by thermal and vehicular loading differ as the AC experiences 

both compression and tension during vehicle loading (top portion under compression and bottom 

under tension), but usually experiences a single force (either tension or compression throughout 

the section) during thermal loading. Limited research has been undertaken for Mode II fracture; 

the only Mode II cracking tests for AC are wheel-tracking tests and four-point shear tests. 

Although both Mode I and Mode II are similar in terms of driving pavement cracking, only 

damage caused by vehicular loading was considered for the present study. Hence, only NBFTs 

were conducted in this study to capture the crack resistance of geosynthetic-reinforced AC 

beams under vehicular loading. 

The tasks for the goals considered during the study are as follows. 

¶ Evaluate the effects of geosynthetic product type, confining pressure, temperature, and 

shear strain rate on geosynthetic-reinforced interlayer bonding performance. Then, 

develop bond shear strength prediction models. 

¶ Perform FlexPAVEÊ analysis of various overlay pavement structures, speeds, 

temperatures, and overlay thicknesses to determine the critical debonding conditions for 

geosynthetic-reinforced specimens. 

¶ Determine a tack coat selection criterion for installing debonding-resistant geosynthetic 

products and establishing a tack coat quality control program. 

¶ Develop a prediction equation for field interface tensile strain using falling weight 

deflectometer (FWD) measurements based on numerical simulations. 

¶ Evaluate the crack resistance capacity of different geosynthetic products and establish a 

relationship between crack resistance capacity and tensile strain by conducting NBFTs at 

at least four different constant actuator strain levels. 

¶ Identify the failure mode of the tested geosynthetic products by monitoring their crack 

propagation patterns using the digital image correlation (DIC) technique. 
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1.4 Research Approach 

Figure 1-1 presents a flow chart of the research approach taken to develop guidelines for 

selecting geosynthetic products based on the product's ability to resist debonding and reflective 

crack propagation. The outcomes of this research approach are (1) the ranking of the various 

geosynthetic products in terms of the load-bearing capacity of the existing pavement for the 

overlay project and (2) the prediction of the expected mode of failure in the field, i.e., debonding 

or vertical reflective cracks. The three-phase research effort to develop step-by-step guidelines 

for geosynthetic product and tack coat selection is briefly described in the following. 

 

Figure 1-1. Flow chart of research approach taken to develop geosynthetic product selection 

guidelines. 
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Phase 1: Evaluate crack resistance in terms of the number of cycles to failure (Nf) and failure 

mode (debonding and/or vertical cracking) of various geosynthetic products based on laboratory 

test results. 

In Phase 1, the crack resistance and failure mode of the different geosynthetic-reinforced beam 

specimens were measured using NBFTs and the DIC technique. The NBFTs were carried out at 

different constant actuator tensile strain levels at 23C̄ (73̄ F). The DIC technique was employed 

to study the crack propagation patterns in the AC beams subjected to the repeated bending. The 

digital images captured using the DIC technique were analyzed using Vic-2D® to determine the 

Von Mises strain. The Von Mises strain that is measured on the beam surface between the 

loading points was used to determine the macro-crack development and, therefore, failure mode. 

Chapter 6 and Chapter 7 of this report presents a critical evaluation of the NBFT and DIC results 

respectively.  

 

Phase 2: Perform numerical simulations of pavement responses. 

The NBFT results and DIC analyses revealed that different geosynthetic interlayer products 

produce different crack resistance at different tensile strain levels and the failure mode in 

geosynthetic-reinforced AC beams depends on the magnitude of tensile strain at the bottom of 

the beams. Therefore, selection of proper geosynthetic interlayer products requires prior 

knowledge of the tensile strain at the bottom of AC overlay. Phase 2 is designed to develop a 

predictive equation for the tensile strain at the bottom of asphalt overlay using surface 

deflections measured from a FWD). 

Phase 3: Determine the minimum binder bond strength for different geosynthetic types. 

The performance of a geosynthetic-reinforced AC overlay depends on the quality of the tack 

coat. The research team used the research approach that was developed in an earlier tack coat 

study, RP 2018-13 Development of a Tack Coat Quality Control Program for Mitigating 

Delamination in Asphalt Pavement Layers, to determine the minimum tack coat BBS values for 

the different geosynthetic interlayer types. The experimental design for this research approach is 

to measure the ISS using the MAST and to measure the BBS using PATTI. The MAST is a 

monotonic shear tester that is used to measure the ISS of a double-layered AC specimen with or 

without a geosynthetic interlayer (impregnated with asphalt) sandwiched between the layers. The 

MAST test is carried out at three strain rates and temperatures to build the ISS mastercurve and 

an ISS predictive equation. Similarly, PATTI measures the BBS of a binder at various 

temperatures to build the BBS mastercurve and a BBS predictive equation. Further, the braking 

event of a truck is simulated numerically using pavement response software, and the in situ strain 

rate and stress rate at the interlayer are measured. Consequently, the measured strain and stress 

rates help in calculating the field ISS and BBS experienced by the interlayer using the predictive 

ISS and BBS equations developed based on experimental data. The outcomes show a universal 

relationship between the ISS and BBS experienced by the interlayer. The relationships between 

the tack coat BBS and the ISS of geosynthetic-reinforced AC specimens were developed and 

used to determine the minimum BBS value that serves as the criterion for acceptance of the tack 

coat that corresponds to a specific paving geosynthetic product. The development of the tack 

coat selection criterion is detailed in Chapter 8. 
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1.5 Report Organization 

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

needs, highlights the importance of geosynthetic-reinforced pavement performance and the 

relevance of proper bonding at the AC layer interface, and lists the objectives of this research. 

Chapter 2 provides details regarding the materials and their properties that were used for the 

current study. Chapter 3 discusses the different test methods, experimental program, and testing 

methodology used for this research. Chapter 4 presents the numerical simulation conditions 

considered for the analyses, the material models, and the parameters and outcomes. Chapter 5 

discusses the results of the ISS tests conducted under various conditions and the effects of each 

influential factor. Chapter 6 and Chapter 7 discuss the NBFT and DIC test results, respectively. 

Chapter 8 explains the step-by-step procedure followed to develop the geosynthetic product 

selection guidelines and tack coat selection criteria. The predictive equation for tensile strain at 

the interface also is discussed in detail. Chapter 8 also presents pavement response analysis that 

describes the comprehensive stress intensity distribution at the layer interface under actual 

loading conditions. Chapter 9 concludes the findings of the research and offers recommendations 

for future work. Details regarding supporting test results for the respective chapters, including 

the literature review, are provided in the appendices. 
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Chapter 2. Materials and Properties 

2.1 Asphalt Concrete Mixture  

The AC used in this study to fabricate the MAST and NBFT specimens was obtained as a loose 

mix from Lane Construction, Inc. in Raleigh, North Carolina. The NCDOT categorizes the 

procured loose hot-mix as RS9.5C, where the letter óRô indicates the presence of RAP, óSô stands 

for the surface mixture on the pavement, 9.5 reflects the nominal maximum aggregate size (mm), 

and óCô represents the middle level of traffic (3-30 million equivalent single axle loads, or 

ESALs). The RS9.5C mix contains 40% fractionated RAP (hereafter referred to as the RAP-40 

mixture). The virgin binder used for the RAP-40 mixture is PG 58-22. The total binder content in 

this mixture is 6.0 percent. The material characterization and verification of the reported 

parameters in the job mix formula were carried out as the initial step prior to performance 

testing. Figure 2-1 presents the aggregate gradation of the RAP-40 mix. Considering the high 

RAP content in RAP-40, the compaction temperature was selected as 145C̄. 

 

Figure 2-1. Aggregate gradation of RAP-40 mixture. 

Even though the loose mix was collected from a hot mix asphalt plant, the likelihood of fine and 

coarse particle segregation was anticipated while shoveling the AC mix into collection buckets. 

Hence, a homogenization process was undertaken before fabricating any samples using the loose 

mix in the laboratory. First, the loose mix was collected in cloth bags and plastic buckets. Figure 

2-2 (a) shows the removal of the loose mix in a cloth bag from the plastic bucket as a single unit. 

Then, Figure 2-2 (b) shows the careful removal of the cloth bag from the mix, achieving minimal 

loss of loose mix. Figure 2-2 (c) shows the obtained single AC mix lump that has been 

transferred to a metal bucket.  
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For the separation process, one batch includes four five-gallon buckets, with the total AC mix 

weighing more than 100 kg (200 pounds). The metal buckets with the loose mix are heated to a 

temperature of 10̄ C less than the compaction temperature for two hours. Next, one-fourth 

portion from each bucket is poured into four separation pans; each pan is further divided into 12 

small boxes. This procedure aids in producing a well-mixed asphalt mix. The four buckets of the 

loose mix are divided into 12 cloth bags for easy storage (three bags per bucket). A storage bag 

consists of four small boxes, each randomly selected from four separation pans. Figure 2-3 (a) 

and (b) respectively show the separation pans and cloth bags used for storage. These separated 

mixes in the cloth bags are used later for sample fabrication and the material characterization 

study. Depending on the material requirements, this separation process could be repeated. 

 
(a) 

 
(b) 

Figure 2-3. (a) Separation pans and (b) cloth bags for preparing a well-mixed asphalt concrete 

mixture. 

Figure 2-2. (a) Removing asphalt concrete loose mix in cloth bag from collection bucket, (b) 

removing loose mix from cloth bag, and (c) loose mix inside metal bucket. 
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The theoretical specific gravity and the bulk specific gravity of the loose mix with 40% RAP 

were measured as per AASHTO T 209-20 (AASHTO 2020a) and AASHTO T 331-17 

(AASHTO 2017a), respectively. The maximum specific gravity for the AC mix was found to be 

2.44 g/cm3. 

2.2 Dynamic Modulus (|E*|) Test of Asphalt Mixture  

The linear viscoelastic properties of AC mixtures can be determined via 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. The shift factor (aT) aids in representing the effects of time and temperature via a unique 

parameter referred to as óreduced time/frequencyô, fR , defined here as Equation (2-1).  

 R Tf f a= ³   (2-1) 

where 

fR = reduced frequency, Hz, 

f =  loading frequency, Hz, and 

aT = time-temperature shift factor. 

Figure 2-4 explains the linear relationship between the air void content and weight of gyratory-

compacted samples. The test specimens are cylindrical specimens 38 mm in diameter and 110 

mm in height, cored and cut from a gyratory-compacted sample of 180-mm height. The air void 

content of each specimen obtained from the gyratory-compacted samples should be maintained 

at 6 percent. In order to prepare 38-mm cylindrical specimens for performance tests with 6% air 

void contents, an air void study of the gyratory-compacted samples must be carried out as per 

AASHTO R 83-17 (AASHTO 2021). The gyratory-compacted samples with different weights of 

AC mix were compacted to a consistent height of 180 mm. Then, the air void contents were 

measured for the four 38-mm diameter cylindrical specimens that were cored from each 

gyratory-compacted sample. Figure 2-4 presents the results of the air void study. A linear 

relationship is established between the weight of the gyratory-compacted sample and the air void 

content. This relationship helps to predict the exact weight required for a 180-mm tall gyratory 

sample to produce four 38-mm diameter and 110-mm tall cylindrical samples with 6% air void 

content. Figure 2-5 presents the dynamic modulus test results for three replicates of each sample 

made of the RS9.5C RAP-40 mixture at different temperature/frequency combinations conducted 

as per AASHTO TP 132-19 (AASHTO 2019). 
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Figure 2-4. Linear relationship between air void content and weight of gyratory-compacted 

samples. 

 

 

Figure 2-5. Dynamic modulus mastercurve for RS9.5C RAP-40. 
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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 Hz, 10 

Hz, 5 Hz, 1 Hz, 0.5 Hz, 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. 

Equation (2-2) is the sigmoidal function used to fit the dynamic modulus mastercurve. Equation 

(2-3) represents the time-temperature shift factor in a quadratic function. The Prony series 

coefficients are obtained by fitting the storage modulus with the function shown in Equation 

(2-4) using the collocation method (Park et al. 1996, Schapery 1962).  
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where 

a1, a2, a3 =  regression coefficients, 

|E*|   = dynamic modulus, MPa, 

d = minimum value of dynamic modulus, 

d+a = maximum value of dynamic modulus, 

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

E(t) =  relaxation modulus, MPa, 

E¤  =  equilibrium modulus, MPa, 

Ei  =  relaxation strength, MPa, 

ri  = relaxation times, s, 

m  =  number of Maxwell elements, and 

t = time, s. 

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

provides the Prony series representation of the relaxation modulus. The output parameters 

obtained are used as material model property inputs for the numerical modeling software, 

FlexPAVEÊ 1.1. Table 2-1 presents the t-T shift factor function coefficients for the mixture 

obtained while fitting Equation (2-2). 
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Table 2-1. Shift Factor Coefficients of RS9.5C RAP-40 Study Mixture  

Shift Factor Coefficient Value 

a1 9.63³10-4 

a2 -0.167 

a3 3.084 

 

2.3 Tack Coat 

The NCDOT Quality Management Service manual (NCDOT 2018), Table 605-1, stipulates an 

optimal application rate of 0.181 L/m2 (0.04 gal/yd2) for emulsified tack coats, which eventually 

leaves a residue of 0.03 gal/yd2. Emulsified tack coats generally are not recommended for 

geosynthetic product applications for several reasons. First, the optimal tack coat application rate 

for geosynthetic-reinforced pavements is 12 to 50 times higher than the optimal residual 

application rate for unreinforced pavements, depending on the selected geosynthetic product. 

Such an increase in the tack coat application rate does not allow the emulsion to cure effectively 

due to the thick emulsion layer that forms on the pavement surface. Further, although emulsified 

asphalt has been used successfully as a tack coat in some cases, the bond strength has developed 

more slowly than when using hot binder and sufficient time should be provided for emulsions to 

break and set before the geosynthetic product is placed (Button and Lytton 2007). In addition, an 

increase in the tack coat application rate during geosynthetic application facilitates run-off of the 

emulsion, causes a non-uniform distribution of the tack coat, and increases the potential for 

debonding. Hence, a hot binder of PG 64-22 was selected as the tack coat for this study. 

Earlier studies have reported that the variability in the target and achieved application rates of 

tack coats in the field ranges from 4% to 106% (Al -Qadi et al. 2008, Mohammad et al. 2012). 

Based on such variability, the dry and wet conditions in the field can be mimicked by varying the 

residual application rate by ° 66% of the optimal residual application rate for unreinforced 

sections, i.e., ¤ 0.091 L/m2 (0.02 gal/yd2). Hence, for the unreinforced control specimens in this 

study, three residual application rates of PG 64-22 asphalt binder, 0.045 L/m2 (0.01 gal/yd2), 

0.136 L/m2 (0.03 gal/yd2), and 0.226 L/m2 (0.05 gal/yd2), were used. The optimal application 

rates used for the geosynthetic-reinforced specimens follow the manufacturersô 

recommendations. The dry and wet application rate conditions were determined by adding and 

reducing ¤ 0.091 L/m2 (0.02 gal/yd2) from the manufacturerôs optimal application rate, 

respectively. Table 2-2 provides a summary the tack coat application rates used in this project. 

Table 2-2. Summary of Tack Coat Application Rates for Geosynthetic Products Used in Study 

Nomenclature CS PC#1 PC#2 PM PF PaG 

Tack coat type PG 64-22 

Application rate, gal/yd2 (L/m2) 
0.03 

(0.14) 

0.14 

(0.63) 

0.33 

(1.49) 

0.12 

(0.59) 

0.08 

(0.36) 

0.23 

(1.04) 
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2.4 Dynamic Shear Rheometer (|G*|) Test of Tack Coat Binder 

The application of the t-T superposition principle to determine the ISS and interface shear 

stiffness of geosynthetic-reinforced AC was verified by Cho and Kim (2016). In that study, 

GlasGrid-reinforced asphalt concrete core specimens were sheared in a MAST under constant 

displacement to measure the ISS at different test temperatures. The t-T shift factors (aT) of the 

AC mixture measured via dynamic modulus testing were used initially to verify the t-T 

superposition principle for the MAST test outcomes. The MAST test results obtained from the 

unreinforced specimens were used to create a mastercurve with the aid of the mixtureôs aT. 

However, the MAST tests of the geosynthetic-reinforced specimens demonstrated spurious 

results using the same mixtureôs aT. Therefore, using a dynamic shear rheometer (DSR), 

frequency sweep tests were conducted using a tack coat asphalt binder to obtain the asphalt 

binder aT. The asphalt binder aT was used successfully to construct an ISS mastercurve for the 

geosynthetic-reinforced specimens. Thus, the conclusion drawn from the Cho et al. (2017b) 

study is that the mixture aT applies to unreinforced MAST test specimens, whereas the asphalt 

binder aT is applicable for geosynthetic-reinforced specimens. 

In this study, ISS tests using the MAST were carried out on geosynthetic-reinforced specimens. 

Asphalt binder PG 64-22 was used as the tack coat. As explained, the tack coat asphalt binder aT 

is a requirement for mastercurve construction. The DSR measures the dynamic shear modulus 

(|G*|) and determines the t-T shift factors of the asphalt binder. The DSR model used in this 

study, Anton Paar MCR 302, is a user-friendly device that is capable of 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 help construct mastercurves of the dynamic shear 

modulus values and 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 R 78-16 

(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 T 315-12 (AASHTO 2020c), then neither 

result should be used, and the emulsion must be retested. In this study, the DSR test results were 

averaged per 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 (2-5). The general form of the t-T shift factor 

equation is given in Equation (2-6), 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 

dynamic shear modulus mastercurve. Equation (2-6) 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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 R Taw w= ³  (2-6) 

where 

|G*| = dynamic shear modulus, 

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

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

me, n = constant, dimensionless shape parameter. 

Equation (2-3) was employed to fit the t-T shift factor. Table 2-3 presents the shift factor 

coefficients for each emulsion in this study, measured at the reference temperature of 20C̄. 

Figure 2-6 shows the dynamic shear modulus mastercurves for various tack coats. 

Table 2-3. Shift Factor Coefficients of PG 64-22 Binder Tack Coat Used in Study 

Shift Factor Coefficients a1 a2 a3 

PG 64-22 0.000823 -0.15368 2.741548 

 

Figure 2-6. Dynamic shear modulus mastercurves for PG 64-22 binder tack coat. 
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2.5 Geosynthetic Products 

The current project used five different geosynthetic reinforcements as interlayers. Table 2-4 

provides the nomenclature details for each geosynthetic product type, and the acronyms are used 

hereafter. Table 2-5 presents the properties of each geosynthetic product supplied by the 

manufacturer. Figure 2-7 presents images of these five different geosynthetic products. 

Table 2-4. Nomenclature Details for Different Geosynthetics Types 

Acronym Acronym Expansion 

PC#1 Paving Composite #1 

PC#2 Paving Composite #1 

PM Paving Mat 

PF Paving Fabric 

PaG Paving Grid 
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Table 2-5. Properties of Study Geosynthetic Products 

Physical Properties 
Mass/unit 

area 

Tensile 

strength 

(kN/m) 

Strip tensile 

strength 

(N/50 mm) 

Grab 

tensile 

strength 

Tensile 

elongati

on 

Melting 

point 

Asphalt 

retention 

Units 
Metric g/m2 kN/m N/50 mm N % C̄   L/m2 

Imperial oz/yd2 lb/in. lb/2 in. lb % F̄ gal/yd2 

Paving Composite 

PC#1 
Metric 270 50 - - ¢ 3% 255 (Bitumen 

coated > 60%) Imperial 8 285 - - ¢ 3% 490 

PC#2 
Metric 678 115 - - ¢ 3% 800 1.2 

Imperial 20 655 - - ¢ 3% 1472 0.27 

Paving Mat PM 
Metric 237 50   <5 >232 0.47 

Imperial 7 280   <5 >450 0.1 

Paving Grid PaG 
Metric 405 100   ¢ 3% >232/>820 

Pressure-

sensitive 

adhesive 

backing 
Imperial 12 571   ¢ 3% >450/>1508 

Paving Fabric PF 
Metric 139 - - 449 50% 160 0.91 

Imperial 4.1 - - 101 50% 320 0.2 
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(a) 
 

(b) (c) 

 
(d) 

 
(e) 

Figure 2-7. Geosynthetic samples: (a) PC#1, (b) PC#2, (c) PaG, (d) PM, and (e) PF. 
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Chapter 3. Test Methodology 

3.1 Interlayer Shear Strength Tests 

The MAST was employed in this project to measure the ISS of various tack coat interfaces. Five 

different geosynthetic-reinforced AC specimens were tested for ISS under various test 

conditions. All the MAST test specimens were loaded in monotonic mode to shear in order to 

investigate the effects of temperature, loading rate, confining pressure, and application rate on 

the ISS of the materials. Table 3-1 presents the factors and parameters used to create the various 

ISS test conditions. 

Table 3-1. Interlayer Shear Strength Test Conditions 

Factors Number of Levels 

Geosynthetic Type  6 (CS, PC#1, PC#2, PaG, PF, and PM) 

Temperature 3 (23°C, 35°C, 54°C) 

Loading Rate 1 (0.2 in./min) 

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

Application Rate (Residual) 3 (Wet, Optimal, Dry) 

 

3.1.1 Laboratory  Fabrication of MAST Test Specimens 

Several steps are involved in the fabrication of double-layered MAST test specimens: (1) MAST 

test sample compaction using a Superpave gyratory compactor, (2) geosynthetic material 

preparation of the MAST test samples, (3) geosynthetic interlayer installation of the MAST test 

samples, (4) tack coat applied to MAST test samples, and (5) MAST test specimens extracted 

from the MAST test samples.  The detailed explanation of each step is provided in Appendix D. 

3.1.2 Air Void Study  

The production of consistent MAST test specimens plays a crucial role in interface shear tests. In 

order to achieve uniform samples in this project, the research team investigated the air void 

contents of the gyratory-compacted specimens. The major aim of the air void study was to obtain 

the same air void content for both the bottom and top layers.  

Table 3-2 presents the air void contents of the MAST test specimens obtained using the saturated 

surface-dry method. A clear difference in the achieved air voids is evident when the target air 

void content of the same sample was used for the top and bottom layers. Moreover, when 

targeting an air void content below 6% for the bottom layer, the number of gyrations exceeds 

130, which is far above the design number of gyrations (Ndesign) of 75. The resultant excessive 

shear causes the aggregate to break, negatively affecting the asphalt mixtureôs performance as 

well as the interface bond. Hence, in this study, the air void content of 7% was targeted for the 

MAST test specimens. Table 3-3 presents further air void content study verification. 
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Table 3-2. MAST Specimens: Air Void Content 

No. 1 2 3 4 

Sample Target Air Void Content 8.7% 8.2% 7.8% 7.3% 

No. of Gyrations 
Bottom 73 94 139 140 

Top 21 27 29 35 

Achieved Air Void 

Content 

Sample 8.1% 7.5% 7.0% 6.1% 

Specimen 7.3% 6.6% 6.4% 5.5% 

Top Layer 7.4% 7.2% 7.0% 6.3% 

Bottom Layer 6.9% 6.1% 5.9% 5.0% 

Table 3-3. Verification of Air Void Study Results 

Sample Target Air 

Void Content 
No. of Gyrations Achieved Air Void Content 

Top Bottom Bottom Top Specimen Top Layer Bottom Layer 

8.70% 8.00% 70 22 6.94% 7.15% 6.76% 

 

Figure 3-1 shows the relationship between the target air void contents and the achieved air void 

contents for the different beam specimen layers. Based on these results, the design air void 

contents of 8.7% and 8.0% were chosen for the top and bottom layer compaction, respectively. 

 
Figure 3-1. Target and achieved air void content relationship for different layers. 
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3.1.3 Modified Advanced Shear Tester Tests 

Recent work at NCSU has utilized the MAST, a shear test device that is used to perform 

confined shear tests of layered asphalt specimens, both with and without geosynthetic interlayer 

systems. This NCSU work notably led to the development of shear strength mastercurves for 

bond strength levels at various combinations of loading rate, temperature, tack coat material, and 

confining pressure. Figure 3-2 presents the loading configurations and components used in 

MAST testing. 

 

Figure 3-2. Loading configurations of MAST test set-up. 

 

Procedure for gluing specimen to MAST shoes  

The MAST shear test is a quick test that induces substantial loading in a short time at the 

specimen interface. The boundary conditions of the MAST test set-up support the development 

of bending moments within each layer of the specimen that rotate the specimen. However, a 

weak grip between the specimen and the testing jig could lead to slippage in the 

normal/confinement direction and thus to erroneous outcomes. Therefore, utmost care was taken 

in this study to affix the specimen to the jig with the aid of metal óshoesô. A MAST shoe set 

consists of two pairs of shoes and a shoe frame that holds the specimen in the shoes for gluing 

with epoxy. An 8-mm gap is present between the shoes in each pair. The step-by-step procedure 

for gluing the specimen to the jig is shown in Figure 3-3 (a) through (f), followed by a written 

description of the process. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3-3. Gluing procedure for MAST test specimen: (a) bottom shoes tightened on gluing jig, 

(b) application of glue on bottom shoes, (c) specimen placement on bottom shoes, (d) upper shoe 

installation above specimen, (e) specimen with all shoes in place, and (f) trimming extra glue 

from shoe edges. 

1. In accordance with the manufacturer's recommendation to prepare epoxy glue, mix the glue 

agents at a ratio of 6:1, i.e., 54 g of plastic steel putty (black) and 9 g of putty hardener 

(white) for one pair of shoes. Place the necessary quantity of the glue agents on mixing 

cardboard and mix well for two minutes to achieve a uniform grey paste.  

2. Place the bottom shoe on the metal frame and affix it to the frame using screws, as shown in  

Figure 3-3 (a). 

3. Divide the glue on the mixing card into four equal portions and apply two portions, as shown 

in Figure 3-21 (b). Repeat for the second pair of shoes. 
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4. Carefully place the specimen on the bottom shoe, as shown in Figure 3-3 (c). Position the 

interface of the specimen such that it is at the center of the gap between the shoes. Note: The 

geosynthetic installation direction marked on the specimen must be in line with the shearing 

direction, i.e., perpendicular to the ground. 

5. Place the upper shoes over the specimen, as shown in Figure 3-21 (d) and (e), and tighten the 

frame. Fill any gap between the lower and upper shoes with metal plates. 

6. Remove any excess epoxy glue that extrudes at the specimen edges using a spatula, as shown 

in Figure 3-21 (f). 

7. Allow a glue curing period of 16 hours prior to using with the MAST.  

Preparation and gluing of speckled paper for DIC testing 

The DIC technique was employed to measure on-specimen displacements. A detailed description 

of the technique is given in Section 3.4.1, Digital Image Correlation Technique. The DIC 

algorithm needs a distinct random point to track the specimen's movement between consecutive 

images and determine the displacement. Speckled paper is used for this purpose. Pieces of 

speckled paper were cut to dimensions of 3.75 cm (1.48 in.) by 2.45 cm (1 in.). The samples 

were placed in a tray and sprayed with matte black paint from a specified distance, as shown in 

Figure 3-4 (a). Figure 3-4 (b) shows the resultant speckled paper. The other side of the speckled 

paper was sprayed with glue and pasted onto the MAST shoes, as shown in Figure 3-4 (c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3-4. Preparation of speckled paper for DIC image capture: (a) spray painting paper, (b) 

finished speckled paper, and (c) speckled paper on MAST shoes to track on-specimen 

displacement using DIC technique. 

 

Procedure for loading the specimen glued to the shoes into MAST jig  

Once the MAST test specimen is glued to the shoes and the speckled paper is pasted onto the 

surface of the shoes, the shoes must be loaded into the MAST testing jig, as shown in Figure 3-5 

(a). The horizontal translation of the MAST shoes is constrained by installing a collar that 

essentially ties the shoes to the jig. Figure 3-5 (b) shows the confining plate with a load cell 

added to the jig. Figure 3-5 (c) shows the MAST placed over the material test system (MTS ï 

810). Once the necessary connection between the actuator piston and the MAST vertical loading 

rod is established, then the environmental chamber is installed for conditioning the specimen to 

the test temperature, as shown in Figure 3-5 (d). Figure 3-5 (e) shows the DIC test set-up, and 
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Figure 3-5 (f) shows the view through the charge-coupled camera. After three hours of 

conditioning, the MAST test can commence. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3-5. (a) Loading MAST shoes with specimen into MAST jig, (b) installing confining 

pressure plate with load cell, (c) placing the MAST over the MTS 810, (d) environmental 

chamber, (e) DIC test set-up, and (f) view through DIC camera. 

MAST test configuration 

The geosynthetic-reinforced specimens were subjected to monotonic shear tests in this study 

once the specimens reached the test temperature after three hours of conditioning. A load that 

corresponds to normal stress was applied by tightening the confinement plate against the 

specimen, as shown in Figure 3-2. All the geosynthetic-reinforced specimens were sheared at a 

constant displacement (crosshead) rate of 5.08 mm/min (0.2 in./min). The shear force, normal 

vertical stress, and horizontal displacement were recorded continuously throughout the test. In 
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addition, the DIC technique was used to measure any on-specimen displacement. Figure 3-6 

shows the DIC set-up with the MAST.   

 

Figure 3-6. MAST test set-up: (a) schematic diagram, (b) loading MAST shoes into loading jig, 

and (c) test set-up with DIC system. 

 

3.2 Crack Resistance Tests 

3.2.1 Laboratory Fabrication of Beam Specimens 

The major steps involved in the laboratory fabrication of beam specimens for the NBFTs are (1) 

compact the slab sample using a roller compactor, (2) prepare the geosynthetic product for slab 

samples, (3) apply the tack coat using a hot spray gun, (4) place the geosynthetic product on the 

slab sample, (5) prepare the beam specimen, (6) prepare the beam holding jig, (7) cut a notch in 

the beam specimen, and (8) speckle the beam specimen for DIC testing. A detailed description of 

each step is provided below. The detailed explanation of each step is provided in Appendix E. 

 

3.2.2 Air Void Study  

Figure 3-7 schematically presents the dimensions of a beam cut into three parts for the air void 

study. Figure 3-8 (a) shows the actual beam specimens cut into three equal portions. Figure 3-8 

(b) shows that the middle one-third of each beam is cut into two pieces, thus creating the bottom 

layer that is 18-mm (0.7-in.) thick and the top layer that is 36-mm (1.42-in.) thick.  
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Figure 3-7. Schematic diagram of beam cut into three parts for air void study. 

 
(a) 

 
(b) 

Figure 3-8. (a) Beam specimen cut into three equal portions and (b) middle one-third portion cut 

to create bottom (18-mm thick) and top layer (36-mm thick). 

The nomenclature used to identify the beam specimens is óSYMô óXô ó#ô and is óSYMô óXô ï óYô 

óSYMô for the air void study specimens.  

Table 3-4 presents details of each designation. 
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Table 3-4. Nomenclature Details for Slab Specimens 

Designation Symbol/Acronym Details 

SYM *  40% RAP 

+ 20% RAP 

ŷ Top part of top/bottom slab layer 

Ź Bottom part of top/bottom slab layer 

X A, B, C, etc. Tag for slab sample 

Y T Top of beam specimen 

B Bottom of beam specimen 

# 1,2,3 Beam specimens cut from a slab, beam in 

front of forwarding direction is ó1ô. 

For the *B and +B specimens, the target air void content of 8.5% in the top layer resulted in a 

measured air void content of 12 percent. Visual inspection and height measurements of the slab 

surface proved the compactorôs inability to achieve the target height, thus leading to a higher 

achieved air void content. However, the bottom layer of the beam specimen in all cases showed 

an achieved air void content of 10% or greater, irrespective of the target air void content and 

even after achieving the target height. This difference for the bottom layer of the specimen raises 

the concern that an air void gradient is present throughout the height of the specimen. The cold 

compacting face of the roller compactor could be attributed to the cause as well. Hence, the  

decision was made to flip the bottom layer prior to the top layer compaction. The step-by-step 

procedure followed for flipping the slab is shown in Figure 3-9. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3-9. (a) Measuring height of bottom layer to check the level, (b) side plates of mold 

removed, (c) bottom layer being pushed out of mold, (d) flipping over bottom layer, (e) pushing 

flipped bottom layer back into mold, and (f) closing sides of mold. 

The air void study of the slabs with the bottom layer flipped shows that, for both the RAP-40 and 

RAP-20 mixtures, the air void content of the bottom layer of the beam specimen (top portion of 

the bottom layer of the slab) matches the achieved air void content of the top layer whose target 

air void is higher than 8.5 percent. Figure 3-10 and Figure 3-11 present the air void study results 
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for RAP-40 and RAP-20, respectively. The bottom portion of the same slab sampleôs bottom 

layer was measured, and a 2% to 3% difference in the achieved air void content was found. The 

difference in air void contents indicates an air void gradient in the layers. Because the top layer 

uses the bottom portion of the layer for the specimen, the air void gradient is not evident, 

whereas the top portion of the bottom layer (which would become the bottom layer in the beam 

specimen) shows a higher air void content. Therefore, all the beam specimens were made with 

the bottom layer flipped before the top layer is placed to achieve a consistent air void content 

throughout the specimen. However, flipping the bottom layer did not guarantee the consistency 

of the air void content along the beam depth for all target air void contents. Once the target air 

void content is below 8.5%, the top layerôs air void content does not match the linear trend that is 

found in the flipped bottom layer. The resistance provided by the RAP coupled with the 

difficulty in compacting under the constraint of the mold size in the laboratory could be reasons 

for this outcome. Therefore, to achieve an adequate air void content comfortably under the 

limited laboratory conditions, the research team decided to achieve an air void content of 10%, 

which is achievable for both mixtures (RAP-40 and RAP-20), thus allowing comparison of the 

air void study results. 

 

Figure 3-10. Air void study results for RS9.5C RAP-40. 
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Figure 3-11. Air void study results for RS9.5C RAP-20. 

Also, a visual inspection of the side walls of the molds in the compaction direction indicated an 

imprint of the compaction pattern. Figure 3-46 shows the compaction imprint and indicates the 

likelihood of an air void gradient in the samples. The imprint was traced and was found to 

overlap with the beam dimensions, as shown in Figure 3-13, which served to indicate the cause 

for the air void content variability among the three beam specimens cut from the same slab. The 

research team then decided to use only two beams from each slab for the performance study in 

order to maintain air void content uniformity. Figure 3-14 depicts the revised configuration for 

cutting beams from the slab. 

 

Figure 3-12. Compaction imprint on side walls of mold. 
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Figure 3-13. Traced imprint of side walls of molds with dimensions of beam overlapping. 

 

 

Figure 3-14. Revised configuration for cutting beams for performance study. 

In order to confirm these findings, the research team carried out a study of two slab samples, 

each from a particular mixture type i.e., RS9.5C RAP-40 or RAP-20. In the case of the RAP-40 

mixture, three beams were made from the slab. Figure 3-15 shows the variability of the air void 

content in the RS9.5C RAP-40 slab, with an average air void content of 11.7% and standard 

deviation of 0.8 for the three beam specimens. Figure 3-16 shows that the two beams made from 

the RAP-20 mixture had an average air void content of 11% and standard deviation of 0.6. The 

reduction in the standard deviation of the RAP-20 two-beam configuration compared to the 

RAP-40 results could be attributed to the absence of the air void gradient that is expected at the 

edge of the beam in a three-beam configuration.  
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Figure 3-15. Air void study results for RS9.5C RAP-40 mixture beam specimens cut from slab. 

 

Figure 3-16. Air void study results for RS9.5C RAP-20 mixture beam specimens cut from slab. 

3.2.3 Four-Point Bending Beam Fatigue Test 

The four-point bending beam test device used in this study simulates the Mode I pavement 

cracking mechanism via beam bending. Standard beam fatigue tests, ASTM D7460-10 (ASTM 

2010) and AASHTO T 321-17 (AASHTO 2017b), were carried out using an AC beam specimen 

(from a single layer of a slab sample) with dimensions of 50 mm í 63 mm í 380 mm (1.97 in. 

í 2.48 in. í 14.96 in.) subjected to cyclic loading (control stress/control strain) at a frequency 

of 10 Hz. AASHTO T 321-17 (AASHTO 2017b) stipulates that a four-point beam loading 

device should be capable of (1) providing repeated sinusoidal loading at a frequency range of 5 

Hz to 10 Hz, (2) subjecting specimens to four-point bending with free rotation and horizontal 

translation at all load and reaction points, and (3) forcing the specimen back to its original 

position (i.e., zero deflection) at the end of each load pulse. 
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The test device from Cox and Sons used in this study complies with AASHTO T 321-17 

(AASHTO 2017b). The apparatus was adapted to fit in the MTS 810 Universal Testing Machine 

(UTM) that is available at the NCSU laboratory. Figure 3-17 shows the loading and free rotation 

points in the device. 

 

Figure 3-17. Cox and Sons four-point bending beam test apparatus (ASTM D7460-10). 

The spacing between the clamps is 119 mm (4.69 in.), and the beam length between the outside 

clamps is 357 mm (14.06 in.) in this apparatus. A customized environmental chamber with a 

glass-covered opening, shown in Figure 3-18, was used to fit the apparatus and to condition all 

the beam fatigue test specimens. 

ASTM D7460-10 (ASTM 2010) and AASHTO T 321-17 (AASHTO 2017b) call for the on-

specimen displacement control mode; however, the Material Testing System, the servo-hydraulic 

testing machine used in this study, does not have a feedback system from the on-specimen 

LVDT. Therefore, the NBFTs were conducted in constant actuator displacement control mode at 

the frequency of 10 Hz at 23̄C. In addition to the displacements measured by the actuator 

LVDT, on-specimen displacements were measured by an additional LVDT mounted on the 

neutral axis (i.e., mid-depth) of the beam.  

Three different strain values were calculated and used in this study: tensile strain at the bottom of 

the beam, calculated from the actuator displacement (denoted as eact); tensile strain at the bottom 

of the beam, calculated from the on-specimen displacement (denoted as eos), and tensile strain at 

the interlayer, calculated from the on-specimen displacement (denoted as eint). Note that eint is 

one-third of eos and that eint in the NBFT is the strain of interest when the findings from this 

study are extended to overlays in the field. Note also that, in actuator displacement control mode, 

the on-specimen displacement amplitude and therefore eos will change as the loading continues 
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and the damage in the beam increases, even though the actuator displacement amplitude and eact 

are constant throughout the NBFT. In this study, eos at the 50th loading cycle was used as the 

initial strain in the NBFTs. 

  

Figure 3-18. Custom-made environmental chamber attached to MTS to control temperature 

during beam fatigue tests. 

3.3 Binder Bond Strength Test 

3.3.1 Pneumatic Adhesion Tensile Testing Instrument (PATTI) Test 

AASHTO T 361-16 (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 procedure based on AASHTO T 361-16 (AASHTO 2020d) and 

described the use of an adhesion tester in the field and in the laboratory. Karshenas (2015) also 

established a strong prediction relationship between the BBS and bond shear strength of AC 

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

of applying the t-T superposition principle to the measured tensile strength to build mastercurves.  

In this study, PATTI was used to measure the BBS of asphalt binder. 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 3-19 (a) shows the PATTI test set-

up used in this study that includes 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, as illustrated in the schematic drawing 

shown in Figure 3-19 (b). This value can quantitatively represent the tensile bond strength 

between the tack coat and substrate. Note that 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).  
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(a) 

 

(b) 

Figure 3-19. (a) Type IV self-alignment adhesion tester (PATTI) and (b) cross-sectional 

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

3.3.2 Binder Bond Strength Test Methodology Using PATTI 

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 T 361-16 

(AASHTO 2020d). The goal of this guideline is to allow both laboratory and field-testing using 
























































































































































































































































































































































































































