
ABSTRACT 

 

SAFAVIZADEH, SEYED AMIRSHAYAN. Fatigue and Fracture Characterization of 

GlasGrid® Reinforced Asphalt Concrete Pavement. (Under the direction of Professor Y. 

Richard Kim). 

 

The purpose of this research is to develop an experimental and analytical framework 

for describing, modeling, and predicting the reflective cracking patterns and crack growth 

rates in GlasGrid®-reinforced asphalt pavements. In order to fulfill this objective, the effects 

of different interfacial conditions (mixture and tack coat type, and grid opening size) on 

reflective cracking-related failure mechanisms and the fatigue and fracture characteristics of 

fiberglass grid-reinforced asphalt concrete beams were studied by means of four- and three-

point bending notched beam fatigue tests (NBFTs) and cyclic and monotonic interface shear 

tests. The digital image correlation (DIC) technique was utilized for obtaining the 

displacement and strain contours of specimen surfaces during each test. The DIC analysis 

results were used to develop crack tip detection methods that were in turn used to determine 

interfacial crack lengths in the shear tests, and vertical and horizontal (interfacial) crack 

lengths in the notched beam fatigue tests. Linear elastic fracture mechanics (LEFM) 

principles were applied to the crack length data to describe the crack growth. In the case of 

the NBFTs, a finite element (FE) code was developed and used for modeling each beam at 

different stages of testing and back-calculating the stress intensity factors (SIFs) for the 

vertical and horizontal cracks. The local effect of reinforcement on the stiffness of the system 

at a vertical crack-interface intersection or the resistance of the grid system to the deflection 

differential at the joint/crack (hereinafter called joint stiffness) for GlasGrid-reinforced 



asphalt concrete beams was determined by implementing a joint stiffness parameter into the 

finite element code. The strain level dependency of the fatigue and fracture characteristics of 

the GlasGrid-reinforced beams was studied by performing four-point bending notched beam 

fatigue tests at strain levels of 600, 750, and 900 microstrain. These beam tests were 

conducted at 15°C, 20°C, and 23°C, with the main focus being to find the characteristics at 

20°C. The results obtained from the tests at the different temperatures were used to 

investigate the effects of temperature on the reflective cracking performance of the grid-

reinforced beam specimens. The temperature tests were also used to investigate the validity 

of the time-temperature superposition (t-TS) principle in shear and the beam fatigue 

performance of the grid-reinforced specimens. The NBFT results suggest that different 

interlayer conditions do not reflect a unique failure mechanism, and thus, in order to predict 

and model the performance of grid-reinforced pavement, all the mechanisms involved in 

weakening its structural integrity, including damage within the asphalt layers and along the 

interface, must be considered. The shear and beam fatigue test results suggest that the grid 

opening size, interfacial bond quality, and mixture type play important roles in the reflective 

cracking performance of GlasGrid-reinforced asphalt pavements. According to the NBTF 

results, GlasGrid reinforcement retards reflective crack growth by stiffening the composite 

system and introducing a joint stiffness parameter. The results also show that the higher the 

bond strength and interlayer stiffness values, the higher the joint stiffness and retardation 

effects. The t-TS studies proved the validity of this principle in terms of the reflective crack 

growth of the grid-reinforced beam specimens and the shear modulus and shear strength of 

the grid-reinforced interfaces. 
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CHAPTER 1. INTRODUCTION 

1.1. Statement of the Problem 

Considering the increase in demand for roads and attention to safety issues, pavement 

maintenance and rehabilitation costs are increasing steadily. This rise in demands and costs 

are all happening when budgets are decreasing and the market is becoming increasingly 

competitive. Therefore, it is important to construct long-lasting asphalt pavements and find 

better ways to rehabilitate old pavements.  

Reflective cracking is one of the most common distresses in asphalt pavements. It is a 

cracking mechanism in new overlays that is due to the inability of the overlay to withstand 

movement of the underlying pavement, which may be due to traffic loading and/or thermal 

loading. The occurrence of reflective cracking destroys the continuity of the surface, 

decreases the structural strength of the pavement, and allows water to enter the pavement 

system, which leads to further deterioration (Lytton 1989). Several remedial techniques have 

been used to control reflective cracking, including placing a thin layer at the interface 

between the old and new layers, rubberizing the existing concrete pavement, crack-sealing 

the existing pavement, and increasing the thickness of the hot mix asphalt (HMA) overlay. 

Among these techniques, interlayer systems have been effective in controlling reflective 

cracking. The efficiency of the interlayer depends on the appropriate selection of the 

interlayer system type and interlayer conditions, correct installation, and the conditions and 

characteristics of the existing pavement and HMA overlay (Baek 2010). Interlayer systems 

typically consist of a tack coat and a geosynthetic layer.  

Geosynthetics are classified as fabrics, grids, composites, and membranes. Three 

primary uses of geosynthetics in asphalt concrete overlays are as reinforcement, for strain 

relief, and as water-proofing layers. Geosynthetics that have a higher elastic stiffness value 

than the surrounding asphalt concrete can reinforce the pavement system. Geosynthetics that 

have a lower elastic stiffness value than the surrounding asphalt concrete can provide strain 

relief. Polypropylene grids and glass fabrics and grids are classified as reinforcing 
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geosynthetics and, if constructed properly, can redirect reflection cracks and retard the 

cracking process (Lytton 1989). Grids are designed to exhibit high modulus values at low 

strain levels such that they can engage in reinforcing the system before the protected 

pavement layer fails in tension. Asphalt-impregnated fabrics or composites can provide a 

moisture barrier and control the infiltration of surface water into the pavement.  

The interlayer bond plays an important role in making a pavement system structurally 

stiff and in distributing the stress and strain; thus, the long-term performance of pavements 

and the cracking patterns depend on the interlayer bond and conditions (Raab and Partl 2004, 

Romanoschi 1999, Canestrari et al. 2005). Therefore, the effect of an interlayer system on the 

bond quality and performance of the interface under static and dynamic loading should be 

evaluated and fully understood. 

Different contributing causes of reflective cracking, such as traffic, temperature, and 

moisture, result in different stress combinations that are not easy to simulate in the 

laboratory. Various factors should be considered in designing a test that can evaluate the 

effects of reflective cracking on the fatigue life of pavements. Some of these factors are 

traffic, crack spacing, temperature changes and gradient, subgrade stiffness, presence or 

absence of voids beneath the pavement surface, degree of aggregate interlock across cracks 

in the old and new pavement, overlay thickness, geosynthetic position, and tack coat type and 

application rate (Lytton 1989). 

High modulus fiberglass grids are commonly used as reinforcing materials to control 

reflective cracking. The main reason for using geogrids, such as fiberglass grids, is to retard 

crack propagation, which is an important mechanism that affects the performance and life 

cycle of the pavement and needs to be assessed and, if possible, quantified. That is, in order 

to fully understand the effects of interlayer systems and to be able to predict the performance 

of reinforced pavements with different interlayer conditions, it is necessary to understand 

how different interlayer conditions affect the damage mechanisms and crack propagation 

rates and patterns in the pavement structure. Studying the cracking patterns and rates requires 

considering and evaluating both Mode I and Mode II fracture. 
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In order to study and understand the actual mechanical behavior of reinforced asphalt 

concrete pavements, fracture mechanics concepts and test methods must be applied. A 

limited number of research studies have been conducted on the effects of glass grids on the 

fatigue life and crack propagation patterns of pavement structures. However, Mode I fracture 

of asphalt concrete has been the main focus of most of these studies and Mode II cracking 

has been the focus of only a few. Characterizing and modeling the fatigue and fracture 

behavior of reinforced asphalt specimens under fatigue loading requires the lengths of the 

cracks to be determined as the tests progress and fracture mechanics principles to be applied 

to the crack lengths. Because asphalt concrete is a viscoelastic and heterogeneous material, 

the determination of crack lengths has always been a challenge in asphalt fracture studies. 

Reinforcing the asphalt pavement adds more complexities to this challenge. Considering the 

relatively complicated fracture behavior of asphalt and the assumptions and methods used in 

previous research for the determination of crack lengths, the accuracy and reliability of 

earlier results may be questioned. The existing asphalt crack growth models and reflective 

cracking models typically were not developed originally to consider the effects of 

reinforcement, and researchers who studied the effects of grid reinforcement did not develop 

laboratory-based testing and measurement methods and analytical approaches that could be 

used to construct a comprehensive and solid experimental and analytical framework for 

predicting the reflective cracking performance of grid-reinforced asphalt concrete specimens. 

Therefore, more accurate and reliable methods of crack length determination need to be 

developed and used for asphalt fatigue and fracture tests.  

This project was undertaken in response to these needs and serves as a contribution to 

the better understanding of fatigue performance and the fracture characteristics of fiberglass 

grid-reinforced asphalt concrete. In order to examine the effects of grid reinforcement on 

both vertical and horizontal interfacial cracks in reflective cracking, fatigue and fracture tests 

were developed in this study and used to evaluate the effects of different interlayer conditions 

on failure mechanisms and cracking patterns of double-layer asphalt specimens with grid-

reinforced interfaces. Special shear testing equipment was developed and used for studying 

the effects of interlayer conditions on the shear fatigue performance of grid-reinforced 



4 

 

interfaces, and a four-point bending notched beam fatigue test (NBFT) was used to study the 

fatigue and fracture characteristics of grid-reinforced beam specimens. The digital image 

correlation (DIC) technique also was utilized, and methods were developed for determining 

the interfacial crack lengths in shear tests and the vertical and horizontal (interfacial) crack 

lengths in the four-point bending notched beam fatigue tests. Beam specimens with different 

mixture types, tack coat types, and grid opening sizes were tested under displacement-

controlled four-point bending beam fatigue loading at different temperatures in order to study 

the effects of the different interlayer conditions and temperatures on the damage mechanisms 

and cracking patterns and rates in grid-reinforced asphalt pavements. The crack lengths and 

crack growth rates were determined during each test, and a two-dimensional finite element 

model was developed and employed for determining the stress states and stress intensity 

factors (SIFs) at the horizontal and vertical crack tips. The inputs to this model were material 

properties, such as the elastic modulus of the grid, dynamic modulus, Poisson’ ratio, and 

phase angle of the mixture at the test frequency and temperature, beam specimen geometries 

and grid locations, number of cycles, horizontal and vertical locations of the vertical crack 

tips, horizontal locations of the horizontal crack tips along the interface, and maximum and 

minimum load levels at each loading cycle. Finally, linear elastic fracture mechanics (LEFM) 

principles were applied to the crack growth data, and Paris’ Law was used for describing and 

predicting the vertical and horizontal crack growth in grid-reinforced beam specimens. 

1.2. Research Objectives 

The main objectives of this research project are: 

 To develop a test method, displacement and strain measurement protocol, and analysis 

framework that can be used to determine vertical and interfacial crack growth rates and to 

determine the resistance of the grid to the deflection differential at the joint/crack 

(hereinafter called joint stiffness) for fiberglass grid-reinforced asphalt concrete beams; 

 To use a mechanistically sound vertical and interfacial crack propagation law for 

describing the crack growth in fiberglass grid-reinforced asphalt concrete beams; and 
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 To study the effects of different interlayer conditions and temperatures on the reflective 

cracking performance of fiberglass grid-reinforced asphalt concrete beams. 

1.3. Thesis Organization 

Ten chapters are presented in this thesis. Chapter one introduces the research as a 

whole, describing the problem and the research gaps that need to be filled for the fatigue and 

fracture characterization of GlasGrid-reinforced asphalt pavements. Chapter 2 provides 

research background into reflective cracking, grid reinforcement, fracture and Paris’ Law, 

crack length measurements in asphalt concrete tests, shear devices used for asphalt concrete 

testing, and the time-temperature superposition (t-TS) principle for asphalt concrete in the 

linear viscoelastic and damaged states. Chapter 3 provides information about the different 

materials used in this project for fabricating specimens and introduces a specimen naming 

system that is used throughout the remainder of this dissertation. Chapter 4 presents an 

overview of the test devices that were employed in the experimental design of this project 

and provides some information regarding the development of two specific shearing devices. 

Chapter 5 briefly discusses the DIC technique and provides details about the DIC 

configurations used in this study. Chapter 6 discusses the experimental design and test 

conditions. Chapter 7 is dedicated to specimen fabrication and preparation methods. Chapter 

8 investigates the crack tip detection methods for interfacial cracks in the shear tests and for 

the interfacial (horizontal) and vertical cracks in the beam fatigue tests by means of DIC. 

Chapter 9 investigates the effects of grid opening size, mixture type, and tack coat type on 

the shear fatigue performance of the grid-reinforced specimens. Chapter 10, which could be 

considered to be the main chapter of this dissertation, investigates the effects of grid opening 

size, mixture type, tack coat type, and temperature on reflective cracking mechanisms and 

crack growth rates in grid-reinforced beams. Most importantly, Chapter 10 presents an 

analytical framework for quantifying the effects of a grid on crack growth and for modeling 

reflective cracking in grid-reinforced beams by applying LEFM principles to measured crack 

lengths. Chapter 11 investigates the validity of t-TS for reflective and interfacial crack 
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growth in grid-reinforced asphalt specimens. Chapter 12 includes the conclusions of this 

study and also recommended future work. 
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CHAPTER 2. RESEARCH BACKGROUND 

2.1. Reflective Cracking 

2.1.1. Introduction 

Reflective cracking is a common distress in asphalt pavements. Reflective cracking is 

cracking in a new asphalt overlay due to the inability of the overlay to withstand differential 

movement across the crack or joint of the underlying pavement, which may be due to traffic 

loading or thermal loading. The pre-existing crack in the old asphalt pavement or the joint in 

the underlying Portland cement concrete slab will propagate upward through the new asphalt 

overlay. The occurrence of reflective cracking destroys the continuity of the surface, 

decreases the structural strength of the pavement, and allows the water to enter the pavement 

system which leads to further deterioration (Lytton 1989). 

Passing a load over an overlay on top of a cracked underlying pavement can cause 

three pulses of high stress, as shown in Figure 2.1. Two of these pulses are maximum shear 

pulses that occur at points A and C and in the opposite direction. When the wheel passes 

point B it causes a maximum bending stress pulse. As shown in Figure 2.2, thermal cracks 

are caused either by stresses in the overlay because of temperature changes at point A or by 

contraction and curling of the underlying old pavement surface at point B. 
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Figure 2.1. Stress pulses caused by a passing wheel on cracked underlying pavement (Lytton 

1989). 

 

 

Figure 2.2. Reflective cracking due to thermal stresses (Lytton 1989). 
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2.1.2. Methods used for preventing reflective cracking 

Several remedial techniques, such as placing a thin layer at the interface of the old 

and new layer, rubberizing the existing concrete pavement, crack-sealing the existing 

pavement, using interlayer systems, and increasing the thickness of the HMA overlay have 

been used to control reflective cracking. Among these techniques, interlayer systems have 

been especially effective. The efficiency of the interlayers depends on the right selection of 

the type of the interlayer system and interlayer conditions, correct installation, and the 

condition and characteristics of the existing pavement and HMA overlay (Baek 2010). 

Geosynthetics such as polypropylene and fiberglass grids that have a higher elastic 

stiffness value than the surrounding asphalt concrete can reinforce the pavement system and 

retard reflective cracking. Grids are designed to exhibit high modulus values at low strain 

levels such that they can engage in reinforcing the system before the protected pavement 

layer fails in tension. To act as overlay reinforcement, a grid must be stretched tightly and 

have sufficient stiffness. 

2.1.3. Reflective cracking patterns  

Lytton (1989) and Jayawickrama et al. (1987) distinguished the following three 

modes of failure in HMA layers reinforced with a glass-grid interlayer: 

 Mode Ι: Crack penetrates to the top of the sample. 

 Mode ΙΙ: The force required to open the crack reaches a minimum stable level. 

 Mode ΙΙΙ: Bottom-up and top-down cracks meet in the middle of the sample. 

Modes Ι and ΙΙΙ happen when the interlayer material acts as a strain-relieving 

material, and Mode ΙΙ happens when they act as reinforcing material. Two different scenarios 

are possible when bottom-up cracking reaches the interlayer, depending on the geosynthetic 

type and interlayer condition. In strain-relieving mode, the crack stalls at the interlayer level 

for a while and then starts moving upward in the overlay. In the reinforcing mode, the crack 

turns horizontally and propagates below the grid to a distance where there is no longer 

enough energy to propagate the horizontal crack any further (Lytton 1989). 



10 

 

Kuo and Hsu (2003) incorporated additional crack propagation patterns into their 

finite element analysis to evaluate crack development due to traffic loading. One of these 

patterns was simultaneous bottom-up and top-down cracking after the interface bond was 

broken. They concluded that top-down cracking is more likely when the overlay is thick 

and/or the temperature is high.  

Sha (1993) conducted a forensic field investigation and observed top-down cracking 

in relatively thick (38 mm to 82 mm) HMA overlays and reflective cracks all the way from 

bottom to top in relatively thin (28 mm to 38 mm) HMA overlays. 

Zhou and Sun (2002) studied reflective cracking in the field and reported that 97 

percent of cracked thin overlays had double cracks close to the joint. Such double reflective 

cracks also were reported by Zhou and Scullion (2005). They related the type of reflective 

cracking (traditional single or double reflective cracking) to the degree of horizontal joint 

movement and also to the magnitude of the vertical deflection across the crack or joint. They 

concluded that double reflective cracking, which is usually a few inches away from the 

centerline of the crack, happens less frequently than traditional single reflective cracking. 

2.1.4. Effect of geo-synthetics on reflective cracking performance of asphalt pavement 

Tschegg et al. (1988) studied the fracture behavior of geosynthetic interlayers using a 

wedge-splitting method and reported that interlayers with good bonding to the asphalt layer 

showed the highest resistance to reflective cracking. 

Zou et al. (2007) studied the effectiveness of different geosynthetics in different 

depths in the pavement. They installed geosynthetics at the interface of old cement concrete 

or asphalt concrete and the new asphalt overlay. They also installed geosynthetics within the 

new asphalt overlay to see how the position of the geosynthetic affected its performance. 

They observed that installing the geogrid between the asphalt pavement layers and the base 

course resulted in improved performance. Zou et al. (2007) concluded that the performance 

of grids is dependent on different factors, and because they installed the grids in sections with 

different conditions, they did not reach a final conclusion with regard to the performance of 

different geosynthetic types. 
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Kim et al. (2010) investigated the bending behavior of asphalt composites 

strengthened by grid reinforcements made with carbon, glass, and polyester fiber-grids. The 

grid was placed at one-quarter of the depth from the bottom of the beams. They carried out a 

monotonic four-point beam test at different rates and temperatures. The carbon grid exhibited 

the best performance. Kim et al. (2010) reported that glass-grid led to more structural 

improvement than non-reinforced beams. 

Hosseini et al. (2009) investigated the effects of geosynthetic reinforcement on the 

damage propagation rate of asphalt pavements. They cut slabs from previously constructed 

sections of the access roads to Imam Khomeini Airport in Iran. These sections were 

reinforced with different types of grids. Hosseini et al. (2009) made beams out of the slabs 

and ran cyclic four-point beam fatigue tests in displacement-control mode. The interlayer 

was located at one-third depth of the beam from the bottom. The tests were carried out at a 

frequency of 10 Hz and at strain levels of 700, 900, 1100, and 1300 microstrain. Hosseini et 

al. (2009) noticed three approximate stages in the fatigue life of the specimens: 

 A fast reduction in stiffness of the specimens, which is approximately 10 percent of the 

total fatigue life. 

 A linear reduction in the stiffness of the samples with the number of cycles. This stage 

covers almost 90 percent of the fatigue life. This stage is associated with the formation 

and development of micro cracks. 

 A sudden decrease in the stiffness of the beams as they approach failure. 

Their results also showed that reinforcement of the specimens reduced the crack growth rate. 

Khodaii and his colleagues (2009) investigated the effects of geosynthetics on the 

reduction of reflection cracking in asphalt overlays. They studied the effects of geosynthetic 

reinforcement and its location in terms of depth on the mitigation of reflective cracking. They 

made reinforced and non-reinforced 380 mm × 150 mm × 75 mm asphalt overlays and used 

cracked blocks of asphalt as the old pavement and a layer of neoprene rubber as the 

subgrade. They applied cyclic loading with a frequency of 10 Hz to the middle of the overlay 

through a circular loading plate. The tests were carried out at 20°C and 60°C. In the case of 

the geogrid embedded at the bottom of the overlay, the crack started at the bottom of the 
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overlay and continued to penetrate the entire layer. In the cases of the geogrid embedded in 

the middle or at one-third depth from the bottom, cracks developed from the bottom of the 

bottom layer of the overlay and propagated toward the geogrid, but after reaching to the 

interlayer the crack was trapped and did not pass the interlayer. Finally, a top-down crack 

started at the top of the overlay and propagated toward the geogrid. Khodaii and his 

colleagues (2009) concluded that specimens with embedded geogrids outperformed the non-

reinforced samples in terms of resistance to cracking. Also, they concluded that embedding 

the geogrid within the overlay is more advantageous than placing it at the bottom of the 

layer. Moreover, they reported that the occurrence of top-down cracking depends on: 

 geogrid position in the asphalt overlay, 

 relative stiffness of the overlay compared to the old pavement, and 

 temperature (Khodaii et al. 2009). 

Zamora-Barraza et al. (2010) studied the adherence of different geosynthetic 

materials to a bituminous mixture when used with different rates of tack coat application. 

They made a three-layer specimen with two interlayers and applied the load to the central 

layer at a deformation rat of 5 mm/min. The testing temperature was 15°C. The results 

showed that all the reinforced specimens had lower shear strength values than the reference 

specimen. The optimum tack coat application rate for the glass fiber-reinforced and polyester 

geogrid-reinforced specimens was 500 g/m² and 300 g/m², respectively. 

Button and Lytton (1987) concluded that if geosynthetic material is installed and 

impregnated correctly, and if enough tack coat material is applied, the adherence between the 

layers will not be affected adversely. They also concluded that grids can generate a small 

increase in shear resistance at high temperatures. 

Tschegg et al. (1998) concluded that reflective cracking prevention or retardation can 

be achieved only if the stiffness modulus value of the interlayer is equal to or higher than that 

of the adjacent material, and if the bond strength between the interlayer and adjacent material 

is optimal. They concluded that an interlayer system would be more effective if it is involved 

in energy consumption at lower displacements or strain levels and prior to crack initiation. 

Zou and his colleagues evaluated the glass-fiber grids in service after four years and did not 
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discover any breaking and node movement (Zou et al. 2007). In practice, reflective cracks are 

caused mainly by cyclic traffic loads with low amplitude. That is, the stiffness of an 

interlayer system is more important than its strength.  

2.2. Fracture and Paris Law 

In general, fracture or displacement discontinuity can happen as a result of any or a 

combination of the following modes of loading: 

 Mode I loading (opening mode): The load is applied to the crack surface 

perpendicularly or in the tensile direction (Figure 2.3 (a)). 

 Mode II loading (sliding mode): In-plane shearing load (Figure 2.3 (b)). 

 Mode III loading (tearing mode): Out-of-plane shearing load (Figure 2.3 (c)). 

 

 

Figure 2.3. Modes of loading and fracture. 

 

Irwin (1957) presented the stress intensity factor (SIF), K, for describing the stress 

state at the crack tip of linear elastic material. The SIF is related to the rate of crack growth 

and is used to establish failure criteria due to fracture. KI, KII, and KIII typically are used to 

describe the SIFs of the opening, sliding, and tearing mode cracks, respectively.  
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Even though asphalt concrete is a complex viscoelastic material, for practical 

applications and simplicity, it is often assumed to be a quasi-elastic material. That is, its 

dynamic modulus and Poisson’s ratio at a certain temperature and rate of loading are used for 

predicting its behavior.  

In asphalt pavement layers, cracks typically propagate in three distinct phases. The 

first phase is the crack initiation phase where microcracks start developing at critical strain 

points. At some point, after a number of load cycles, a high concentration of microcracks 

results in the localization and formation of macrocracks. In the cyclic tests, this phase is 

defined as the number of load cycles required for the formation of a visible damaged zone at 

the critical stress/strain point in the asphalt layer (Uzan 1997). During the first phase, the 

crack path can be affected significantly by the microstructure. The second phase, and the 

most important phase, is crack propagation where the crack growth is stable and the crack 

propagates across the pavement layer. The last phase is unstable crack growth and failure as 

the fracture toughness of the material is approached (Paris and Erdogan 1963, Elseifi and Al-

Qadi 2003). 

Assuming that the asphalt concrete specimens or asphalt pavement layers are quasi-

elastic material, their crack growth during the second phase can be described by the Paris’ 

power law (Paris and Erdogan 1963): 

 

                Equation 2-1     

 

                         

where a is the crack length, N is the number of loading cycles, A and n are the fracture 

parameters of the material, and ΔK is the range or amplitude of the SIF. 

Reviewing the previous research efforts shows that linear elastic fracture mechanics 

(LEFM) and Paris’ law have been employed successfully for describing, modeling, and 

predicting the cracking behavior of asphalt concrete specimens as well as asphalt pavement 

overlays by several researchers. Some of these researches are mentioned briefly in the 

following paragraphs. 

nKA
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Tschegg et al. (2011) used a wedge-splitting test for studying the fatigue cracking of 

asphalt and asphalt interfaces and used LEFM concepts for describing the crack growth 

behavior. They determined the crack lengths using an optical measurement method and used 

the crack lengths to calculate the SIFs. They used sinusoidal load waves and adjusted the 

load levels during the tests in order to control the crack growth velocity. The tests were 

performed at temperatures of -10°C, 0°C, and 10°C. They used one mixture type for the 

mixture tests and compared the interface fatigue performance of fresh (untreated) and 

sandblasted interfaces by running interface wedge-splitting tests. A polymer-modified 

bitumen was applied to all the interfaces. The Tschegg et al. (2011) results showed that: 

 In both the mixture and interface tests, and for any given SIF amplitude, the crack 

growth rate was higher at higher temperatures; 

 At each temperature and at any given SIF amplitude, the sandblasted interface had a 

higher rate of crack growth than the untreated interface; 

 At each temperature and at any given SIF amplitude, the interface had a higher rate of 

crack growth rate; and 

 Based on the da/dN versus ΔK plots, the interface crack growth data exhibited steeper 

slopes (higher n values in the Paris’ law equation) than the mixture crack growth data 

(Figure 2.4). 

 



16 

 

 

Figure 2.4. Mixture and interface crack growth data (Tschegg et al. 2011). 

 

Schapery (1984), Molenaar (1983), Jacobs (1995), Lytton et al. (1993), and Erkens et 

al. (1997) reported that A in the Paris’ law equation is highly related to n and E (material 

stiffness).  

Based on Schapery’s theory of crack propagation in nonlinear viscoelastic materials, 

A and n are related theoretically to the following fundamental properties of material: 

 The slope of the linear portion of the log compliance-log time mastercurve 

determined from creep tests; 

 The tensile strength of the material; and 

 The fracture energy density of the material determined experimentally by monitoring 

the energy release via crack propagation (Schapery 1984 and 1986). 

Shapery’s equations for determining the fracture parameters, A and n, for a crack that 

propagates in a viscoelastic material and is due to Mode I displacement are as follows 

(Schapery 1973): 
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              Equation 2-2 

 

 

and 

 

              Equation 2-3 

 

where  

σm   = maximum tensile stress 

I1   =  a factor that depends on the stress conditions at the crack tip, the failure stress 

of the material, and the length of the failure zone 

 D2  =  the compliance of the material considered at t = 1 sec. 

 ν   =  Poisson’s ratio 

Γ   =  fracture energy, defined as the work done on a material to produce a unit area 

of the crack surface 

m   =  the slope of the compliance curve. 

 

Molenaar (1983) carried out a number of static tests on different mixtures in order to 

determine their fracture toughness, tensile strength, and stiffness characteristics. Next, he 

used a direct tension test set-up for applying cyclic loading to specimens made with the same 

mixtures. He ran the tests in load-control mode and used haversine-shaped waves for loading. 

Molenaar (1983) calculated the crack length by recording the vertical elastic displacements at 

the end of the specimens and used finite element modeling (finite element analysis) for 

finding the stresses and SIFs. The reason for selecting the load-control mode over 

displacement-control mode in his tests was his method of crack length measurement. 

Because he used the increase in vertical displacement for backcalculating the crack length, 

displacement-control mode testing could result in difficulties in taking the crack length 

measurements. Molenaar ran the crack growth tests at temperatures of 5°C, 15°C, and 25°C 

and at frequencies of 10 Hz (at 5°C and 15°C) and 1 Hz (at 15°C and 25°C). The results at 
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15°C and 10 Hz showed a range of 1.009E-9 (highest air void content) to 1.403E-6 (lowest 

air void content) values for A, and a range of 2.571 (lowest air void content) to 4.376 (highest 

air void content) values for n. These experiments resulted in the following relationships for 

A, n, E, and σm: 

 

           Equation 2-4 

 

where 

E   =  mixture modulus, kPa and 

σm  =  mixture strength, kPa. 

 

Lytton et al. (1983) conducted experiments and established the following 

relationships: 

 

    Equation 2-5 

 

       Equation 2-6 

 

Lytton et al. (1993) used Molenaar’s form of equation for determining A with a 

modification and used Lytton’s relationship for finding n. Lytton et al. replaced the mixture 

modulus (E) in Molenaar’s equation with a calibration factor (K): 

 

          Equation 2-7 

 

Lytton et al. (1993) determined the fracture coefficients in Paris’ law (A and n) for the 

Strategic Highway Research Program (SHRP) A-003A beam fatigue data using a 

backcalculation procedure and obtained A values between 0.6E-7 and 5.36E-5 and n values 

in the range of 1.37 and 10.21. 
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Zhou et al. (2007) used field cores from the Federal Highway Administration 

Accelerated Load Facility (FHWA-ALF) fatigue test lanes using different type of mixtures 

and by means of an enhanced overlay tester, determined the crack growth rates at 19°C and 

0.1 Hz. The crack lengths were determined using the maximum normalized load at each 

cycle and via backcalculation. The SIFs were determined using a two-dimensional (2-D) 

finite element program, 2D-CrackPro. Zhou et al. (2007) used the crack growth and SIF data 

for determining the Paris’ law parameters for the field core specimens. The lowest rate of 

crack growth was observed in the styrene-butadiene-styrene (SBS) LG modified mixture. 

The field cores had A values between 2.622E-7 and 2.730E-6 and n values between 3.369 

and 4.079. 

Zhou et al. (2010) used an enhanced overlay tester, shown in Figure 2.5, to determine 

the fracture parameters of different mixtures. They proposed and followed a two-step 

procedure for measuring the fracture parameters. Haversine wave loads were applied in 

strain-control mode. The crack length was backcalculated using load data, and a 2-D 

CrackPro finite element program was used for determining the SIFs. They took field cores 

from several sections of the National Center for Asphalt Technology (NCAT) test track and 

measured the fracture properties by following their two-step overlay test at 25°C and 0.1 Hz. 

The results showed that A varied between 6.299e-9 and 3.444e-7 and n was in the range of 

3.825 and 4.857 for the different HMA layers. Zhou et al. (2010) used these fracture 

parameters for predicting the cracking performance of each section, and the field 

observations were in a good agreement with predictions. The section with no predicted 

surface cracks did not show any sign of cracking. 
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Figure 2.5. Enhanced overlay tester (Zhou et al. 2010). 

 

Elseifi and Al-Qadi (2003) used Paris’ law in their study of the prediction of the 

service life of pavement structures with different mixtures. Their model was based on three-

dimensional (3-D) finite element models and LEFM principles. In order to determine the A 

and n fracture parameters, they used the SHRP A-357 (Lytton et al. 1993) theoretical 

relationships between the fracture parameters of the material and the mix properties. A and n 

were determined using the following equations:  

 

         Equation 2-8 

 

         Equation 2-9 

 

where m is the slope of the log creep compliance versus log time curve; AV is the air void 

percentage; AC is the asphalt content percentage, and E is the resilient modulus of the 

mixture (in psi).  

m
n

2
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Elseifi and Al-Qadi (2003) used these equations for three types of mixtures, and the 

fracture parameters are as follows. For the first mixture, a rich binder mix, the n and A were 

3.40 and 4.76E-8, respectively. For the second mix, n was equal to 3.85 and A was 5.80E-8. 

For the third mixture that had a high air void percentage, they obtained 4.5 and 8.09E-8 

values for n and A, respectively. They used ABAQUS software to calculate the SIFs 

indirectly using the J-integral. 

Tseng and Lytton (1990) showed that the Paris’ crack growth law can be used for 

modeling the fatigue damage properties of laboratory-fabricated specimens. They used a shift 

factor for taking into account the healing and residual stresses (between traffic loadings) in 

the field and for predicting the field damage properties based on the properties of the 

laboratory-fabricated specimens.  

Hartman et al. (2004) performed four-point bending beam fatigue tests at the 

temperature of 20°C using a sinusoidal load waveform at a frequency of 4 Hz, without rest 

periods. They used a digital image processing technique and two different approaches for 

finding the crack length and applied a LEFM approach to the crack length data. The first 

approach was to determine an equal crack length using the cracked area, and the second 

approach was to use the depth (vertical length) of the crack. The results showed that the 

crack growth data from the first approach was more consistent than the data obtained from 

the second approach. They concluded that if equal crack lengths were determined correctly, 

an LEFM approach can be used successfully for comparing the cracking performance of 

different asphalt mixtures. 

Owusu-Antwi and Khazanovich (1998) used the Long-Term Pavement Performance 

(LTPP) database and developed a mechanistic-based model under the elastic behavior 

assumption for modeling the behavior of composite pavements and predicting the amount of 

reflecting cracking. 

Eltahan and Lytton (2000) used a mechanistic-empirical approach and incorporated 

the Paris’ crack growth law in their model to predict cracking in overlays. They compared 

their predictions with field data and showed that their model predicted the field-observed 

cracking with an R² of 0.72 for the interstates used in their study. 
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2.3. Crack Length Determination in Asphalt Concrete Fatigue and Fracture Tests 

During the 1970s, 80s and 90s researchers typically used an indirect backcalculation 

approach to determine the crack length in asphalt fatigue and fracture tests (Molenaar 1983, 

Jacobs 1995, Roque et al. 1999, Zhou et al. 2010). The recorded load and/or strain data from 

the tests were used to backcalculate the crack length. 

Jacobs (1995) used a ladder-type crack foil on one side of prismatic specimens for 

measuring the crack length. The specimens were notched in the middle and on the two 

opposite faces. A crack foil with 46 rungs and rung distances of 1 mm (Figure 2.6) was 

placed between the notches to determine the location of the crack. Each rung was connected 

to a channel of a multiprogrammer and the specimens were loaded under dynamic uniaxial 

tensile loading. The multiprogrammer was used to monitor the difference in voltage of each 

rung during the tests, and the crack lengths were determined by means of detecting the 

cracked and uncracked rungs. Jacobs (1995) observed that cracks always started from one 

notch and propagated toward the other side of the specimen. The crack foil measurements 

showed that the cracks did not grow continuously. This observation was attributed to two 

different causes. First, Jacobs assumed that discontinuities can be the result of the formation 

of several macrocracks that then merge into one large macrocrack. He also considered the 

possibility of a retardation or arrest effect caused by the aggregate that was located on the 

crack path. He observed highly scattered crack growth data when a relatively high 

deformation level was applied to the specimens and concluded that crack foil was not useable 

for tests with a deformation level higher than 120 μm. 
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Figure 2.6. Crack foil used for crack length measurements by Jacobs (1995). 

 

Tschegg et al. (2011) used a wedge-splitting test to study fatigue cracking of asphalt 

and asphalt interfaces. They used an optical measurement system and picture analysis after 

testing to determine the crack length. They initially applied a net of thin conductors (wires) to 

the specimen surface to determine the crack growth (Figure 2.7). They observed that at lower 

temperatures (-10°C and 0°C) a visible crack grew beyond the electrical paths without 

affecting them and changing their resistance. When Tschegg et al. (2011) found that at lower 

temperatures, when the material was brittle and the cracks were very fine, the electrical 

measurement method could not capture the crack growth, they replaced this method with an 

optical crack length measuring method. In this method, they captured images from the 

surface of the specimen during the tests and by evaluating the images after testing determined 
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the crack length at the time the images were taken. Tschegg et al. (2011) painted the front 

face of the specimens white and used the black and white contrast between the cracked and 

uncracked areas to find the crack length. 

 

 

Figure 2.7. (a) Net of wires and (b) the optical measurement system used by Tschegg et al. 

(2011). 

 

Mun and Lee (2011) simulated the growth of viscoelastic cracks in HMA concrete 

mixtures by running cyclic load-control disk-shaped compaction tests. They used two digital 

cameras to record the crack propagation lengths on each side of the disk-shaped compact 

tension test specimens (Figure 2.8). They determined the energy-based parameter, ΔJ (the J-

integral amplitude), and modeled the viscoelastic crack growth in HMA. 

 



25 

 

 

Figure 2.8 Cameras on both sides of disk-shaped compact tension test specimen (Mun et al. 

2011). 

 

Since the 1990s, the use of more sophisticated digital imaging techniques for 

investigating the behavior and performance of civil engineering materials such as asphalt 

concrete has become increasingly common. For example, Read (1996) used asphalt beam 

specimens with two steel plates glued to the bottom layer, leaving a 10-mm gap between the 

plates to act as a crack initiator. The beams were supported and hinged at both ends to allow 

the beams to flex without imposing restrictive forces (Figure 2.9). Two actuators, one above 

and one beneath the beam, were used to push the beams down and back to the normal 

position. A maximum strain level of 8,500 microstrain was mainly used in this testing 

program. Read (1996) applied white paint to the surface of beam specimens to make the 

cracks more visible and used a computer-controlled charge-coupled device camera to 

photograph the surface of the beams and to detect the cracks as the tests progressed. He 

stopped the tests once the load reached 25 percent of its original value. Only 12 photographs 

were taken per beam due to storage and analysis limitations, and the images were used to 

determine the crack path on the surface of the beams. Because the available fast shutter speed 

light sources were heat-producing and would change the beam temperatures and affect the 
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results, lighting the beam surfaces became a challenge in this study. To overcome this 

problem, the background lighting in the temperature-controlled room was made as bright as 

possible and the light sources were placed at the furthest possible distance from the 

specimens. 

 

 

Figure 2.9. Schematics showing the test configuration for crack propagation (Read 1996). 

 

Hartman et al. (2004) used a digital image technique to determine the cracked areas 

and crack lengths in asphalt concrete four-point bending beam tests. Fatigue tests were 

performed at a temperature of 20°C using a sinusoidal load waveform at a frequency of 4 Hz, 

without rest periods. Hartman et al. (2004) took gray-scale digital photographs of the beam 

specimen surface during the test and used an algorithm to convert the gray-scale images into 

a binary format (i.e., only pure black and white pixels) by applying a threshold value. The 

threshold was selected by applying a range of thresholds and manually selecting the 

threshold that best represented the visual crack damage. Hartman et al. (2004) used two 

different approaches for measuring the crack length. In the first approach, they counted the 
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black pixels and converted this number to the cracked area. Then, they used the following 

equation to find an equivalent crack length: 

 

           Equation 2-10 

 

 

where, aeq is the equal crack length; d is the specimen depth; Ac is the total area of cracks at 

cycle N; and At is the total area cracked at failure. The progressive development of the fatigue 

cracks and percentage of cracked area in one of their beam specimens is shown in 

Figure 2.10. The second approach taken by Hartman et al. (2004) was to use an algorithm for 

reducing the crack to a single pixel width and counting the number of pixels, which resulted 

in the direct measurement of the vertical dimension of the physical crack length. The equal 

crack length calculated from the cracked area seemed to obey the LEFM model for crack 

growth consistently. 
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Figure 2.10 Progressive development of fatigue crack and percentage of cracked area in a 

typical beam specimen (Hartman et al. 2004). 
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2.4. Digital Image Correlation 

The DIC method, which is a noncontact, full-field displacement and strain 

measurement technique, is one of the newest measurement techniques that have gained 

popularity in asphalt testing during the past two decades. A DIC set-up requires a camera, a 

lighting system, a frame grabber, a hard drive for storing the images, and a computer for the 

DIC analysis. DIC uses the gray-scale value of the image pixels to determine the 

displacements. It determines the gray-scale value of each pixel in the image and creates a 

gray-scale map for each image. A matching process is used to compare and match the subsets 

on a reference (initial) image and on deformed images, thereby determining the 

displacements. 

The DIC technique provides some advantages over conventional displacement and 

strain measurement methods that employ, for example, linear variable differential 

transformers (LVDTs): 

 The DIC technique has the ability to provide full-field displacement and strain 

measurements of the regions of interest on the surface of the specimens.  

 This technique is a non-contact technique and does not require any process that involves 

mounting a device on the specimen (as is the case with LVDTs); thus, DIC has fewer 

limitations and takes less time and effort to run an experiment.  

 LVDTs have deformation limitations, whereas DIC can be used to measure relatively 

large deformations. 

 The DIC technique provides more post processing abilities than the LVDT method. 

One of the earliest uses of DIC in asphalt concrete testing dates back to 1996 with 

tests by Yue and Morin (1996). In their work, this technology was referred to as digital image 

processing (DIP). They used this technique to determine the orientation of coarse aggregate 

particles in asphalt concrete mixtures. They studied the effects of compaction and aggregate 

gradation on the orientation of the aggregate particles.  

Seo et al. (2004) used the DIC technique to study the size and shape of the fracture 

process zone (FPZ). They performed uniaxial monotonic and cyclic tension tests on prismatic 
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specimens with symmetric double notches and on cylindrical specimens cored from 

Superpave gyratory-compacted specimens. It was observed that irrespective of the notch size 

and testing conditions, the FPZ was observed to be similar in size and shape for each 

mixture. Their analysis, based on Mode I SIFs, showed that the specimen size had no 

significant effect on the crack growth rate laws. 

Chehab et al. (2007) studied the formation and strain values of FPZ using DIC. They 

used DIC strains for the calibration and validation of the viscoelastoplastic continuum 

damage (VEPCD) model after localization. 

Many researchers have utilized the DIC technique in asphalt concrete testing for 

different purposes. Kim and Wen (2002) applied the DIC technique to determine the proper 

gauge length for a 100-mm diameter indirect tensile (IDT) test specimen. Aragao and Kim 

(2012) used DIC for monitoring the local fracture behavior at the tip of the initial crack in 

semi-circular bending tests to obtain the local fracture properties.    

Birgisson et al. (2009) developed a DIC system for the purpose of investigating the 

cracking behavior of HMA mixtures. Their previous versions of DIC did not account for 

non-uniform strain. Birgisson et al. compared the accuracy of DIC measured strains with 

strain gauge results in three different tests (indirect tensile, semi-circular bending, and three-

point bending tests) and obtained satisfactory results. They also evaluated the strain fields of 

cracked surfaces and found that the high strain concentration areas matched the crack 

locations. 

Birgisson et al. (2011) investigated the use of a three-point bending beam (3PB) test 

to characterize HMA cracking behavior. They used an in-house developed DIC system to 

obtain full-field strain maps and better understand the crack initiation and propagation 

mechanisms in the 3PB specimens. The beams were not notched and were loaded at a 

displacement loading rate of 0.084 mm/sec at 10°C. Birgisson et al. (2011) concluded that, 

because damage accumulates randomly and simultaneously at different locations in un-

notched beam specimens, detecting the FPZ or crack tip is not easy and, thus, the crack 

trajectory is very difficult to measure reliably. 
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Buttlar et al. (2014) summarized some of the most recent and most significant 

experimental studies performed using DIC-based techniques on asphalt mixture fracture 

phenomena, in particular Mode I fracture, Mode II fracture, and debonding. They showed 

that the full-field displacement and strain data provided by DIC can be used successfully and 

accurately in different type of tests to determine the damaged areas and crack lengths of 

asphalt concrete specimens. 

2.5. Shear Test Devices 

Raab et al. (2009) wrote a good review paper on interlayer shear bond devices. They 

classified the shearing devices into two categories of shear application mechanism: direct 

shear or simple shear devices. In direct shear tests, the shear application is similar to that of a 

guillotine, and the shear force is applied to the sides that are perpendicular to the specimen 

interlayer. Simple shear devices apply the load to the front face of the specimen that is 

parallel to the interlayer. Simple shear tests create a more even shear stress across the 

interface, whereas direct shear tests typically introduce normal forces to the interface at areas 

close to the loading point. 

The existing asphalt concrete shear test devices differ mainly in the mode of 

applicable load (static vs. dynamic), specimen geometry, load transfer mechanism, and 

ability to apply confining loads. Some of the developed shear test methods and equipment for 

using in asphalt tests are the Leutner shear test, the layer-parallel direct shear (LPDS) test, 

Ancona Shear Testing Research and Analysis (ASTRA), the Romanoschi dynamic device, 

the modified compact shearing (MCS) tester, the double shear tester DST, the Louisiana 

interlayer shear strength tester (LISST), and versions of the advanced shear tester (AST). A 

brief introduction of each of these devices is provided in the following sections. 

2.5.1. Leutner shear device 

The Leutner shearing device was developed by Leutner in Germany (Leutner 1979). 

The specimens are cylinders 150 mm in diameter and the test is a monotonic shear test 
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without any normal loading. This device uses a clamping mechanism to hold the specimen 

(Figure 2.11). This method applies a constant shear rate of 50 mm/min at 20°C and measures 

the shear load. 

 

 

Figure 2.11. Leutner shear device (Raab and Partl 2009). 

2.5.2. Layer-parallel direct shear (LPDS) test device 

The LPDS test device is the Empa-modified version of the Leutner device. This 

device fits into a Marshall testing machine and allows testing of 150-mm cylindrical 

specimens. This device also has been used to measure the bond strength of rectangular 

specimens (Raab and Partl 2008). A constant displacement rate is applied, and then the shear 

force and displacement are continuously recorded. The typical test temperature is 20°C. 

Figure 2.12 shows the LPDS testing device. 

 



33 

 

 

Figure 2.12. Schematic of LPDS test device with pneumatic clamping (Raab and Partl 2004). 

2.5.3. Ancona Shear Testing Research and Analysis (ASTRA) 

ASTRA was developed by Santagata and Canestrari at the Universita Politecnica 

delle Marche in Italy (Santagata et al. 1994). ASTRA allows for the application of shear 

loading and constant normal loading at the same time (Figure 2.13). The ASTRA device 

applies a shear load to the interface of the specimen with a constant horizontal displacement 

rate of 2.5 mm/min. The upper part of the device is fixed and the lower part moves. The 

vertical constant load is applied on top of the upper part. The specimen is a 100-mm diameter 

double-layer cylindrical specimen or a rectangular specimen with maximum dimensions of 

100 mm by 100 mm (Raab and Partl 2009).  
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Figure 2.13. ASTRA device (Canestrari et al. 2005). 

2.5.4. Romanoschi dynamic device 

Romanoschi and Metcalf (2001) designed a shear test device that consists of two cups 

welded and screwed to flat plates in such a way that the longitudinal axis of the specimen 

makes a 25.5 degree angle with the vertical line (Figure 2.14). This angle results in a shear-

to-normal load ratio of 0.5. This device fits into an MTS machine and can be used for 

running fatigue shear tests. The test temperature Romanoschi and Metcalf (2001) used was 

25°C and the loading frequency was 5 Hz with a minimum load of 10 percent of the 

maximum load. They found out that the permanent shear displacement has a linear 

development stage up to the failure or fracture point of the interface (Romanoschi and 

Metcalf 2001). 
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Figure 2.14. Schematic of Romanoschi shear fatigue test device (Romanoschi and Metcalf 

2001). 

2.5.5. Modified compact shear testing frame and double shear testing frame 

Diakhate et al. (2011) used the MCS test frame displayed in Figure 2.15 to study the 

shear fatigue behavior of asphalt concrete interfaces. This device was developed by the 

laboratory referred to as Mechanic and Modeling of Material and Structures in Civil 

Engineering (3MsCE) at the University of Limoges in France. The specimens consist of three 

parts including two interfaces. The sides are fixed and the middle part is subjected to cyclic 

or monotonic loading. Diakhate et al. (2011) glued two similar double-layer specimens 

together at the top surfaces to obtain a single symmetrical specimen with the same interface 

conditions. They used this method in order to take advantage of the pure shear loading 

condition in a symmetrical specimen such that the middle part of the specimen is subjected to 

a load in the middle of the layer and in the direction of the two interfaces. The specimens 

were prismatic specimens with dimensions of 70 mm x 100 mm x 30 mm. 
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Figure 2.15. MCS testing frame used by Diakhate (Diakhate et al. 2006). 

 

Because the MCS testing frame was not rigid enough for low temperature tests and/or 

testing beyond failure, researchers at the GEMH-GCD laboratory at the University of 

Limoges designed a DST based on the compact shear tester. They conducted finite element 

simulations to make sure the device was rigid enough to test the asphalt mixture interface 

shear strength at different temperatures. Figure 2.16 displays the DST used by Diakhate et al. 

(2011). 
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Figure 2.16. DST device (Diakhate et al. 2011). 

 

The specimen fabrication for the DST was similar to that for the MCS test specimens, 

as shown in Figure 2.17. By following this method of specimen fabrication, the specimens 

had interfaces with the same characteristics in terms of compaction, roughness, tack coat 

application rate, etc. 

 

 

Figure 2.17. Three-layer specimen fabrication method for the DST (Diakhate et al. 2011). 
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Diakhate et al. (2011) applied a symmetrical alternating sinusoidal cyclic load with a 

frequency of 10 Hz using a servo-hydraulic MTS machine in force-control mode. 

2.5.6. Louisiana interlayer shear strength tester (LISST) 

The LISST was developed by Mohammad et al. (2009) to evaluate the shear strength 

of interfaces with emulsified tack coats. This device accommodates both 100-mm and 150-

mm diameter cylindrical specimens and is capable of applying normal forces to the 

specimens. Bae et al. (2010) applied a constant shear displacement of 2.54 mm/s and 

recorded the load readings. Figure 2.18 and Figure 2.19 show images of the LISST. 

 

 

Figure 2.18. LISST with confining part attached (Mohammad et al. 2009). 
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Figure 2.19. LISST with confining part attached (Bae et al. 2010). 

2.5.7. Connecticut Advanced Shear Tester 

The Connecticut Advanced Shear Tester (CAST) was developed by Adam Zofka and 

his students. This device is capable of running both monotonic and dynamic tests. A constant 

normal force can be applied to the specimen before starting the test using a bolt and spring 

system. The die springs allow for dilation due to the aggregate interlocks. The normal force 

is recorded continuously throughout the test. Figure 2.20 displays the CAST device. 

 

 

Figure 2.20. CAST. 
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2.6. Time-Temperature Superposition 

2.6.1. Introduction to Time-Temperature Superposition (t-TS) 

The time-temperature superposition (t-TS) principle refers to the time- and 

temperature-dependent behavior of thermorheologically simple material. This principle 

simply means that for any given temperature and time of loading (rate) the same material 

behavior can be obtained either at low temperatures and long times (low rates) or at high 

temperatures but short times (high rates). 

This superposition principle is used to determine the time (rate) and temperature-

dependent mechanical properties of linear viscoelastic materials from known properties at a 

reference temperature. By obtaining data from a range of temperatures and frequencies, the t-

TS principle can be used to generate a mastercurve to represent the behavior at a reference 

temperature. It is known that asphalt concrete follows the t-TS principle within the range of 

linear viscoelasticity.  

2.6.2.  Time-temperature superposition shift factors 

In asphalt concrete, generating the dynamic modulus mastercurve can be done by 

horizontally shifting the modulus values at different temperatures to a certain reference 

temperature. The reduced frequency (shifted frequency), fR, can be obtained by multiplying 

the original frequency by a shift factor, as shown in  Equation 2-11. Typically, a functional 

form for the mastercurve and t-TS is assumed and optimizing tools are used to find the 

coefficients of these functions. The sigmoidal model, Equation 2-12, commonly is adopted to 

represent the mastercurve of the asphalt mixture and a third-order polynomial function, 

Equation 2-13, typically is utilized for the t-T shift factor. By optimizing the coefficients of 

the shift factor function for a given reference temperature (TR), the shift factor for any test 

temperature can be determined and used to shift the data (find the reduced frequencies) to the 

reference temperature and to construct the dynamic modulus mastercurve at the given 

reference temperature (Baek 2010, Underwood 2011). 
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 Equation 2-11  

    

where  

f   = frequency in Hz; and 

aT = shift factor.  

 

Equation 2-12 

 

 

 

where 

a, b, c and d = coefficients; and 

fR = reduced frequency. 

 

Equation 2-13 

 

where  

α1, α2 and α3 = coefficients; and 

T = temperature. 

2.6.3. Time-temperature superposition in damaged state 

Schapery (1978) studied the failure of solid propellant grains and demonstrated that 

the same t-TS shift factors used to determine the mechanical properties also may be used for 

failure properties. 

With the motivation that the shift factor is independent of the amount of damage in a 

material, Chehab (2002) evaluated the validity of the t-TS principle for asphalt in the 

damaged state by running constant crosshead rate uniaxial tension tests until failure. The tests 

were performed at different temperatures and rates. Shift factors, obtained from linear 

viscoelastic complex modulus tests, were applied to the monotonic test data to construct 
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stress versus reduced time mastercurves for different strain levels. The results confirmed that 

t-TS can be extended to include the behavior of asphalt concrete with micro damage and 

significant viscoplastic strain.   

Yun et al. (2010) studied the validity of the t-TS principle for HMA with growing 

damage and permanent strain at different confining pressures in both tension and 

compression stress states by performing constant crosshead rate tests, both in tension and in 

compression, and repetitive creep and recovery tests in compression. They concluded that the 

t-TS principle is valid for HMA regardless of stress state, damage, and permanent strain level 

under the same confining pressure. However, they observed that confining pressure affects 

the shift factors, especially at a high temperature and/or low reduced frequency. 

Seo et al. (2004) studied the effect of temperature on the crack growth rate law. They 

applied the t-TS principle, with the shift factor from the linear viscoelastic range, to the crack 

growth rate laws at different temperatures and successfully collapsed the curves at different 

temperatures into a single relationship. They performed uniaxial cyclic tensile load tests on 

prismatic specimens with notches in the middle at a frequency of 2 Hz and temperatures of 

5°C, 15°C, and 25°C. A camera was used to monitor and determine the crack length. 

Figure 2.21 shows the crack length growth rate versus SIF amplitude plots for 120-mm wide 

specimens, before and after shifting. 
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Figure 2.21. (a) Crack growth rate and (b) reduced crack growth rate versus SIF amplitude 

(ΔK) (Seo 2003). 

2.7. Analytical Approaches to Crack Growth Problem in Viscoelastic Media 

According to Christensen and Wu (1981), there are two types of approaches for crack 

growth theories based on their derivation methods. The first group is those approaches that 

assume a local criterion for crack growth in the vicinity of the crack tip. Schapery’s work and 

Knauss’ work are among this group. They used a failing material model and used the balance 
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of work done in the failure zone and also work associated with new surface generation. The 

second group of theories uses the principle of the conservation of energy, as in the Griffith 

approach. 

Christensen et al. (1981) used the principle of the conservation of energy to find the 

crack growth speed. They used the diagram shown in Figure 2.22 for this purpose. The 

problem they analyzed was the semi-finite growing crack shown in Figure 2.22, with the 

edges undergoing a relative displacement. 

 

Figure 2.22. Diagram of moving crack considered by Christensen et al. (1981). 

 

Christensen et al. (1981) used the following form of the conservation of energy 

principle derived in Christensen’s previous work (Christensen 1979): 

 

Equation 2-14                                                                               

 

where 

   C = crack velocity, 

   Γ = surface energy of the crack generated surface, 

   H = strip half width, 

   E(∞) = equilibrium value of the relaxation function, 

   Ν = Poisson’s ratio, 
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   σ∞ = equilibrium stress far ahead of the crack tip, resulting from ε, an applied 

transverse strain, and 

   Λ = the local energy dissipation rate caused by viscoelastic effects. 

 

After a number of simplifications, Christensen and Wu derived            Equation 2-15. 

 

            Equation 2-15     

 

                                                     

where J is the viscoelastic creep compliance and β is the decay parameter that shows how the 

stress state decays to zero behind the crack tip. 

Knauss and Dietmann (1970) studied the crack propagation under variable load 

histories in linearly viscoelastic solids. They used the first law of thermodynamics, which 

requires that the rate of work done by the traction force on the contour surface to be equal to 

the rate of free energy increase plus the rate of energy that is dissipated against viscous forces 

in the contour, plus the rate at which work is done against molecular forces of cohesion 

(Γ.dc/dt) while the crack advances. Knauss and Dietmann (1970) used the interactions shown 

in Figure 2.23 around the vicinity of the crack tip to solve the crack growth problem. 
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Figure 2.23. Control volume and stress distribution ahead of crack (Knauss and Dietmann 

1970). 

 

    Equation 2-16      

                                                

They modified the above-mentioned power equation so that they could use the 

classical, singular stress distribution at the crack tip. After making some assumptions, their 

final form of the equation for crack speed based on the history of stress intensity K(t) is: 

 

Equation 2-17 
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in which, E∞ is the long-time relaxation modulus; α is the length of the failure zone; κ is 

equal to 1 for plane stress and equal to (1-ν²) for plane strain; and Γ is the specific surface 

energy. Also, Bnm is defined as: 

            

Equation 2-18  

 

                                     

where D(η) is the creep compliance. 

 

Knauss and Dietmann (1970) defined a lower critical value K* as: 

 

           Equation 2-19 

 

If the SIF is less than or equal to this value, then crack propagation is not possible. Knauss 

and Dietmann (1970) evaluated the case of cyclic loading and substituted the SIF for the 

cyclic loading and crack length in their main crack growth equation. They found that 

changing the minimum and maximum values of the load and also the frequency affects the 

crack tip velocity in the form of distorting the sinusoidal shape of the curve or changing the 

phase angle. 

Schapery (1973) studied crack growth in viscoelastic media under different loading 

conditions. He assumed the failure zone to be as shown in Figure 2.24. 
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Figure 2.24. (a) crack tip vicinity in Mode I fracture and (b) crack tip vicinity stress state 

(Schapery 1973). 

 

Schapery (1984, 1990) studied the generalized J-integral for the fracture analysis of 

viscoelastic media (Figure 2.25). He found simple equations for finding the crack initiation 

time, crack speed, and also the length of the failure zone. 

 

 

Figure 2.25. J-integral contour line ahead of crack tip (Schapery 1990). 
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        Equation 2-20  

                                                                         

where 

ER = a free constant (reference modulus), 

D = creep compliance, and 

Jν = nonlinear elastic J-integral. 

 

The right side of this equation is the work input to the left of the failure zone, and the left 

side is the work required for tearing the left edge. 

Also, for quasi-steady crack growth, Schapery suggested         Equation 2-21 for 

determining the crack speed. 

 

        Equation 2-21     

                                                                      

where a fairly good approximation of K is one-third. 

Also Schapery showed that the following relationship is valid for the special case of a 

non-aging isotropic nonlinear viscous body: 

 

             Equation 2-22       

 

                                                                           

If tv = 1 is used, then, tij

R

ij    (
R

ij is the pseudostrain); this substitution reduces 

Jv to the C* parameter used for characterizing crack speed in viscous media. 

 

          Equation 2-23                                                                          

 

According to Landels and Begley (1976), the parameter C* was suggested originally 

by Rice and is simply a modification of the J-integral where strain and displacement are 

replaced by their rates, as shown in             Equation 2-24. 
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            Equation 2-24  

where 

            Equation 2-25   

 

                                                                                        

where Γ is the line contour taken from the lower crack surface in a counterclockwise 

direction to the upper crack surface; W* is the strain energy rate density associated with the 

point stress σij and strain rate ij ; Ti is the traction vector; ui is the displacement vector; and s 

is the arc length along Γ. 

Crack propagation at the material interface was studied by Liechti and Knauss (1982) 

using optical interferometry. They studied the cracking behavior at the interface of two glass 

pieces bonded together using a polyurethane elastomer adhesive when the cracks were 

imposed by displacement of the adherend (glass) either normal or parallel to the interface 

(Figure 2.26). They measured the crack opening displacements with a resolution of 0.16 μm. 

Liechti and Knauss observed that crack growth is controlled by the vector sum of the local 

normal and tangential displacement components. They concluded that even in the case of 

pure tangential imposed displacement, the opening displacement occurs and has an important 

effect on crack growth along the adhesive joint. However, the opening displacements that 

result from normally applied displacements were on the order of 20 times larger than those 

induced by tangentially applied displacements of similar magnitude.  
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Figure 2.26. Adhesive joint sample subjected to normal and tangential displacements (Liechti 

and Knauss 1982). 

 

One interesting observation to be made from the Liechti and Knauss (1982) 

experiments is that when they imposed a certain tangential displacement with a certain rate 

and then stopped the movement, the opening displacement continued to increase gradually to 

some extent. 

Liechti and Knauss (1982) tried different criteria for crack growth, and the one that 

worked well was the critical vectorial displacement. This criterion states that the rate of 

unbonding or interfacial crack growth is governed by a combination of local normal and 

shear displacements as presented in           Equation 2-26. 

 

          Equation 2-26    

                                                                                                  

where u is the local tangential crack-tip displacement and v is the crack face separation. 

Haidong et al. (2009, 2010) used an energy-based crack growth model to simulate the 

cyclic top-down cracking in asphalt pavement. They used the concept of the generalized 

viscoelastic J-integral, based on Schapery’s work in 1984 (Schapery 1984). By using pseudo 

22 vus 
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stress and pseudo strain parameters, Haidong et al. (2009, 2010) converted the viscoelastic 

problem to an elastic problem as per Schapery (1982), as shown in       Equation 2-27. 

 

      Equation 2-27     

                                        

where 

τ = an integration variable, 

t and t0 = lower limit and upper limit of the time, respectively, 

ER = reference modulus,  

KI = Mode I stress intensity factor, and 

D(t) = creep compliance. 

 

Haidong et al. (2009, 2010) replaced Paris’ law with a J-based growth law presented 

in
             

Equation 2-28. 

 

Equation 2-28 
             

                                                                                            
 

where ΔJ is the change in J for cyclic loading. 

Haidong et al. (2009, 2010) found out that J can account for the changes in the load 

level and frequency but not for the temperature changes. They concluded that because creep 

compliance is a linear viscoelastic material property, it does not reflect the fracture 

characteristics of the material. By changing the temperature, both the fracture characteristics 

and the viscoelastic properties change; however, the creep compliance and consequently the 

J-integral can account only for the change in viscoelastic properties. 

In order to solve this problem and also to consider the effects of air void content, 

Haidong et al. (2009, 2010) replaced coefficient A with the following function: 

 

         Equation 2-29      
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where 

T = testing temperature (°C), 

Va = air void content of asphalt mixtures (%), and 

α, β, and γ  = regression coefficients. 
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CHAPTER 3. MATERIALS 

3.1. Introduction 

The effect of grid opening size, mixture type, and tack coat type were studied in this 

research. Asphalt concrete interfaces were reinforced using three types of fiberglass grid, 

GlasGrid® 8501 (G12.5), GlasGrid® 8511 (G25), and also a G12.5 grid with a cover called 

TackFilm. The tack coats used in this research were PG 64-22 asphalt binder, SS-1 emulsion, 

and a highly polymer-modified tack coat (PM). Also, two different types of mixture, with 9.5 

mm and 12.5 mm nominal maximum aggregate sizes (NMAS), were included in the testing 

plan 

3.2. Asphalt Concrete Mixtures 

Three different asphalt concrete mixtures were used in this study for fabricating 

specimens. The first mixture was an RS9.5B mixture with NMAS of 9.5 mm that was used 

only for making double shear test specimens. The second mixture was another RS9.5B 

mixture with NMAS of 9.5 mm that was the main RS9.5B mixture used in this project. The 

third and most used asphalt mixture was an RS12.5B mixture with NMAS of 12.5 mm. 

Because the RS12.5B mixture was not being produced and used in the state of North 

Carolina, this mixture was obtained from an asphalt plant in Virginia. The RS9.5B mixtures 

were acquired from asphalt plants in North Carolina. Table 3.1 contains the binder type, 

reclaimed asphalt pavement (RAP), and asphalt binder content and maximum density (Gmm) 

values of these two mixtures. 

The aggregate gradations of the two RS9.5B mixtures, the RS12.5B mixture, and all 

three mixtures together are presented in Figure 3.1, Figure 3.2, and Figure 3.3, respectively. 

Dynamic modulus tests were conducted on the two main mixtures in accordance with 

ASHHTO T 342 (Standard Method of Test for Determining Dynamic Modulus of Hot-Mix 

Asphalt Concrete Mixtures). The dynamic modulus test results for the RS9.5B, and RS12.5B 

mixtures are presented in Figure 3.4 (a), and Figure 3.5 (a), respectively. By means of 
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shifting and fitting the dynamic modulus test results, the t-TS shift factors (aT) for each 

mixture were determined at a reference temperature of 20°C. Figure 3.4 (b) and Figure 3.5 

(b) show the reduced frequency dynamic modulus mastercurves at the reference temperature 

of 20°C for the RS9.5B and RS12.5B mixtures, respectively. The RS9.5B and RS12.5B 

mixture dynamic modulus mastercurve shift factors (t-T shift factors) for the reference 

temperature of 20°C are presented in Figure 3.6 and Figure 3.7, respectively. 

 

Table 3.1. Properties of Asphalt Mixtures 

Mixture Binder Type RAP (%) Binder (%) Gmm 

RS9.5B (DST) PG 64-22 30 5.7 2.453 

RS9.5B PG 64-22 40 5.6 2.424 

RS12.5-B PG 64-22 30 5.3 2.448 

 

 

Figure 3.1. Aggregate gradations of the two RS9.5B mixtures. 
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Figure 3.2. Aggregate gradations of RS12.5B mixture. 

 

 

Figure 3.3. Aggregate gradations of RS9.5B (DST), RS9.5B (Main), and RS12.5B mixtures. 

 

A comparison of the dynamic modulus mastercurves of these two mixtures at the 

reference temperature of 20°C (Figure 3.8) shows that the RS12.5B mixture is slightly stiffer 

than the RS9.5B mixture. The difference in stiffness values can be related to different factors 
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such as aggregate gradation and shape, binder type, RAP content and so forth in these two 

different mixtures. The RS12.5B mixture, which has a coarse aggregate gradation according 

to Figure 3.3, can provide a strong stony structure that increases the stiffness of the mix. 

 

 

Figure 3.4. (a) RS9.5B mixture dynamic modulus test results and (b) RS9.5B mixture 

dynamic modulus mastercurve at reference temperature of 20°C. 
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Figure 3.5.(a) RS12.5B mixture dynamic modulus test results and (b) RS12.5B mixture 

dynamic modulus mastercurve at reference temperature of 20°C. 
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Figure 3.6. RS9.5B mixture dynamic modulus mastercurve shift factors for the reference 

temperature of 20°C. 

 

 

Figure 3.7. RS12.5B mixture dynamic modulus mastercurve shift factors for the reference 

temperature of 20°C. 
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Figure 3.8. Comparison between the dynamic modulus mastercurves of RS9.5B and 

RS12.5B mixtures. 

 

3.3. GlasGrid® 

Two types of geogrids, GlasGrid® 8501 and GlasGrid® 8511, were used for the 

reinforcement of the HMA interlayer. These geogrids were supplied by Saint-Gobain 

ADFORS America. GlasGrid® 8501 and GlasGrid® 8511 are self-adhesive glass fiber grids 

with respectively 12.5-mm and 25-mm grid openings and are impregnated by acrylic 

polymer resin. This polymer resin makes the grid compatible with the asphalt binder (Lee 

2008). Tables 3.2 and 3.3 represent the properties of the GlasGrids 8501 and 8511, 

respectively. 

Also, a special type of grid, GlasGrid® 8501TF, was used for only a limited number 

of experiments in the early stages of this project. GlasGrid® 8501TF is the same as 8501 

except that it has a polymer film (TackFilm) that replaces the need for a tack coat (Lee 2008).  
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Table 3.2. Properties of GlasGrid® 8501 

Property Metric Imperial Test Method 

Tensile Strength (MD × 

XD) (Ultimate) 

115 × 115 +/- 15 

KN/M 

655 × 655 +/- 85 

lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Tensile Elongation 

(Ultimate) 
2.5 +/- 0.5% 2.5 +/- 0.5% 

ASTM D6637 

EN-ISO 10319:2008 

Tensile Resistance @ 

2% Strain 
95 × 95 +/-20 KN/m 

542 × 542 +/- 115 

lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Secant Stiffness EA @ 

1% Strain (MD × XD) 

4,600 × 4,600  

+/- 600 N/mm 

26,265 ×26,265 

+/- 3,425 lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Young’s Modulus E 73,000 MPa 10.6 × 106 psi 

Mass Per Unit Area 405 gr/m² 12 oz/yd² 
ASTM D5261 

ISO 9864 

Melting Point Coating 

Melting Point Glass 

>232°C 

>820°C 

>450°F 

>1508°F 

ASTM D276/EN-ISO 

3146 

ASTM C338 

Damage During 

Installation 
<5% <5% Internal Test Method 

Roll Length 100 m 327 ft 

Roll Width 1.5 m 5 ft 

Roll Area 150 m² 181 yd² 

Adhesive Backing Pressure Sensitive 

Grid Size (Center to 

Center of Strand) 
12.5 mm × 12.5 mm 0.5 ×0.5 in 

Material 
Fiberglass reinforcement with modified polymer coating and pressure-

sensitive adhesive backing 

 

 

 



62 

 

Table 3.3. Properties of GlasGrid® 8511 

Property Metric Imperial Test Method 

Tensile Strength (MD × 

XD) (Ultimate) 

115 × 115 +/- 15 

KN/M 

655 × 655 +/- 85 

lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Tensile Elongation 

(Ultimate) 
2.5 +/- 0.5% 2.5 +/- 0.5% 

ASTM D6637 

EN-ISO 10319:2008 

Tensile Resistance @ 

2% Strain 
95 × 95 +/-20 KN/m 

542 × 542 +/- 115 

lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Secant Stiffness EA @ 

1% Strain (MD × XD) 

4,600 × 4,600  

+/- 600 N/mm 

26,265 ×26,265 

+/- 3,425 lbs/in 

ASTM D6637 

EN-ISO 10319:2008 

Young’s Modulus E 73,000 MPa 10.6 × 106 psi 

Mass Per Unit Area 405 gr/m² 12 oz/yd² 
ASTM D5261 

ISO 9864 

Melting Point Coating 

Melting Point Glass 

>232°C 

>820°C 

>450°F 

>1508°F 

ASTM D276/EN-ISO 

3146 

ASTM C338 

Damage During 

Installation 
<5% <5% Internal Test Method 

Roll Length 100 m 327 ft 

Roll Width 1.5 m 5 ft 

Roll Area 150 m² 181 yd² 

Adhesive Backing Pressure Sensitive 

Grid Size (Center to 

Center of Strand) 
25 mm × 25 mm 1.0 ×1.0 in 

Material 
Fiberglass reinforcement with modified polymer coating and pressure-

sensitive adhesive backing 
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3.4. Tack Coat Type 

Three different types of tack coat binders were used in this research project in order 

to study the effects of bond quality on the interface shear performance and reflective cracking 

performance of grid-reinforced asphalt specimens. The three types of binder tack coat that 

were used in this research project are: 

 PG 64-22 asphalt binder 

 SS-1 emulsion 

 Highly polymer-modified binder 

Frequency sweep tests were carried out on these binders by Farinaz Safaei, a Ph.D. 

student member in the North Carolina State University (NCSU) asphalt research group, using 

a dynamic shear rheometer to obtain the shift factors and complex modulus mastercurves. 

The complex modulus mastercurves of these binders at a reference temperature of 20°C are 

shown in Figure 3.9.  

 

 

Figure 3.9. Complex modulus mastercurves of tack coat binders. 
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The binder complex modulus mastercurves indicate that the highly polymer-modified 

binder is significantly stiffer than the other two binders and that the difference in stiffness 

values is more pronounced at lower frequencies (or higher temperatures). Also, it can be seen 

that the PG 64-22 binder has slightly higher stiffness values compared to the SS1 emulsion 

binder residue.  

3.5. Specimen Naming System 

A three-part naming system (XX.X-GYY.Y-ZZ) was used for all the tests, except for 

the double shear tests, to facilitate comparisons among the conditions. XX.X stands for the 

NMAS of the mixture (mm), YY.Y stands for the grid opening size (mm), and ZZ stands for 

the type of tack coat (PG: PG 64-22, S1: SS-1, and PM: polymer-modified). 
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CHAPTER 4. TEST METHODS 

4.1. Introduction 

In order to fulfill the objectives of this research study, test methods and equipment 

were developed and used not only to allow for the desired tests but also to allow for the 

acquisition of the needed data. In order to evaluate and study the shear strength, shear fatigue 

performance, and Mode II fracture at the grid-reinforced interfaces, initially a DST and later 

a Modified Advance Shear Tester (MAST) were developed to address the necessary shear 

test conditions the for grid-reinforced and non-reinforced interfaces. Both shearing devices 

were used successfully in cyclic and non-cyclic shear tests. However, the DST test results 

showed that this test does not satisfy the assumptions made for its development. On the other 

hand, the pavement interface stress analysis results showed that the shear tests should be 

performed with certain confining loads (Cho 2015), and because controlling the confining 

load was not possible using the DST, this device could not provide the proper test conditions. 

Problems associated with the DST and proper test conditions are discussed further in the next 

sections. In the process of developing the MAST, based on previous beam and shear test 

results and also based on some wheel load stress analysis results, the research team decided 

not to invest heavily in this device for modeling purposes and instead to use test methods 

such as four- and three-point bending notched beam fatigue tests (NBFTs) for capturing the 

fatigue and fracture characteristics of grid-reinforced asphalt specimens. The MAST was 

used to compare the fatigue performance of the grid-reinforced interfaces. The MAST also 

has been used by other researchers for evaluating the effects of interlayer conditions such as 

tack coat type and rate, interlayer system, rate of loading, temperature, and confining load on 

the shear strength of double layer asphalt concrete specimens. The MAST also was used to 

study the t-TS principle with regard to the shear strength of interfaces with and without 

interlayer systems. More information can be found in Cho’s Ph.D. dissertation (Cho 2015) 

titled “Evaluation of Interfacial Stress Distribution and Bond Strength between Asphalt 

Pavement Layers.” 
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4.2. Double Shear Tester (DST) 

After reviewing the different types of shear tests, including direct and simple shear 

tests or single and double interlayer shear tests, the research team decided to stay with the 

double shear test idea. In this type of shear test, the side parts of the sample are fixed, and its 

central or middle part is subjected to loading (Figure 4.1). The advantage of the double shear 

test over the single interlayer shear test is that the two interfaces symmetrically undergo a 

relatively pure shear stress, whereas in the single interlayer tests normal forces will be 

introduced to the interface at areas close to the loading plates, which can lead to bending 

problems in these tests (Diakhate et al. 2006). 

 

 

Figure 4.1. Double shear test concept. 

 

A specific DST was designed and fabricated based on the optimum required size of 

the specimen in order to have enough grid ribs and grid openings across the specimen 

interface. The dimensions of the specimen interface were chosen to be 152.4 mm in the 

compaction and loading direction and 101.6 mm in the transverse direction in order to have 
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acceptable shear stress distribution and also to be able to include enough ribs in each 

specimen interface when a 25-mm opening grid (GlasGrid® 8511) is used.  

The device was made and then modified in four steps. The original designed device is 

shown in Figure 4.2. Initially, a solid frame was made, and then the frame was modified in 

order to make the device capable of running more than one test per day. In this step, some 

aluminum plates were added to the device, which created a secondary frame that would fit 

inside the modified version of the original frame. In the third step, the front aluminum plate 

was trimmed slightly on the sides in order to provide a larger visible DIC analysis area on the 

specimen and around the interface. Figure 4.3 depicts these three steps. The final step was to 

add two horizontal stiffeners to the top front and back of the device in order to add to its 

rigidity and to prevent horizontal movements of the side walls of the device during low 

temperature and/or high frequency tests. The final version of this device is presented in 

Figure 4.4. Figure 4.5 shows the second frame glued to the specimen and fitted inside the 

main frame. The main frame was used as a gluing guide, and a support plate was placed 

beneath the middle part of the second frame for gluing to help with the alignment of this part 

and to keep it in place during the gluing process, thereby helping to prevent the specimen 

from deforming under specimen self-weight. This part also was used for setting up the 

specimen and connecting it to the MTS 811 universal testing machine to prevent damaging 

the specimen. Once the specimen was connected to the MTS machine and the load was 

zeroed (or displacement was under control), the support plate was removed.  
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Figure 4.2. Drawing of original DST design. 

 

 

Figure 4.3. First three steps of DST modification respectively from left to right. 
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Figure 4.4. Final version of DST. 

 

 

Figure 4.5. DST frames and parts. 
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4.3. Modified Advance Shear Tester (MAST) 

As mentioned before, some problems were associated with using the DST, one of 

which was asymmetrical crack propagation at the interfaces. It is nearly impossible to have 

interfaces with the exact same fracture characteristics or to apply the exact same loads to the 

interfaces. Thus, crack initiation almost always occurred on one side before the other side 

started to crack. Once the crack initiated in one interface, it propagated all the way before any 

crack developed in the other interface. This asymmetric crack initiation and propagation 

changed the stress distribution between the two sides and results in asymmetric stress 

distribution between the two interfaces that subsequently causes bending in the specimen and 

introduces normal forces at the interface. This change of stress state significantly complicates 

the analysis of the crack propagation. This issue is discussed more in the next chapters. 

Another problem with the DST is the confinement load. Because the sides of the 

specimen are glued and fixed, the test is actually a shear test with constant height or passive 

confinement. That is, confining forces exist but they are unknown and impossible to control. 

This problem becomes more of a concern knowing that different mixtures, temperatures, 

rates of loading, and also interlayer systems will affect this confining load, which makes the 

comparison between different test conditions even more complicated. 

Knowing that traffic load-induced shear forces are usually accompanied by normal 

forces and also that confining loads can significantly affect the shear strength of pavement 

interfaces, it can be concluded that having equipment that is capable of applying and 

controlling the normal forces is crucial to achieve correct measurements of shear strength 

(Cho 2015).  

Based on the afore mentioned problems with the DST, the research team decided to 

develop a new single interlayer shearing device that would be capable of applying desired 

confining loads. Some concepts and available equipment were studied, and Adam Zofka’s 

design for applying confining load (Figure 4.6) in his Advance Shear Tester (AST) was 

deemed to be simple and at the same time practical. The NCSU asphalt research group was 

inspired by this device to make some modifications to the AST and develop its own shearing 
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device, the MAST. The MAST drawings are depicted in Figure 4.7. The MAST device was 

designed to perform confined monotonic and dynamic interface shear tests. This device was 

designed also to provide the capability to track the displacements of the specimens using 

mechanical measurement methods such as LVDTs and also image processing methods such 

as DIC. This device has two sides, a fixed side and a moving side. The gap between these 

two sides is 8 mm. The moving side is free to move vertically, parallel to the interface, and 

also horizontally, perpendicular to the interface. These freedoms of movement are provided 

via a number of linear tracks with ball bearings. The device was designed in such a way to 

allow for testing different specimen geometries, such as cylindrical and rectangle specimens, 

and to allow for image acquisition from the surface of the specimen at areas close to the 

interface. Cylindrical specimens can have a diameter as large as 6 inches and square cross-

section specimens can be as big as 6 inches by 6 inches.  Figure 4.8 shows two pictures of the 

first developed MAST taken from different angles. After running a number of experiments 

using this device and studying the displacements on the surface of the specimens, the 

research team decided to make the whole device more rigid. Stiffening the MAST was 

accomplished by replacing the side walls of the main frame with larger and stronger plates 

and by adding a plate on top of the frame for connecting the two walls on the sides. 

Figure 4.9 and Figure 4.10 show the stiffening of the device and the MAST after stiffening, 

respectively. These figures also show the opening in the side wall of the MAST frame that 

was created to provide the capability to take images from the surface of the specimens for the 

purpose of image processing. Figure 4.10 also shows the location of the linear tracks that 

provide freedom of movement in both vertical and horizontal directions for the moving side 

of the specimen. The use of these linear tracks with ball bearings guarantees having less 

friction between the moving part of the specimen and the main frame of the shearing device. 

Figure 4.11 is a picture of the final version of the MAST used in this research project. As 

shown in this figure, the confining load is applied using a bolt and spring system right before 

starting the test. The springs also let the specimen interface dilate during the tests.  
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Figure 4.6. Advanced Shear Tester (AST) by Adam Zofka. 

 

 

Figure 4.7. Drawings of the first MAST. 
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Figure 4.8. The first MAST. 

 

 

Figure 4.9. Stiffening the MAST by replacing the side walls. 
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Figure 4.10. Details of the final version of the MAST. 

 

Several experiments have shown that, because the amount of friction between the 

moving part of the specimen and device is minimized by means of the linear tracks, the 

initial confining load does not change during the cyclic tests. As can be seen in Figure 4.11, 

an inline load cell is attached to the confining part of the device. This load cell was used to 

adjust and monitor the confining load. The confining load can be adjusted by tightening or 

loosening the bolts. Confining loads up to 6670 Newton were applied successfully to shear 

specimens in preliminary experiments.  

In order to make the device capable of running multiple tests per day and also to 

provide the possibility of testing different geometry specimens, the device was designed as a 

main frame with secondary frames (shoes) that carry the specimens and slide inside the main 

frame for testing. The shoes are connected to the main frame using four steel plates and a 

number of bolts. Two plates connect the fixed part of the specimen to the fixed side of the 

main frame, and two plates connect the moving side of the specimen to the moving part of 

the main frame, as shown in Figure 4.12. The shoes were made initially with gaps in their 

vertical side walls, as shown in Figure 4.13. A number of cyclic and monotonic shear tests 
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were performed, and the displacements on the surface of the specimens showed that these 

gaps resulted in a relatively small horizontal movement between the bottom and top of the 

specimens (small rotation) when a considerable shear load was applied. The gaps were 

introduced initially to ease the specimen gluing procedure. As shown in Figure 4.13, the two 

plates located at the top and bottom of the shoe are grooved. The specimens then are glued to 

these grooved plates at the top and bottom. In order to eliminate the mentioned small 

rotation, the side plates were replaced with continuous plates (Figure 4.14). The method used 

to provide free horizontal and vertical movement and the capability of the MAST to test 

different specimen geometries are the main advantages of this device over similar available 

devices. 

 

 

Figure 4.11. Updated version of the MAST connected to MTS loading machine. 
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Figure 4.12. Using plates and bolts for connecting the shoes to the main frame. 
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Figure 4.13. MAST shoes with gaps in their side walls. 

 

 

Figure 4.14. MAST shoes after replacing the side plates. 
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4.4. Four-Point Bending Beam Fatigue Test Device 

A Cox and Sons four-point beam test apparatus was accommodated to fit in the MTS 

811 universal testing machine. The spacing between the clamps is 119 mm, and the length of 

the beam between the outside clamps is 357 mm in this apparatus. Figure 4.15 and 

Figure 4.16 show the apparatus and the apparatus inside the MTS 811 universal testing 

machine, respectively. Because the Cox and Sons four-point beam test apparatus did not fit in 

the existing MTS temperature control chamber, a customized chamber with a glass covered 

opening, as shown in Figure 4.17, was made and used for temperature conditioning of all the 

beam fatigue test specimens. 

 

 

Figure 4.15. Cox four-point beam test apparatus (ASTM D7460 10). 
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Figure 4.16. Cox apparatus accommodated to fit inside MTS testing machine. 

 

 

 

Figure 4.17. Custom-made chamber attached to MTS temperature control chamber for beam 

fatigue tests. 
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4.5. Three-Point Bending Beam Fatigue Test Device 

Three-point bending tests were performed by removing the two middle clamps of the 

Cox and Sons four-point beam test apparatus and replacing them by a fixture attached to the 

MTS actuator and glued to the middle of the beam, as shown in Figure 4.18. 

 

 

Figure 4.18. Three-point bending beam fatigue test device . 
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CHAPTER 5. DIGITAL IMAGE CORRELATION 

5.1. Introduction 

The DIC technique was used to track and measure the deformations, displacements, 

and strains on the surface of the specimens, especially at areas around the interlayer and 

cracks. DIC has been proven to be successful for investigating Mode I and Mode II crack 

propagation within asphalt concrete mixtures and along the interfaces (Buttlar et al. 2014). 

The specimens were spray-painted to produce a white background with black speckles to 

facilitate image analysis (Figure 5.1).  

 

 

Figure 5.1 Speckled surface of a shear specimen. 

 

Care was taken to create a sufficiently thin paint layer. A thick film of paint might 

deform and crack within the paint layer and affect the results. A five mega-pixel camera was 

used to capture images with a resolution of 2448 by 2048 pixels. Two LED dual gooseneck 
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lights with very low heat emission were used to provide consistent lighting on the speckled 

surface of the specimens. An adjustable tripod stand with built-in bubble levels was used for 

placing the camera at the same height and lateral position as the specimen and placing the 

camera lens planar and parallel to the specimen so that the optical lens axis was correctly 

normal to the specimen surface. The distance of the camera from the surface of the specimen 

was set to approximately 75 cm (30 in.) for all the tests in order to acquire images with the 

same resolution. The focus controls on the camera lens and Vic-Snap® software focus bar 

were used to set the focus and achieve a sharp focus on the entire area of interest on the 

specimen surface. Because the specimens were flat, a relatively open setting was used for the 

aperture size. An exposure time of 1.5 millisecond was used in all the cyclic tests. Vic-

Snap® software also was used for acquiring images systematically. During the beam fatigue 

tests, the images were taken at given periods of time and at 210 millisecond intervals. The 

images were stored with in a tagged image file (TIF) format. Vic-2D®, which is commercial 

2D-DIC analysis software, was used for calibrating the scales, analyzing the images, and 

calculating the displacements and strains on the surface of the specimens. Vic-Snap® and 

Vic-2D® are commercial DIC software programs developed by Correlated Solutions, Inc. In 

order to compute the displacements using DIC, a 19-pixel subset was chosen from the 

reference image, and then its corresponding locations in the deformed images were tracked 

using Vic-2D®. A step size of one was used to obtain the full-field displacement contours. 

The step size controls the spacing of the points that are analyzed during the correlation. 

Displacement fields were calculated using the normalized squared differences criterion and 

Gaussian weights for the subset. An exhaustive search option was enabled in the software. 

This option causes Vic-2D® to repeat a coarse search for matches each time the correlation 

fails. By means of enabling this option, more data may be recovered at the expense of 

increased processing time. A 90 percent center-weighted Gaussian filter (decay filter) was 

used to smooth the calculated strain data.  

Von Mises, exx, and eyy strain contours were used to compare the strain states of the 

specimens qualitatively. Von Mises strain is an equivalent strain and frequently is used as a 
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yield criterion for metal. The von Mises strain can be calculated using the following 

equation: 

 

     Equation 5-1    

                  

where, ε1, ε2, and ε3 are the principal strains at an element, and εe is the von Mises strain.  

 

Because tension and shear were the major forms of local deformation seen in the 

samples, the von Mises strain contours were found to be much like the principal strain 

contours and produced easy-to-visualize strain contour plots.  

5.2. DIC Accuracy 

The accuracy of the DIC technique has been discussed in several research studies 

(Birgisson et al. 2009; Schreier 2003; Sutton et al. 2000; and Sutton et al. 2008). Concerns 

and questions regarding the accuracy of DIC results have been raised because many factors, 

such as lighting, the position of the camera, camera settings (focus, aperture size, and shutter 

speed), specimen geometry, specimen out-of-plane motions, speckle pattern, and DIC 

analysis configurations can affect the analysis accuracy. Nevertheless, it has been shown that 

satisfactory accuracy isachievable with a proper test and analysis set-up.  

The accuracy of the DIC system used in this project was evaluated by measuring the 

displacements of the MTS actuator using DIC and comparing the DIC-measured 

displacements to the MTS actuator displacements. A piece of speckled paper was attached 

firmly to the MTS actuator and a two-part displacement control cyclic loading history was 

applied to the actuator. The first part was a haversine cyclic load with frequency of 0.5 Hz 

and displacement amplitude of 0.5 mm, and the second part was a haversine cyclic load with 

frequency of 5 Hz and displacement amplitude of 0.05 mm. The camera was placed 75 cm 

from the MTS actuator with the speckled paper attached to it, and images were captured 

continuously at 210-millisecond intervals. The camera settings and analysis configurations 

were the same as the ones used for other tests in this study. The comparisons between the 
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actual MTS actuator displacements and DIC measured displacements are presented in 

Figure 5.2. Figure 5.2 (b) indicates that the DIC-measured displacements match the actual 

MTS actuator displacements and that measurement errors are negligible. Comparing the DIC 

measurements with the actual actuator displacements at the frequency of 5 Hz and 

displacement amplitude of 0.05 mm, presented in Figure 5.2 (c), shows that even though 

some small measurement errors can be observed, in general, considering the high frequency 

and small displacement amplitudes, the measured displacements acceptably follow the actual 

displacements and fall within the same range of displacement. 

The strain measurement errors also were evaluated under two different conditions. 

For the first condition, a spackled beam specimen was placed on a stable table. Then, the 

same camera settings and lighting conditions that were used for the actual test specimens 

were used and 20 images were captured from the specimen surface. A second set of images 

was taken from the same specimen while the beam specimen was clamped in the four-point 

bending beam fatigue device and connected to the MTS actuator just prior to starting the 

beam fatigue test. The maximum von Mises strain values for each set of images were 

determined using DIC analysis. The results show that the images taken from the specimen 

placed on the table had maximum von Mises strain values between 50 and 100 microstrain, 

whereas the images taken from the beam specimen mounted in the MTS machine had 

maximum von Mises strain values between 150 and 300 microstrain. Because the only 

difference between the two conditions was the beam support, the higher strain values 

observed in the second set of images were deemed to be correlated to the vibrations of the 

MTS machine. 
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Figure 5.2 (a) MTS actuator and DIC measured displacements; MTS actuator displacements 

versus DIC measured displacements at (b) frequency of 0.5 Hz and displacement amplitude 

of 0.5 mm and (c) frequency of 5 Hz and displacement amplitude of 0.05 mm. 

 

 



86 

 

5.3. DIC Configuration 

Image processing was performed by tracking the displacements and deformations of 

the reference subsets on the surface of the deformed specimens. That is, a subset from the 

intact reference image was tracked in the deformed images to find the best match. This 

matching process was accomplished by matching the grayscale pattern of the original subset, 

as shown in Figure 5.3. The size of the subset plays an important role in accuracy and also in 

the matching errors. The matching error depends on the subset size and speckle pattern. A 

coarse speckle pattern relative to the subset size will increase the matching error, and a large 

subset size can reduce the accuracy if high displacement and strain gradients exist. Relatively 

fine speckle patterns were created in order to obtain good accuracy and decrease the 

matching errors as much as possible when a relatively small subset size was used. Also, other 

factors, such as the distance of the camera from the specimen surface, image resolution, 

distortion of the camera lens, and lighting conditions, can affect the accuracy and matching 

error. The following sections include discussion and evaluation for determining the optimum 

subset size, step size, and filter size in order to obtain the most accurate displacement fields 

and accurate and sharp strain fields. Studying the fracture characteristics of the specimens is 

not possible without having accurate displacement and strain contours (data fields).  
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Figure 5.3. DIC matching process. 

 

5.3.1. Subset size 

As aforementioned, the subset is the frame that is used to match the grayscale patterns 

and calculate the displacements and deformations. The subset size affects the accuracy of the 

results and the error in the matching process. The effect of subset size on the accuracy of 

results and sharpness of strain contours was studied by comparing the subset sizes of 15, 19, 

25, 31, 41, and 51 pixels to find the optimal subset size. Figure 5.4 shows these step sizes on 

the speckled surface of a beam specimen. As this figure shows, a subset size of 15 is similar 

to the largest speckle on the surface of the specimen. 
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 Figure 5.4. Comparison of step sizes on the speckled surface of a specimen. 

 

The accuracy of the results was evaluated by comparing the measured displacements 

and relative displacements of two virtual gauges on the opposite sides of an interfacial crack 

of a beam specimen. The beam was tested under cyclic loading and the virtual gauges were 

1.6 mm apart. Each virtual gauge was 1.4 mm long and consisted of 31 points, and each pixel 

of the analyzed images was approximately a 0.04 mm by 0.04 mm square. The displacement 

of each virtual gauge was calculated by averaging the displacements of the points along the 

gauge.  

Figure 5.5 shows the eyy strain contour and virtual gauges on the surface of the 

specimen. In this eyy contour, the white areas represent highly damaged and cracked areas 

(high strain values). The relative displacement of these two gauges and displacement of the 

gauge located below the interface were calculated using different subset sizes; the results are 

presented in Figure 5.6 and Figure 5.7, respectively. Based on the relative displacement 

results, a subset size of 31 or smaller can produce accurate results.  



89 

 

 

Figure 5.5. Contour and virtual gauges for evaluating the effect of subset and step size on 

displacement results. 

 

 

Figure 5.6. Effect of subset size on calculated relative displacement of the gauges. 

 

Figure 5.7 shows that as the subset size decreases, the displacement value increases. 

That is, when the subset size is reduced, the calculated displacement will be less affected by 

the interface discontinuity. A large subset close to a discontinuity will be affected by the 

displacements of the points on the opposite side of the discontinuity. So, when there are 
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cracks or discontinuities or a high gradient deformations in the specimens, smaller subset 

sizes are more favorable and will result in more accurate results.  

As can be observed, the increasing trend of displacement with a decreasing subset 

size stops at the subset size of 19 pixels. The reason for this observation is the matching 

error, meaning that with the current resolution and speckle pattern, any subset size smaller 

than 19 pixels might result in greater matching errors and negatively affects the accuracy of 

the results. 

 

 

Figure 5.7. Effect of subset size on calculated displacement of the bottom gauges. 
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Figure 5.8 compares the von Mises strain contours of the same damaged double-layer 

beam specimen that was analyzed using different subset sizes of 15, 19, 25, 31, 41, and 51 

pixels. It can be observed that the smaller subset size contours have sharper damaged areas 

and cracks and higher noise or error at other areas. The larger subset sizes tend to smooth the 

edges of the cracks and high strain gradient areas. That is, a smaller subset size should be 

used if the cracks and damaged areas are the main focus of the study. 

 

 

Figure 5.8. Effect of subset size on von Mises strain contour of a damaged double-layer 

beam. 

5.3.2. Step size 

The density of analyzed data is controlled by step size. A step size of three will 

analyze every third point in each direction. A smaller step size will result in more data points 

but will take longer to analyze. A step size of one is the most accurate step size and results in 

the highest possible data grid density, whereas a higher step size can reduce the analysis time 

significantly. The effect of step size on the measured displacement of the bottom virtual 

gauge shown in Figure 5.5 was studied, and the results are represented in Figure 5.9. A 
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subset size of 19 was used in this study. As can be observed, the step size of three 

displacement results show less deviation from the results derived using a step size of one 

when compared to those derived using a step size of five. However, the difference does not 

seem to be significant. The importance of step size is more obvious when the strain contours 

are compared.  

 

 

Figure 5.9. Effect of step size on calculated displacement of the bottom gauge. 

 

Figure 5.10 clearly shows that changing the step size from one to three and from three 

to five dramatically changes the sharpness of the strain contours. The von Mises contour 
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calculated based on the step size of one is the sharpest among the three and thus is more 

useful for studying high strain concentrations and gradients. 

 

 

Figure 5.10. Effect of step size on von Mises strain contour of a damaged double-layer beam. 

 

5.3.3. Strain filter size 

Strain filter size is used to smooth the strain results. A large filter size works well for 

specimens with low strain values and no strain concentrations. In order to see the strain 

concentrations more clearly and better detect the crack edges, a small filter size should be 

used.  

Strain filter sizes of 5, 9, and 15 pixels (filter size × step size) were used to evaluate 

the effect of filter size. The smallest filter size in the Vic-2D® software is five. Figure 5.11 

shows the von Mises strain contours calculated using a subset size of 19, a step size of one, 

and filter sizes of 5, 9, and 15 pixels. The results show that the larger filter sizes tend to 

smoothen and understate the strain concentrations. Thus, a smaller filter size is more 

favorable for detecting the strain concentrations and high strain gradients. 
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Figure 5.11. Effect of strain filter size on von Mises strain contour of a damaged double-layer 

beam. 

 

5.4. Averaging the Reference Image 

In order to reduce the noise error in the reference image, 20 images were taken from 

specimen surfaces right before starting the tests. A MATLAB code was used for averaging 

the grayscales of the pixels with similar x and y on these images. Next, a new image was 

created using the averaged grayscale pixels and in turn used as the reference image. 
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CHAPTER 6. EXPERIMENTAL DESIGN 

6.1.  Double Shear Test  

6.1.1. Double shear cyclic shear fatigue tests 

For a better understanding of the effect of tack coat quality on the interface shear 

fatigue performance of the specimens reinforced with GlasGrid®, double shear tests were 

performed on grid-reinforced specimens with different interfacial bond qualities. The test 

specimens were cut from the double-layer slabs that were made using the MAULDIN roller 

compactor. The mixture used for fabricating all the double shear test specimens was the 

RS9.5B, and all the specimens were reinforced with GlasGrid® 8501. The different interface 

conditions evaluated by the double shear tests were: 

 GlasGrid® 8501 with asphalt binder tack coat (PG 64-22) and application rate of 500 

g/m² (GGTC), 

 GlasGrid® 8501TF (GGTF), and 

 GlasGrid® 8501 without tack coat (GGP) 

It should be mentioned that GlasGrid® 8501TF was used in the early stages of this 

project and was only used in double shear tests. 

The cyclic shear fatigue double shear tests were carried out on 114.3 mm by 152.4 

mm double shear test specimens. These specimens were made by gluing two double-layer 

specimens together. 

The test temperature was 20°C and the number of replicates for each condition was 

three. All the specimens were kept in the testing climate chamber for three hours at 20°C 

before testing. The tests were carried out in load control mode. A sinusoidal alternating load 

with a frequency of 5 Hz and zero mean was applied to the middle part of the shear 

specimens using an MTS 810 servo-hydraulic material testing system.  

DIC was used to track and measure the deformations, displacements, and strains on 

the surface of the specimens and especially on areas around the interlayer. A 5 MP camera 
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was placed at a distance of 75 cm to 89 cm from the surface of the sample for capturing 

images. 

Because the shear strength values of the specimens with different conditions differed 

considerably, different load levels were used for different conditions. These load levels are 

presented in Table 6.1. 

 

Table 6.1. Double Shear Test Load Levels (±N) 

 Interlayer Condition 

Specimen Number GGTC GGTF GGP 

1 6,002 2,226 2,000 

2 5,560 2,000 1,442 

3 5,560 2,000 1,442 

 

6.1.2. Interface shear time-temperature superposition study using double shear tester  

The DST also was used to study the validity of interface shear t-TS in specimens with 

and without grid reinforcement. A gyratory compactor was used to compact the reinforced 

and non-reinforced double-layer specimens using the RS9.5B mixture and to make 101.6 mm 

by 101.6 mm square double shear test specimens with average air void contents of 5 percent 

to be used in this t-TS study. Grid-reinforced double shear test specimens were reinforced 

using GlasGrid® 8501, and a PG 64-22 binder was used as the tack coat. Non-reinforced 

double shear test specimens also had a PG 64-22 asphalt binder tack coat (TC). Frequencies 

of 0.1, 0.5,1, 5, 10, and 25 Hz and temperatures of 5°C, 15°C, 25°C, 35°C, and 45°C were 

used to run low strain cyclic shear tests and obtain the interface shear modulus mastercurves 

and shift factors of the GlasGrid-reinforced specimens. The shift factors were used to 

produce similar reduced time loading histories at 15°C, 25°C, and 35°C. Validity of the t-TS 

principle was evaluated by comparing the displacements at a reduced time scale. 

In the case of non-reinforced specimens, the mixture t-TS shift factors were used to 

shift the displacement data. 



97 

 

6.2. Modified Advanced Shear Test  

6.2.1. Modified advanced shear cyclic fatigue tests 

Modified advanced shear tests were performed to evaluate the effects of the grid and 

tack coat types on the shear strength and shear fatigue performance of grid-reinforced asphalt 

specimens. The MAST also was used to examine the validity of the t-TS principle for the 

shear strength of grid-reinforced asphalt specimens. 

As mentioned in Section 3.5, a three-part naming system (XX.X-GYY.Y-ZZ) was 

used to facilitate comparisons among the conditions. XX.X stands for the NMAS of the 

mixture (mm), YY.Y stands for the grid opening size (mm), and ZZ stands for the type of 

tack coat (PG: PG 64-22, S1: SS-1, and PM). 

The MAST cyclic shear fatigue tests were carried out on notched 101.6 mm by 101.6 

mm by 76.2 mm double-layer specimens that were cut from gyratory-compacted 152.4-mm 

(6-in.) diameter cylindrical specimens. These specimens were compacted in two layers, and 

the grid and tack coat were installed respectively and applied on top of the first layer and 

before compacting the top layer. The average air void content of each layer was 6 percent 

after trimming.  

The test temperature was 20°C, and all the specimens were kept in the testing climate 

chamber for three hours at the test temperature before testing. The tests were carried out in 

load control mode. A sinusoidal alternating load with a frequency of 5 Hz, maximum and 

minimum load levels of ±4,200 Newton (shear stress of 2.46 MPa) and zero mean was 

applied to the moving part of the shear specimens using an MTS 810 servo-hydraulic 

material testing system. A normal (confining) stress of 207 kPa was applied to all specimens. 

Based on three-dimensional layered viscoelastic analysis for moving loads at a depth of 38.1 

mm and different wheel speeds, this normal load was within the acceptable range of normal 

stresses at the critical shear strength location (Cho 2015). The number of replicates was one 

or two for the different conditions. The MAST cyclic fatigue shear test conditions and 

number of test replicates for each condition are presented in Table 6.2. 
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DIC was used to track and measure the deformations, displacements, and strains on 

the surface of the specimens and especially on areas around the interlayer. A 5 MP camera 

was placed at a distance of 75 cm to 89 cm from the surface of the samples for capturing 

images. 

 

Table 6.2. Cyclic Fatigue Modified Advanced Shear Test Conditions and Number of 

Replicates 

Condition Number of Replicates 

12.5-Cntl-PG 1 

12.5-G12.5-PG 1 

12.5-G25-PG 1 

12.5-G25-S1 2 

 

6.2.2. Shear strength time-temperature superposition study using the MAST 

The shear strength t-TS of 12.5-G12.5-PG, and 12.5-G25-PG specimens were 

evaluated by running monotonic displacement control shear tests at constant crosshead 

displacement rates of 50.8 and 0.508 mm/s and at temperatures of 5°C, 18°C, 32°C, and 

48°C. The specimens were kept in the temperature conditioning chamber at the test 

temperature for three hours before testing, and an initial confining load of 276 kPa was 

applied to all specimens. 

DIC was utilized to measure on-specimen strain rates, and the mixture and tack coat 

shift factors were used to calculate the reduced strain rates and construct the shear strength 

mastercurves. 

6.3. Notched Four-Point Bending Beam Fatigue Test 

Notched four-point bending beam fatigue tests were performed to: 
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 Investigate the cracking rates and patterns and failure mechanisms of GlasGrid-reinforced 

beams made with different mixtures and interlayer conditions and to determine the Paris’ law 

parameters and horizontal joint stiffness (local resistance of the composite system against the 

opening of a vertical crack at the intersection of the interlayer system and vertical crack) for 

different conditions, 

 Study the dependency of Paris’ law parameters on strain level and temperature, and 

 Study the validation of t-TS for crack growth in four-point bending beam fatigue tests. 

The tests were based on ASTM D7460, except for a slight variation of the specimen 

geometry. A 5-mm notch was cut into the bottom layer and at the centerline of the beams. 

Before discussing the test conditions, the relationships that govern the maximum 

stress, maximum strain, deflection, and stiffness of four-point bending beam specimens 

should be presented.  

The maximum tensile stress (MPa) and maximum tensile strain in four-point bending 

beam fatigue tests were calculated using Equation 6-1 and Equation 6-2, respectively (ASTM 

D7460). 

Equation 6-1 

 

where 

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

P = load applied by actuator (N), 

b = average specimen width (mm), and 

h = average speciemn height (mm). 

 

Equation 6-2 

 

where 

δ = maximum deflection at center of beam (mm), 

a = spece between inside clamps, L/3 (Cox: 119 mm), and 

L = length of beam between outside clamps (Cox: 357 mm). 
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The following equation is used for calculating the flexural beam stiffness (MPa) that 

is referred to as stiffness (S) in this research: 

 

Equation 6-3 

 

 

Equation 6-2 was used to determine the maximum deflection at the center of the beam 

at any given maximum strain level and subsequently to calculate the actuator displacement.  

Based on elastic beam deflection calculation methods, such as double integration or 

energy (Castigliano’s theorem), in four-point bending beam loading, the deflection at the 

center of the beam is 1.15 times larger than the deflection at the loading points. This 

relationship was used for determining the actuator displacement amplitude in the four-point 

bending beam fatigue tests. That is, for a beam loaded in a Cox fatigue test apparatus, in 

order to achieve a maximum beam deflection of 0.3016 mm that correlates to a maximum 

strain of 600 microstrain, a displacement of 0.2622 mm should be applied to the beam via 

inside clamps. 

6.3.1. Effect of end restraint on four-point bending beam fatigue tests 

Figure 6.1 shows the drawings of two beams, one without an end restraint and other 

one with an end restraint (‘L’ clamps). This figure shows how the double-layer beams might 

be affected by not having an end restraint. If the bond quality is too weak or becomes too 

weak during the bending beam fatigue test, slippage might occur at the interface and the two 

layers would have a relative freedom of movement at the interface. As a result of this 

slippage, the beam starts losing the reinforcement effect, and thus, the effect of reinforcement 

will be underestimated in tests.  

 

t

tS
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Figure 6.1 Possible end effects in cases of (a) not having an end restraint and (b) having an 

end restraint. 

 

In order to study the effect of end restraint (restraining the movement of the grid 

relative to both the top and bottom layers at both ends of the beam), several four-point 

bending beam fatigue tests were carried out with two types of end restraint and also without 

any end restraint. The two types of end restraint were flat clamps and ‘L’ clamps. The 

difference between these two types of end restraint is discussed in the specimen fabrication 

chapter, Chapter 6. These tests were performed on 9.5-G12.5-PG, and 9.5-Cntl-PG 

specimens. Also, the 9.5-G12.5-No Tack condition was tested with different end conditions. 

The test temperature was 20°C, and a frequency of 5 Hz was used for loading. The tests were 

performed in displacement control mode with a maximum strain level of 900 microstrain. 

The number of replicates was either one or two depending on the condition. As discussed in 

the results chapter, Chapter Y, it was concluded that having or not having an end-restraint 

does not affect the results, and thus, all the tests were carried out on specimens without any 

end restraint. 
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6.3.2. Notched four-point bending beam fatigue tests at frequency of 5 Hz 

The initial tests were performed at 20°C, 5 Hz, and 900 microstrain. All the specimens were 

kept in the customized testing chamber at 20°C (68°F) for at least three hours before testing 

and during the tests. The tests were carried out in displacement control mode. Haversine 

displacements with zero and maximum negative bending deflection peaks were applied to the 

specimens at a frequency of 5 Hz. That is, the beams were pushed down to reach the 

maximum strain level of 900 microstrain and then pulled back to the zero position. Two 

replicates were performed for each test condition. The type of mixtures, grids, and tack coats 

used for these tests are presented in 

Table 6.3.  

Also, in order to evaluate the effect of the emulsion tack coat curing time on the performance 

of the beams, two 12.5-G25-S1 beams were fabricated with an emulsion curing time of less 

than one hour. These beams are considered uncured in the results section. The tack coat 

application rates are presented in  

Table 6.4. These rates were used for all the specimens tested throughout this project, 

except for the DST specimens. 

The 5 Hz four-point bending beam fatigue tests were used mainly for studying the 

failure mechanisms of grid-reinforced beam specimens with different interlayer conditions 

under notched four-point bending beam fatigue loading. In addition to capturing the 

mechanisms, finding a reliable quantitative method of comparing the life-times of double-

layered beams also seemed to be a beneficial and worthwhile undertaking. Thus, some 

traditional failure criteria used for homogeneous beams were evaluated to see if they could 

address the failure mechanisms of reinforced double-layered beam specimens. The first 

criterion that was evaluated was the stiffness value multiplied by the number of cycles, i.e., 

stiffness (S) × N versus the number of cycles and then determining the number of cycles at 

which the curve starts to drop as the failure time. This criterion is an energy-based criterion 

and is similar to the criterion suggested by ASTM D7460 for four-point bending beam 

fatigue tests. 
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Table 6.3. Four-point Bending Beam Specimens Tested at Frequency of 5 Hz 

Test 
GlasGrid 

Type 

Tack Coat 
Mixture Type 

9.5 mm 12.5 mm 

Type Rate 
PG 64-22 

(RS9.5B) 

PG 64-22 

(RS12.5B) 

Notched Four-

Point Bending 

Beam Fatigue 

Test at 900 

Microstrain 

Frequency: 5 Hz 

Temperature: 

20°C 

8501 

SS-1 

Opt. 

  

PG 64-22 X X 

PM X  

8511 

SS-1 Opt.  X 

PG 64-22 Opt. X X 

PM Opt.  X 

w/o Grid 

SS-1 

Opt. 

  

PG 64-22  X 

PM   

. 

 

Table 6.4. Rates of Tack Coat Application 

Tack Coat Type Rate of Residue Application (Lit/m²) 

PG 64-22 0.21 

SS-1 Emulsion 0.21 

PM 0.65 
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6.3.3. Notched four-point bending beam fatigue tests at frequency of 10 Hz 

6.3.3.1. Notched four-point bending beam fatigue tests at 10 Hz frequency and 20°C 

The strain level of 900 microstrain is relatively high compared to strains experienced 

by pavements in the field. Lower strain levels of 600 and 750 microstrain were included in 

the testing plan in order to evaluate the effect of strain level on failure mechanisms and 

cracking patterns and also to study the strain level dependency of Paris’ law parameters in 

four-point bending beam fatigue tests of grid-reinforced beam specimens. Running beam 

fatigue tests at low strain levels such as 600 microstrain on reinforced beams and at a 

frequency of 5 Hz can take a number of full days. In order to reduce the testing time, the 

frequency was changed from 5 Hz to 10 Hz, such that the rest of the beam fatigue tests were 

carried out using a frequency of 10 Hz. 

Two types of mixtures, three types of tack coats, and two different grid sizes were 

included in the 10 Hz frequency four-point bending beam fatigue tests. These tests were used 

to evaluate the effects of mixture type and interlayer condition on failure mechanisms, 

cracking patterns, and crack growth rates at different strain levels, and also to study the strain 

level dependency of Paris’ law parameters. All the specimens were kept in the customized 

testing chamber at 20°C (68°F) for at least three hours before testing and during the tests. 

The tests were carried out in displacement control mode. Haversine displacements with zero 

and maximum negative bending deflection peaks were applied to the specimens at a 

frequency of 10 Hz. That is, the beams were pushed down to reach the maximum desired 

strain level and then pulled back to the zero position. 

The types of mixtures, grids, and tack coats used for fabricating the four-point 

bending beam fatigue test specimens are presented in Table 6.5. The number of replicates for 

these tests is two except for the 9.5-G25-S1 condition. Only one test was performed on 9.5-

G25-S1 specimens at each strain level, and these tests were not used for obtaining Paris’ law 

parameters. 
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Table 6.5. Four-point Bending Beam Conditions Tested at 20°C and 10 Hz Frequency 

Test 
GlasGrid 

Type 

Tack Coat 
Mixture Type 

9.5 mm 12.5 mm 

Type Rate 
PG 64-22 

(RS9.5B) 

PG 64-22 

(RS12.5B) 

Four-Point 

Bending Beam 

Fatigue Test at 

600, 750, and 900 

Microstrain 

Frequency: 10 Hz 

Temperature: 

20°C 

8501 

SS-1 

Opt. 

  

PG 64-22 X X 

PM   

8511 

SS-1 Opt. X (one replicate) X 

PG 64-22 Opt.  X 

PM Opt.  X 

w/o Grid 

SS-1 

Opt. 

  

PG 64-22  X 

PM   

 

 

6.3.3.2. Temperature effect and time-temperature superposition studies 

The evaluation of temperature effects on the failure mechanisms and the t-TS 

validation study for the fiberglass grid-reinforced beam specimens was carried out on 12.5-

G12.5-PG specimens. Three temperatures of 15°C, 20°C, and 23°C, strain level of 900 

microstrain, and frequency of 10 Hz were used for running these tests. In another trial, 

mixture uniaxial dynamic modulus mastercurve shift factors were used to find the equal 

reduced frequencies at 15°C and 20°C. These frequencies and temperatures were used to run 

four-point bending beam fatigue tests on 12.5-G12.5-PG specimens at the strain level of 900 

microstrain. Then the load and Paris’ law parameters were compared in reduced time scale. 
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6.4. Three-Point Bending Beam Fatigue Test with Offset Notch 

The three-point bending beam fatigue test with offset notch was deemed to reflect the 

effect of shear stresses on the crack growth rates and patterns more clearly than the four-

point bending beam fatigue test. The skewed notch three-point bending beam fatigue tests 

were conducted on fiberglass grid-reinforced asphalt concrete beam specimens to determine 

the sensitivity of vertical joint stiffness as a function of the interlayer condition. Vertical joint 

stiffness is the effect of the grid system on the vertical opening of the interface where vertical 

crack intersects with the interface. 

A 10-mm notch was cut at 40 mm from the beam centerline (loading fixture 

centerline). The depth and location of the notch were determined based on a number of 

experiments on beams with different notch depths and locations. The objective of these trials 

was to find the right notch depth and location for the crack initiation to occur at the notch.  

The testing temperature of 20°C, frequency of 10 Hz, and strain level of 750 

microstrain were used for the skewed notch three-point bending beam fatigue tests. All the 

specimens were kept in the customized testing chamber at 20°C (68°F) for at least three 

hours before testing and during the tests. The tests were carried out in displacement control 

mode. Haversine displacements with zero and maximum negative bending deflection peaks 

were applied to the specimens at a frequency of 10 Hz. That is, the beams were pushed down 

to reach the maximum strain level of 750 microstrain and then pulled back to the zero 

position.  

The types of mixtures, grids, and tack coats used for fabricating the three-point 

bending beam fatigue test specimens are presented in Table 6.6. 
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Table 6.6. Skewed Notch Three-Point Bending Beam Conditions  

Test 
GlasGrid 

Type 

Tack Coat 
Mixture Type 

9.5 mm 12.5 mm 

Type Rate 
PG 64-22 

(RS9.5B) 

PG 64-22 

(RS12.5B) 

Skewed Notch 

Three-Point 

Bending Beam 

Fatigue Test at 

750 

Microstrain 

8501 

SS-1 

Opt. 

  

PG 64-22 X X 

PM   

8511 

SS-1 Opt.  X 

PG 64-22 Opt.  X 

PM Opt.  X 

w/o Grid 

SS-1 

Opt. 

  

PG 64-22  X 

PM   
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CHAPTER 7. SPECIMEN FABRICATION 

7.1. Compaction 

7.1.1. Steel drum compaction roller 

In order to fabricate the double shear test specimens, RS9.5B asphalt mixture was 

compacted in two layers in a metallic mold with dimensions of 70 cm by 70 cm. The 

compaction was done using a MAULDIN 1450 roller compactor (Figure 7.1). The thickness 

of each layer was 50.8 mm, and GlasGrid® was embedded between the layers.  

 

 

Figure 7.1. MAULDIN 1450 roller compactor. 
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The mold consisted of a base plate and two different side frames with the same height 

of 50.8 mm (Figure 7.2). For compaction of the first layer, the first side frame was set up and 

the materials were distributed equally in 12 metal pans and heated to the compaction 

temperature (149°C). The mold base plate was divided into six rectangles with the same area, 

and the materials were poured into the mold in two stages. At each stage, one pan of heated 

material was poured carefully into each divided section and then the materials were 

distributed evenly using heated metal rakes (Figure 7.3). That is, at each stage, six pans of 

heated material were poured into the mold and distributed evenly. Carrying the pans from the 

oven to the mold was done by two persons, and two different persons had the responsibility 

of distributing the material once it was poured into the mold in order to accelerate the 

compaction procedure. Once the materials were in the mold and evenly distributed, a 

MAULDIN 1450 steel drum roller compactor was used to compact the material to the height 

level of the mold walls (50.8 mm). The number of required passes was usually between five 

to eight passes, and all passes except for the first two and the last pass were undertaken using 

vibration. 

Figure 7.4 shows the first layer after compaction. Once the first layer cooled down to 

room temperature, the grid was installed carefully on the slab and the tack coat was applied.  

 

 

Figure 7.2. 70 cm by 70 cm double-layer metal mold. 
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Figure 7.3. Spreading the material in the mold using two heated metal rakes. 

 

 

Figure 7.4. First layer of slab after compaction. 
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In order to apply the hot asphalt binder tack coat, several tack coat application trials 

were performed using different kind of tools, such as metal cans with different sized holes, a 

custom-made metal canister with tiny holes, a glass salt shaker, and a glass sugar canister 

with different sizes of holes in their metal caps (Figure 7.5). The sugar canisters proved to be 

the best tool among all the used tools, given the ease, consistency, and repeatability of the 

tack coat application process.  

 

 

Figure 7.5. Different tools used for binder tack coat application. 

 

For applying the tack coat, certain amounts of asphalt binder (PG 64-22) were poured 

into the glass sugar canisters with small holes drilled in their metal caps and were heated up 

to the desired temperature (145°C). The canisters were left in the oven for one hour and then 

the binder was poured evenly on top of the compacted layer using the sugar canister. By 

moving the tiny streams of binder while pouring the binder out of the holes in the cap of the 

sugar canister (Figure 7.6) across the length and width of the slab, a dense grid of binder tack 

coat was created on the surface of the asphalt on top of the installed grid. A tack coat 

application rate of 0.5 lit/m² was used for all the specimens and compacted using a steel drum 

compaction roller. In the next step, the second level of mold walls was installed and the same 

compaction procedure was followed. Because each compaction process using this method 

took around 10 minutes and the material cooled down, the heating temperature was 149°C, 
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which was 4°C higher than the normal compaction temperature. Figure 7.7 shows a double-

layer slab after compaction. 

 

 

Figure 7.6. Creating a dense grid of binder using sugar canister. 

 

 

Figure 7.7. Double-layer slab after compaction and removal of mold frame. 
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The target air void content of the slabs was 7.5±1.0 percent. In order to reach this 

target air void content and have acceptable air void distribution in the slabs, several trial slabs 

with different amounts of asphalt mixture and different compaction procedures were made, 

and for each trial slab the air void content was measured and the air void distribution was 

evaluated. 

7.1.2. Gyratory-compacted double-layer specimens 

The gyratory compactor was used only for making the double-layer specimens for the 

modified advanced shear cyclic shear fatigue tests and the double shear test t-TS study 

specimens. The first layer was compacted to the height of 50.8 mm for compacting the first 

layer. Both the mold and material were heated up to the compaction temperature (145°C). 

After waiting for the first compacted layer to cool down, the GlasGrid® was installed 

carefully and symmetrically on the surface of the specimen and some pressure was applied 

for activating the self-adhesive side of GlasGrid® in order to provide a good bond between 

the GlasGrid® and asphalt (Figure 7.8).  

 

 

Figure 7.8. Installing GlasGrid® (8511) on top of the first layer of gyratory specimen. 
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In the case of an emulsion tack coat, a brush was used to apply the required tack coat 

on top of the asphalt and grid. In the case of an asphalt binder tack coat, a glass sugar canister 

with small holes in its metal cap was used to create a dense binder grid on top of the installed 

GlasGrid® (Figure 7.9). Then, a heat gun and a metal spatula were used to spread the binder 

evenly on the surface of the specimen (Figure 7.10). A residue application rate of 0.21 lit/m² 

was used for both the PG 64-22 asphalt binder and SS-1 emulsion. The emulsion covered 

specimens were cured at room temperature for 24 hours before compacting the top layer, but 

for the asphalt binder specimens, there was no need to wait, so usually the top layer was 

compacted once the tack coat was applied.  

 

 

Figure 7.9. Applying binder tack coat using sugar canister for gyratory specimen. 
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Figure 7.10. Using metal spatula and heat gun for evenly spreading the binder tack coat on 

gyratory specimens. 

 

Before compacting the second layer, two guidelines were made on the sides of the 

first layer, as shown in Figure 7.11, to help in identifying the direction of the grid ribs after 

compaction.  

For compacting the top layer, the materials were heated in the oven for one hour to 

reach the compaction temperature, and the first layer was placed inside the cold mold prior to 

compaction. The second layer was compacted on top of the first layer to the height of 50.8 

mm for a total specimen height of 101.6 mm. A cold mold was used for the compaction of 

the top layer in order to minimize the secondary compaction in the first layer. An air void 

study was conducted, and the mass of material was selected based on a target average air 

void content of six percent for the final MAST specimens and five percent for the final DST 

specimens. Figure 7.12 shows a double-layer specimen compacted using the gyratory 

compactor. 
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Figure 7.11. Drawing guidelines for identifying the GlasGrid® direction after compaction. 

 

 

Figure 7.12. Double-layer specimen compacted using gyratory compactor. 
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7.1.3. Slab compactor 

A standard roller compactor (CRT-RC2S) was the main compaction device for this 

project (Figure 7.13). All the beam specimens and MAST specimens used for the t-TS study 

were fabricated using this compactor. The metal mold used in this compaction method was 

400 mm long, 305 mm wide, and 100 mm tall (Figure 7.14). 

 

 

Figure 7.13. Standard roller compactor (CRT-RC2S). 
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Figure 7.14. Metal mold used for compaction of double-layer slabs using standard roller 

compactor. 

 

This standard roller compactor was used to compact double-layer slabs with a total 

height of 100 mm. Each layer was 50 mm tall. For the compaction of the first layer, both the 

material and mold were placed in the oven at the compaction temperature (145°C). The 

required materials were divided evenly into three pans before being heated for compaction. 

The mold base plate was divided into three equal sections and, once the temperature of the 

material reached the compaction temperature, each pan of material was poured into one of 

the sections. This procedure was performed by two persons in order to accelerate the 

compaction procedure and prevent the material temperature from cooling down. The 

compaction was done right after evenly distributing the material and by gradually increasing 

the pressure of the steel roller. A certain number of passes was used to increase the 

compaction pressure gradually to a certain maximum pressure, and then a number of passes 

was used at this compaction pressure to compact the slab to the height of 50 mm. All the 
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passes were performed with vibration. The slab was left at ambient temperature to cool 

down, and then the GlasGrid® was installed carefully on top of the first (bottom) layer of the 

slab. Some pressure was used to activate the self-adhesive side of the GlasGrid® in order to 

provide a good bond between the GlasGrid® and the asphalt (Figure 7.15).  

 

 

Figure 7.15. GlasGrid® 8511 installed on the first layer of slab compacted by standard roller 

compactor. 

 

The GlasGrid® installation for the end restraint effect studies was slightly different 

than for the other slabs, the only difference being the length of the grid installed on top of the 
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slab. Instead of cutting the grid at the edges of the slab (400 mm long), 50.8 mm of extra grid 

was left to overhang each end of the slab, as shown in Figure 7.16. 

 

 

Figure 7.16. Extra 50.8 mm of grid overhanging each end of slab for end effect studies. 

 

In the case of an emulsion tack coat, the required amount of emulsion (residue 

application rate of 0.21 lit/m²) was applied evenly on top of the GlasGrid® and slab using a 

paint brush. The emulsion covered slab was cured at room temperature for 24 hours before 

compacting the second layer. In the case of an asphalt binder or highly polymer-modified 

binder, a glass sugar canister with small holes drilled in its metal cap was used to heat up the 

required binder, thereby creating a dense grid of binder on top of the slab or GlasGrid® and 

slab. A metal spatula and heat gun were used to spread the binder evenly on top of the slab 

(Figure 7.17). The binder spreading process took between 40 minutes to one hour for each 

slab. Table 7.1 presents the tack coat application rates for each tack coat type. 
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Table 7.1. Tack Coat Application Rates 

Tack CoatType PG 64-22 SS-1 PM 

Residue Application Rate (lit/m²) 0.21 0.21 0.65 

 

 

 

Figure 7.17. Spreading the binder tack coat on top of the slab using spatula and heat gun. 

 

Figure 7.18 shows the first layer of a slab placed inside the mold for the second 

compaction after installing the GlasGrid and applying the tack coat. After curing the 

emulsion tack coat, or right after applying the binder tack coat, the second (top) layer was 

compacted following the same procedure used for the first layer.  
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Figure 7.18. First layer of slab after grid installation and tack coat application. 

 

An air void study was conducted. The mass of the material was selected based on 

average air void contents of 7.0 percent and 6.5 percent for the bottom and top layers, 

respectively, after trimming 12.7 mm from the bottom of the bottom layer and top of the top 

layer. 

7.2. Specimen Preparation 

7.2.1. Double shear test specimens 

Double-layer slabs that had been compacted using the steel drum compaction roller 

were used to fabricate cyclic shear fatigue specimens for the DST, and gyratory compactor 

double-layer specimens were used for the interface shear t-TS study specimens for the DST. 
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That is, the double shear test specimens consisted of two double-layer specimens from the 

same slab or two similar gyratory-compacted double layer specimens bonded together. In the 

case of the double-layer slab specimens, the first step in fabricating the shear specimens was 

to make a rough cut using a hand-held saw (Figure 7.19). Then, using an automated saw, the 

top and bottom layers were trimmed to a thickness of 38.1 mm and the sides were trimmed to 

provide a 152.4-mm long, 114.3-mm wide, and 76.2-mm thick specimen. The final step was 

gluing the top surface of the two specimens together using a two-part metal-filled epoxy 

glue. Figure 7.20 shows these steps schematically. By following this method of sample 

preparation, both interfaces had the same characteristics in terms of compaction, roughness, 

interlayer systems, tack coat application rate, etc. 

In the case of the gyratory-compacted specimens, the same procedure was followed 

without the need for an initial rough cut. After trimming the top and bottom of the specimens 

and gluing two specimens together, the gyratory-compacted DST specimen sides were 

trimmed to provide a 101.6-mm long, 101.6-mm wide, and 76.2-mm thick specimen 

 

 

Figure 7.19. Initial rough cut using a hand-held saw. 
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Figure 7.20. Double shear test specimen preparation procedure. 

 

Next, the surface of the double shear test specimen was speckled using white and 

black spray paint for the purpose of image processing. The last step before testing was gluing 

the top and bottom surfaces of the specimens to the secondary frame of the DST using a two-

part metal-filled epoxy glue. Figure 7.21 shows a specimen glued to the secondary frame of 

the DST.  

 

 

Figure 7.21. Speckled double shear test specimen glued to the secondary frame of DST. 
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7.2.2. Cyclic shear fatigue test specimens for the MAST 

Gyratory-compacted double-layer specimens with a total height of 101.6 mm were 

used to make the cyclic shear fatigue test specimens for the MAST. The sides of the 

cylindrical specimens were trimmed, as shown in Figure 7.22, using an automatic saw to 

make 101.6-mm long, 101.6-mm wide, and 101.6 mm thick cubic specimens. The side 

guidelines that were drawn during the compaction process were used to identify the cutting 

lines in order to obtain specimens with similar GlasGrid® directions and positions.  

 

 

Figure 7.22. Cutting the sides of the MAST specimens using an automated saw. 
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Next, 12.7 mm was trimmed from the bottom of the bottom layer and top of the top 

layer to create the final specimens. Figure 7.23 shows a gyratory-compacted specimen, a 

specimen with trimmed sides, and the final specimen, side by side.  

 

 

Figure 7.23. MAST specimens: gyratory-compacted specimen, specimen after cutting sides, 

and specimen after trimming. 

 

After cutting and trimming, the specimen was notched along the interface of the 

specimen and perpendicular to the GlasGrid® rolling direction (loading direction) to aid 

crack initiation and to ensure that the crack would initiate from the desired side and at the 

interface of the shear specimen. The notch was 5 mm (0.2 in.) deep and was created using a 

modified tile saw. Figure 7.24 shows the tile saw used for notching the specimens and 

Figure 7.25 shows two notched specimens, one before trimming the top and bottom layers 

and one after trimming. The surface of the specimen was speckled with black dots on a white 

background using spray paint for the purpose of image processing. Figure 7.26 shows the 

speckling process for a MAST specimen. The last step before testing was gluing the 

specimen to the MAST’s 4-inch square shoes using a two-part metal-filled epoxy glue. In 

order to keep the shoes straight and fixed during the gluing process and also to obtain the 

desired gap size (8 mm), a custom-made gluing jig, as shown in Figure 7.27, was used for 

gluing. The tests were carried out at least 24 hours after gluing. 
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Figure 7.24. Customized tile saw used for notching the specimens. 

 

 

Figure 7.25. Notched MAST specimens. 
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Figure 7.26. Speckling procedure. 

 

 

Figure 7.27. MAST gluing jig and 4-inch MAST shoes. 
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7.2.3. Time-temperature superposition study specimens for the MAST 

The standard slab compactor (Figure 7.13) was used for fabricating the slabs for the t-

TS study specimens for the MAST. As mentioned in Section 7.1.3, double-layered slabs were 

compacted using the standard slab compactor. Each layer had a thickness of 50 mm (2 in.), 

and the GlasGrid® interlayer system was installed between the layers.  

The t-TS study specimens were cut from the slabs using a masonry saw. First, two 

specimens, each 152.4 mm (6 in.) long and 152.4 mm (6 in) wide were cut out of the slab, 

and then the bottom and top layers of each specimen were trimmed to a thickness of 38.1 mm 

(1.5 in.). After cutting and trimming, the side face of the specimen that was parallel to the 

rolling direction of GlasGrid® or compaction direction, was speckled with black dots on a 

white background using flat spray paint for the purpose of image processing. The average air 

void contents of the top and bottom layers after cutting and trimming were 6.5 percent and 7 

percent, respectively.  

The last step before testing was gluing the specimen to the MAST’s 6-inch square 

shoes using a two-part metal-filled epoxy glue. In order to keep the shoes straight and fixed 

during the gluing process and also to obtain the desired gap size (8 mm), the MAST gluing 

jig was used for gluing. Figure 7.28 shows the 6-inch MAST specimen and shoes after 

gluing. The tests were carried out at least 24 hours after gluing. 
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Figure 7.28. MAST with 6-inch shoes and specimen. 

 

7.2.4. Notched four-point bending beam fatigue test specimens 

The standard slab compactor (Figure 7.13) was used for fabricating the notched four-

point bending beam fatigue test specimens. Double-layered slabs were compacted using the 

slab compactor. As mentioned in Section 7.1.3, each layer had a thickness of 50 mm (2 in.), 

and the GlasGrid® interlayer system was installed between the layers.  

The beam specimens were cut from the slabs using a masonry saw. First, beams 64 

mm (2.52 in.) wide were cut out of the slab, and then the bottom and top layers of each beam 

were trimmed to thicknesses of 18 mm (0.71 in.) and 36 mm (1.42 in.), respectively 

(Figure 7.29). That is, after cutting and trimming, the interlayer was located at one-third 

depth from the bottom of the beam. 
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Figure 7.29. Trimming the beam specimens. 

 

After cutting and trimming the beams, the bottom layer was notched at the middle of 

the beam, using a customized tile saw, to ensure that the crack would initiate at the center of 

the beam to aid crack initiation. The notch was 5 mm (0.2 in.) deep. Figure 7.30 depicts the 

final dimensions of a beam specimen and the loading points in the four-point bending beam 

fatigue tests. The average air void contents of the top and bottom layers after cutting and 

trimming were 6 percent and 7 percent, respectively. It should be noted that the length of 

each beam corresponded to the roll direction of the grid. The side face of the middle span 

(middle 119 mm length) of the beam was speckled with black dots on a white background 

using flat spray paint for the purpose of image processing. 
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Figure 7.30. Four-point bending beam dimensions and loading points. 

 

The beams used in the end restraint studies were prepared following the same 

procedures described above, and then the ends of the beams were restrained using flat clamps 

or “L” clamps. The flat clamp was a metal plate with the same beam cross-section 

dimensions. The overhanging grid was folded up next to the top layer of the beam, and two 

metal plates were glued to the ends of the beam using a two-part metal-filled epoxy glue and 

clamps. The clamps were released after 24 hours. 

The “L” clamps consisted of two L-shaped metal brackets. First, two brackets were 

placed and glued to the ends of the top layer of the beam and right on top of the grid that 

extended past the ends (Figure 7.31). After 24 hours the clamp was released and two new L-

shaped metal brackets were glued tightly to both ends of the bottom layer of the beam and to 

the previously glued L-shaped brackets, thereby squeezing the grid between the two brackets 

at each end. Figure 7.32 shows the details and end conditions of no clamp, flat clamp, and 

“L” clamps for the beams used in the end effect study. 

 

 



133 

 

 

Figure 7.31. L-shaped brackets clamped to the ends of the top layer of the beam. 

 

 

Figure 7.32. No clamp, flat clamp, and “L” clamps used in end effect study. 
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7.2.5. Skewed notch three-point bending beam fatigue test specimens 

The compaction, cutting, and trimming procedures for the skewed notch three-point 

bending beam fatigue test specimens were exactly the same as the procedures followed for 

making the four-point bending beam fatigue specimens. After cutting and trimming the 

beams, the bottom layer was notched at 40 mm from the centerline of the beam, using a 

customized tile saw, to ensure the crack would initiate at the notch location. The notch was 

10 mm (0.24 in.) deep. The speckling of the side face of the specimens was done for a length 

of 80 mm, starting from the centerline of the beam and toward the notched side. The average 

air void contents of the top and bottom layers after cutting and trimming were 6 percent and 

7 percent, respectively. It should be noted that the length of each beam corresponded to the 

roll direction of the grid. 

The last step before running the test was gluing the middle loading fixture to the 

beam. In order to have the fixture exactly in the center of the beam and to make sure the 

fixture was perpendicular to the beam interface, a custom gluing jig, as shown in Figure 7.33, 

was used. A two-part metal-filled epoxy glue was used for gluing the top and bottom of the 

beam to the fixture. The minimum waiting time before testing was 24 hours. 
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Figure 7.33. Gluing jig for gluing the loading fixture to the three-point bending beam 

specimen. 
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CHAPTER 8. CRACK TIP DETECTION 

8.1. Introduction 

For the purpose of the fracture characterization of the fiberglass grid-reinforced 

asphalt concrete specimens in this study, it was necessary to determine the length of the 

cracks in the cyclic shear tests and beam fatigue tests. Determining the crack tip was one of 

the main challenges in this research. The developed methodologies for crack tip 

determination in both the shear fatigue and beam fatigue tests are discussed in this chapter. 

8.2. Cyclic Shear Tests for the DST and MAST 

The main challenge in the analysis of the cyclic shear data obtained from the DST 

and MAST was determining the crack length during each shear test. Generally, because the 

crack tip is relatively fine and the crack opening is much smaller in pure shear tests and 

Mode II fracture compared to the crack opening in Mode I fracture, identifying the crack tip 

in Mode II fracture tests was expected to be more difficult and require more effort compared 

to crack tip determination in Mode I fracture tests. Three different approaches were evaluated 

in order to find a reliable crack tip determination method: strain contour, visual detection, 

and a bisectional approach. 

8.2.1. Strain contour 

By utilizing DIC, the displacements and strains of the surface of a specimen can be 

tracked. The DIC technique was used in all the shear tests for monitoring the interface shear 

fatigue performance of the grid-reinforced specimens with different interlayer conditions. 

Figure 8.1 and Figure 8.2, respectively, show the lighting set-up for the DST and MAST, and 

Figure 8.3 shows the lighting and camera set-up for a MAST trial test when the chamber is 

removed. LED dual gooseneck lights were used to provide consistent lighting on the 

speckled surface of the specimens, as shown in these figures. The LED gooseneck lights have 

a low heat emission and minimize the heat-induced noise in DIC results. 
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Figure 8.1. Lighting for DST specimens. 

 

 

Figure 8.2. Lighting for MAST specimens. 
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Figure 8.3. Lighting and camera set-up for a MAST trial test without chamber. 

 

The von Mises strain is an equivalent strain and is used as a yielding criterion. This 

strain provides the equivalent uniaxial strain of the existing strain state from the yield point 

of view. The von Mises strain is calculated using     Equation 5-1. Figure 8.4 and Figure 8.5 

present the evolution of the von Mises and shear strain contours of the left interface of a 

double shear test specimen, respectively. The areas with darker colors in the von Mises strain 

contours represent the low strain areas and areas with higher strains are represented with 

bright colors. That is, the brighter the color, the higher the strain and damage level. In shear 

strain contours, contrary to von Mises strain contours, the darker areas are the areas with 

higher shear strain values and more damage concentration. 
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Figure 8.4. DST left interface von Mises strain contour evolution at different numbers of 

cycles (first approach). 
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Figure 8.5. DST left interface shear strain contour evolution at different numbers of cycles 

(first approach). 

 

Figure 8.4 and Figure 8.5 show a continuous increase in strain amplitude throughout 

the testing period. This increase is more obvious around the interlayer and represents the 

damage and crack propagation along the interface of the specimen. Two main problems are 

inherent of this strain contour approach. The first problem is determining the strain threshold 

of cracking or failure for different testing and interlayer conditions. The crack tip 

deformations in shear tests are very small, and thus, the produced and detectable strains are 

also small and hard to identify. That is, in pure shear tests it is difficult to find a certain 

number or range of numbers for the strain at which the crack appears. The second problem is 

the error or noise in the strain results that is sometimes as high as 300 microstrain without 

applying any load, or even higher when the specimen starts to deform and crack. That is, 
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even if some change of strain is detected at the crack tip using DIC, these changes are small 

and can be within the range of DIC strain noises and errors and difficult to identify. 

8.2.2. Visual detection 

The second approach was investigated using a double shear speckled test sample that 

was painted white along both interlayers (Figure 8.6). The purpose of this approach was to 

detect the crack visually in post processing and to correlate the displacement or relative 

displacement results with the crack propagation. This approach failed because the shear crack 

was extremely fine around the crack tip and difficult to detect, especially with the camera set-

up used in this study. Also, it should be noted that the paint and the interface condition are 

not necessarily compatible, and thus, an apparent visual crack in the paint is not necessarily 

representative of the interface crack. This problem can become magnified at extreme high or 

low temperatures. 

 

 

Figure 8.6. White paint on the interlayers (second approach). 
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8.2.3. Bisectional approach 

The third approach was a bisectional approach. As shown in Figure 8.7, sets of virtual 

gauges were used at certain positions to track the displacements on opposite sides of the 

interlayer of a DST specimen throughout the test.  

 

 

Figure 8.7. Virtual gauges defined at certain positions (third approach). 

 

Figure 8.8 shows an example of the displacement amplitudes of two gauges at the 

same level and located on the opposite sides of the interface. The gauges were 2 mm away 

from the interface and had a length of 1 mm. Each of these virtual gauges consisted of 101 

data acquisition points along the gauge, and the displacement reported by each gauge was the 

average displacement of the points along the gauge. By means of calculating the relative 

displacements of the virtual gauges on opposite sides of the interface and along the interface 

(local relative displacements), the amount of shearing between the gauges at each level could 

be obtained. Figure 8.9 shows the comparison between the displacements of the two gauges 

located at the same level and on the opposite sides of the interface and their relative vertical 

displacement. From plots of relative displacement versus number of cycles (Figure 8.9) it can 
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be observed that the relative displacement increases almost linearly with the increase of the 

number of load cycles up to a point at which the two gauges seem to start moving more 

independently. This point is correlated with the occurrence of cracking and failure of the 

interface between the two gauges. Figure 8.9 shows that even though the curve starts to 

deviate from the virtual line after this point, some shear resistance is still evident. This shear 

resistance initiated from the uncracked parts of the interface to resist the shearing and 

aggregate interlocking action in the cracked parts. Once a full interfacial crack appeared, the 

resistance was related merely to the aggregate interlock at the interface. Romanoschi et al. 

(2001) reported the same interface behavior under shear fatigue testing. 

 

 

Figure 8.8. Displacement of the gauges located in the middle part and side part of the 

specimen. 
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Figure 8.9. Relative displacement of the gauges located on opposite sides of the interface and 

at the same level. 

 

It is assumed that this deviation point is the local cracking or failure point. By looking 

at the relative displacements versus number of cycles at different positions, the crack 

propagation and growth rate could be determined. This information was used to find the 

fracture-related properties of the specimen. Figure 8.10 displays an example of how this 

bisectional approach works for cyclic fatigue double shear tests and Figure 8.11 shows how 

the bisectional approach has been used in MAST cyclic shear tests for detecting the crack tip. 

In Figure 8.11, the graph on top shows the relative vertical displacement of the two gauges 

located at the opposite sides of the MAST specimen interface and at the same level, and the 

bottom graph shows the amplitude of this relative displacement. This figure, by indicating 

that the initial linear increase of relative displacement that was observed in the cyclic double 

shear test results also is observed in confined cyclic shear tests using the MAST, validates the 

bisectional approach. Based on the discussion in this section, the bisectional approach was 
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chosen as the preferred approach. This approach was used to find the crack length at different 

numbers of cycles for cyclic shear fatigue tests using the DST and MAST.  

 

 

 

Figure 8.10. Bisectional approach for finding the crack length. 
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Figure 8.11. Validity of bisectional approach in MAST cyclic shear tests (12.5-G25-S1). 

 

8.3. Four- and Three-Point Bending Beam Fatigue Tests 

8.3.1. Vertical cracks 

In four-point bending tests and mainly in three-point bending tests the vertical crack 

is caused by tension and, as a result, the two faces of the crack open up once a Mode I crack 

occurs. This Mode I crack opening creates a gap between the two faces of the crack. Such 

discontinuity results in DIC strain calculation errors that can lead to unreal and relatively 

high calculated exx (strain in the beam length direction) and von Mises strains. That is, once 

the vertical crack reaches a certain point, the values of exx and von Mises strains at that point 

will have a sudden and sharp increase. Such a sudden increase in strain values provides the 

possibility to use binary strain contours for crack tip detection. Figure 8.12 shows the binary 

exx strain contours of the same cracked surface when thresholds of 6,000, 7,500, 9,000, and 
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11,250 microstrain (με) are used. The darker areas represent the low strain areas and the 

white areas represent the points with a calculated exx strain that is higher than the threshold. 

Because the vertical crack tip is not sensitive to the exx strain threshold within the range of 

6,000 to 11,250 με, as the strain contours indicate, the criteria for selecting the exx strain 

threshold involved a threshold value that results in a clear image of a vertical crack with 

acceptable amounts of scattered noise throughout the binary strain contour and specifically in 

areas close to the crack tip. Based on numerous exx and von Mises strain contour observations 

and comparisons between different thresholds, it was concluded that 9000 με is an acceptable 

threshold for identifying the location of a vertical crack tip. 

 

 

Figure 8.12. The exx strain contours of the same cracked beam when thresholds of (a) 6,000, 

(b) 7,500, (c) 9,000, and (d) 11,250  με are used. 
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8.3.2. Horizontal (interfacial) crack 

Horizontal cracking in three- and four-point bending tests is caused by a combination 

of shear and tension. It is known that even shear-induced cracks will not occur without a 

crack opening (Liechti et al. 1982). In cases of four- and three-point bending, both shear and 

tension are the reasons for interfacial crack initiation and propagation. Furthermore, because 

some degree of crack opening is expected to occur at the maximum deflection of the beams, 

the binary eyy strain (strain perpendicular to the interface plane) contours can be used to 

determine the interfacial crack length. However, determining the interfacial crack threshold 

is not expected to be as straightforward as it was for vertical cracks that are caused mainly by 

pure tension. Figure 8.13 shows the eyy strain contours of the same cracked specimen surface 

when thresholds of 4,500, 6,000, 7,500, and 9,000 microstrain (με) are used. The darker areas 

represent the low strain areas and the white areas represent the points with an eyy strain that is 

higher than the threshold. 

As Figure 8.13 shows, the eyy strain threshold considerably affects the contours and 

can make a difference in identifying the interfacial crack length. Even though 6,000 and 

7,500 microstrain thresholds seem to result in almost identical interfacial crack lengths, a 

remarkable difference is evident between the 4,500 and 9,000 microstrain contours. In order 

to find the right eyy strain threshold value for identifying the horizontal crack tips, openings at 

different locations along the interface were compared to the calculated eyy strains of those 

locations at different numbers of load cycles. Virtual gauge points located on the top and 

bottom layers at 1.6 mm from the interface and at distances of 5 mm, 10 mm, 15 mm, and 20 

mm from the beam centerline (notch locations), on both the left and right sides, were used for 

measuring the openings along the interface and at different numbers of cycles (Figure 8.14). 
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Figure 8.13. The eyy strain contours of the same cracked beam when thresholds of (a) 4,500, 

(b) 6,000, (c) 7,500, and (d) 9,000  με are used. 

 

 

Figure 8.14. Virtual gauges located on opposite sides of interface. 
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 An imaginary band along the interface (Figure 8.15) was used for determining the 

maximum eyy strains along the interface. Assuming that the band starts at x0 and ends at xn, 

the eyy strain value for every point (pixel) inside the band was extracted using DIC, and for 

every xi (x0<xi<xn), the maximum eyy strain was identified and assigned to that xi. 

 

 

Figure 8.15. Imaginary band along the interface for finding the maximum eyy values . 

 

Figure 8.16 shows the changes in openings (vertical relative displacements) during 

the test for one of the four-point bending beam fatigue tests at -5 mm (5 mm to the left) and 

10 mm (10 mm to the right) from the centerline of the beam. As this figure shows, the 

opening values at each location can help in the approximate identification of the number of 

cycle at which a horizontal crack occurs at that location. The maximum eyy strains along the 

interface of the same specimen at cycles 13,200, 20,200, and 23,000 are presented in 

Figure 8.17. Figure 8.16 (a) shows that horizontal crack at -5 mm from the centerline occurs 

around cycle number 17,500. Thus, the maximum eyy strain of 7,000 to 8,000 that is shown to 

occur at -5 mm in Figure 8.17 (b) should be an indicator of horizontal cracking. Figure 8.16 

(b) shows that horizontal crack reaches 10 mm from the centerline at approximately 20,000 
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cycles. Based on Figure 8.17 (b) no horizontal crack is evident at this location at 20,200 

cycles. However, the interface should be cracked at this location at cycle number 23,000; 

thus, based on Figure 8.17 (c), a maximum eyy strain in the range of 5,000 to 6,000 

microstrain should be an indicator of the horizontal crack.  

 

 

Figure 8.16. Opening of the interface at (a) -5 mm and (b) 10 mm from beam centerline. 
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Considering the results of this analysis, the eyy strain threshold for identifying the 

horizontal crack should be somewhere in the range of 5,000 to 7,000 microstrain. The 

horizontal crack length at different numbers of cycles was determined based on the eyy strain 

thresholds of 5,000, 6,000, and 7,000 microstrain, as shown in Figure 8.18. As this figure 

shows, a small difference is evident between the lengths of cracks determined based on these 

three thresholds, but this difference is not significant. However, as can be observed in 

Figure 8.13, any eyy strain contour with a threshold lower than 6,000 microstrain will have 

considerable scattered noise that can lead to identifying a wrong point as the crack tip, 

thereby negatively affecting the crack length determination results.   

The same analysis was conducted for other gauge points and other specimens with 

different interlayer conditions. Based on the results, 6,000 microstrain was deemed to be the 

appropriate eyy strain threshold for identifying the horizontal crack tip location. 
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Figure 8.17. Maximum eyy strains along the interface at loading cycles of (a) 13,200, (b) 

20,200, and (c) 23,000. 
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Figure 8.18. Horizontal crack length determined based on eyy strain thresholds of 5,000, 

6,000, and 7,000 με. 

 

Based on this discussion, an exx strain threshold of 9,000 microstrain was chosen for 

identifying the vertical crack tip and an eyy strain threshold of 6,000 microstrain was chosen 

for identifying the horizontal crack tip in three- and four-point bending beam fatigue tests. 

Figure 8.19 shows the eyy strain contours for one of the four-point bending beam fatigue tests 

at different numbers of cycles. This figure shows how the eyy strain threshold of 6,000 was 

used to determine the horizontal crack length and also shows the horizontal crack 

propagation as the test is progressing. The colors used for showing the different ranges of eyy 

strain are presented to the right of the contours. 

Figure 8.20 shows the binary exx strain contours of one of the four-point bending 

beam fatigue tests at different numbers of cycles with an exx strain threshold of 9,000 

microstrain. This figure shows how the vertical crack length was measured and the progress 

of the vertical crack as the test is progressing. The colors used for showing the different 

ranges of exx strain are presented on the right side of the figure.   
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Figure 8.19. The eyy strain contours of one of the four-point bending beam fatigue tests at 

cycles (a) 65,000, (b) 85,000, (c) 110,000 and (d) 200,000 with an eyy strain threshold of 

6,000. 
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Figure 8.20. The exx strain contours of one of the four-point bending beam fatigue tests at 

cycles (a) 30,000, (b) 65,000, (c) 100,000 and (d) 150,000 with an exx strain threshold of 

9,000. 
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CHAPTER 9. DISCUSSION OF SHEAR TEST RESULTS 

9.1. Cyclic Shear Fatigue Tests Using Double Shear Tester (DST) 

The bisectional approach was taken to find the length of cracks at different numbers 

of cycles for all the shear tests. Figure 9.1, Figure 9.2, and Figure 9.3 show the interfacial 

crack growth rate (Δa/ΔN) versus the Mode ΙΙ stress intensity factor (SIF) (KΙΙ) amplitude for 

all the replicates of the GGTC, GGTF, and GGP tests, respectively. The Mode II SIF was 

calculated simply using the following equation: 

 

    Equation 9-1 

 

where, KII is the Mode II SIF, τe is the effective shear stress, and a is the interfacial crack 

length. The effective shear stress was calculated based on the uncracked interface area. 

 

 

Figure 9.1. Crack growth rate vs. stress intensity factor amplitude for the GGTC specimens. 

aK eII .. 
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Figure 9.2. Crack growth rate vs. stress intensity factor amplitude for the GGTF specimens. 

 

 

Figure 9.3. Crack growth rate vs. stress intensity factor amplitude for the GGP specimens. 

 

The results were fitted separately for each specimen, and then the average of the fitted 

data was calculated for each interlayer condition. The averaged results for all three conditions 
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are shown in Figure 9.4. This figure shows that the specimens with the asphalt binder tack 

coat (GGTC) have the lowest rate of crack growth; the ones without any tack coat (GGP) 

have the highest rate of crack growth; and the specimens with GlasGrid® and Tackfilm are 

somewhere between the GGP and GGTC specimens. These results show that even though 

Tackfilm improves the shear strength and shear fatigue performance of the interface, it 

provides a weaker bond compared to the binder tack coat. 

 

 

Figure 9.4. Average crack growth rate for different interlayer conditions. 

 

The crack growth test results were used for finding the Paris’ law parameters in 
    

  

Equation 9-2. These parameters are summarized in Table 9.1. 

    
  Equation 9-2 
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Table 9.1. Paris Law Coefficients for Double Shear Tests 

Specimen A n 

GGP1 3.67E-04 2.1 

GGP2 3.44E-05 2.1 

GGP3 8.20E-05 2.7 

GGTF1 1.73E-02 2.2 

GGTF2 1.19E-06 2.9 

GGTF3 2.88E-05 2.1 

GGTC1 2.78E-07 3.0 

GGTC2 1.90E-10 3.9 

GGTC3 1.86E-08 2.85 

 

All the specimens were evaluated after failure to see whether the crack path was 

beneath the grid or above the grid. In all cases except one, which was the GGTC3, the crack 

occurred between the GlasGrid® and the top layer. Even in the case of GGTC3, the 

interlayer failed on top of the GlasGrid in a major part of the interface. Figure 9.5, Figure 9.6, 

and Figure 9.7 respectively show the cracked interfaces of the GGTC, GGTF, and GGP 

specimens after the shear fatigue tests. These observations are consistent with field reports. 

However, considering that in the field the grid covers a large area and that above the grid the 

stresses are usually higher than below the grid, the crack would be expected to occur above 

the grid or would seem to have happened above the grid when the cores were extracted.  

For the double shear test specimens, the observed location of the crack could be 

affected by the tack coat application method or the compaction method. While compacting 

the top layer, the material fills in between the grid ribs and creates shallow columns of 

material. These columns of material are expected to provide some shear resistance. These 

columns are also bonded to the surface of the bottom layer by means of the tack coat. The 

bonding between the GlasGrid® and bottom layer is provided by activating the adhesive side 

of the GlasGrid, whereas the bonding between the GlasGrid® and the top layer of the 

specimens is provided by means of the tack coat. The column effects, along with the bonding 

provided by the tack coat, are expected to lead to crack propagation below the grid. The 
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reasons for crack propagation on top of the grid include weak asphalt columns and/or poor 

tack coat quality. 

 

  

Figure 9.5. Crack path GGTC specimens after shear fatigue test. 
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Figure 9.6. Crack path in GGTF specimens after shear fatigue test. 
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Figure 9.7. Crack path in GGP specimens after shear fatigue test. 
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9.2. Shear Tests Using Modified Advance Shear Tester (MAST) 

9.2.1. Cyclic shear fatigue tests using the MAST 

As mentioned in Section 6.2, cyclic fatigue shear tests were performed using the 

MAST at 20°C. Sinusoidal alternating loads with a frequency of 5 Hz, maximum and 

minimum load levels of ±4,200 Newton (shear stress of 2.46 MPa), and zero mean were 

applied to the moving part of the shear specimens using an MTS 810 servo-hydraulic 

material testing system. Also, normal (confining) stress of 207 kPa was applied to all 

specimens during the tests.  

As was mentioned in the MAST development section, several cyclic shear fatigue 

tests were performed in order to see whether the confining bolt and spring system would 

work as expected and to evaluate the possible changes of initial confining loads during the 

shear tests. Figure 9.8 shows the shear load levels and the confining loads recorded 

throughout a test performed on a 12.5-G25-PG specimen. The shear load levels were ±5,560 

N and an initial confining load of 2,135 N was applied to the specimen. As can be seen, 

before failure and during the first 1,750 cycles of loading no considerable change in 

confining load was observed. In order to evaluate the consistency of the confining load for 

longer tests, another shear fatigue test was carried out on another specimen with similar 

conditions and by reducing the shear loading levels from ±5560 N to ±4,200 N. The load 

levels and confining loads throughout the test are presented in Figure 9.9. As this figure 

shows, the confining load was monitored during some intervals throughout the test and up to 

the failure point that took place at almost 4,000 seconds (20,000 cycles). It can be observed 

that the confining load levels stayed very close to the initial confining load level. Some 

additional shear tests were performed on specimens with different interlayer conditions, and 

the confining load changes were in an acceptable range of the initial applied confining load. 

These experiments confirm that the confining load changes throughout the shear 

fatigue tests using the MAST are acceptable and close to the initial confining load. 
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Figure 9.8. Shear load (±5,560 N) and confining load during the test for the 12.5-G25-PG.  

 

 

 

Figure 9.9 Shear load (±4,200 N) and confining load during the test for the 12.5-G25-PG. 
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As mentioned before, a bisectional approach was used for crack tip detection in cyclic 

shear fatigue tests using the MAST. Virtual gauges were placed on opposite sides and along 

the interface, and the number of cycles to cracking for each gauge level was determined 

using the bisectional approach. Twelve gauge levels were placed every 8 mm along the 

interface. Each gauge had a length of 1.5 mm and consisted of 51 data points along the 

gauge. The displacement of each virtual gauge was the average displacement of the data 

points along the gauge. The gauges initially were placed 2.5 mm away from the predicted 

location of the interface, and then the horizontal locations of the gauges were adjusted based 

on the crack path. In some cases the observed crack path (on the surface of the specimen) 

was not a straight line; therefore, this adjustment was necessary in order to avoid 

measurement errors. Figure 9.10 shows an example of how the gauge locations were 

determined for a 12.5-G25-PG test. The vertical displacement contours were used for 

determining the crack path and adjusting the horizontal locations of the gauges. As can be 

seen, the left contour shows the intact specimen before loading and the right contour shows 

the vertical displacements on the surface of the specimen at the number of cycle to failure 

(full interfacial crack). The vertical displacement contour at failure clearly shows the crack 

path, and it can be seen that in three locations the interfacial crack deviates from the straight 

line. This observation does not necessarily mean that a crack is occurring in the mixture. 

Post-failure evaluations, as discussed later, indicate that in cases of grid-reinforced 

specimens, failure and cracking always occurred at the interface, and the occasionally seen 

crack deviations in the DIC contours, despite being affected by bond quality, are just a 

surface effect caused by sawing through aggregate at the surface of the specimens.  
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Figure 9.10. Adjusted gauge locations for the 12.5-G25-PG shear fatigue test using the 

MAST. 



168 

 

Figure 9.11 shows the initial and adjusted locations of the virtual gauges on the 

vertical displacement contours of a 12.5-G12.5-PG MAST shear fatigue specimen before 

loading (left contour) and after complete failure (right contour). As can be seen, contrary to 

the 12.5-G25-PG specimen that had crack deviations from the interface on the surface of the 

specimen, the crack path in the 12.5-G25-PG specimen is almost straight and follows the 

interface path. Some small adjustments were made to the horizontal locations of some of the 

gauges due to compaction irregularities at the interface. One reason for the observed crack 

path deviations in the 12.5-G25-PG specimen, which were not observed in the 12.5-G12.5-

PG specimen, could be the larger grid openings and fewer ribs in the 25-mm opening grid 

that provides larger asphalt-to-asphalt contact areas and fewer stress concentration points 

(ribs) compared to the 12.5-mm opening grid. That is, the larger opening grid would be 

expected to provide a stronger bond between the two layers that could cause the observed 

small crack deviations if relatively flat and loose aggregate particles are located at the 

interface. 

Another reason for the observed deviation in the large opening grid might be the 

relative size of the grid openings compared to the aggregate size. Figure 9.12 shows how the 

size of the GlasGrid® opening can affect the crack path on the surface of double-layer shear 

specimens when the same mixture is used. If an aggregate particle at the interface is located 

on the cutting path, the bond between the aggregate and the rest of the specimen could be 

negatively affected as a result of sawing through the aggregate. By providing a strong bond at 

the interface, if the affected aggregate in the top layer of the specimen is next to the interface 

and has smaller dimensions than the grid opening, it might become detached from the top 

layer during the cyclic shear fatigue test while still being attached to the interface 

(Figure 9.12). 
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Figure 9.11. Adjusted gauge locations for the 12.5-G12.5-PG shear fatigue test using the 

MAST. 
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Figure 9.12. Effect of relative size of GlasGrid® opening and aggregate size on crack path. 

 

The crack lengths at different numbers of cycles were determined for all the 

specimens by means of the bisectional approach. In all the tests performed on the grid-

reinforced specimens, failure happened at the interface. In the test performed on the 12.5-

Cntl-PG specimen, the crack initiated at the interface but at some point it deviated into the 

mixture. This difference between the grid-reinforced and non-reinforced specimens shows 

the superior shear fatigue resistance of the non-reinforced interfaces compared to the grid-

reinforced interfaces. Because the full-depth interfacial crack growth data were not available 

for the 12.5-Cntl-PG specimen, its crack growth data were not included in the results. 

Figure 9.13 shows the crack length versus number of cycles for the cyclic shear fatigue tests 

using the MAST. As this figure shows, the 12.5-G25-PG specimen lasted almost four times 

longer than the two 12.5-G25-S1 specimens, and both 12.5-G25-S1 specimens lasted longer 

than the 12.5-G12.5-PG specimen.  
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Figure 9.13. Crack length versus number of cycles for cyclic shear fatigue tests using the 

MAST. 

 

Figure 9.14 and Figure 9.15 respectively show the actual and fitted crack growth 

lengths. These figures show that the tack coat quality has a considerable effect on the bond 

quality. The 12.5-G25-PG and 12.5-G25-S1 specimens are exactly the same except that 12.5-

G25-PG has a PG 64-22 asphalt binder tack coat and 12.5-G25-S1 has an SS-1 emulsion tack 

coat. Also, it is worth pointing out that the tack coat residue application rate for both 

conditions is the same. Figure 9.13, 9.14, and 9.15 show that, when the same grid is used, the 

specimen with the asphalt binder tack coat has a much lower crack growth rate at the same 

SIF and lasts almost four times longer than both specimens made with an SS-1 emulsion tack 

coat. This observation confirms the important role of bond quality in shear resistance and 

shear fatigue performance of grid-reinforced interlayers.  
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Figure 9.14. Actual crack growth rate versus Mode II stress intensity factor for the MAST 

cyclic shear fatigue tests. 

 

 

Figure 9.15. Fitted crack growth rate versus Mode II stress intensity factor for the MAST 

cyclic shear fatigue tests. 
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These results show that the shear fatigue performance of grid-reinforced interfaces 

can be improved significantly by increasing the grid opening size from 12.5 mm to 25 mm. A 

specimen with a 25-mm grid opening size lasts almost six times longer than a specimen with 

a 12.5-mm opening size. This difference in performance is related to larger asphalt-to-asphalt 

contact areas and fewer stress concentration points (ribs) in grids with larger openings 

compared to grids with smaller openings.  

The specimen with a 25-mm opening grid had a total number of 12 openings and the 

specimen with a 12.5-mm grid had a total number of 49 openings in the cyclic shear fatigue 

MAST specimens. Even though the total area covered by ribs was the same in both 

specimens, the number of ribs and area of each opening were different and caused the 

observed difference in performance. Another possible reason for the superior shear fatigue 

resistance of the specimens with 25-mm grids is the relative size of the grid openings 

compared to the aggregate size. As shown in Figure 9.12, the relative size of the grid opening 

and the aggregate size (NMAS and aggregate gradation) can affect the compaction, 

positioning of the aggregate particles, and consequently the crack growth rate.   

The results indicate that changing the tack coat from the PG 64-22 binder to the SS-1 

emulsion and reducing the grid opening size from 25 mm to 12.5 mm both adversely affect 

the shear fatigue resistance of the specimens made with an RS12.5B mixture. The 12.5-

G12.5-PG specimen, despite having a PG 64-22 binder tack coat, exhibited poor shear 

fatigue resistance compared to the 12.5-G25-S1 specimens. This result shows that, in these 

tests, the adverse effect of reducing the grid opening size from 25 mm to 12.5 mm on the 

shear fatigue resistance of the grid-reinforced interfaces is more than the adverse effect of 

changing the tack coat type from a PG 64-22 binder to an SS-1 emulsion binder. 

Post failure evaluation of the specimens showed that in all cases, after failure of the 

specimens, the grid was still attached firmly to the top layer. Nevertheless, in a number of 

specimens, some rib threads were partially torn apart and divided between the two surfaces 

of the interface. This observation contradicts that of the crack path in the cyclic double shear 

test specimens. In the double shear test specimens the crack path was above the grid, and 

after failure the grid was attached to the bottom layer of the specimens. The reason for this 
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difference can be attributed to the differences in specimen fabrication methods. The 

specimens used for the cyclic shear tests in the DST and MAST are compared in Table 9.2. 

This table shows that these specimens were different in geometry, mixture type, air void 

content, tack coat application rate and quality, confinement, and also compaction method. 

The MAST specimens had a better controlled compaction method, a more even distribution 

of tack coat, and a lower air void content than the DST specimens. These differences can 

result in stronger material columns (material filled in between the ribs) and a stronger bond 

between the grid and top layer in the MAST specimens. The stronger bond provided by a 

more effective method of tack coat application and stronger material columns between the 

ribs can force the crack to propagate between the grid and bottom layer of the specimen. 

Another reason for the observed difference may be the higher tack coat application rate used 

for the DST specimens than the MAST specimens. The tack coat application rate used in the 

DST specimens was 140 percent more than that of the MAST specimens. This significantly 

higher amount of tack coat binder could partially fill the space between the grid ribs and 

prevent the material from the top layer to squeeze into the space between the ribs and create 

strong columns. Figure 9.16 shows the interface of a number of MAST specimens after 

failure. 

 

Table 9.2. Differences between Cyclic Shear Fatigue Tests Conducted in the DST and MAST 

 DST Cyclic Tests MAST (4 in.) Cyclic Tests 

Geometry 6 in. 4 in. 

Grid Type 8501 8501 and 8511 

Tack Coat 

Application 
0.5 L/m², Sugar Canister 

0.21 lit/m², Sugar Canister, Heat 

Gun, and Spatula 

Air Void 7.5 % 6 % 

Compaction 
Steel Drum Compaction 

Roller 
Gyratory Compactor 

Mixture RS9.5B RS12.5B 

Confinement Passive 207 kPa 
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Figure 9.16. The location of crack path in MAST cyclic shear specimens. 
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9.2.2. Monotonic shear tests using the MAST (part of time-temperature superposition 

study) 

These monotonic tests using the MAST were part of a t-TS study that was carried out 

using the 12.5-G12.5-PG and 12.5-G25-S1 specimens at different displacement rates and 

temperatures. These tests were performed by Seong Hwan Cho, one of the Ph.D. students and 

member of the NCSU asphalt research group. The full results of these tests are presented 

in CHAPTER 11; however, some of the results are presented in this section in order to 

provide some information to support the discussion in the following sections. Table 9.3 

presents the shear strength, strain rate, and interlayer modulus values for the tests performed 

at the crosshead displacement control rate of 50.8 mm/min and at two temperatures of 18°C 

and 32°C. The strain rate was measured using DIC analysis and by means of locating virtual 

gauges on opposite sides of the interface and measuring the relative displacements during the 

tests. 

 

Table 9.3. Shear Strength, Strain Rate, and Interlayer Modulus Results from MAST 

Monotonic Shear Tests 

Temperature 

(°C) 
Condition 

Strain Rate 

(ε/sec) 
Strength (KPa) 

Interlayer 

Modulus 

(KPa/mm) 

18 
12.5-G12.5-PG 9.35e-8 1605.8 7036.7 

12.5-G25-S1 1.62e-7 1445.5 3446.6 

32 
12.5-G12.5-PG 6.68e-9 780.8 2616.8 

12.5-G25-S1 6.32e-9 681.5 2126.4 

 

The 50.8 mm/min crosshead displacement shear test results show that the shear 

strength values of the 12.5-G12.5-PG specimens at 18°C and 32°C are respectively 11.1 

percent and 14.6 percent higher than shear strength values of the 12.5-G25-S1 specimens. 

The reason for the higher shear strength of the 12.5-G12.5-PG specimens compared to the 
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12.5-G25-S1 specimens is the stronger bond between the layers in these specimens that is 

provided by the PG 64-22 asphalt binder. Even though the 12.5-G25-S1 specimens showed 

better cyclic shear fatigue resistance than the 12.5-G12.5-PG specimens, their advantages in 

the fatigue tests, i.e., fewer ribs or stress concentration points and larger asphalt-to-asphalt 

contact areas, do not seem to be as effective in increasing the shear strength as it was in 

improving the shear fatigue resistance. Thus, the shear strength of the grid-reinforced 

specimens is controlled more by the tack coat and bond quality than the number of ribs and 

asphalt-to-asphalt contact areas. 
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CHAPTER 10. DISCUSSION OF BEAM FATIGUE TEST RESULTS 

10.1. Notched Four-Point Bending Beam Fatigue Tests 

10.1.1. Effect of end restraint on four-point bending beam fatigue tests 

The end effect study was accomplished by testing the beams using three interlayer 

conditions and three different end conditions. As mentioned in Section 6.3.1, the conditions 

are 9.5-G12.5-PG, 9.5-Cntl-PG, and 9.5-G12.5-No Tack. The end conditions are no clamp 

(no restraint), flat clamp, and ‘L’ clamps. The beams were tested at the strain level of 900 

microstrain, frequency of 5 Hz, and temperature of 20°C. Two conventional stiffness-based 

criteria were used to compare the effect of the end restraint on the fatigue life of the beam 

specimens. One criterion is the number of cycles to failure that is based on the ASTM D7460 

energy-based failure criterion, and the other criterion is based on the 50 percent reduction in 

beam stiffness at loading cycle number 50. The criteria data were obtained and are presented 

in Figure 10.1 and Figure 10.2. Even though these two failure criteria have been developed 

and used for single-layer beam specimens and have not been recommended or validated for 

double-layer and reinforced beam specimens, nevertheless they are expected to reflect any 

considerable effect on the fatigue performance of the beams that is caused by restraining the 

independent movement of the two layers of the beam and the GlasGrid® at both ends of the 

beams.  
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Figure 10.1. Number of cycles to failure based on ASTM D7460 criterion. 

 

 

 

Figure 10.2. Number of cycles to failure based on 50 percent reduction in cycle #50 stiffness 

criterion. 

 



180 

 

Based on the results provided in Figures 10.1 and 10.2, the end restraint does not 

affect the fatigue performance of the beams with and without GlasGrid® or with and without 

a binder tack coat. Thus, even in beams with GlasGrid® and no tack coat that are expected to 

have relatively low interface shear resistance, the assumption of possible independent 

movement of the two layers and slippage along the interface is false. That is, possible end 

effects in the beams and the use of flat or L clamps are no longer of concern for the 

remaining beam fatigue tests in this research project. 

10.1.2. Notched four-point bending beam fatigue tests at frequency of 5 Hz 

As previously mentioned in Section 6.3.2, 5 Hz notched four-point bending beam 

fatigue tests (NBFT) were used mainly to study failure mechanisms and investigate the 

validity of some traditional failure criteria used for single-layer beam specimens, such as the 

ASTM D7460 and the 50 percent reduction in stiffness at cycle number 50 failure criteria, for 

double-layer beam specimens. These traditional failure criteria were evaluated to see if they 

could properly address the failure mechanisms of reinforced double-layer beam specimens. 

First, the energy-based failure criterion was evaluated. The number of the cycle at failure is 

identified by plotting the stiffness value multiplied by the number of cycles, i.e., stiffness (S) 

× N, versus the number of cycles and then determining the cycle number at which the curve 

starts to drop. This number is considered to be the cycle number at failure. This criterion is 

similar to the criterion that the ASTM D7460 specification suggests for four-point bending 

beam fatigue tests. The stiffness curve and ‘stiffness (S) * N’ for the 12.5-G12.5-PG-2 

specimen are shown in Figure 10.3. Figure 10.3 (b) is an example of how this criterion was 

used for identifying the number of cycle to failure.  
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Figure 10.3. (a) Stiffness curve and (b) failure number of cycle based on “stiffness*N” failure 

criterion for the 12.5-G12.5-PG-2 specimen. 

 

The results for all the specimens are presented in Figure 10.4 (a). The second criterion 

evaluated is the number of cycles at which the stiffness value reaches 50 percent of the 

stiffness of the beam at cycle number 50. Figure 10.4 (b) presents the number of cycles to 

failure based on the 50 percent reduction in stiffness criterion. 

The first observation to be made from Figure 10.4 (a) is the improvement in the 

fatigue life of the beams reinforced with fiberglass grid. Also, it is obvious from Figure 10.4 
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(a) that the highly polymer-modified tack coat, which provides the highest interlayer stiffness 

and the best bond quality compared to the other two tack coats used in this study, improved 

the fatigue life of the beams the most.  

 

 

Figure 10.4. Cycles to failure based on (a) peak stiffness x N vs. N and (b) 50 percent of 

initial stiffness criterion. 

 

However, it can be seen that, based on the ASTM D7460 criterion, the reinforced 

beam with an uncured SS-1 emulsion tack coat has the highest number of cycle to failure. 

This interface condition exhibits the weakest bond quality among all the conditions and 
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reflects excessive debonding during the test. This outcome confirms that this criterion is not 

the best approach for comparing the performance of grid-reinforced beams. It also shows that 

it is essential to capture all the failure mechanisms for the double-layer beams with different 

interlayer conditions. Such an understanding of failure mechanisms is essential to identifying 

the best approaches and criterion to be used for comparing the reflective cracking 

performance of reinforced double-layer beam specimens. 

Also, the 50 percent reduction in stiffness criterion seems to underestimate the 

performance of the grid-reinforced specimens. Based on the observed failure mechanisms in 

these beam fatigue tests, a reinforced beam might undergo extensive damage within the 

asphalt layers and/or along the interface without losing the effect of reinforcement. That is, 

even though the stiffness of the asphalt concrete beam might decrease significantly due to 

damage, the composite system will continue to withstand the applied deformations due to a 

relatively intact interlayer system. 

Figure 10.5 presents the stiffness curves of the specimens made with the RS12.5B 

mixture. As this figure shows, the 12.5-G25-PM and 12.5-G12.5-PG specimens lasted longer 

than the other specimens. Also, the 12.5-G25-S1 specimens performed slightly better than 

the 12.5-G25-PG specimens and lost their stiffness at a slightly higher number of cycles. This 

result correlates to the bond quality in these specimens. The PG 64-22 binder provides a 

stronger bond than the SS-1 emulsion. The weaker shear strength of the SS-1 specimens 

results in more damage development at the interface and consequently more energy 

dissipation. Thus, for the 12.5-G25-S1 specimens, more energy dissipated at the interface 

and, as a result, vertical crack propagation and failure were delayed. The 12.5-G25-PG 

specimens have a high variability and, compared to the 12.5-Cntl-PG specimen, do not show 

superior performance. In the case of 12.5-G25-PM, the good bond quality, and in the case of 

12.5-G12.5-PG, a relatively good bond and denser network of ribs (compared to 25-mm 

opening grid), seem to be the main reasons for the better four-point bending beam fatigue 

performance. A denser rib network can be expected to hold the system together better and 

prevent the vertical crack from opening more effectively than a wider-spaced rib network. 
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Figure 10.6 shows the stiffness curves of the specimens made with the RS9.5B 

mixture. By comparing Figure 10.5 and Figure 10.6, it is clear that specimens made with the 

RS9.5B mixture show less variability in their stiffness results than specimens made with the 

RS12.5B mixture. The greater consistency observed in the stiffness curves of the RS9.5B 

specimens correlates with their smaller aggregate gradation compared to the RS12.5B 

specimens. The performance ranking of the RS9.5B specimens follows the same trend 

observed for the RS12.5B specimens. The 9.5-G12.5-PM specimens, with the best bond 

quality and dense rib network, exhibit the best four-point bending beam fatigue performance. 

The 9.5-G25-PG specimens, with a larger opening grid and relatively good bond quality, 

show the weakest performance and lose their stiffness faster than the other specimens. 

Finally, the 9.5-G12.5-PG specimens, by means of having a denser rib network, perform 

slightly better than the 9.5-G25-PG specimens. 

 

 

Figure 10.5. Stiffness curves of specimens made with the RS12.5B mixture. 
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Figure 10.6. Stiffness curves of specimens made with the RS9.5B mixture. 

 

Figure 10.7 and Figure 10.8 respectively show the effects of mixture type when a 25-

mm opening grid and a 12.5-mm opening grid are used and a PG 64-22 tack coat is used in 

all the specimens. These two figures show that the RS12.5B specimens are stiffer than the 

RS9.5B specimens. This observation is in agreement with the uniaxial dynamic modulus test 

results for these two mixtures that show that the RS12.5B mixture, with a coarser aggregate 

structure, is stiffer than the RS9.5B mixture. The stiffness curves show that when a 25-mm 

opening grid is used, the RS9.5B specimens last longer than the RS12.5B specimens, but 

when a 12.5-mm grid is used, the RS12.5B specimens exhibit better four-point bending beam 

fatigue performance and lose their stiffness at a higher number of cycles than the RS9.5B 

specimens. These opposite trends might be related to the different effects of aggregate 

gradation when grids with different opening sizes are used or might be merely a result of 

high specimen-to-specimen variability. The aggregate gradation can affect the workability of 

the mixture and can change the air void gradient in the specimens. It also affects the way 

aggregates sit between the GlasGrid® ribs after compaction. These factors all can affect both 

the vertical crack growth and horizontal crack growth (or amount of energy dissipated at the 

interface) and consequently the stiffness of the beams.  
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Figure 10.7. Effect of mixture type when 25-mm opening grid and PG 64-22 binder tack coat 

are used. 

 

 

Figure 10.8. Effect of mixture type when 12.5-mm opening grid and PG 64-22 binder tack 

coat are used. 
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The RS9.5B mixture, having a finer aggregate gradation, is expected to create a 

smoother interface and thus is expected to provide less shear resistance compared to the 

RS12.5B mixture. This effect, along with other aggregate size effects, can change the trends 

when different opening size grids are used.  

The effect of the emulsion tack coat curing time on the four-point bending beam 

fatigue performance of the 12.5-G25-S1 specimens was evaluated by comparing the stiffness 

curves of cured and uncured specimens, as shown in Figure 10.9. As this figure indicates, 

even though the first apparent stiffness drop occurs in the uncured emulsion specimens, these 

specimens last longer than the 12.5-Cntl-PG and cured 12.5-G25-S1 specimens.  

 

 

Figure 10.9. Effect of curing time on four-point bending beam fatigue performance of 12.5-

G25-S1 specimens. 

 

The reason for this observation is the weak interface bond quality in the uncured 

specimens that leads to more energy dissipation at the interface and retardation of vertical 

crack propagation, which increases the number of cycles to complete failure (a full-depth 

vertical crack) in the four-point bending beam fatigue tests. The relatively early stiffness drop 

in these specimens correlates to their interfacial damage and debonding that happens at lower 
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numbers of cycles compared to other conditions. The intensity of the interfacial damage is 

also expected to be higher in uncured specimens than in cured ones.  

For all the interlayer conditions, different strain contours (von Mises, eyy, and exy) 

were monitored during the tests, and the changes in the stiffness curves were correlated with 

the different corresponding failure mechanisms observed during the tests. Figure 10.10 

shows the stiffness curve of the 12.5-G12.5-PG-2 specimen along with the von Mises (vM), 

exy, and eyy strain contours of this specimen at certain numbers of cycles. In these strain 

contours, the dark areas represent the areas with low strain and the bright colored areas 

represent high levels of strain and damage concentration. The white areas represent the 

localized damage and have strain levels of 5,000 microstrain or higher where cracks are 

likely to exist, even if they cannot be seen in the image due to their small (sub-pixel) size. In 

the stiffness plots, both positive and negative values were used in order to distinguish 

between the resistance levels of a beam when the beam was pushed down versus pulled up. 

The negative and positive values correspond to the stiffness values of the beam when it is 

pushed down to maximum deflection and when it is pulled back to the zero displacement 

position, respectively. 

The positive stiffness value is expected to be zero if the material is linear elastic and 

there is no damage during loading. However, in these tests, the material is viscoelastic and 

resists the pulling back action (i.e., there is a lag or phase angle between the displacement 

and load pulse). Also, the beam is undergoing damage and local permanent deformation, 

which is another reason for the positive stiffness values and the shift in the response load 

toward positive values. This damage and permanent deformation accumulate during the 

repeated loading and gradually change the stress state and response loads in the consecutive 

cycles and increase the positive stiffness of the beam. These positive stiffness values are 

relatively small during the very first cycles and gradually increase to a peak and then start to 

decrease gradually when damage starts to affect the positive stiffness. At the same time, the 

beam undergoes more damage, and the negative stiffness values decrease.  
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Figure 10.10. Strain contour plots correlated with changes in sample stiffness for the 12.5-

G12.5-PG-2. 

 

As Figure 10.10 shows, crack initiation occurred at cycle 9,000. At cycle 15,000, the 

crack reached the interface, which corresponds to the end of the first obvious drop of the 

stiffness curve. At cycle 25,000, the crack has crossed the interface, and some high strain 

areas, or more likely debonding, can be observed along the interface (eyy is the best indicator 

of debonding or interfacial cracking). As the strain contours of the beam in the zero 

displacement position show, at cycle 35,000, a top-down crack started growing downward. 

Combined with the bottom-up crack propagation, this top-down crack was responsible for the 

second stiffness drop. Eventually, these cracks joined at around cycle 40,000, and the beam 

started to behave like a joint, with the only mechanism holding the two sides together being 

the grid resistance. This point is considered to be post failure. 
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The same procedure was implemented for all the types of samples tested. Through 

this investigation, different mechanisms were identified for different interlayer conditions. 

These differences were correlated to the features of the individual stiffness curves for each 

test to ascertain the effect that each form of damage had on the structural integrity of the 

specimen. Examples of these results for the 12.5-G25-PM, cured 12.5-G25-S1, uncured 12.5-

G25-S1, and the 12.5-G25-PG interface conditions are presented in Figure 10.11. These plots 

show that bond quality can control the vertical bottom-up crack propagation rate by holding 

the composite system together in the horizontal direction and along the reinforced interlayer. 

It also can be seen that the stronger the bond quality, the longer it takes the bottom-up crack 

to reach and cross the interface. Depending on the bond quality, the stiffness curve might 

have one or two obvious drops, the first one being related to the crack reaching the interface 

and the initiation of debonding at the interface, and the second one representing the 

propagation and eventual joining of the vertical cracks (bottom-up and top-down) in the top 

layer. 

Figure 10.11 (c) shows that in the case of the uncured emulsion, extensive interfacial 

debonding occurred. This debonding dissipated some energy at the interface and also reduced 

the stress concentrations at the bottom of the top layer of the beam specimen. These two 

phenomena can delay and mitigate the initiation and growth of cracks in the top layer. So, if 

only the stiffness curves and the ‘stiffness × number of cycle’ criterion (ASTM D7460), 

which seems to capture the vertical crack propagation, are considered, the beam with the 

weakest bond quality might seem to have the best performance, but the reality is that severe 

debonding at the interface could result in immediate failure of the pavement in the field and 

could reasonably be considered as failure of the specimen. Therefore, when notched beam 

fatigue test loading is used for evaluating the performance of double-layered asphalt 

specimens, it is very important to capture all the mechanisms that are occurring in the 

composite system and not only the vertical crack propagation. 
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Figure 10.11. Damage mechanisms correlated with changes in sample stiffness for (a) 12.5-

G25-PM, (b) 12.5-G25-S1, (c) uncured 12.5-G25-S1, and (d) 12.5-G25-PG specimens. 
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The von Mises strain contours of the different test specimens (except for the uncured 

emulsion specimen) at cycles 15,000 and 32,000 are presented in Figure 10.12. At cycle 

15,000, the most severe damage along the interface occurred in the case of the emulsion tack 

coat with the large opening grid. The specimen with the highly polymer-modified tack coat 

exhibited the least amount of strain along the interface, which is a sign of a relatively strong 

bond between the layers. The intensity of the von Mises strain along the interface of the 

specimen with the PG 64-22 binder tack coat is somewhere between that of the SS-1 

emulsion and PM tack coat specimens, which is consistent with the accepted understanding 

of bond quality. Also, a comparison of the 12.5-G12.5-PG and 12.5-G25-PG specimens at 

cycle 32,000 shows that, with the current beam specimen geometries, the grid with the 

smaller openings performs better in terms of the progress of the failure mechanisms when a 

coarse aggregate mixture was used. This finding was unexpected, because it would be 

reasonable to assume that larger openings would allow for more uniform contact between the 

overlay mixture and the bottom layer; furthermore, this mechanism was expected to be more 

important when a coarse mixture is used. It is noted that the G12.5 grid has five ribs that are 

2-mm wide each and four openings along the width of the beam, whereas the G25 grid has 

three ribs that are 3.45-mm wide each and two openings along the width of the beam. 

Although the areas covered by the grid ribs are similar between the G12.5 and G25 grids, the 

G12.5 grid with more ribs than the G25 grid seems to exhibit slightly better bonding at the 

interface, which is the opposite of the outcome the MAST cyclic shear fatigue test results 

suggest. This observation might be merely a result of high specimen-to-specimen cracking 

pattern variability or caused by beam dimensions and only applicable to the beam specimens 

with a relatively narrow width like the ones used in this study. Further laboratory testing of 

beams with a larger width would help to clarify the cause of difference that was observed in 

the performance of beam specimens with different grid opening sizes in this section. 
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Figure 10.12.  von Mises strain contours at (a) 15,000 and (b) 32,000 cycles. 
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As shown in Figure 10.12 (b), at cycle 32,000, the control (no grid) and SS-1 

emulsion specimens have already failed. The specimen with the highly polymer-modified 

tack coat looks like a monolithic specimen and has an almost intact top layer with bottom-up 

cracks trapped at the interface. The specimen with the PG 64-22 binder tack coat became 

increasingly debonded with vertical cracks. 

Figure 10.13 (a) shows that the stiffness curves of the uncured 12.5-G25-S1-1 and 

12.5-C-PG-2 specimens have a similar stiffness value of -551.6 MPa (-80,000 psi) around 

30,000 cycles. Also, the stiffness curves of the uncured 12.5-G25-S1-2 and 12.5-G25-PM-2 

specimens cross at approximately 36,000 cycles and at a stiffness value of -517.1 MPa (-

75,000 psi). These specimens all have similar mixture and grid types (except 12.5-C-PG-2). 

Figure 10.13 (b) and Figure 10.13 (c) present comparisons of the von Mises strain contours 

of the 12.5-G25-S1-1 and 12.5-C-PG-2 specimens at cycle 30,000 and the 12.5-G25-S1-2 

and 12.5-G25-PM-2 specimens at cycle 36,000, respectively. By comparing these strain 

contours side by side, it is apparent that even though these specimens have similar stiffness 

values at the same number of loading cycles, their ongoing failure mechanisms are 

completely different. The only difference between the specimens compared in Figure 10.13 

(c) is that the bond quality is much weaker in one specimen than the other, clearly showing 

that the interlayer bond quality is a key to controlling the failure mechanisms.  

The von Mises strains along the interface include both shear (exy) and opening (eyy) 

strains. The debonded areas can be determined by measuring the opening displacements 

along the interface. Even if the interfacial crack is caused by shear force, some opening is 

expected, and the crack is expected to open up gradually under repeated loading (Liechti et 

al. 1982). Figure 10.14 presents a comparison between the eyy strain intensities and the 

opening displacements along the interfaces of 12.5-G25-PM-2, 12.5-G25-PG-2, and 12.5-

G25-S1-2 specimens at cycle number 25,000.  
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Figure 10.13. (a) Stiffness curves for various interlayer conditions and comparisons of the 

von Mises strain contours of (b) 12.5-G25-S1-1 and 12.5-C-PG-2 at cycle 30,000 and (c) 

12.5-G25-S1-2 and 12.5-G25-PM-2 at cycle 36,000. 
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Figure 10.14. Gauge placements, eyy strain contours at cycle 25,000, and permanent 

differential deflections for (a) 12.5-G25-PM-2, (b) 12.5-G25-PG-2, and (c) 12.5-G25-S1-2. 
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The contours used in Figure 10.4 are the eyy strain contours at cycle number 25,000. 

Several virtual gauges with five data points along each gauge were used to acquire the 

displacement data using DIC analysis. Each gauge was placed at ±1.5 mm (±0.06 in.) from 

the interface. Several gauges were placed along the interface at ±5 mm (0.2 in.), ±10 mm (0.4 

in.), ±15 mm (0.6 in.), and ±20 mm (0.8 in.) from the notch centerline (horizontal distance) 

to measure the displacements. The displacement measured by each gauge was the average 

permanent displacement of the data points along the gauge. The relative displacements along 

the interface were the relative displacements of the two gauges located at the same distance 

from the centerline on opposite sides of the interface. The graphs in Figure 10.14 show the 

relative permanent displacement data for the 12.5-G25-PM-2, 12.5-G25-PG-2, and 12.5-

G25-S1-2 specimens. The relative permanent displacements at each point along the interface 

are shown with their horizontal distance from the center of the notch.  

As can be observed in Figure 10.14, the eyy strain intensity is a good measure of 

interfacial damage or debonding. That is, a higher eyy strain at the interface correlates to a 

larger interfacial opening at that location. The 12.5-G25-PM-2 specimen with relatively low 

strain levels along the interface has relatively small interfacial openings at cycle 25,000, 

whereas the 12.5-G25-S1-2 specimen with relatively intensive strain levels along the 

interface has much larger opening displacements at cycle 25,000. By evaluating the 

interfacial strain intensities of specimen 12.5-G25-PG-2 along the interface and on the right 

side of the notch, it can be seen that debonding has already occurred at the 5-mm gauge and 

the tip of the interfacial crack, or is approaching the 10-mm gauge. However, no debonding 

has occurred at this location yet. The relative displacement data confirm these observations. 

At cycle 25,000, the opening displacement at a distance of 5 mm from the notch centerline is 

close to 0.15 mm, and the opening displacement at 10 mm from the notch centerline is close 

to zero.  

These observations confirm the results of previous research (Buttlar et al. 2014, 

Birgisson et al. 2009) that strain contours can be used as a reliable method of comparing the 

performance of different samples, identifying damaged areas, and capturing the mechanisms. 

Based on these findings, DIC analysis data, such as displacements and strains, can provide 



198 

 

detailed information regarding damage mechanisms that cannot be obtained merely by using 

traditional methods of beam fatigue test analysis. Also, these DIC analysis data can be used 

in future research to help identify and develop a better failure criterion and crack growth rate 

laws for grid-reinforced specimens under the notched beam fatigue test loading. 

10.1.3. Notched four-point bending beam fatigue tests at frequency of 10 Hz 

This section includes the 10 Hz beam fatigue test results, such as stiffness curves, 

number of cycles to failure, strain contours, crack growth data, joint stiffness values, and 

Paris’ law parameters for the notched four-point bending beam fatigue tests performed using 

beams with the conditions described in Section 6.3.3. Also, the effect of temperature on the 

notched four point bending beam fatigue test results is discussed in this section. 

10.1.3.1. Stiffness curves and number of cycles to failure 

The strain dependency of grid-reinforced beam failure mechanisms under four-point 

bending beam fatigue tests was studied by running tests at three maximum strain levels of 

600, 750, and 900 microstrain and comparing the results. Figure 10.15 shows the stiffness 

curves for all the tests for each condition. This figure shows that reducing the maximum 

strain level from 900 microstrain to 750 microstrain, and also from 750 microstrain to 600 

microstrain, makes a remarkable difference in the number of loading cycles that the beams 

undergo until experiencing the main stiffness drop or failure. As shown and explained in 

Figure 10.10 and Figure 10.11, the last stiffness drop is associated with the full-depth vertical 

crack and occurs when the bottom-up and top-down cracks join together in the top layer. 

Figure 10.15 also shows that in some cases the replicate stiffness curves differ significantly 

as a result of high specimen-to-specimen variability. Such variability is not unexpected in 

four-point bending beam fatigue tests of grid-reinforced asphalt beam specimens. Not only is 

the asphalt, which is a heterogeneous, composite material consisting of aggregate, mastic, 

and air voids, expected to cause some variability in fatigue and fracture tests, but having two 

layers of asphalt with an interlayer system installed between them is expected to increase the 

variability even more. 
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Figure 10.15. Stiffness curves of the (a) 12.5-Cntl-PG, (b) 12.5-G12.5-PG, (c) 12.5-G25-PG, 

(d) 12.5-G25-S1, (e) 12.5-G25-PM, and (f) 9.5-G12.5-PG beam specimens at strain levels of 

600, 750, and 900 microstrain. 

 

Figure 10.15 shows that reinforcing the beams using different tack coats and different 

opening size grids extends the life of the double-layer beams compared to the control 

specimens (12.5-Cntl-PG). The one exception is that the 12.5-G25-PG specimens at the 

strain level of 600 microstrain do not show any improvement over the 12.5-Cntl-PG 

specimens. This figure also clearly shows that the beams with the best bond quality, 12.5-

G25-PM, have the longest life among all the beams. 
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Figure 10.16 evaluates the effect of tack coat type on the four-point bending beam 

fatigue resistance of the double-layer beams reinforced with 25-mm opening GlasGrid. In the 

750 and 900 microstrain tests, the 12.5-G25-PM specimens, with the strongest interfacial 

bond, and the 12.5-G25-S1 specimens, with the weakest interfacial bond, show the best and 

worst performance, respectively. In the 600 microstrain tests, the 12.5-G25-S1 specimens last 

longer than the 12.5-G25-PG specimens. This change of trend may be related to the specimen 

variability and to the failure mechanisms. A better bond quality will hold the layers together 

more effectively than a poor one and is expected to increase the local stiffness of the system 

at the intersection of the vertical crack and reinforced interface (joint stiffness). That is, when 

there is a stronger bond between the layers and the GlasGrid® system, more stress will be 

transferred along the interface via the GlasGrid® system, and, as a result, the local stiffness 

value will be higher and the composite system will be more resistant to the crack opening 

(higher joint stiffness). On the other hand, as discussed in Section 9.3.2, an interface with a 

weak interfacial bond quality can dissipate more energy and delay the vertical crack 

propagation. Thus, the number of cycles to failure (full vertical crack depth) in displacement 

controlled four-point bending beam fatigue tests is a function of bond quality. A critical bond 

strength value that leads to a minimum number of cycles to failure is expected to exist. 
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Figure 10.16 The effect of tack coat type on stiffness curves at (a) 600, (b) 750, and (c) 900 

macrostrain. 
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Even though a weak bond between the layers can possibly prolong the life of a beam, 

a weak bond is not necessarily favorable for pavement performance. An interface with a poor 

bond and low shear strength can cause delamination and slippage in the field and lead to 

failure of the pavement. Interface shear strength should be evaluated and compared with the 

pavement requirements. A strong interfacial bond is necessary in order to mitigate reflective 

cracking and prolong the life of the pavement without sacrificing the interfacial shear 

strength. 

Figure 10.17 shows that the grid system with larger grid opening size (25 mm) 

improves the performance of the reinforced beams by providing a larger asphalt to asphalt 

contact area and consequently a stronger bond between the asphalt layers. 

Figure 10.18 shows the effect of mixture type on the displacement-controlled four-

point bending beam fatigue test results at different strain levels. The mixture dynamic 

modulus test results show that the RS9.5B mixture is a softer mixture compared to the 

RS12.5B mixture. This figure shows that specimens made with the softer mixture (RS9.5B), 

as expected, have lower stiffness values compared to the specimens made with the stiffer 

mixture (RS12.5B). These results also indicate that the specimens made with the RS9.5B 

mixture, which is softer and has a finer aggregate gradation, in most cases last longer than the 

specimens made with the RS12.5B mixture. This observation may be related to the fine 

aggregate gradation of this mixture that can result in toughness, and to its low stiffness that 

can result in low stress levels at the same strain levels. 

The energy-based ‘stiffness × N’ failure criterion was used to find the number of 

cycles to failure. As mentioned before, this criterion has been recommended and used for 

single-layer specimens and does not necessarily reflect the correct performance rankings 

when used to compare the double-layer and reinforced double-layer specimens. The problem 

associated with this criterion is that it reflects only full-depth vertical cracking and does not 

reflect the extensive debonding observed for some conditions. This criterion not only does 

not capture the extensive debonding in the beams, but also sometimes results in a higher 

cycle number to failure when extensive debonding occurs.  
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Figure 10.17. Effect of GlasGrid® opening size on stiffness curves at (a) 600, (b) 750, and 

(c) 900 macrostrain. 
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Figure 10.18. Effect of mixture type on stiffness curves at  (a) 600, (b) 750, and (c) 900 

macrostrain. 
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The average number of cycles to failure and the average life ratio (compared to the 

control specimens) based on this criterion are presented in Figure 10.19, Figure 10.20, and 

Figure 10.21, respectively, for the 600, 750, and 900 microstrain tests. 

 

 

Figure 10.19. (a) Average number of cycles to failure based on ‘stiffness*N’ failure criterion 

and (b) average life ratio compared to 12.5-Cntl-PG at 600 microstrain. 
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Figure 10.20. (a) Average number of cycles to failure based on ‘stiffness*N’ failure criterion 

and (b) average life ratio compared to 12.5-Cntl-PG at 750 microstrain. 
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Figure 10.21. (a) Average number of cycles to failure based on ‘stiffness*N’ failure criterion 

and (b) average life ratio compared to 12.5-Cntl-PG at 900 microstrain. 

 

The number of cycles to failure shows that reinforcing the beams with a 25-mm 

opening grid along with a highly polymer-modified binder tack coat increases the life of the 

beams between 2.41 to 3.41 times at different strain levels. Also, for all the conditions except 
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one case (12.5-G25-PG at strain level of 600 microstrain), reinforcing the specimen extends 

the life of the beam more than the control condition (12.5-Cntl-PG). 

By comparing the life ratio and the number of cycles to failure at different strain 

levels, the numbers do not seem to be a simple function of the strain level, and the observed 

changes in the life ratios seem to be related to the specimen-to-specimen variability and 

possibly to the different damage mechanisms. The latter factor may be a result of specimen-

to-specimen variability or strain level. For instance, in the 12.5-G25-PM specimens, the life 

ratios at strain levels of 600, 750, and 900 microstrain are 2.41, 3.41, and 3.12, respectively. 

These numbers are 1.28, 1.45, and 1.05 for the 12.5-G12.5-PG specimens. All the specimens 

made with the RS12.5B mixture have higher life ratios at the strain level of 750 microstrain. 

Because increasing the strain was expected to engage the grid more and magnify its 

reinforcing effect an ascending trend in life ratios was anticipated when the strain level 

increased from 600 to 900 microstrain. The results show that the life ratios of the RS12.5B 

specimens at 900 microstrain not only are not the highest but also are the minimum life ratio 

values among the three strain levels. This observation may be related to the intensive damage 

in the asphalt layers and at the interface during the first cycles of loading and also throughout 

the test that are caused by a high strain level, such as 900 microstrain. Such damage at the 

early stages of loading can possibly affect the failure mechanisms in both control and 

reinforced specimens and affect the life ratios. 

Because the reinforced RS9.5B specimens also have been compared to the 12.5-Cntl-

PG specimens that have a different mixture type, their life ratios at different strain levels 

cannot be compared. 

10.1.3.2. Strain contours and failure mechanisms 

As discussed in the previous sections, stiffness curves do not provide enough 

information to study the damage mechanisms in four-point bending beam fatigue tests. DIC 

was utilized in this study for identifying the failure mechanisms and also for fracture 

characterization of the beams. The von Mises, exx, and eyy strain contours were used for 

identifying the damage mechanisms and tracking the crack propagations within the mixture 
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and along the interface. In order to make the comparisons between the conditions easier, 

color maps with a limited number of gray shades that gradually change from black 

(representing the low strain areas) to white (representing the high strain areas) were used. 

Each certain shade of gray in these strain contours represents a certain range of strain. 

Figure 10.22 shows the strain ranges and the colors associated with them for the von Mises, 

exx, and eyy strain contours.     

 

 

Figure 10.22 Range of strains in the (a) von Mises, (b) exx, and (c) eyy strain contours. 
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Figure 10.23, Figure 10.24, and Figure 10.25, respectively represent the von Mises, 

exx, and eyy strain contours at certain numbers of cycles for all the tests performed at the 

strain level of 600 microstrain. The exx strain contours show the progress of the vertical 

crack, the eyy strain contours show the damage along the interface, and the von Mises strain 

contours show all the damage mechanisms together. 

 

 

Figure 10.23. The von Mises strain contours of the tests performed at the strain level of 600 

microstrain. 
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Figure 10.24. The exx strain contours of the tests performed at the strain level of 600 

microstrain. 
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Figure 10.25. The eyy strain contours of tests performed at 600 microstrain. 

 

Figure 10.26, Figure 10.27, and Figure 10.28, respectively compare the von Mises, 

exx, and eyy strain contours of the tests performed at the strain level of 750 microstrain. The 

von Mises, exx, and eyy strain contours of the four-point bending beam fatigue tests carried 

out at the strain level of 900 microstrain are shown in Figure 10.29, Figure 10.30, and 

Figure 10.31, respectively. 
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Figure 10.26. von Mises strain contours of tests performed at 750 microstrain. 
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Figure 10.27. The exx strain contours of tests performed at 750 microstrain. 
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Figure 10.28. The eyy strain contours of tests performed at 750 microstrain. 
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Figure 10.29. von Mises strain contours of tests performed at 900 microstrain. 
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Figure 10.30. The exx strain contours of tests performed at 900 microstrain. 
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Figure 10.31. The eyy strain contours of tests performed at 900 microstrain. 

 

By comparing the von Mises, exx, and eyy strain contours at the strain levels of 600, 

750, and 900 microstrain, the following observations were made: 

1. Damage was more concentrated and localized in the reinforced specimens than in the 

control specimens, and the grid reinforcement improved the fatigue and reflective 

cracking resistance of the beam specimens. This observation was deemed to be associated 

with the ability of the GlasGrid® to hold the composite system together and dissipate 

more energy at the interface. 

2. The 12.5-G25-PM specimens had minimum interfacial damage compared to the other 

conditions, and the extent of interfacial damage was limited (if any). The control 

specimens showed the next minimum interfacial damage after the 12.5-G25-PM 
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specimens, and the 12.5-G25-S1 specimens showed the most extensive interfacial 

damage among all the conditions.  

3. The interfacial damage (if any) initiated and started to grow when the tip of the vertical 

crack reached the vicinity of the interface. Once the vertical crack started to propagate 

(bottom-up crack) within the top layer of the beam, the severity of the interfacial damage 

did not seem to change considerably. 

4. In almost all the 12.5-G25-PM specimens, the vertical crack did not cross the reinforced 

interface, and so, the initiation and propagation of a top-down crack was the main reason 

for failure of the specimens. That is, the interfacial bond and shear strength were strong 

enough to keep the composite structure of the reinforced beam together, actively engage 

the grid system in transferring the load along the grid (thereby reducing the stress 

concentration and dissipating the energy along the interface), and prevent the crack tip 

from opening and further propagating. 

5. In all the tests, failure occurred when a top-down crack initiated at the top of the beam, 

propagated downward, and joined the bottom-up vertical crack. 

6. In some cases, high variability in the damage distribution and cracking patterns was 

evident between the two replicates of each condition. 

7. The 12.5-G12.5-PG specimens, with 12.5-mm grid openings, developed more 

concentrated damage at the interface compared to the 12.5-G25-PG specimens with 25-

mm grid openings. This interfacial damage (high strains) in the 12.5-G12.5-PG 

specimens also appeared in earlier stages of loading (lower number of cycles) compared 

to the 12.5-G25-PG specimens. As discussed in the previous sections, because the grid 

with the larger openings provides larger asphalt-to-asphalt contact areas and also fewer 

stress concentration points (ribs) compared to grids with smaller openings, the 12.5-G25-

PG specimens have higher interfacial shear strength values and are expected to develop 

less interfacial damage compared to the 12.5-G12.5-PG specimens. 

8. In some tests, multiple vertical cracks appeared on the surface of the specimen. These 

cracks might be two independent cracks growing at the same time or they might be part 

of one main crack going around an aggregate particle at the surface of the specimen and 
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in the pathway of the main crack. Based on the crack paths and aggregate sizes, it can be 

determined whether the cracks are two independent cracks or part of a main crack 

branching on the surface of the specimen. 

9. No obvious strain level-related changes in the cracking patterns and damage mechanisms 

were observed in the strain contours of the 600, 750, and 900 microstrain tests. Any 

observed differences were more likely to be related to specimen-to-specimen variability 

and not to the testing strain level. Thus, it can be concluded that the failure mechanisms 

of grid-reinforced beams in four-point bending beam fatigue tests, in the strain level 

range of 600 to 900 microstrain, are possibly independent of strain level. 

Figure 10.32 shows the von Mises strain contours of the 9.5-G12.5-PG specimens at 

the same damage state when only the vertical crack is considered. The length of the vertical 

cracks in the von Mises strain contours were matched for each individual 9.5-G12.5-PG 

specimen. In the case of the existence of strain level dependency, the interfacial damage 

severity and extent should be affected by the strain level, and thus, specimens tested at 

different strain levels should exhibit different levels of interfacial damage intensity. 

Figure 10.33 shows the eyy strain contours of the same specimens shown in 

Figure 10.32 and at the same numbers of cycles. If the mechanisms are strain level-

dependent, the contours of the specimens tested at 600, 750, and 900 microstrain levels 

should have different levels of interfacial damage in these contours. The eyy strain contours 

presented in Figure 10.33 do not show such a difference, and the observed differences are 

more likely to be related to specimen-to-specimen variability and not to the strain level. 

Thus, it can be concluded that the failure mechanisms of the GlasGrid® reinforced beams 

under four-point bending beam fatigue testing, in the strain level range of 600 to 900 

microstrain, are possibly independent of strain level. 
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Figure 10.32. The von Mises strain contours of the 9.5-G12.5-PG specimens for (a) 600με-

replicate 1, (b) 600 με-replicate 2, (c) 750 με-replicate 1, (d) 750 με-replicate 2, (e) 900 με-

replicate 1, and (d) 900 με-replicate-2. 
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Figure 10.33. The eyy strain contours of the 9.5-G12.5-PG specimens at (a) 600, (b) 600, (c) 

750, (d) 750, (e) 900, and (d) 900 microstrain. 

 

10.1.3.3. Crack growth data 

As discussed and explained in Section 8.2, the exx strain contours with a threshold of 

9,000 microstrain were used for determining the vertical crack length, and the eyy strain 

contours with a threshold of 6,000 microstrain were used for determining the horizontal or 

interfacial crack lengths on both sides of the beam centerline in notched four-point bending 

beam fatigue tests. Figure 10.34 presents an example of the vertical and horizontal crack 

lengths determined using the strain thresholds. This figure shows the actual crack data points 
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for the first replicate of a 9.5-G12.5-PG specimen tested at the strain level of 600 microstrain 

(9.5-G12.5-PG-600-1). As can be seen, these crack length data are not smooth enough and 

cannot be used for the purpose of modeling or fracture characterization of beam specimens. 

In order to make these lines smoother and useable for further analysis, certain step-by-step 

procedures were performed on each set of crack length data. The first step before smoothing 

the crack length data was identifying the major phase or phases of crack growth for the 

vertical and horizontal cracks. The major phases of vertical crack growth and their fitting 

steps is discussed first.  

As shown in Figure 10.34, there are three main phases of vertical crack growth. The 

first phase is the crack initiation and propagation within the bottom layer. The first phase 

ends when the crack reaches the vicinity of the interface. The second phase is between the 

time that cracks reach the vicinity of the interface and the time the crack tip crosses the 

interface and starts propagating in the top layer. This phase is the vertical crack arrestment 

phase. As Figure 10.34 shows, the main part of horizontal crack propagation usually occurs 

during the vertical crack arrest phase. 

 

 

Figure 10.34. Actual crack data points for the 9.5-G12.5-PG-600-1 specimen. 
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During this second phase, the interlayer system dissipates some energy, transfers the 

load, and reduces the stress concentration at the crack tip. If the interface bond is not strong 

enough, the severity of the interfacial damage will be higher and horizontal cracks will start 

growing. This horizontal crack propagation also dissipates energy and delays the vertical 

crack propagation. At some point, the available energy would no longer be sufficient to 

introduce more horizontal cracks, and at this point, the stress concentration at the vertical 

crack tip increases and exceeds the fracture toughness of the material. At this point, the crack 

begins to propagate in the top layer of the beam.  

The third and last phase starts when the vertical crack starts to propagate in the top 

layer of the beam and ends when the top-down crack starts to grow. Because the top-down 

crack changes the stress state of the beam and makes further analysis much more 

complicated, the crack lengths were measured before any top-down crack appears in the 

beam.  

The first and the last phases of the vertical crack propagation were fitted for further 

analysis. Figure 10.35 shows the four steps used to fit the vertical crack propagation during 

each phase. This figure shows the fitting steps for the vertical crack propagation in the 

bottom layer of the first replicate of the 9.5-G12.5-PG at 600 microstrain (9.5-G12.5-PG-

600-1). The first step is the visual fitting of the line. Because direct fitting of the actual points 

usually does not result in a good fit, and the fitted line normally does not include the crack 

initiation and arrest points, an initial visual fitting was performed in order to obtain an 

acceptable fit. Also, because asphalt is heterogeneous material and usually a number of 

aggregate particles are present on the crack path, the actual crack data usually need some 

adjustment in order to remove the unreal local effects caused by the aggregate particles that 

are located on the surface of the specimen and on the crack path. These particles usually 

create steps in the crack length data. These steps are created when the vertical crack reaches 

the edge of an aggregate particle on the surface of the specimen. At this point, even though 

the main crack is propagating in the specimen, the visible crack becomes trapped and must 

go around the aggregate. Usually the visible crack stalls at the point of intersection with the 

aggregate, and after some number of cycles while the main crack is progressing and passing 
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the aggregate, a jump in the visible crack along the aggregate edge (or edges) is observed. In 

order to remove such local effects in the crack length data, the initial visual fitting or 

adjustment of the vertical crack data points is necessary. Figure 10.35 (a) shows the actual 

data points and the visually fitted line. Next, the length of the vertical crack at each point was 

adjusted in order to place all the data points on the visually fitted line (Figure 10.35 (b)). The 

next step, as shown in Figure 10.35 (c), was to fit the adjusted data points using either a 

quadratic or cubic equation. The equation type that resulted in the closer fit compared to the 

adjusted data points was selected for fitting. In most cases, a quadratic equation was used for 

fitting. Figure 10.35 (d) shows the final fitted and smoothed crack data points for the vertical 

crack in the bottom layer of the 9.5-G12.5-PG-600-1 specimen. 

 

 

Figure 10.35. Crack fitting steps for the vertical crack in the bottom layer of of the 9.5-

G12.5-PG-600-1 specimen: (a) initial visual fitting line, (b) visual adjustment of crack data 

points, (c) finding the fitting equation, and (d) fitted crack data points. 

 

 



226 

 

After fitting the vertical crack data points below the grid, the vertical crack data 

points above the grid were fitted following the same steps, as shown in Figure 10.36.  

After replacing the actual vertical crack data points with the fitted vertical crack data 

points, presented in Figure 10.35 (d) and Figure 10.36 (d), the results are the fitted vertical 

crack data points shown in Figure 10.37. 

 

 

Figure 10.36. Crack fitting steps for the vertical crack in the top layer of the 9.5-G12.5-PG-

600-1 specimen: (a) initial visual fitting line, (b) visual adjustment of crack data points, (c) 

finding the fitting equation, and (d) fitted crack data points. 
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Figure 10.37. Fitted vertical crack data points for the 9.5-G12.5-PG-600-1 specimen. 

 

The horizontal crack data points clearly show that the horizontal cracks also have 

three phases, but these phases are different from the vertical crack phases in terms of activity. 

The first and last phases in the horizontal crack propagation are phases with no cracking 

activity, meaning that in these two phases the horizontal crack does not propagate. The 

second phase of horizontal crack propagation, that is, the period of time at which the 

horizontal crack initiates, grows, and stops, occurs almost simultaneously with the vertical 

crack arrestment phase. As discussed before, the reason for this observation is that the 

horizontal crack dissipates and consumes some energy and thus delays the propagation of the 

vertical crack. 

Figure 10.38 shows the three phases of horizontal crack propagation for the left-hand 

horizontal crack of the 9.5-G12.5-PG-600-1 specimen. As can be seen in this figure, the 

horizontal crack grows only during the second phase and stops growing at the end of this 

phase. The crack fitting steps used for fitting and smoothing the horizontal crack data points 

are similar to those used for fitting the vertical crack data points.  
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Figure 10.38 Three phases of horizontal crack propagation for the horizontal crack on the left 

side of the centerline of the 9.5-G12.5-PG-600-1 specimen. 

 

Figure 10.39 shows the steps used for fitting the left-hand horizontal crack (horizontal 

crack on the left side of the beam centerline) of the 9.5-G12.5-PG-600-1 specimen. 

Figure 10.39 (a) shows the actual data points and the initial visual fitting line. Next, the 

length of the left side horizontal crack at each point was adjusted in order to place all the data 

points on the initial fitting line (Figure 10.39 (b)). The next step, as shown in Figure 10.39 

(c), was to fit the adjusted data points using either a quadratic or a cubic equation. The 

equation type that resulted in a more accurate fit was selected. In most cases, a quadratic 

equation resulted in a better fit. Figure 10.39 (d) shows the final fitted and smoothed crack 

data points for the left side horizontal crack of the 9.5-G12.5-PG-600-1 specimen. 

The fitting of the right-hand horizontal crack (the horizontal crack on the right side of 

the beam centerline) followed the same procedure as for the left-hand horizontal crack. The 

three phases of the horizontal crack growth for the right-hand horizontal crack of the 9.5-

G12.5-PG-600-1 specimen are shown in Figure 10.40. Figure 10.41 shows the crack fitting 

steps for the right side horizontal crack of  the 9.5-G12.5-PG-600-1 specimen. 
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Figure 10.39. Crack fitting steps for the left side horizontal crack of the 9.5-G12.5-PG-600-1 

specimen: (a) initial visual fitting line, (b) visual adjustment of crack data points, (c) finding 

the fitting equation, and (d) fitted crack data points. 

 

 

Figure 10.40. Three phases of horizontal crack propagation for the horizontal crack on the 

right side of the centerline of the 9.5-G12.5-PG-600-1 specimen. 
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Figure 10.41. Crack fitting steps for the right side horizontal crack of the 9.5-G12.5-PG-600-

1 specimen: (a) initial visual fitting line, (b) visual adjustment of crack data points, (c) 

finding the fitting equation, and (d) fitted crack data points. 

 

After following these aforementioned steps for fitting the vertical and horizontal 

cracks, the fitted crack propagation data were then available for the purpose of further 

analysis. Figure 10.42 shows the fitted vertical and horizontal crack data points of the 9.5-

G12.5-PG-600-1 specimen together in one plot. These fitted data were used later for 

modeling cracked beams and finding the stress state of the beam and crack SIFs.  

The same procedures were followed for all the four-point and three-point bending 

beam fatigue tests. The actual and fitted crack data points for the notched four-point bending 

beam fatigue tests performed on the 9.5-G12.5-PG specimens at the 600 microstrain level are 

presented in Figure 10.43. The actual and fitted crack data points for all the four-point 

bending beam fatigue tests (9.5-G12.5-PG, 12.5-G12.5-PG, 12.5-G25-PG, and 12.5-G25-S1 

conditions) at 600 and 750 microstrain levels are presented in APPENDIX A.  
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Figure 10.42. Fitted vertical and horizontal crack data points of the 9.5-G12.5-PG-600-1 

specimen. 

 

Because the strain level of 900 microstrain was deemed to be too extreme compared 

to the actual strains experienced by pavement in the field, and also based on some 

preleminary stress state and SIF results that are discussed later and showed that the 900 

microstrain results deviate from the 600 and 750 microstrain results, the 900 microstrain 

crack growth data are not presented and were not used for the fracture characterization of the 

grid-reinforced beams. Thus, it was decided to use only the 600 and 750 microstrain test 

results for any further analysis. 

Because the 12.5-G25-PM specimens did not develop any top-down vertical cracks in 

their top layers and did not have any considerable horizontal cracks at the time of failure, 

their crack growth data are not presented and were not used for any fracture characterization 

or modeling. 

The crack growth data clearly show the high variability between the replicate tests of 

each condition. Also, it was observed that the 12.5-G25-S1 specimens, with weaker bond 

strength compared to the other conditions, developed longer horizontal cracks and had longer 

vertical crack arrestment phases. These data also show that, as previously discussed, the 

horizontal crack growth initiation occurred approximately when the vertical crack reached 
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the interface and vertical crack arrest occurred. Also, these figures show that vertical crack 

growth in the top layer began and accelerated at approximately the same time the horizontal 

cracks stopped growing or their growth rate decreased considerably. 

 

 

Figure 10.43. Actual and fitted crack data points for four-point bending beam fatigue tests at 

600 microstrain for 9.5-G12.5-PG specimens: (a) first replicate actual data, (b) first replicate 

fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 

 

10.1.3.4. Joint stiffness determination 

The resistance of the grid system to the deflection differential at the joint/crack in the 

fiberglass grid-reinforced asphalt concrete beams was defined as joint stiffness. By means of 

determining the crack lengths and paths, and by having the material properties (for the 

mixtures and GlasGrid), displacement and load data, and the specimen geometries, the only 

unknown parameter that was needed to find the stress state at the vicinity of the crack tips 
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and consequently the SIFs was joint stiffness. The joint stiffness parameter shows how the 

GlasGrid® interacts with the mixture. This parameter affects the local stiffness of the grid 

system and the severity of the damage at the intersection of the vertical crack and interlayer 

system. A high joint stiffness value means that the grid holds the system together in an 

effective way. Two types of joint stiffness were defined, horizontal joint stiffness and vertical 

joint stiffness. The horizontal joint stiffness shows the effect of the interlayer system on the 

vertical crack opening at the interface, and the vertical joint stiffness controls the interface 

opening or the severity of the damage at the intersection of the vertical crack and interface. In 

four-point bending beam fatigue tests, the vertical crack is caused mainly by tension; thus, 

this test was used only to find the horizontal joint stiffness, and so, joint stiffness in this 

section refers only to horizontal joint stiffness.  

Linear elastic fracture mechanics (LEFM) principles were applied to the crack length 

data, and a finite element model was developed and used to model each individual bending 

beam fatigue test and to backcalculate the SIFs for the vertical and horizontal cracks. The 

joint stiffness value was determined by implementing a joint stiffness parameter into the 

finite element code. The joint stiffness for each test condition was determined by a trial and 

error procedure shown in Figure 10.44.  

 

 

Figure 10.44. Trial and error procedure for determining joint stiffness. 
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As this figure shows, an initial joint stiffness value was assumed and the beams were 

modeled using the exact crack locations. Finite element analysis was used to obtain the SIFs 

at the vertical crack tip. The two-dimensional finite element model that was used for the 

finite element analysis of the double-layer beams was developed by Professor Murthy 

Guddati, faculty member of the Civil, Construction, and Environmental Engineering 

Department at North Carolina State University.  

The inputs into the finite element model were material properties such as the elastic 

modulus of the grid, dynamic modulus, Poisson’ ratio, phase angle of the mixture at the test 

frequency and temperature, beam specimen geometries and grid locations, an assumed joint 

stiffness value, number of cycles, horizontal and vertical locations of the vertical crack tips, 

horizontal locations of the horizontal crack tips along the interface, and maximum and 

minimum load levels at each loading cycle. The vertical crack tip SIFs were determined 

using the finite element analysis, and the vertical crack growth rates, (da/dN) versus the 

range of SIFs (ΔK), were plotted for below the grid and above the grid vertical cracks. It was 

assumed that joint stiffness does not affect the vertical crack growth below the grid and that 

once the vertical crack crosses the interface, the crack growth rate and SIFs are affected by 

the joint stiffness (horizontal joint stiffness). Because the same mixture was used for making 

the bottom and top layers of the beams, if the correct joint stiffness value is selected, the 

(da/dN) versus ΔK plots for below and above the grid vertical cracks should match. That is, 

the correct SIF (ΔK) should result in similar vertical crack growth rates below and above the 

grid. Based on this fact, the joint stiffness values were adjusted to match the below and above 

the grid data points, and the joint stiffness value for each individual beam test and interlayer 

condition was determined. That is, if the plots matched, then the assumed joint stiffness value 

was the correct value, and if the plots did not match, then the assumed joint stiffness value 

was adjusted and the analysis was performed using the adjusted joint stiffness value. This 

process was repeated until the correct joint stiffness value was determined for every single 

test and condition. 
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As mentioned before, the 900 microstrain test results were not used for the purpose of 

modeling in this research. One reason for this decision is the fact that 900 microstrain is 

considered an extreme loading condition and could possibly affect the mechanisms and lead 

to unreal conclusions when compared to the field conditions. Another reason for this decision 

is the preliminary crack growth rate (da/dN) versus the SIF (ΔK) results. The finite element 

analysis results indicate that the 600 and 750 microstrain level test results are in relatively 

good agreement and their variation is within the acceptable range of variability. However, the 

900 microstrain level test results show high crack growth rates and also high slopes, as 

shown in Figure 10.45. This figure shows the da/dN versus ΔK plots for the 9.5-G12.5-PG 

specimens at the 600, 750, and 900 microstrain levels. As this figure indicates, the crack 

growth rates and the slopes of the curves at the 900 microstrain level are higher than those 

values observed in the 600 and 750 microstrain level tests.   

 

 

Figure 10.45. Below the grid vertical crack growth rates for the 9.5-G12.5-PG specimens at 

600, 750, and 900 microstrain. 

 

This observation was considered to correlate to the effects of the high level of strain 

used in these tests. Such a high strain level can introduce intensive damage to the system in 
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the early stages of testing and change the stress state in the beam specimens. The same 

observation was made for other conditions, so it was decided to use only the 600 and 750 

microstrain test results to determine the joint stiffness values and evaluate the crack growth 

rates. 

Figure 10.46 shows the crack growth data matching results for the first replicate of 

the 9.5-G12.5-PG test at the strain level of 600 microstrain (9.5-G12.5-PG-600-1). As this 

figure shows, changing the joint stiffness value does not affect the below the grid data points 

but results in a shift in the above the grid data points. As the joint stiffness value increases, 

the above the grid vertical crack tip SIFs decrease and the data points shift to the left. A 

higher joint stiffness value means that the grid system more effectively holds the system 

together at the intersection of the vertical crack and the reinforced interface and transfers 

more load along the interface, which results in lower SIFs at the tip of the vertical crack 

above the grid. This figure shows that the joint stiffness value of 700 MPa results in the best 

match between the below and above the grid data points. That is, for this specimen, the joint 

stiffness value is equal to 700 MPa. 

The same procedure was followed for the remaining 9.5-G12.5-PG specimens. 

Figure 10.47, Figure 10.48, and Figure 10.49 present the below and above the grid da/dN 

versus ΔK plots for the different joint stiffness values for the 9.5-G12.5-PG-600-2, 9.5-

G12.5-PG-750-1, and 9.5-G12.5-PG-750-2 specimens, respectively. As these figures 

indicate, the joint stiffness values for the 9.5-G12.5-PG-600-2, 9.5-G12.5-PG-750-1, and 9.5-

G12.5-PG-750-2 specimens are 900, 1250, and 900 MPa, respectively. By knowing the joint 

stiffness values for the specimens with the same interlayer conditions, the average joint 

stiffness value can be determined and used as the joint stiffness value for that condition. 

 Another approach is to plot all the below and above the grid vertical crack data 

points from the tests performed on specimens with similar interlayer conditions and then 

determine the interlayer condition joint stiffness value by finding the joint stiffness value that 

results in the best match between the below and above the grid vertical crack data points. 

Figure 10.50 shows the plots that include the results of all four specimens obtained using the 

joint stiffness values of 100, 900, and 2,000 MPa. This figure shows that the joint stiffness 
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value of 100 is too low and results in lower crack growth rates for the above the grid crack 

data points compared to the below the grid data points. The below and above the grid data are 

in good agreement when a joint stiffness value of 900 MPa is used. The joint stiffness value 

of 2,000 MPa seems to be too high and results in crack growth rates being higher for cracks 

above the grid. Based on these observations and comparisons, the selected joint stiffness 

value for the 9.5-G12.5-PG condition is 900 MPa. 

The matching trials for the 12.5-G12.5-PG-600-1, 12.5-G12.5-PG-600-2, 12.5-G12.5-

PG-750-1, and 12.5-G12.5-PG-750-2 specimens are presented in Figure 10.51, Figure 10.52, 

Figure 10.53, and Figure 10.54, respectively. These figures show that the joint stiffness 

values for the 12.5-G12.5-PG-600-1, 12.5-G12.5-PG-600-2, 12.5-G12.5-PG-750-1, and 12.5-

G12.5-PG-750-2 specimens are 700, 1250, 300, and 700 MPa, respectively. Even though 

averaging these joint stiffness values results in a joint stiffness close to 700 MPa, 

Figure 10.55, which contains all the results in the same plots, indicates that the below and 

above the grid vertical data points match well at the joint stiffness value of 900 MPa. Also, 

the 12.5-G12.5-PG-750-1 specimen von Mises strain contours, as shown in Figure 10.56, 

show that the vertical crack growth rate in this specimen might be affected by an aggregate 

particle on the surface of the specimen next to the interface and in the top layer. This figure 

shows that careful attention should be paid to the cracking patterns when analyzing the crack 

growth data results.  
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Figure 10.46. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 9.5-G12.5-PG-600-1 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.47. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 9.5-G12.5-PG-600-2 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.48. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 9.5-G12.5-PG-750-1 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 

 

 

 



241 

 

 

Figure 10.49. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 9.5-G12.5-PG-750-2 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.50. Matching the below and above the grid da/dN vs. ΔK for the 9.5-G12.5-PG 

specimens using the joint stiffness values of: (a) 100, (b) 900, and (c) 2000 MPa. 
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Figure 10.51. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G12.5-PG-600-1 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.52. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G12.5-PG-600-2 specimen using joint stiffness values of: (a) 300, (b) 450, (c) 700, 

(d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.53. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G12.5-PG-750-1 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.54. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G12.5-PG-750-2 specimen using the joint stiffness values of: (a) 300, (b) 450, (c) 

700, (d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.55. Matching the below and above the grid da/dN vs. ΔK for the 12.5-G12.5-PG 

specimens using the joint stiffness values of: (a) 100, (b) 900, and (c) 2,000 MPa. 
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The assumption in analyzing the crack growth data is that the vertical crack initiates 

from the notch and only one main vertical crack grows upward. Also, in the case of 

horizontal cracks, the assumption is that the horizontal crack starts at the interface 

somewhere close to the centerline of the beam and grows toward the left and right. However, 

as discussed and observed regarding the strain contours in Section 9.3.3.2, a vertical crack in 

some of the specimens might not initiate at the notch, or multiple vertical cracks might occur 

at the same time. Also, the strain contours show that some specimens have horizontal 

cracking patterns that are different from the analysis assumptions. In these cases, the crack 

growth data are not reliable and should be discarded. Only results from tests with acceptable 

cracking patterns should be used to determine the joint stiffness values or for any further 

fracture analysis. Thus, in the case of the 12.5-G12.5-PG-750-1 specimen, considering that 

the crack growth data might be affected by an aggregate particle as shown in Figure 10.56, 

and considering that the obtained joint stiffness value for this specimen varies significantly 

from the values obtained from the other three tests, its affected vertical crack growth data and 

joint stiffness value were discarded and ignored. After eliminating this specimen, the joint 

stiffness of 900 MPa was selected for the 12.5-G12.5-PG condition. 

 

 

Figure 10.56. Aggregate on the crack path and crack branching in the 12.5-G12.5-PG-750-1 

specimen at loading cycles of (a) 200,000 and (b) 250,000. 
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Figure 10.57, Figure 10.58, Figure 10.59, and Figure 10.60 show the joint stiffness 

determination trials for the 12.5-G25-PG specimens. Based on these figures, the 12.5-G25-

PG-600-1, 12.5-G25-PG-600-2, 12.5-G25-PG-750-1, and 12.5-G25-PG-750-2 specimens 

have joint stiffness values of 100, 1,500, 100, and 300 MPa, respectively. An evaluation of 

the strain contours and cracking patterns indicates that the 12.5-G25-PG-600-1 specimen, 

with a joint stiffness value of 100 MPa, has an aggregate particle on its vertical crack path 

that causes crack branching, as shown in Figure 10.61. Thus, its joint stiffness value was 

discarded and ignored in the determination of the condition joint stiffness value.  

Figure 10.62 shows the da/dN vs. ΔK plots for all the 12.5-G25-PG specimens with 

the joint stiffness values of 50, 525, and 1,500 MPa. These figures show that a joint stiffness 

value of 525 MPa, which is close to the average condition joint stiffness value, brings the 

below and above the grid data together, especially when the 12.5-G25-PG-600-1 specimen 

data points are ignored. Based on these figures, the joint stiffness of 525 MPa was selected 

for the 12.5-G25-PG condition.  
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Figure 10.57. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-PG-600-1 specimen using the joint stiffness values of: (a) 100, (b) 300, (c) 525, 

(d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.58. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-PG-600-2 specimen using the joint stiffness values of: (a) 100, (b) 300, (c) 525, 

(d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.59. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-PG-750-1 specimen using the joint stiffness values of: (a) 100, (b) 300, (c) 525, 

(d) 900, (e) 1,250, and (f) 1,500 MPa. 
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Figure 10.60. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-PG-750-2 specimen using the joint stiffness values of: (a) 100, (b) 300, (c) 525, 

(d) 900, (e) 1,250, and (f) 1,500 MPa. 

 



254 

 

 

Figure 10.61. Aggregate on the crack path and crack branching in the 12.5-G25-PG-600-1 

specimen at loading cycles of (a) 200,000 and (b) 350,000. 

 

Figure 10.63, Figure 10.64, Figure 10.65, and Figure 10.66 show the joint stiffness 

determination trials for the 12.5-G25-S1 specimens. Based on these figures, the 12.5-G25-

S1-600-1, 12.5-G25-S1-600-2, 12.5-G25-S1-750-1, and 12.5-G25-S1-750-2 specimens have 

joint stiffness values of 300, 50, 50, and 700 MPa, respectively. The strain contours and 

cracking patterns of these specimens were evaluated and, as Figure 10.67 shows, none of 

these specimens had a clean cracking pattern. They either had branching of cracks on the 

surface of the specimen because of a large aggregate particle on the crack path on the surface 

of the specimen, or had multiple vertical cracks. Because none of these tests seem to be more 

reliable than the others, all the results were used to determine the joint stiffness values. Thus, 

the da/dN versus ΔK plots for all the 12.5-G25-S1 specimens, as shown in Figure 10.68, 

were used to find the joint stiffness value that results in the best match between the below 

and above the grid crack growth data points. This figure shows the results for the joint 

stiffness values of 10, 300, and 1500 MPa. As can be seen, the joint stiffness values of 10 and 

300 MPa result in less variability of the data points compared to the data points that result 

from the joint stiffness value of 1,500 MPa.  
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Figure 10.62. Matching the below and above the grid da/dN vs. ΔK plots for the 12.5-G25-

PG specimens using the joint stiffness values of: (a) 50, (b) 525, and (c) 1,500 MPa. 
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Figure 10.63. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-S1-600-1 specimen using the joint stiffness values of: (a) 10, (b) 50, (c) 100, 

(d) 300, (e) 450, and (f) 700 MPa. 
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Figure 10.64. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-S1-600-2 specimen using the joint stiffness values of: (a) 10, (b) 50, (c) 100, 

(d) 300, (e) 450, and (f) 700 MPa. 
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Figure 10.65. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-S1-750-1 specimen using the joint stiffness values of: (a) 10, (b) 50, (c) 100, 

(d) 300, (e) 450, and (f) 700 MPa. 
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Figure 10.66. Below and above the grid crack growth rate vs. stress intensity factor plots for 

the 12.5-G25-S1-750-2 specimen using the joint stiffness values of: (a) 10, (b) 50, (c) 100, 

(d) 300, (e) 450, and (f) 700 MPa. 
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Figure 10.67. The von Mises strain contours of the (a) 12.5-G25-S1-600-1, (b) 12.5-G25-S1-

600-2, (c) 12.5-G25-S1-750-1, and (d) 12.5-G25-S1-750-2 specimens. 

 

Based on the individual test matching results, and considering the plots in 

Figure 10.68, the joint stiffness value of 300 MPa seemed to be acceptable for the 12.5-G25-

S1 condition.  

Table 10.1 presents a summary of the joint stiffness values obtained for each 

individual test and the optimized joint stiffness values selected for each condition. Based on 

these results, the 9.5-G12.5-PG and 12.5-G12.5-PG conditions have the highest horizontal 

joint stiffness values and consequently the lowest crack growth rates above the grid. The 

12.5-G25-S1 condition has the lowest horizontal joint stiffness value and, as a result, the 

highest rate of vertical crack growth above the grid among the evaluated conditions. In the 

specimens or pavements with the 12.5-G25-PG condition, the vertical crack growth rate 

above the grid is expected to be slower than that of the 12.5-G25-S1 condition and faster than 

the vertical crack growth rates of the 12.5-G12.5-PG and 9.5-G12.5-PG conditions. 
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Figure 10.68. Matching the below and above the grid da/dN vs. ΔK plots for the 12.5-G25-S1 

specimens using the joint stiffness values of: (a) 10, (b) 300, and (c) 1,500 MPa. 
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Table 10.1. Individual Test and Optimized Condition Joint Stiffness Values  

Condition 750-1 750-2 600-1 600-2 Condition Optimum 

9.5-G12.5-PG 1250 900 700 900 900 

12.5-G12.5-PG 300 700 700 1250 900 

12.5-G25-PG 100 300 100 1500 525 

12.5-G25-S1 50 700 300 50 300 

 

The reason for the higher joint stiffness value for the 12.5-G12.5-PG condition 

compared to the 12.5-G25-PG condition is deemed to be the grid network density. The ribs in 

the grid with 12.5-mm openings are closer together than in the grid with the 25-mm 

openings. Thus, the 12.5-mm opening grid is expected to hold the system together better and 

create higher local stiffness values at the intersection of the vertical crack and interlayer 

system than the 25-mm opening grid. Even though the grid with larger openings is expected 

to result in a better bond quality, its limited number of ribs in the beam specimens might be 

the reason for its weaker performance in terms of retarding vertical crack growth above the 

grid. Evaluating the reflective cracking performance of beam specimens with large grid 

openings should be considered for future research in order to determine whether this 

observation correlates to the size of the specimens or is independent of the specimen size and 

is related instead to the effect of rib density.  

The results also show that the specimens made with the SS-1 emulsion tack coat, 

which provides a weaker bond than the PG 64-22 asphalt binder tack coat, have lower joint 

stiffness values and are less effective in retarding the vertical crack growth rate compared to 

the PG 64-22 asphalt binder tack coat. This observation is related to the severity of the 

interfacial damage. Interfaces with the SS-1 emulsion tack coat undergo more damage than 

interfaces bonded with a PG 64-22 binder tack coat, and as a result, the grid system is less 

active and less effective in transferring the load along the interface. 
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10.1.3.5. Paris’ law parameters 

The Paris’ law parameters are material properties and do not change unless the 

material properties change. The four-point bending beam fatigue test results were used to 

find the Paris’ law parameters for the mixtures used in this research. Once these parameters 

were determined, they could be used along with the joint stiffness values for modeling the 

crack growth in different GlasGrid-reinforced pavement structures. However, prior to 

determining the Paris’ law parameters for the mixtures and interlayer conditions (horizontal 

cracks along the interface), the validity and accuracy of the finite element model used in this 

research were evaluated by comparing the vertical crack da/dN vs. ΔK data points from the 

tests performed using specimens made with the same mixture but different interlayer 

conditions.  

As discussed previously, it is assumed in this research that the below the grid data 

points are not affected by the interlayer condition (joint stiffness), and thus, the below the 

grid data points from all the tests performed using specimens made with the same mixture 

should match. Even though after determining the joint stiffness value for each condition the 

above the grid data points should also match for all the conditions as well, in order to avoid 

bringing more complexity to the picture, these data were not used for the purpose of 

comparison or determining the Paris’ law parameters.  

Also, as mentioned in the previous section, the cracking patterns should be evaluated 

against the cracking pattern assumptions for modeling purposes, and the data points from 

irregular cracking patterns should be discarded. The assumptions are to have one main 

vertical crack and a horizontal crack that starts at the interface somewhere close to the 

centerline of the beam (or notch location) and propagates towards the left and right along the 

interface. Also, as discussed previously, in some cases, a large aggregate particle on the 

surface of the specimen and on the crack path can affect the crack growth data and make 

them less reliable. In short, the cracking patterns were evaluated for all cases, and the crack 

growth data were cleaned by removing the questionable data points before determining the 

Paris’ law parameters. 
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For evaluating the validity of the finite element model used in this research, the below 

the grid crack data points from the 12.5-G12.5-PG, 12.5-G25-PG, and 12.5-G25-S1 tests 

were cleaned, plotted together, and compared. Figure 10.69 shows the plots before and after 

removing the questionable data points. 

 

 

Figure 10.69. Below the grid da/dN vs. ΔK plots for the RS12.5B specimens (a) before 

cleaning and (b) after cleaning the questionable data points. 
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The data points were removed if multiple vertical cracks were observed below the 

grid or if an aggregate particle on the surface of the specimen caused crack branching below 

the grid. Crack growth data from tests with crack branching were ignored, only if this 

branching was considered to be clearly affecting the crack growth data. In some cases, crack 

branching happened, but the crack growth did not seem to be affected by the branching and 

the crack growth data points were in good agreement with the other data points. In such 

cases, the crack was considered to be one main crack moving between the aggregate 

particles, and its data points were used and included for the purpose of modeling. Also, only 

the linear part of each line was used for determining the Paris’ law parameters, and any 

points that deviated from the straight line in each data set were removed. 

As Figure 10.69 (b) shows, the da/dN vs. ΔK data points for all three conditions are in 

good agreement, and the data points from each condition lie on lines with similar slopes. This 

plot validates the finite element model used in this research and shows that the model can 

reflect the material properties correctly.  

The cleaned below the grid data for each mixture were used to find the Paris’ law 

parameters. Figure 10.70 shows the cleaned below the grid da/dN versus ΔK data points and 

the Paris’ law equation. The Paris’ law equation was determined by averaging the individual 

Paris’ law parameters from each line. The Paris’ law parameters for each set of data points 

(test) were determined by fitting the data points using the Paris’ law equation (                

Equation 2-1): 

 

 

where da/dN is the crack growth rate, ΔK is the range of the SIF, and A and n are the 

Paris’ law parameters. 

 

Figure 10.70 shows that the Paris’ law formula for the RS12.5B mixture is: 
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                                                                              Equation 10-1 
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Based on this equation, the Paris’ law parameters for the RS12.5B mixture are A = 

2.194e-7 and n = 3.673. 

 

Figure 10.70. The Paris’ law parameters for the RS12.5B mixture. 

 

Figure 10.71 shows the cleaned below the grid da/dN versus ΔK data points and the 

Paris’ law equation for the RS9.5B mixture. Because none of the RS9.5B beam specimens 

had a questionable cracking pattern below the grid, data from all the tests were used to 

determine the Paris’ law parameters for this mixture. Only the data points that deviated from 

a straight line in each test were removed. This figure shows that A and n for the RS9.5B 

mixture are 2.344e-6 and 2.342, respectively. 

A comparison of the Paris’ law parameters for the RS12.5B and RS9.5B mixtures 

shows that the RS12.5B mixture has a steeper crack growth slope. The below the grid da/dN 

versus ΔK data points for these two mixtures are presented and compared in Figure 10.72. As 

this figure shows, within the range of ΔK obtained from the tests, the RS9.5B mixture, 

despite its shallower slope, shows faster crack growth rates than the RS12.5B mixture.    
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Figure 10.71. The Paris’ law parameters for the RS9.5B mixture. 

 

 

Figure 10.72. Below the grid da/dN vs. ΔK data points for the RS12.5B and RS9.5B 

mixtures. 

 

However, attention should be paid to the fact that, in the displacement control loading 

condition, the RS9.5B mixture, which is a softer mixture and has a finer aggregate gradation 
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and probably less stony structure than the RS12.5B mixture, does not experience the same 

stress values and crack tip SIFs. Also, the RS9.5B mixture, with its finer aggregate gradation, 

can have a higher toughness quality than the RS12.5B mixture. For the same loading 

conditions, as the stiffness results show, the RS9.5B mixture has a lower stiffness value than 

the RS12.5B mixture and consequently experiences less stress and has lower SIFs in the 

vicinity of the crack tips. Thus, actual pavement structures and loading conditions should be 

used to model a pavement, and SIFs should be determined before comparing the performance 

of two different mixtures. The joint stiffness values and Paris’ law parameters obtained from 

the four-point bending beam fatigue tests can be used in modeling the crack growth in actual 

pavement structures.  

The SIFs at the tips of the horizontal (interfacial) cracks also were obtained using 

finite element modeling of the four-point bending beam fatigue tests. These SIFs were used 

to determine the horizontal crack Paris’ law parameters for each condition. Before using the 

data to find the Paris’ law parameters, the horizontal crack propagation patterns were 

evaluated and filtered. Any horizontal crack data that belonged to a crack with a pattern that 

was different from the assumed horizontal crack growth pattern were removed. Horizontal 

cracks, as mentioned previously, were assumed to start at the interface somewhere close to 

the notch location and propagate toward the left and right along the interface.  

Figure 10.73 shows the da/dN versus ΔK plots of the 9.5-G12.5-PG interfacial cracks 

before and after cleaning the data. As this figure shows, the Paris’ law parameters, A and n, 

for the horizontal crack propagation in the 9.5-G12.5-PG specimens are 3.875e-4 and 8.871, 

respectively. A comparison of the two plots in Figure 10.73 shows that all the data points 

from the 9.5-G12.5-PG-600-1 and 9.5-G12.5-PG-600-2 tests have been removed. The reason 

for removing these data, as shown in Figure 10.74, is the interfacial damage that propagated 

from the sides toward the center of the beam in both cases. This side to center propagating 

damage extended to levels that clearly interfered with the cracks that propagated from the 

center toward the sides. 
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Figure 10.73. da/dN vs. ΔK plots of the 9.5-G12.5-PG specimens’ horizontal cracks (a) 

before cleaning and (b) after cleaning the questionable data. 
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Figure 10.74. Interfacial damage propagating from the sides toward the center of the (a) 9.5-

G12.5-PG-600-1 and (b) 9.5-G12.5-PG-600-2 beam specimens. 

 

The horizontal crack da/dN versus ΔK plots (before and after cleaning) and the power 

law equation of the fitted line for the 12.5-G12.5-PG condition are presented in Figure 10.75. 

Based on this figure, the A and n (Paris’ law parameters) for the 12.5-G12.5-PG condition are 

2.121e-4 and 5.386, respectively. The 12.5-G12.5-PG-750-2 test data were removed because 

of the scattered high concentration damage areas observed along the interface. These damage 

areas were caused by multiple vertical cracks in the bottom layer of the specimen 

(Figure 10.76). 

The da/dN vs. ΔK plots of the 12.5-G25-PG specimens’ horizontal cracks before and 

after cleaning the questionable data are presented in Figure 10.77. As this figure shows, a 

considerable amount of data were removed before determining the Paris’ law parameters. 

Figure 10.78 shows the reasons for removing these data point. In the 12.5-G25-PG-600-1, 

600-2, and 750-1 specimens, the horizontal cracking pattern on one side of the beam did not 

follow the assumed cracking pattern and was affected by the side to center propagating 

damage (600-2 and 750-1) or by vertical crack branching (600-1).  
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Figure 10.75. da/dN vs. ΔK plots of the 12.5-G12.5-PG specimens’ horizontal cracks (a) 

before cleaning and (b) after cleaning the questionable data. 
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Figure 10.76. Multiple vertical cracks causing scattered damage concentrations along the 

interface of the 12.5-G12.5-PG-750-2 beam specimen. 

 

In the 12.5-G25-PG-750-2 test, crack branching in the bottom layer affected the 

horizontal crack growth on both sides of the beam, and so the horizontal crack data points 

were removed completely. 

Based on Figure 10.77 (b), the A and n (Paris’ law parameters) for the 12.5-G25-PG 

condition are 1.778e-4 and 4.445, respectively. 

It is worth mentioning that in order to fit the data points with a power law equation, 

the data points were not used directly. Each data set (each individual crack) was fitted first, 

and then the average n was obtained by averaging all the n values, and then the average Log 

(A) was calculated by averaging all the Log (A) values. This averaging method was used for 

all the conditions. The direct fitting of all the data points could result in a fitted line with a 

considerably different slope than the individual slopes of the different specimen data points 

(cracks). 
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Figure 10.77. da/dN vs. ΔK plots of the 12.5-G25-PG specimens’ horizontal cracks (a) before 

cleaning and (b) after cleaning the questionable data. 
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Figure 10.78. The von Mises strain contours of the (a) 12.5-G25-PG-600-1, (b) 12.5-G25-

PG-600-2, (c) 12.5-G25-PG-750-1, and (d) 12.5-G25-PG-750-2 specimens showing 

questionable horizontal crack growth on one side or both sides of the specimens. 

 

The da/dN versus ΔK plots of the 12.5-G25-S1 specimens’ horizontal cracks before 

and after cleaning the data are presented in Figure 10.79. As Figure 10.80 shows, the left side 

horizontal crack data for the 12.5-G25-S1-600-2 test were removed because the damage 

propagated from the left side of the beam toward the center and affected the crack data on 

that side. Also, the horizontal crack data points belonging to the 12.5-G25-S1-750-1 test were 

removed because they were affected by multiple vertical cracks in the bottom layer. 

Figure 10.79 (b) indicates that the A and n (Paris’ law parameters) for the 12.5-G25-

S1 condition are 1.836e-4 and 5.069, respectively. 
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Figure 10.79. The 12.5-G25-S1 interface da/dN vs. ΔK (a) before cleaning and (b) after 

cleaning the questionable data. 
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Figure 10.80. Interfacial damage propagating from the left side toward the center of the (a) 

12.5-G25-S1-600-2 beam specimen, and multiple vertical cracks affecting the horizontal 

cracking pattern of the (b) 12.5-G25-S1-750-1 beam specimen on both sides. 

 

The Paris’ law parameters for crack propagation within the RS9.5B and RS12.5B 

mixtures are presented in Table 10.2. 

 

Table 10.2. Paris’ Law Parameters for RS9.5B and RS12.5B Mixtures 

Mixture A n 

RS9.5B 2.34e-6 2.34 

RS12.5B 2.19e-7 3.67 

 

Table 10.3 summarizes the Paris’ law parameters for the horizontal cracks along the 

interface for the different interlayer conditions. A comparison of the 9.5-G12.5-PG and 12.5-

G12.5-PG conditions shows that the same SIF will result in a faster horizontal crack growth 

rate in the 9.5-G12.5-PG specimens than in the 12.5-G12.5-PG specimens. However, as 

discussed with regard to the vertical crack growth rates for these two mixtures, this 

observation does not necessarily mean that a pavement with the RS9.5B mixture will have a 

faster horizontal crack growth rate than a pavement with the RS12.5B mixture. These two 

mixtures will experience different stress levels and have different SIFs when subjected to 

similar loading conditions. Because the RS9.5B mixture is softer than the RS12.5B mixture 
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and also has a finer aggregate gradation that can lead to fewer stress concentration points, the 

load levels and stress values of the beams or asphalt layers made with the RS9.5B mixture in 

a displacement control loading condition are expected to be lower than those of asphalt layers 

made with the RS12.5B mixture. Thus, to predict the effect of mixture type on debonding or 

horizontal crack growth, the actual pavement structure and loading conditions should be used 

for analyzing the pavement and determining the stress levels and SIFs at the interface. Then, 

the interfacial crack Paris’ law parameters can be used to predict the crack growth rates. 

 

Table 10.3. Paris’ Law Parameters for the Horizontal Crack Propagation Along the Interface 

for Different Interlayer Conditions 

Mixture Condition A n 

RS9.5B 9.5-G12.5-PG 3.88e-4 8.87 

RS12.5B 12.5-G12.5-PG 2.12e-4 5.39 

12.5-G25-PG 1.78e-4 4.45 

12.5-G25-S1 1.84e-4 5.07 

 

The 12.5-G25-PG condition has the slowest interfacial crack growth rate (lowest n 

value) among all the conditions. A relatively good bond quality for this condition, as 

compared to the 12.5-G25-S1 condition with SS-1 emulsion tack coat, together with its larger 

asphalt-to-asphalt contact areas and fewer stress concentration points (ribs) than the 12.5-

G12.5-PG condition are the reasons for its higher resistance against horizontal cracking and 

its slower rate of horizontal crack growth. The results show that changing the grid opening 

size from 25 mm in the 12.5-G25-PG condition to 12.5 mm in the 12.5-G12.5-PG condition 

increases the n value from 4.45 to 5.39. The results also indicate that changing the tack coat 

type from PG 64-22 asphalt binder in the 12.5-G25-PG condition to an SS-1 emulsion in the 

12.5-G25-S1 condition increases the n value from 4.45 to 5.07. These two observations 

indicate that changing the grid opening size can be more effective than changing the tack 

coat type from an SS-1 emulsion to a PG 64-22 asphalt binder in improving the fatigue 

resistance of a GlasGrid-reinforced pavement interface.  
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Table 10.4 presents the reflective cracking retardation and interface fatigue 

performance ranking of the different interlayer conditions for the specimens made with the 

RS12.5B mixture for four-point bending beam fatigue testing. These rankings are based on 

the crack growth rates (n values) that were obtained from the crack growth data of the four-

point bending beam fatigue tests performed in this research study.  

 

Table 10.4.  Reflective Cracking and Interface Fatigue Performance of Different Interlayer 

Conditions with RS12.5B Mixture 

Interlayer Condition 
Reflective Crack 

Retardation 

Interface Fatigue 

Performance 

12.5-G12.5-PG 2 4 

12.5-G25-PG 3 2 

12.5-G25-S1 4 3 

12.5-G25-PM 1 1 

 

The n values indicate that the 12.5-G25-S1 interlayer condition has a slower crack 

growth rate compared to the 12.5-G12.5-PG interlayer condition. The first 12.5-G25-S1 

condition has larger grid openings and can improve the fatigue resistance of the interface by 

providing a larger asphalt-to-asphalt contact area and fewer stress concentration points (ribs), 

whereas the 12.5-G12.5-PG condition has a higher quality tack coat that can increase the 

shear strength of the interface. As the shear strength data show (Table 9.3), the 12.5-G12.5-

PG specimens have higher shear strength and interlayer modulus values compared to the 

12.5-G25-S1 specimens. Figure 9.13 and Figure 9.14 show that under cyclic shear fatigue 

testing, the performance ranking of the 12.5-G12.5-PG, 12.5-G25-PG, and 12.5-G25-S1 

conditions are exactly the same as the interface performance ranking in the four-point 

bending beam fatigue tests. That is, the interface cyclic shear fatigue test better reflects the 

interfacial crack growth rates of the grid-reinforced specimens under the bending beam 

fatigue loading compared to the constant rate displacement control interface shear strength 

tests. Also, the von Mises and eyy strain contours show that the horizontal damage in the 
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12.5-G25-S1 specimens usually happened during earlier stages and propagated farther away 

from the notch compared to the horizontal damage in the 12.5-G12.5-PG specimens.  

The discrepancies in these observations may be related to the effect of the grid 

opening size in the four-point bending beam fatigue testing. That is, the 12.5-G12.5-PG 

specimens with higher shear strength values need more energy to initiate a horizontal crack, 

which is the reason that interfacial damage appears in the 12.5-G25-S1 specimens first. The 

grid ribs create discontinuity between the asphalt-to-asphalt bonded areas and consequently 

create stress concentration points. Once the crack initiates, the higher number of ribs and the 

smaller asphalt-to-asphalt bonded areas in the 12.5-G12.5-PG specimens lead to acceleration 

of the crack growth rate compared to the crack growth rate observed in the 12.5-G25-S1 

specimens with larger grid openings. This explanation justifies the difference that was 

observed in the n values of the interfacial cracks. Crack propagation stops when the available 

energy is not sufficient to create new cracked surfaces. As the crack tip moves away from the 

centerline of the beam, the available energy for creating a new cracked surface decreases. 

Because the energy required to create a new cracked surface depends on the bond strength of 

the two surfaces, a crack tip along the interface of a 12.5-G25-S1 specimen needs less energy 

for propagation and can propagate farther compared to a similar crack tip along the interface 

of a 12.5-G12.5-PG specimen at similar levels of energy. This explanation justifies the longer 

interfacial cracks in the 12.5-G25-S1 specimens despite their lower crack growth rates 

compared to the length of the interfacial cracks observed in the 12.5-G12.5-PG specimens.   

10.1.3.6. Temperature effects 

 The results presented in the previous sections were all obtained at the testing 

temperature of 20°C and are not valid for other temperatures. In order to evaluate the effect 

of temperature on the cracking pattern, crack growth, joint stiffness, and Paris’ law 

parameters of GlasGrid®-reinforced asphalt pavement, several four-point bending beam 

fatigue tests were carried out using the 12.5-G12.5-PG specimens at different temperatures. 

These tests were performed at three temperatures of 15°C, 20°C, and 23°C, the strain level of 



280 

 

900 microstrain, and at the frequency of 10 Hz. The number of replicates for each condition 

was two.  

The stiffness curves for these four-point bending beam fatigue tests are presented in 

Figure 10.81. This figure shows that the specimens that were tested at lower temperatures 

had higher stiffness values and lasted longer than those specimens tested at higher 

temperatures.  

Figure 10.82 shows the number of cycles to failure based on the ‘stiffness × N vs. N’ 

failure criterion. As discussed before, this criterion correlates well with the number of the 

cycle at which the full-depth vertical crack occurs. As Figure 10.82 indicates, by reducing the 

test temperature from 20°C to 15°C, the 12.5-G12.5-PG specimens show a 100 percent 

increase in the number of cycles to failure.  

 

 

Figure 10.81. Stiffness curves of the four-point bending beam fatigue tests at frequency of 10 

Hz and temperatures of 15°C, 20°C, and 23°C. 
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Figure 10.82. Number of cycles to failure for 15°C, 20°C, and 23°C four-point bending beam 

fatigue tests at frequency of 10 Hz. 

 

In the single-layer asphalt beam specimens without reinforcement, the expected trend 

is the opposite of that observed in the GlasGrid®-reinforced beam specimens. That is, within 

the test temperature range of 15°C to 23°C, the asphalt pavement layers or single-layer beam 

specimens, when loaded in displacement control mode, typically have a longer fatigue life at 

higher temperatures. However, it can be seen that the GlasGrid®-reinforced beam specimens 

have better fatigue resistance at lower temperatures and the amount of improvement in the 

fatigue life of the specimens is relatively high. The relationship between the number of 

cycles to failure and the test temperature for the 12.5-G12.5-PG specimens is presented in 

Figure 10.83. As this figure shows, the number of cycles to failure considerably changes by 

means of changing the temperature. Because the observed trend is different from the 

expected trend in the single-layer beam specimens, the reason for such behavior should be 

related to the grid reinforcement of the double-layer beam specimens. 

 



282 

 

 

Figure 10.83. Relationship between test temperature and number of cycles to failure for 12.5-

G12.5-PG specimens. 

 

In order to evaluate the effects of temperature on the failure mechanisms, cracking 

patterns, and interactions between the GlasGrid® system and the asphalt layers, DIC was 

utilized and the strain contours were obtained and studied. Figure 10.84, Figure 10.85, and 

Figure 10.86, respectively, show the von Mises, exx, and eyy strain contours for the four-point 

bending beam fatigue tests performed at 15°C, 20°C, and 23°C. These figures show that the 

beam specimens experience different levels and lengths of interfacial damage at different 

temperatures. The von Mises and eyy strain contours show that at loading cycle number 

65,000, the specimens tested at 20°C show the most severe level of interfacial damage and 

relatively longer debonded areas, the specimens tested at 23°C have some damage 

concentrations at the interface and experience limited debonding, and the specimens tested at 

15°C have the minimum amount of interfacial damage and do not show any considerable 

length of debonding at the interface. 
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Figure 10.84. The von Mises strain contours for the 15°C, 20°C, and 23°C tests. 
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Figure 10.85. The exx strain contours for the 15°C, 20°C, and 23°C tests. 
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Figure 10.86. The eyy strain contours for the 15, 20, and 23°C tests. 

 

By comparing the 20°C and 23°C test strain contours at the loading cycles of 50,000 

and 65,000, it can be seen that despite the fact the bond quality at 20°C is expected to be 
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slightly better than at 23°C, the interfacial damage is slightly more intensive at this 

temperature compared to the interfacial damage of the specimens tested at 23°C. This 

observation can be explained by comparing the vertical crack lengths. At the loading cycle of 

35,000, the specimens tested at 23°C show slightly more intensive interfacial damage than 

specimens tested at 20°C. At this cycle number, the lengths of the vertical cracks for both the 

20°C and 23°C tests are almost the same. At loading cycle 50,000, the specimens tested at 

23°C have full-depth vertical cracks, whereas the vertical cracks in the specimens tested at 

20°C are still in the vicinity of the interface. This observation is the key for understanding the 

reason for the higher levels of interfacial damage observed in the specimens tested at 20°C at 

loading cycle 65,000. At cycle 50,000, the specimens tested at 23°C have full-depth vertical 

cracks, and in this condition the grid acts like a joint, meaning that the interaction and load 

transfer between the two sides of the beam and the resistance of the beam against bending 

have reached a minimum level, and the load levels and consequently the stress values along 

the interface have decreased considerably. That is, these specimens are not expected to 

undergo any further damage at the interface. However, the beams tested at 20°C are still 

resisting the bending forces, as shown in the stiffness curves, and thus continue to experience 

more interfacial damage until they reach the number of cycle at which the vertical cracks 

reach the full depth of the specimen. 

Also, it can be seen that at 65,000 cycles of loading, the vertical cracks in the 

specimens tested at 15°C have reached the interface but have not crossed the interface yet. 

For the specimens tested at 20°C, the vertical crack is propagating within the top layer. For 

the specimens tested at 23°C, full-depth vertical cracks have developed. The better 

performance of the GlasGrid-reinforced specimens at the testing temperature of 15°C, despite 

the mixture being more brittle at this temperature, is deemed to be related to the stronger 

bond between the two layers at this temperature. That is, by having a stronger bond, the 

GlasGrid® interlayer system can more effectively and actively engage in transferring the 

loads along the interface, thereby increasing the stiffness of the system and decreasing the 

vertical crack tip SIFs. When the interfacial bond is strong, the GlasGrid® interlayer system 

is expected to hold the system together effectively and prevent vertical crack propagation 
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above the grid. As previously discussed, the joint stiffness (horizontal joint stiffness) reflects 

this effect and the effectiveness of the grid system in locally stiffening the interface, thereby 

reducing the stress concentrations and consequently reducing the crack growth rates. This 

fact implies that in grid-reinforced pavements, the bond quality and stiffness of the interlayer 

system play critically important roles in the reflective cracking performance of the pavement 

structures.  

These strain contours and stiffness curves also show the high sensitivity of the 

GlasGrid®-reinforced beam specimens to temperature changes in terms of reflective 

cracking, which emphasizes the importance of the correct selection of tack coat type to be 

used in the grid interlayer systems for different climatic regions.  

The temperature effect study results indicate that having a strong bond quality and a 

stiff tack coat can improve the reflecting cracking resistance of GlasGrid-reinforced asphalt 

pavements. This improvement is achieved through the increased stiffness of the interlayer 

system and the active transfer of the loads along the interface through the GlasGrid® system, 

which leads to fewer stress intensity concentrations at the vertical crack tip and lower crack 

growth rates.  

The stiffness curves and strain contours qualitatively show the effect of temperature 

on the damage mechanisms and cracking patterns of the GlasGrid-reinforced beam 

specimens in four-point bending beam fatigue testing. In order to reflect these qualitative 

effects in the pavement structural analysis, quantitative analysis of these results is required. 

The same procedure for determining the Paris’ law parameters and the joint stiffness values 

of the GlasGrid-reinforced beams was followed for finding these parameters for the beams 

tested at different temperatures. The analysis steps are as follows: 

 The DIC technique was utilized to obtain the strain contours and determine the vertical 

and horizontal crack lengths. 

 The crack length data were fitted. 

 The fitted crack length data, material properties at the testing temperature and frequency, 

specimen geometries, loading data, and an assumed joint stiffness value were used as 

inputs to the finite element analysis code for finding the SIFs. 
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 The joint stiffness value for each test and temperature was determined via a trial and error 

process, after which the assumed joint stiffness value was adjusted in order to match the 

below the grid and above the grid data points in the da/dN versus ΔK plots. 

 The mixture Paris’ law parameters were determined for each temperature using the below 

the grid data points in the da/dN versus ΔK plots. 

The matched below and above the grid data points in the da/dN versus ΔK plots are 

shown in Figure 10.87 for temperatures of 15°C, 20°C, and 23°C. According to these plots, 

the joint stiffness values of the 12.5G12.5-PG condition at 900 microstrain and at 15°C, 

20°C, and 23°C, are 1400, 500, and 300 MPa, respectively. It should be noted that 

previously, only the 600 and 750 microstrain test levels were used for finding the joint 

stiffness values, and the 12.5-G12.5-PG condition was shown to have a joint stiffness value 

of 900 MPa at these two strain levels and at the temperature of 20°C, whereas the 900 

microstrain results led to the joint stiffness value of 500 MPa for this condition at 20°C. 

Thus, the joint stiffness values determined at the strain level of 900 microstrain should be 

adjusted for the strain level difference. This adjustment was accomplished by simply 

multiplying the joint stiffness values by 900/500 (joint stiffness at the 600 and 750 

microstrain levels and 20°C/joint stiffness at the 900 microstrain level and 20°C). The 

determined and adjusted numbers for the 12.5-G12.5-PG condition are presented in 

Table 10.5. Figure 10.88 shows the empirical relationship between joint stiffness and 

temperature for the 12.5-G12.5-PG condition. It is suggested to use the equation of the fitted 

curve for finding the joint stiffness value for the 12.5-G12.5-PG condition at different 

temperatures. Based on Figure 10.88, the joint stiffness value for this condition can be 

determined at any temperature using the following equation:   

 

Equation 10-2 

 

where JS is joint stiffness and T is the temperature in Kelvin (°C).  

 

6.3.7327.4  TEJS
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Figure 10.87. Matched below and above the grid data points in da/dN vs. ΔK plots: (a) JS = 

1400 MPa at 15°C, (b) JS = 500 MPa at 20°C, and (c) JS = 300 MPa at 23°C. 
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Also, because the joint stiffness value cannot be infinity, it is suggested to limit the 

joint stiffness value to a maximum joint stiffness value for the purpose of modeling. This 

value can be determined by testing the beam at an extremely low temperature. 

 

Table 10.5. Determined and Predicted Joint Stiffness Values for 12.5-G12.5-PG Condition 

Temperature (°C) 
Horizontal Joint Stiffness 

(900 με) 

Horizontal Joint Stiffness 

(600 and 750 με) 

15 1400 2520 

20 500 900 

23 300 540 

 

 

Figure 10.88 Relationship between joint stiffness and temperature for the 12.5-G12.5-PG 

condition. 

 

Figure 10.89 (a) shows the da/dN versus ΔK plot that includes the below the grid data 

points for the four-point bending beam fatigue tests performed at the strain level of 900 



291 

 

microstrain and three temperatures of 15°C, 20°C, and 23°C. This plot shows that every 

single set of data points (each crack data point) has approximately the same slope. That is, 

this plot indicates that changing the temperature does not seem to change the slope of the 

crack data point within the same interlayer condition. However, changing the temperature 

results in shifting the data point. As can be observed, by increasing the temperature, the data 

points shift to the left (or up). That is, the same SIF range (ΔK) will generate higher crack 

growth rates at higher temperatures.  

Figure 10.89 (b) shows the averaged below the grid ds/dN versus ΔK data points of 

the 12.5-G12.5-PG specimens at 15°C, 20°C, and 23°C and their fitted power law equations. 

Even though the equations show some variation in the slopes, this variation is considered to 

be the outcome of the specimen-to-specimen variability, possible fitting errors, and the 

inherent variability of the asphalt fracture test results.  

Based on the temperature effect study results, the reflective cracking resistance of the 

GlasGrid®-reinforced asphalt pavements can be improved by using a stiff tack coat material 

that is able to enhance the bond quality. Stiffening the tack coat and strengthening the bond 

between the layers create a synergistic effect in increasing the joint stiffness and retarding the 

vertical crack growth rate (reflective cracking). Having a strong bond also helps provide 

interface fatigue resistance and reduces the chance of delamination. 

The temperature effect study results also show that temperature can dramatically 

affect crack growth rates, cracking patterns, and joint stiffness values in grid-reinforced 

pavements. Thus, knowing that a pavement structure experiences different temperatures in 

different climatic regions and during different seasons, a reasonable range of temperatures 

based on the climatic region should be used to model and predict the reflective cracking 

performance of GlasGrid-reinforced asphalt pavement structures.  
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Figure 10.89. da/dN vs. ΔK plots showing (a) below the grid data points from all the tests 

performed in the temperature effect study and (b) averaged data points for each temperature 

and their power law fit. 
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10.1.4. Skewed notch three-point bending beam fatigue tests 

Four-point bending beam fatigue tests were used for determining the Paris’ law 

parameters and the horizontal joint stiffness values. In four-point bending beam fatigue tests, 

the propagation of the vertical crack is caused mainly by bending, and Mode I SIFs are 

responsible for the vertical crack growth. Therefore, this test cannot be used for evaluating 

vertical joint stiffness. The vertical joint stiffness reflects the effect of the interlayer system 

on the vertical interactions between the grid and the mixture where the reflective crack 

intersects with the interlayer system. That is, if the reflective crack is caused by both Mode I 

(tension mode) and Mode II (shear mode) SIFs, then the vertical joint stiffness value 

indicates the effectiveness of the interlayer system in decreasing the Mode II SIFs (SIFII) at 

the vertical crack tip and in controlling the part of the crack growth that is caused by SIFII.  

A shear diagram of the three-point bending test suggests that if a load with the 

magnitude of P is perpendicularly applied to the middle of the beam, the shear value at any 

point between the supports and the loading point would be +P/2 or –P/2, depending on the 

loading direction and whether the point is located on the left or the right side of the beam 

centerline. So, in order to include the effect of shear (SIFII) in reflective crack propagation, 

the skewed notch three-point bending beam fatigue test was carried out on the beam 

specimens with the interlayer conditions mentioned in Section 6.4 and at the strain level of 

750 microstrain. The three-point bending beam fatigue tests were carried out by Dr. Andrew 

Wargo, who was a Ph.D. student and a member of the NCSU asphalt research group when 

these tests were performed. As expected, most of the vertical cracks, as shown in 

Figure 10.90, were slightly inclined and deviated from the vertical line toward the loading 

point. The threaded rod on the left side of the strain contours shown in Figure 10.90 is the 

loading fixture that was glued to the middle of the beams. However, as can be observed, in 

some cases the deviation of the vertical crack from the vertical line was relatively small and 

negligible. 
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Figure 10.90. Inclination of vertical cracks toward the loading point in three-point 

bending beam fatigue tests 

 

The horizontal joint stiffness values for the different interlayer conditions and the 

Paris’ law parameters for crack growth within the mixtures and along the interface for the 

different interlayer conditions were determined using four-point bending beam fatigue tests. 

Thus, the only unknown parameter in the three-point bending beam fatigue tests was the 

vertical joint stiffness value for each condition. The analysis steps taken to determine the 

vertical joint stiffness values of the specimens used in the three-point bending beam fatigue 

tests are as follows: 

 The DIC technique was utilized to obtain the strain contours and determine the vertical and 

horizontal crack lengths. 

 The crack length data were fitted. 

 The fitted crack length data, material properties at the testing temperature and frequency, 

specimen geometries, loading data, the horizontal joint stiffness of the condition, and an 

assumed initial vertical joint stiffness value were used as inputs to the finite element analysis 

code for finding the SIFs. 
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 In order to determine the vertical joint stiffness value for each test and condition, the 

assumed vertical joint stiffness value was adjusted for each condition in order to match the 

above the grid data points for the three-point bending beam fatigue test with the four-point 

bending beam fatigue test data points for the same condition in the da/dN versus ΔK plots. 

Figure 10.91 shows the evolution of the von Mises, exx, and eyy strain contours during 

the skewed notch three-point bending beam fatigue test performed using one of the 9.5-

G12.5-PG specimens. As this figure shows, a small top-down crack appeared on the von 

Mises and exx strain contours of this specimen at the loading cycle of 72,500. In all the three-

point bending tests, the crack lengths were measured only up to the loading cycle at which 

the top-down crack formation and propagation were clearly observed.  

For all the three-point bending beam fatigue tests, it was observed that adjusting the 

vertical joint stiffness value did not affect the SIFs. As shown in Figure 10.92, the extreme 

values of 1e12, and 1e-12 MPa were used as the vertical joint stiffness values for all the 

conditions to see whether changing the vertical joint stiffness value could possibly affect the 

SIFs of the vertical crack tips in the three-point bending beam fatigue tests. However, as the 

results indicate, the two high and low extreme vertical joint stiffness values resulted in 

similar SIFs. The SIF at a crack tip with both Mode I and Mode I SIFs is equal to: 

 

              Equation 10-3 

 

where SIF is the stress intensity factor, SIFI is the Mode I stress intensity factor, and SIFII is 

the Mode II stress intensity factor at the crack tip location. 

The SIFI and SIFII values for one of the 12.5-G25-PG specimens and one of the 12.5-

G25-S1 specimens were extracted from the finite element analysis results and evaluated to 

understand the reason that the SIF was not sensitive to the vertical joint stiffness changes in 

these tests. The Mode I and Mode II crack tip SIF results of these two tests are presented in 

Table 10.6.  

22

III SIFSIFSIF 
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Figure 10.91. Evolution of von Mises, exx, and eyy strain contours during the skewed notch 

three-point bending beam fatigue test of one of the 9.5-G12.5-PG specimens.  
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Figure 10.92. Matching of three-point and four-point bending beam fatigue test data points in 

da/dN vs. ΔK plots. 

 

Comparing the Mode I and Mode II crack tip SIFs at each crack location clearly 

shows that in these three-point bending beam fatigue tests the Mode II SIF (shear induced) is 

very small compared to the Mode I SIFs, and thus, its effect on crack growth is negligible.  
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Table 10.6. Mode I and Mode II Vertical Crack Tip Stress Intensity Factors in Three-Point 

Bending Beam Fatigue Tests 

Condition 12.5-G25-PG 12.5-G25-S1 

Crack Data Points SIFI SIFII SIFI SIFII 

1 7.447 0.650 9.391 0.959 

2 7.424 0.700 9.512 1.196 

3 7.523 0.762 6.314 0.0154 

4 7.641 0.829 5.791 0.205 

5 7.307 0.839 5.850 0.281 

6 6.986 0.811 6.007 0.324 

7 7.365 0.879 5.827 0.282 

8 5.759 0.164 5.561 0.233 

9 6.142 0.021 5.483 0.218 

10 5.706 0.061 5.448 0.212 

11 5.526 0.108 5.481 0.216 

12 5.485 0.135 5.566 0.230 

13 5.428 0.161 5.656 0.253 

14 5.470 0.196 5.735 0.282 

15 5.548 0.234 5.854 0.328 

16 5.594 0.270 5.914 0.367 

17 5.667 0.305 5.943 0.389 

18 5.770 0.348 5.968 0.423 

19 5.860 0.392 6.030 0.463 

20 5.949 0.435 6.150 0.525 

21 6.059 0.483 6.214 0.601 

22 6.078 0.524 6.257 0.669 

23 7.341 0.540 6.333 0.747 

24 6.141 0.622 6.503 0.844 

25 6.155 0.641 6.761 0.942 

26 6.171 0.675 7.023 1.030 

 

This fact explains the reason that the vertical joint stiffness that controls the Mode II 

SIF-induced crack growth rates does not affect the SIFs and consequently the crack growth 

rates. However, because the Mode I SIF or tension is the dominant cause of crack 

propagation for both traffic-induced and thermal loading-induced reflective cracks, finding 

the vertical joint stiffness value does not seem to be required for evaluating the performance 

of GlasGrid-reinforced asphalt pavements. It was concluded that determining the horizontal 
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joint stiffness value is sufficient for reasonable and sufficiently accurate predictions of the 

reflective cracking performance of grid-reinforced asphalt pavements. 

Comparing the four-point and three-point bending beam fatigue test data points in 

Figure 10.92 shows that, despite using the same horizontal joint stiffness values and the fact 

that the SIFs are not affected by the vertical joint stiffness values, these data points do not 

match. For all the conditions, the three-point bending beam fatigue tests generate higher 

crack growth rates for the same SIF ranges (ΔK). The reason for this difference can be 

explained by the different loading conditions and load transfer methods used in these two 

tests. As shown in Figure 10.93, the four-point bending beam fatigue device clamps the 

specimen at all four faces of the beam (like a belt) and the clamping system is active, 

meaning that the clamps provide constant pressure during the tests for holding the specimen 

and transferring the load. In the three-point-bending beam fatigue test, on the other hand, the 

loading fixture is glued to the top and bottom surfaces of the beam specimen and the plates 

are fixed during the tests. Therefore, although the magnitude of the applied load is known, 

the magnitude of the loads that are being transferred through each of these two plates is 

unknown and probably, due to the local permanent deformations in the beams and at the 

loading points, the percentage of the load that is being transferred by each plate changes 

during the tests.  

These differences in loading conditions also explain the discrepancy that was 

observed between the three-point and four-point bending beam fatigue data points in 

Figure 10.92. If a wrong load distribution between the two loading plates in the three-point 

bending beam fatigue test is used for finite element modeling of the beam, the obtained stress 

state in the vicinity of the crack and consequently the crack SIF will be different from the 

actual crack tip SIF. Because the load distribution between the loading fixture plates in the 

three-point bending beam fatigue test is unknown and also changes during the test, obtaining 

accurate SIFs using finite element analysis is not possible unless the loading fixture is 

replaced with another loading fixture with a different load transfer mechanism, or a 

procedure is developed for identifying the magnitude of the loads applied by each plate. 
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Figure 10.93. Different loading conditions in four-point and three-point bending beam 

fatigue tests. 
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CHAPTER 11. TIME-TEMPERATURE SUPERPOSITION 

11.1. Introduction 

Running four-point bending beam fatigue tests at different temperatures to determine 

the crack growth rates and Paris’ law parameters, and going through the discussed analysis 

steps, can take weeks or months depending on the test conditions. Researchers have searched 

for ways to establish scientifically supported and reasonable methodologies to reduce the 

time and resources that are required to address questions and concerns in different fields of 

study. 

The t-TS principle has been proven to be valid for viscoelastic material such as 

asphalt concrete that exhibits time- and rate-dependent behavior. Some researchers have 

verified that the t-TS principle is valid for asphalt concrete in a damaged state (Schapery 

1978, Chehab 2002, Yun et al. 2010, and Seo et al. 2004). Possible validation of the t-TS 

principle for GlasGrid-reinforced asphalt pavements could considerably reduce the testing 

effort and the number of tests (by reducing the number of test temperatures) that are required 

for the characterization of the fatigue and fracture properties of GlasGrid-reinforced asphalt 

pavements. Therefore, t-TS validity was studied for grid-reinforced specimens for four-point 

bending beam fatigue tests and shear tests. 

11.2. Time-Temperature Superposition in Four-Point Bending Beam Fatigue Tests 

The t-TS principle as it may apply to four-point bending beam fatigue tests was 

studied by following two different approaches, as mentioned in Section 6.3.3. The first 

approach was running four-point bending beam fatigue tests at the frequency of 10 Hz and at 

three different temperatures of 15°C, 20°C, and 23°C. These tests were carried out at the 

strain level of 900 microstrain for the 12.5-G12.5-PG specimens. The results of these tests 

are discussed thoroughly in Section 9.3.3.6.  

The below the grid da/dN versus ΔK plots for the 10 Hz frequency tests performed at 

these three temperatures and also their power law fitted lines and equations are presented in 
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Figure 10.89. As this figure shows, increasing the temperature results in shifting the data 

points toward the left side of the plot and lower SIF values. 

The RS12.5B mixture uniaxial dynamic modulus mastercurve shift factors were used 

for determining the reduced crack growth rates at the reference temperature of 20°C 

(Figure 3.7). According to the t-T shift factors of the RS12.5B mixture, the crack growth 

rates at 15°C and 23°C were multiplied by 5.355 and 0.375, respectively, in order to obtain 

their reduced crack growth rates at the reference temperature of 20°C.  

The actual test da/dN versus ΔK plots before and after shifting the 15°C and 23°C 

results are presented in Figure 11.1. As this figure shows, after reducing the crack growth 

rates, the data points for the different temperatures approximately match, and the variations 

are within the acceptable range of variability. Figure 11.2 shows the same plots after fitting 

the data points for each temperature. These figures show that the reduced fitted crack growth 

rate data points of the 20°C and 23°C tests lie almost on the same line and match very well, 

but the 15°C data points are slightly above the 20°C and 23°C data points. However, the gap 

between the line made by the 15°C data points and the line created by the 20°C and 23°C 

data points shown in Figure 11.2 (b) is relatively small and in the acceptable range of 

variability when compared to the range of specimen-to-specimen variability observed in 

Figure 10.70 and Figure 10.71 for each mixture at the same temperature. These results show 

that by obtaining the da/dN versus ΔK plot for crack growth in a GlasGrid-reinforced beam 

specimen under displacement-control four-point bending beam fatigue loading at any 

temperature, the da/dN vs. ΔK plots at different temperatures can be generated using the 

mixture t-T shift factors. 
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Figure 11.1. Actual da/dN vs. ΔK plots including 15°C, 20°C, and 23°C test data points: (a) 

before shifting and (b) after shifting. 
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Figure 11.2. da/dN vs. ΔK plots including fitted 15°C, 20°C, and 23°C test data points: (a) 

before shifting and (b) after shifting. 

 

The second approach used the mixture uniaxial dynamic modulus mastercurve shift 

factors to generate similar reduced loading histories at 15°C and 23°C and compared the 

reduced crack growth rate results. The 23°C tests were performed at the frequency of 10 Hz 

and, based on the mixture t-TS shift factors, the frequency of 0.70513 Hz was used for the 

23°C tests in order to obtain the same reduced crack growth rate at 15°C and 23°C. These 

frequencies and temperatures were used for the four-point bending beam fatigue tests, and 
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the loads and Paris’ law parameters were compared at a reduced time scale (number of 

cycles), as shown in Figure 11.3. This figure shows that the specimens tested at 15°C and 

0.70513 Hz were less resistant to loading and that one of the specimens did not last as long as 

the other specimens. 

 

 

Figure 11.3. Peak load vs number of cycles for tests performed at 15°C and frequency of 

0.70513 Hz and tests performed at 23°C and frequency of 10 Hz. 

 

Figure 11.4 shows the da/dN versus ΔK plots for these tests. It can be observed that 

the data points belonging to the 15°C specimen that did not last as long as the other test 

specimens (15C-1) are considerably off from the 23°C test data points. Also, the data points 

that belong to the other test performed at 15°C (15C-2), despite failing at approximately the 

same cycle number at which the 23°C test specimens failed, are slightly off from the 23°C 

data points. However, the gap between the 15C-2 and 23C-1 specimens seems to be within 

the acceptable range of variability.  
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Figure 11.4. da/dN vs. ΔK plots for tests performed at 15°C and frequency of 0.70513 Hz and 

tests performed at 23°C and frequency of 10 Hz. 

 

The strain contours of these tests show that, for both tests performed at 15°C, the 

crack patterns do not follow the assumed analysis cracking patterns. The von Mises strain 

contours of these four tests are presented in Figure 11.5 at a cycle number that is close to the 

failure cycle of each specimen, As this figure shows, the 15°C tests have multiple vertical 

cracks and crack branching. Thus, the results generated using these tests might not be reliable 

and cannot be used for drawing any clear conclusions. However, the results from the first 

approach appeared to favor t-TS validity in terms of the reflective cracking of the GlasGrid-

reinforced beam specimens under displacement-control four-point bending beam fatigue 

loading. 
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Figure 11.5. The von Mises strain contours for tests performed at 15°C and frequency of 

0.70513 Hz and tests performed at 23°C and frequency of 10 Hz. 

11.3. Time-Temperature Superposition Study for Double Shear Tests 

The double shear test was used to study the validity of the t-TS principle in terms of 

the shear resistance of non-reinforced and GlasGrid-reinforced interfaces. As Figure 11.6 

shows, virtual gauges along the interface and on the opposite sides of each interface were 

used for determining the average relative displacement of each interface during the tests 

using DIC. Each virtual gauge consisted of 101 data points. The average displacement of 

each gauge at time ti was calculated by averaging the displacements of these 101 points at 

time ti. The relative displacement for each specimen in this section is the average relative 

displacement of the two interfaces located on each side of the specimen. 
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Figure 11.6. Virtual gauges located on the opposite sides of each interface for determining 

the relative displacement of DST specimen interfaces. 

 

The specimens used for this study were gyratory-compacted specimens with the final 

dimensions of 101.6 mm by 101.6 mm by 76.2 mm. The RS9.5B mixture was used for 

making the specimens, and the interlayer system was the GlasGrid® 8511 (12.5 mm 

opening) plus a PG 64-22 asphalt binder tack coat. Each layer of the final specimens had an 

average air void content of 5 percent. Different approaches were used to generate similar 

reduced loading histories at different temperatures.  

The first approach used the mixture t-TS shift factors. Figure 11.7 shows the loading 

histories that were used for shearing the double shear test specimens at 25°C and 35°C. The 

mixture t-TS shift factor for the reference temperature of 35°C was used to generate the same 

reduced time scale loading history at the temperature of 25°C. Figure 11.7 (a) and (b) show 

the loading histories used at 35°C and 25°C, respectively. 
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Figure 11.7. (a) Loading history used for testing at 35°C and (b) generated loading history at 

25°C that matches the 35°C loading history when plotted in a reduced time scale at reference 

temperature of 35°C. 

 

One test was performed using non-reinforced specimens (TC1 and TC2) at each 

temperature. The tack coat used in these specimens was a PG 64-22 asphalt binder. The 

loading histories shown in Figure 11.7 were applied to the specimens and the relative 

displacements were measured during the tests. As Figure 11.8 shows, the displacements were 

plotted in a reduced time scale at the reference temperature of 35°C. This figure shows that 
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the relative displacements at these two temperatures have good agreement, and thus it can be 

concluded that t-TS is valid for the non-reinforced interfaces.  

 

 

Figure 11.8. TC1 and TC2 relative displacements at 25°C and 35°C plotted in a reduced time 

scale at reference temperature of 35°C. 

 

The same loading histories were applied to the specimens with GlasGrid-reinforced 

interfaces. Two specimens were tested at each temperature, and the relative displacement 

results versus reduced time are presented in Figure 11.9. As this figure shows, not only do 

the 25°C and 35°C results not match, but also relatively high variability between the 

replicates is evident at each temperature. Also, it can be observed that the magnitudes of the 

relative displacements in the GlasGrid®-reinforced specimens are considerably higher than 

the relative displacements in the non-reinforced specimens. This observation indicates that 

non-reinforced interfaces perform better under shear loading. 

Because the mixture t-TS shift factors did not seem to work well for the shear 

resistance of the GlasGrid-reinforced specimens, a second approach was investigated. The 

second approach was to determine the shift factors by shearing the GlasGrid®-reinforced 

specimens at different load levels, frequencies, and temperatures and to obtain the shear 
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modulus mastercurve for each specimen. In order to obtain enough data points to create a 

shear modulus mastercurve, each specimen was loaded at the temperatures of 5°C, 15°C, 

25°C, 35°C, and 45°C and at the frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. Relatively small 

shear loads were applied at each temperature and frequency in order to introduce small shear 

strains within the range of viscoelasticity and avoid damaging the interface. DIC was utilized 

for measuring the relative displacements at each temperature, frequency, and load level. 

Figure 11.10 (a) and (b) show the loading history at 35°C and the measured relative 

displacements.  

 

 

Figure 11.9. Relative displacements of GlasGrid-reinforced interfaces at 25°C and 35°C 

plotted in a reduced time scale at reference temperature of 35°C. 
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Figure 11.10. (a) Shear loading history at 35°C for determining shear modulus values and (b) 

measured relative displacements. 

 

Figure 11.11 shows the shear modulus mastercurves for the three different GlasGrid-

reinforced double shear test specimens. Figure 11.12 shows the shear modulus mastercurve 

shift factors of the GGTC1 and GGTC2 specimens. As this figure shows, these two 

specimens have relatively consistent shift factors at the temperatures below 25°C. However, 

at the temperatures higher than 25°C, the shift factor curves start to deviate from each other. 

The considerable difference between the shift factors at temperatures higher than 35°C 
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indicates that GlasGrid®-reinforcement can significantly increase the specimen-to-specimen 

interface shear resistance variability. 

 

 

Figure 11.11. Shear modulus mastercurves. 

 

 

Figure 11.12. Shear modulus mastercurve shift factors. 
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Because the shift factors from both specimens are consistent and similar within the 

temperature range of 15°C to 25°C, the average shift factor of these two specimens was used 

to generate similar reduced time loading histories at 15°C and 25°C. As Figure 11.13 (a) 

shows, a random loading history was created for shearing the specimens at 25°C, and the 

average shift factor of the specimens was used to generate the same reduced time loading 

history at 15°C. The 15°C loading history was generated by multiplying the times in the 

25°C loading history plot (Figure 11.13 (a)) by 12.563.  

First, the GGTC1 and GGTC2 specimens were tested at 15°C, and the shearing load 

history shown in Figure 11.13 (b) was applied to each specimen. Then, these two specimens 

were tested at 25°C using the loading history presented in Figure 11.13 (a). The relative 

displacements during each test were measured, and the average shift factor was used to 

produce the reduced time relative displacement graphs at the reference temperature of 25°C. 

Figure 11.14 and Figure 11.15 respectively show the reduced relative displacement results 

for the GGTC1 and GGTC2 specimens at 15°C and 25°C. These figures show that after 

using the average shift factor, the reduced interfacial relative displacement results match very 

well for both specimens.  

Because the shift factor values for the GGTC1 and GGTC2 specimens were 

significantly different at temperatures higher than 25°C, in order to investigate t-TS validity 

at temperatures within the range of 25°C and 35°C it was decided to use the specimen shift 

factors instead of using the average shift factor.  
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Figure 11.13. (a) Loading history used for testing at 25°C and (b) loading history at 15°C 

generated by using the average shift factor that results in similar reduced time loading 

histories at 25°C. 



316 

 

 

Figure 11.14. GGTC1 reduced time relative displacements at 15°C and 25°C. 

 

 

Figure 11.15. GGTC2 reduced time relative displacements at 15°C and 25°C. 

 

First, the shearing load history presented in Figure 11.16 (b) was applied to the 

GGTC2 specimen at 25°C. Then, this specimen was tested at 35°C using the loading history 
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presented in Figure 11.16 (a). The relative displacements during each test were measured, 

and the GGTC2 specimen shift factor was used to produce the reduced time relative 

displacement graph at the reference temperature of 25°C.  

 

 

Figure 11.16 (a) Loading history used for testing at 35°C and (b) loading history at 25°C 

generated by using GGTC2 specimen shift factor that results in similar reduced time loading 

histories at 35°C. 

 



318 

 

Figure 11.17 shows the reduced interfacial relative displacement results for the 

GGTC2 specimen at 15°C and 25°C. As this figure shows, by means of using the specimen 

shift factor, the reduced interfacial relative displacement results match well, even at relatively 

high temperatures. 

These observations show that if the right shift factor value or shift function is used, 

the interface shear resistance t-TS is valid for the non-reinforced and GlasGrid-reinforced 

specimens under cyclic and monotonic shear loading conditions. 

Figure 11.18 shows the shear modulus mastercurve shift factors for the four different 

GlasGrid-reinforced specimens and the mixture t-TS shift factors for the RS12.5B specimens 

with 5 percent and 7 percent air void contents. Because pavement air void gradient studies 

have shown that the air void content at the surface of each layer is higher than the average air 

void content of the layer (or specimen), the mixture dynamic modulus mastercurve shift 

factors of the specimens with 5 percent and 7 percent air void contents were determined by 

running dynamic modulus tests to study the effect of air void content on the mixture t-TS 

shift factors. The results show that the difference in the shift factors of specimens with 5 

percent and 7 percent air void contents is very small and negligible. These results also show 

that at higher temperatures all the GlasGrid®-reinforced specimens, except GGTC1, have 

shear modulus mastercurve shift factors that are consistent with the mixture t-TS shift 

factors. However, at temperatures lower than 25°C, the shear modulus mastercurve shift 

factors of the grid-reinforced interfaces deviate from the mixture t-TS shift factors and 

exhibit high variability. These shift factor curves also indicate that at lower temperatures, the 

GlasGrid®-reinforced interface is less sensitive to temperature changes than the mixture. 

That is, by reducing the temperature from 25°C to 5°C, a much higher increase is expected in 

the mixture dynamic modulus value compared to the increase in the GlasGrid®-reinforced 

interface shear modulus value.  

It is worth pointing out that in double shear modulus tests, the data obtained at lower 

temperatures and higher frequencies are considered to be less reliable than those obtained at 

higher temperatures and lower frequencies due to the higher stiffness of the specimens and 

consequently more pronounced set-up compliance effects. 
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Figure 11.17. GGTC2 reduced time interfacial relative displacements at 25°C and 35°C. 

 

 

Figure 11.18. Comparing the shear modulus mastercurve shift factor of GlasGrid-reinforced 

specimens with mixture t-TS shift factors. 
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11.4. Time-Temperature Superposition Study in MAST Monotonic Shear Tests 

The shear strength t-TS of the 12.5-G12.5-PG and 12.5-G25-PG specimens were 

evaluated by running monotonic displacement control shear tests at constant crosshead 

displacement rates of 50.8 and 0.508 mm/s and at the temperatures of 5°C, 18°C, 32°C, and 

48°C. These tests were performed by Seong Hwan Cho as part of his Ph.D. dissertation 

research (Cho 2015). DIC was used for measuring the relative interfacial displacements, and 

the relative displacement data were used for calculating the strain rates (relative 

displacement/time) for each test.  

Initially, the mixture t-TS shift factors were used to determine the reduced strain rates 

by shifting the data and obtaining the shear strength mastercurves. However, after shifting, 

the data points did not match, and the shear strength mastercurve did not look like a 

continuous curve.  

Considering that shearing occurs at the interface, the tack coat plays an important role 

in the resistance of the interface against shearing. Thus, the PG 64-22 asphalt binder and the 

SS-1 emulsion t-TS shift factors were used to determine the reduced strain rates. The binder 

testing was conducted by Farinaz Safaei, one of the Ph.D. students in the NCSU asphalt 

research group. A dynamic shear rheometer was used to conduct frequency sweep tests and 

develop the shear modulus mastercurve for each binder residue by finding the t-TS shift 

factors (aT). Figure 11.19 (a) and (b) respectively show the Log (aT) versus temperature plots 

for the PG 64-22, and SS-1 emulsion binders. The PG 64-22 binder shift factors were used to 

determine the reduced strain rates at the reference temperature of 20°C for each test 

performed using the 12.5-G12.5-PG specimens. The reduced strain rates for the tests 

performed using the 12.5-G25-S1 specimens were obtained using the SS-1 emulsion residue 

t-TS shift factors at the reference temperature of 20°C. 
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Figure 11.19 Log (aT) versus temperature results for the (a) PG 64-22 asphalt binder and (b) 

SS-1 emulsion residue binder. 

 

Table 11.1 and Table 11.2 present the shear strength, strain rate, reduced strain rate, 

and interlayer modulus data for each testing temperature and rate of loading for the 12.5-

G12.5-PG and 12.5-G25-S1 specimens, respectively. As previously discussed, a comparison 

of the shear strength values of the 12.5-G12.5-PG and 12.5-G25-S1 specimens shows that the 
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12.5-G12.5-PG specimens, when tested at the same temperature and crosshead displacement 

rate, have higher shear strength values. Figure 11.20 shows the shear strength values of the 

12.5-G12.5-PG and 12.5-G25-S1 specimens at different temperatures when a crosshead 

displacement rate of 50.8 mm/min was used for shearing the specimens. This figure indicates 

that at lower temperatures the shear strength advantage of the 12.5-G12.5-PG specimens over 

the 12.5-G25-S1 specimens is more pronounced. The shear strength values versus the DIC-

measured strain rates for the 12.5-G12.5-PG and 12.5-G25-S1 specimens are presented in 

Figure 11.21.  

 

Table 11.1. 12.5-G12.5-PG Shear Test Results 

Temp (mm/min) Strain Rate(ɛ/sec) 
Red. Strain 

Rate(ɛ/sec) 

Strength 

(kPa) 

Interlayer 

 Modulus 

(kPa/mm) 

5°C 
50.8 0.00611361890 4.18E-06 2598.92 12839.45 

0.508 0.00007436968 5.08E-08 1194.94 5344.29 

18°C 
50.8 0.00670766267 9.35E-08 1605.79 7036.711 

0.508 0.00016169023 2.25E-09 641.55 2168.308 

32°C 
50.8 0.01503091445 6.68E-09 780.83 2616.783 

0.508 0.00025214395 1.12E-10 376.92 997.1514 

48°C 
50.8 0.02416167952 5.38E-10 422.25 1209.915 

0.508 0.00027901919 6.22E-12 279.32 280.738 
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Table 11.2. 12.5-G25-S1 Shear Test Results 

Temp (mm/min) 
Strain 

Rate(ɛ/sec) 

Red. Strain 

Rate(ɛ/sec) 

Strength 

(kPa) 

Interlayer 

 Modulus 

(kPa/mm) 

5°C 
50.8 0.00792355792 5.53E-06 2206.73 6690.219 

0.508 0.00011945525 8.33E-08 988.89 2766.999 

18°C 
50.8 0.01189627931 1.62E-07 1445.47 3446.582 

0.508 0.00017919942 2.44E-09 435.57 1717.72 

32°C 
50.8 0.01601254564 6.32E-09 681.53 2126.428 

0.508 0.00033235388 1.31E-10 315.05 412.5105 

48°C 
50.8 0.03227451749 5.37E-10 367.80 849.1009 

0.508 0.00032673557 5.44E-12 260.72 296.4377 

 

 

 

 

Figure 11.20. Shear strength results at crosshead displacement rate of 50.8 mm/min. 
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Figure 11.21 Interface shear strength versus DIC measured strain rate for the (a) 12.5-G12.5-

PG and (b) 12.5-G25-S1 specimens. 

 

The interface shear strength mastercurves for the 12.5-G12.5-PG and 12.5-G25-S1 

specimens were created by shifting the strength data to the reference temperature of 20°C. 

The shifted data are presented in Figure 11.22. These mastercurve plots confirm that by using 

the tack coat binder shift factors, the interface shear strength t-TS can be applied successfully 

to predict the shear strength of GlasGrid-reinforced interfaces. 
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Figure 11.22 Interface shear strength mastercurve of the (a) 12.5-G12.5-PG and (b) 12.5-

G25-S1 specimens. 
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CHAPTER 12. CONCLUSIONS AND FUTURE WORK 

Based on this study the following conclusions can be drawn: 

 A displacement and strain measurement protocol and analysis framework were 

developed for determining vertical and interfacial crack growth rates and the 

resistance of a reinforced grid to the deflection differential at the joint/crack (joint 

stiffness) for fiberglass grid-reinforced asphalt concrete beams under displacement-

controlled notched four-point bending beam fatigue testing. 

 The DIC technique was used successfully and with acceptable accuracy to obtain the 

full-field displacement and strain contours and to utilize them in identifying the 

failure mechanisms and cracking patterns and determining the crack lengths in shear 

tests, notched four-point bending beam fatigue tests, and skewed notch three-point 

bending beam fatigue tests. 

 Initially a DST, and the MAST were developed to address the shear testing conditions 

needed to evaluate the shear strength and shear fatigue performance of grid-

reinforced and non-reinforced interfaces. 

 The cyclic shear fatigue test results showed that using a tack coat significantly 

decreases the shear crack growth rates and improves the shear fatigue performance of 

grid-reinforced interfaces. These results also showed that changing the tack coat from 

a SS-1 emulsion to a PG 64-22 binder tack coat, and increasing the grid opening size 

from 12.5 mm to 25 mm, can improve the shear fatigue performance of grid-

reinforced interfaces significantly. However, changing the grid opening size from 

12.5 mm to 25 mm improves the shear fatigue performance of grid-reinforced 

interfaces more effectively compared to changing the tack coat type from SS-1 

emulsion to PG 64-22 binder. 

 Constant crosshead displacement rate shear tests suggest that tack coat quality plays a 

more important role than grid opening size in the shear strength of grid-reinforced 

specimens.  
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 The end-restraint study showed that restraining the relative interfacial movement of the 

top and bottom layers and the grid at both ends of the grid-reinforced beam specimens 

did not affect the fatigue performance of the beams. 

 The strain contours of the four-point bending notched beam fatigue tests for the grid-

reinforced beam specimens suggest that different interlayer conditions do not reflect a 

unique failure mechanism, and thus, in order to predict and model the performance of 

grid-reinforced pavement, it is necessary to consider all the mechanisms involved in 

weakening the structural integrity, including damage within the asphalt layers and 

along the interface. Therefore, conventional stiffness-based failure criteria, which do 

not reflect all the failure mechanisms, can be misleading if used for evaluating the 

fatigue performance of grid-reinforced double-layer specimens. 

 The four-point bending NBFT DIC strain contours and stiffness curves showed that 

grid reinforcement, mixture type, tack coat type, and grid opening size affect the 

fatigue performance and failure mechanisms of beam specimens. These effects are as 

follows: 

1. Fiberglass grid reinforcement improves the fatigue and reflective cracking performance 

of the beam This observation was deemed to be associated with the ability of the 

GlasGrid® to hold the composite system together and dissipate more energy at the 

interface. 

2. The reinforced specimens with a stronger bond and a stiffer tack coat developed less 

severe damage along the interface and retard the reflective crack more effectively. This 

observation shows the importance of interlayer stiffness and bond quality in holding the 

composite structure of the beams together, actively transferring the loads through the 

grid system and along the interface (reducing the stress concentration and dissipating the 

energy along the interface), and preventing the crack tip from opening and further crack 

propagation. 

3. The interfacial damage (if any) initiated and started to grow when the tip of the vertical 

crack reached the vicinity of the interface. Once the vertical crack started to propagate 
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(bottom-up crack) within the top layer of the beam, the interfacial damage severity did 

not seem to change considerably. 

4. Specimens with the smaller grid opening size (12.5 mm) developed interfacial 

damage at earlier stages of testing and their damage was more concentrated and 

severe compared to the specimens with the larger grid opening size (25 mm). As 

mentioned, this observation can be correlated to the fact that grids with a larger 

opening provide larger asphalt-to-asphalt contact areas and fewer stress 

concentration points (ribs). 

5. The results showed that under displacement-controlled beam fatigue testing, beams 

made with the RS9.5B mixture, which is softer than the RS12.5B mix and has a finer 

aggregate gradation, exhibited lower stiffness values at early stages of the testing and 

had a better reflective cracking performance compared to the RS12.5B beam specimens 

with the same grid and tack coat type. 

6. According to the failure mechanisms and cracking patterns of the beams tested ay 600, 

750, and 900 microstrain, it can be concluded that the failure mechanisms of grid-

reinforced beams under four-point bending beam fatigue tests, in the strain level range 

of 600 to 900 microstrain, are possibly independent of strain level. 

 A bisectional approach was developed based on the interface relative displacements for 

determining the crack tip in the cyclic shear fatigue tests. Binary strain contours 

proved to be accurate enough for determining the horizontal and vertical crack tips in 

the beam bending fatigue tests. The binary exx strain contours with a threshold of 

9000 microstrain were used for determining the vertical crack tip, and the length of 

the horizontal (interfacial) cracks were determined by means of using the binary eyy 

strain contours with a threshold of 6000 microstrain. 

 LEFM principles were applied to the crack length data and a an finite element model 

was developed and used for modeling each individual bending beam fatigue test and 

back-calculating the SIFs for the vertical and horizontal cracks. The resistance of the 

grid system to the deflection differential at the joint/crack in the fiberglass grid-

reinforced asphalt concrete beams was defined as joint stiffness and was determined 
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by implementing a joint stiffness parameter into the finite element code. The joint 

stiffness for each test condition was determined by following a trial and error 

procedure for matching the below and above the grid vertical crack growth rate 

(da/dN) versus SIF amplitude (ΔK) data points. Since specimens made with the 

highly polymer modified binder tack coat did not develop any bottom-up vertical 

crack in their top layers, determining their joint stiffness value was not possible.  

 According to the NBTF crack growth results, fiberglass grid reinforcement retards the 

reflective crack growth by stiffening the composite system and also by introducing a 

joint stiffness parameter. The joint stiffness test results showed that the higher the 

bond strength and interlayer stiffness values, the higher the joint stiffness and 

retardation effect. The joint stiffness results also showed that the smaller grid opening 

more effectively increased the joint stiffness by providing a denser grid network to 

create a higher local stiffness value and hold the composite system together better at 

the intersection of the vertical crack and interlayer system than the larger grid 

opening. 

 Paris’ Law was used for describing the crack growth within the mixtures and along the 

interface of different conditions. The Paris’ Law parameters can be used along with 

pavement structural analysis results under real loading conditions for predicting the 

crack growth rates and reflective cracking performance of grid-reinforced and non-

reinforced pavements. 

 The interfacial crack growth data and Paris’ Law parameters showed that specimens 

with a better bond quality and a larger grid opening size had the lowest crack growth 

rate (n). These data showed that in specimens made with RS12.5B mixture and a PG 

64-22 binder tack coat, changing the grid opening size from 25 mm to 12.5 mm 

increased the n value from 4.45 to 5.39. The results also indicated that changing the 

tack coat type from PG 64-22 asphalt binder to SS-1 emulsion, increased the n value 

from 4.45 to 5.07 in specimens made with RS12.5B mixture and a 25 mm opening 

grid. That is, as it was concluded in shear fatigue tests, changing the grid opening size 

can be more effective than changing the tack coat type from SS-1 emulsion to PG 64-
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22 asphalt binder in improving the fatigue performance of the fiberglass grid-

reinforced pavement interfaces. 

 Temperature effect studies showed that decreasing the temperature within the 

temperature range of 15 to 23°C, results in an increase in the stiffness of the 

fiberglass grid interlayer system and consequently an increase in joint stiffness. 

Meaning that within the temperature range of 15 to 23°C, the fiberglass grid-

reinforced beam specimens are expected to have a better fatigue and reflective 

cracking performance at lower temperatures under four-point bending beam fatigue 

loading.  

 Empirical relationships between the temperature and joint stiffness value can be 

developed for the grid-reinforced specimens with different interlayer conditions and 

used in predicting the performance of grid-reinforced pavements at different 

temperatures. 

 The t-TS principle was proved to be valid for: 

 Reflective cracking of grid-reinforced beam specimens under displacement-

control four-point bending beam fatigue loading. 

 Interface shearing of grid-reinforced interfaces under random shear loading 

histories. 

 Interface shear strength of grid-reinforced specimens under constant crosshead 

displacement rate testing. 

 

 

Considering the presented methods, experiments, and results, the following studies 

are recommended: 

 Developing a software to be used for automated crack length measurement using binary 

strain contours or strain data maps of bending beam fatigue tests. 

 Studying the effect of beam specimen geometry on fatigue and fracture characteristics 

of grid-reinforced beam specimens. 



331 

 

 Studying the effect of grid stiffness on fatigue and fracture characteristics of grid-

reinforced beam specimens. 

 A comprehensive study on the effect of temperature on fatigue and fracture 

characteristics of grid-reinforced beam specimens with different interlayer conditions 

such as different types of mixture and grid, and different types and rates of tack coat 

application. 

 Developing a crack growth law that is more suitable for describing the crack growth in 

a viscoelastic media such as hot mix asphalt.  

 Using the developed framework results for developing pavement reflective cracking 

models and calibrating the model using field performance data. 
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APPENDIX A. CRACK GROWTH DATA 

 

 

Figure A.1. Actual and fitted crack data points for four-point bending beam fatigue tests at 

600 microstrain performed on 9.5-G12.5-PG specimens: (a) first replicate actual data, (b) 

first replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.2. Actual and fitted crack data points for four-point bending beam fatigue tests at 

600 microstrain performed on 12.5-G12.5-PG specimens: (a) first replicate actual data, (b) 

first replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.3. Actual and fitted crack data points for four-point bending beam fatigue tests at 

600 microstrain performed on 12.5-G25-PG specimens: (a) first replicate actual data, (b) first 

replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.4. Actual and fitted crack data points for four-point bending beam fatigue tests at 

600 microstrain performed on 12.5-G25-S1 specimens: (a) first replicate actual data, (b) first 

replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.5. Actual and fitted crack data points for four-point bending beam fatigue tests at 

750 microstrain performed on 9.5-G12.5-PG specimens: (a) first replicate actual data, (b) 

first replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.6. Actual and fitted crack data points for four-point bending beam fatigue tests at 

750 microstrain performed on 12.5-G12.5-PG specimens: (a) first replicate actual data, (b) 

first replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.7. Actual and fitted crack data points for four-point bending beam fatigue tests at 

750 microstrain performed on 12.5-G25-PG specimens: (a) first replicate actual data, (b) first 

replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 
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Figure A.8. Actual and fitted crack data points for four-point bending beam fatigue tests at 

750 microstrain performed on 12.5-G25-S1 specimens: (a) first replicate actual data, (b) first 

replicate fitted data, (c) second replicate actual data, and (d) second replicate fitted data. 

 

 


