
Abstract 

SEO, YOUNGGUK. A Comprehensive Study of Crack Growth in Asphalt Concrete 

Using Fracture Mechanics. (Under the direction of Dr. Y. Richard Kim) 

 

This research presents findings from a comprehensive experimental/analytical study of 

crack growth in asphalt concrete using the theory of fracture mechanics. The primary 

objective of this study is to provide critical information that is complementary to the use 

of viscoelastoplastic continuum damage model (Chehab et al., 2002) in simulating crack 

growth by means of finite element analysis.  

To simulate opening mode fracture, uniaxial-monotonic and cyclic-tension tests 

were conducted on prismatic specimens with symmetric double notches. The full post-

peak behavior with strain localization is well described by softening function and fracture 

energy using the cohesive crack model. Digital image correlation method (DIC), a non-

contact, full-field, surface displacement/strain measurement technique, was utilized to 

investigate the characteristics of the fracture process zone (FPZ), a localized damage 

zone. Irrespective of the notch size and testing conditions, the FPZ was observed to be 

similar in size and shape for the mixture. In addition, it was found that the strain at the 

crack tip immediately before crack initiation is a decreasing function of strain rate.  

It is shown that crack growth rate in asphalt concrete can satisfactorily be 

predicted using a quasi-elastic approach, based on the linear elastic stress intensity factor 

criterion. Using a temperature-reduced crack speed concept, the crack growth rate of 

asphalt concrete was shown to be proportional to temperature.  

 



Finally, the time-temperature superposition principle, with the shift factor from 

the linear viscoelastic range, was successfully applied to these crack growth rate laws to 

develop a single relationship (i.e., a crack growth rate master curve). This analysis was 

further implemented to investigate the specimen size effect in the crack growth rate 

prediction model.  
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Chapter1. Introduction 

1.1 Background 

Cracking is one of the most influential distresses that governs the service life of asphalt 

concrete pavements. For many years, significant research efforts have focused on 

developing an advanced material characterization model that can provide essential 

behavioral features underlying the development of cracking distresses.  

One of the major tasks of NCHRP 9-19 project, Superpave Support and Perform-

ance Models Management, is to develop such a model that is going to be included in the 

overall material characterization scheme. The behavior of asphalt concrete in tension is of 

primary concern to the prediction of cracking related distress. It was envisioned by the 

NCHRP 9-19 project team that the accurate simulation of cracking in asphalt concrete 

may require information from both continuum damage mechanics and fracture mechanics. 

Therefore, an experimental and analytical study was performed on a single asphalt 

mixture using both the continuum damage and fracture mechanics approaches.  

The final product of the continuum damage mechanics study is the viscoelasto-

plastic model (Chehab et al., 2002) that can successfully describe material behavior up to 

localization when micro cracks start to coalesce. The continuum damage model has not 

yet been used to model macro cracks and failure in the full post peak portion of the 

material response.  
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1.2 Research Objectives  

The primary objective of this research is to present the findings from the fracture 

mechanics study that are complementary to those from the continuum damage study and 

essential in simulating macro-crack growth in asphalt concrete using the finite element 

analysis.  

The research work described herein is concerned with the characterization of the 

fracture process zone (FPZ) and the effect of that zone on the global stress-strain 

behavior by incorporating the strain softening behavior of asphalt concrete in tension. 

Known as a digital image correlation (DIC) method in experimental mechanics, a full-

field strain determination technique has been chosen to investigate the size and shape of 

the FPZ and to develop an accurate stress-strain relation in the process zone during the 

post-peak deformations. Also, the effect of notch size on the fracture process zone before 

the crack tip will be explored using the DIC.  

 Highlighted in this research, the time-temperature superposition principle applies 

to the fatigue crack propagation of asphalt concrete. This attempt is motivated by that the 

time-temperature superposition is valid not only in linear viscoelastic state, but also in 

highly nonlinear state due to micro damage (Schapery, 1997). Experimentally verified for 

a solid fuel rocket propellant (Schapery et al., 1996 and 1997), the time-temperature 

superposition principal was also applied to asphalt concrete with growing damage, and 

included in the viscoelastoplastic model (Chehab and Kim, 2002). This success is 

significant in asphalt mixture testing for material characterization because the number of 

necessary tests can be reduced considerably by testing the mixture at one temperature and 
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predicting its behavior at other temperatures using the linear viscoelastic shift factor 

determined from the temperature-frequency-sweep complex modulus test. It is the 

objective of the research to develop a crack growth rate master curve with which one can 

predict crack propagation speed in asphalt concrete for various temperature conditions. 

Finally, it is speculated that specimen size effects could be is an important consid-

eration in the fracture behavior of asphalt concrete because the size of the fracture 

process zone is estimated to be relatively large and dependent on the maximum aggregate 

size. Over a limited range of test conditions, experimental data will be examined to see 

how significant the size effect is in the fatigue crack propagation rate models developed.  

1.3 Laboratory Test Plan  

Test procedures that are necessary to support the post-peak constitutive law and macro 

crack propagation behavior in asphalt concrete are as follows:  

• Temperature-frequency-sweep complex modulus test is conducted to obtain 

linear viscoelastic properties of the asphalt mixture, such as time-temperature 

shift factor, dynamic modulus, and phase angle; 

• Uniaxial constant crosshead rate (monotonic) tension test is carried out to 

describe the uniaxial stress-strain response in the post-peak region, as well as 

to measure the fracture energy based on the cohesive crack model. Using the 

DIC, the characteristics of the FPZ and the notch size effect on the FPZ are 

investigated. 

• Repetitive (cyclic) direct tension test is performed to simulate the fatigue 

crack propagation at various temperatures. Using the shift factor obtained 
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from the complex modulus test, a single relationship between reduced crack 

growth rate and the amplitude of crack driving force (i.e., stress intensity fac-

tor) is developed.  

1.4 Dissertation Organization  

This dissertation consists of eight chapters. The following briefly summarizes the content 

included in each of these chapters. 

Chapter 2 overviews fundamental fracture mechanics concepts and theories: fracture 

process zone, cohesive crack model, Paris law, and specimen size effect on crack growth.  

Chapter 3 discusses material, specimen fabrication procedures, and experimental test 

setups and programs incorporated in this research.  

Chapter 4 is a detailed discussion of DIC with an application study of the DIC method to 

mechanical testing of asphalt concrete. 

Chapter 5 is dedicated to presenting methods for determining time-temperature shift 

factors, which are going to be used for the presentation of fracture mechanics test results.  

Chapter 6 explores the characteristics of FPZ in asphalt concrete, which results in post-

peak softening function, fracture energy, and crack initiation strain (failure strain).   

Chapter 7, which could be main chapter of this research, presents the development of 

fatigue crack growth rate model using the time-temperature superposition principle. 

Chapter 8 presents conclusions and recommendations.  
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Chapter 2. Research Background   

2.1 Introduction 

Presented in this chapter are theoretical background and experimental confirmations that 

have supplied the motivations for this research. First, the development of a large fracture 

process zone around the crack tip is addressed as an important aspect of asphalt concrete 

fracture. Then, the cohesive crack model that provides essential information of fracture 

progress in most of quasi-brittle materials is reviewed. Known as the Paris law (1963), 

the fatigue crack growth law is introduced to describe crack propagation in asphalt con-

crete. Also, the time-temperature superposition principle that will lead to developing a 

master curve for crack propagation rate is briefly covered. Finally, evident in some of 

concrete fracture, specimen size effect is considered for fatigue crack growth in asphalt 

concrete.    

2.2 Fracture Process Zone (FPZ)  

The FPZ or failure zone is a strongly nonlinear region ahead of the crack tip where in-

tense damage and micro crack coalescence occurs. If the FPZ is so small relative to struc-

ture size, Linear Elastic Fracture Mechanics (LEFM) can be used to address the failure of 

the material structure. However, as the FPZ becomes large, the LEFM ceases to accu-

rately model the fracture process because of a significant nonlinearity. Comparing ex-

perimental test results between concrete and mortar suggested that the aggregate contrib-

ute to the formation of a large FPZ in concrete (He et al., 1994). In addition, it was found 

that a large FPZ makes concrete less brittle than mortar. Since asphalt concrete is a vis-
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coelastic particulate composite that consists of aggregate particles and an asphalt binder 

matrix, the characteristics of the FPZ are expected to be similar to those of concrete in 

most cases.  

Since the advent of new state-of-the-art experimental techniques and numerical 

algorithms, several mechanisms that are responsible for the FPZ formation in concrete 

have been investigated. Cedolin et al. (1983) measured high values of strains developed 

in the FPZ with the moiré interferometry method. These high strains suggested the need 

for new constitutive model for concrete. Krstulovic-Opara (1993) visualized the distribu-

tion of micro cracks before the crack tip in mortar using high-magnification scanning 

electronic microscopy (SEM). Most experimental research on FPZ determination has 

been done for concrete, yet little for asphalt concrete. 

2.3 Crack Initiation and Propagation 

Observations of crack initiation and propagation in asphalt concrete at low and moderate 

temperatures indicate that micro cracks ahead of the crack tip are growing and coalescing 

to form a macro crack that advances into the next weak (micro damage) zones. This be-

havior can be simulated using nonlinear models with an appropriate constitutive law for 

the damaged material in the FPZ. This section starts with concepts of the cohesive crack 

model, a nonlinear fracture model appropriate for quasi-brittle materials, such as concrete, 

asphalt concrete, ceramic, etc.   

2.3.1 Cohesive Crack Model 

The cohesive crack model (CCM) is a simple model that can describe in full a nonlinear 

fracture process at the front of a pre-existing crack. Dugdale (1960) and Barenblatt 
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(1962) introduced this model to account for a relatively large plastic yield zone ahead of 

a crack tip. Hillerborg, Modeer, and Petersson (1976) extended this model to concrete 

fracture and described a fairly large FPZ. The CCM represents the FPZ by employing a 

cohesive force (i.e., crack-closing stresses) at the near crack tip. It has also been applied 

to asphalt concrete materials to simulate crack initiation and propagation in asphalt con-

crete pavements (Jenq et al., 1991).  

The basic hypotheses of the CCM are as follows: 

• A crack is assumed to form at a point when the maximum principal stress at 

that point reaches the tensile strength. The crack forms perpendicular to the 

maximum principal stress direction (i.e., crack initiation and propagation cri-

teria). 

• The properties of the materials outside the process zone are governed by the 

undamaged state.  

• The stress transferred between the faces of the crack is described by a post-

peak function (i.e., softening function). In the case of the opening mode, the 

function is: 

)(wf=σ                                                                                                              (2.1) 

where σ is the tensile stress and w is the crack opening displacement (i.e., the distance 

between the crack faces). Equation 2.1 may be evaluated from a direct tension test, as 

shown in Figure 2.1a. Under loading, the material deforms with elongation: 

LL ⋅=∆ ε                                                                                                               (2.2) 

where ε  is the average strain along the specimen length, L. the maximum load represents 

the tensile strength and zero crack opening (w = 0). After the peak load, a cohesive crack 
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forms and begins to deform as the load carrying capacity of the specimen progressively 

decreases. The remaining parts of the specimen recover (or rebound) under unloading. 

Then, the measured total elongation is:  

wLL *
avg +⋅=∆ ε                                                                                                (2.3) 

where avgε is the average strain in the portion of the specimen without cracks. *L  is the 

length of the remaining intact part of the specimen ( wLL* −= ). 
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Post-peak Function (softening curve) 

In a constant rate-of-displacement uniaxial tension test (such as Figure 2.1b), the ability 

of the material to carry load decreases as deformation continues beyond the maximum 

loading-carry capacity. The shape of this softening curve for a given material is consid-

ered to be one of main components of the CCM. Although each material has its unique 

softening curve, determined only by experiments, Petersson (1981) first found that the 

softening curve is similar in shape for different mixtures of Portland cement concrete 

when the softening curves are plotted in a non-dimensional form. 

The Fracture Energy (cohesive fracture energy) 

The fracture energy, fG , is defined as the energy required to create a unit surface of crack, 

can be obtained from: 

 ∫ ∫
∞ ∞

==
0 0

)( dwwfdwGf σ                            (2.4) 

The CCM has been applied extensively to Portland cement concrete and has only 

recently been investigated for asphalt concrete (Jenq et al., 1991). Jenq et al. used both 

indirect tensile tests and notched beams to assess the tensile strength and fracture energy 

of asphalt concrete. The shape of the function f(w) was assumed and the parameters 

backcalculated using fracture energy and load-deflection curves from notched-beam tests. 

However, they admitted that a direct tensile test should be performed under different 

temperatures to adequately evaluate the effect of temperature on f(w). 
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2.3.2 Fatigue Crack Propagation   

It has been generally accepted that fatigue is a process of cumulative damage and one of 

the major causes of cracking in asphalt concrete pavement. In an effort to model fatigue 

crack growth, the Paris law (Paris and Erdogan, 1963) -- a logarithmic linear relationship 

between the incremental change in a crack length (da/dN) and the amplitude of the crack 

driving force (e.g., stress intensity factor) – has been widely used. For elastic materials, 

this law can be presented as:  

n
IKC

dN
da )(∆=                                                                                                     (2.5) 

where C and n are the empirical material parameters. It has been demonstrated that the 

Paris law based on a linear elastic stress intensity factor can successfully describe fatigue 

crack growth in a concrete beam (Bazant and Xu, 1993). Popelar et al. (1992) applied the 

Paris law to slow crack growth problems in polyimide films, which exhibit time and tem-

perature dependent properties.  

2.4 Time Temperature Superposition Principle  

Basically, the time temperature superposition principle states that the same modulus (i.e., 

unit response function) can be obtained either at low temperatures and long times or at 

high temperatures but short times. Experimental studies showed that the time temperature 

superposition principle can be applied to asphalt concrete provided that the material is in 

its undamaged state. As an application example, complex modulus tests conducted at dif-

ferent frequencies and several constant temperatures could yield a single relation, called a 

master curve, for dynamic modulus (or phase angle) as a function of frequency by the 

appropriate horizontal translation of each data point.  
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2.4.1 Time Temperature Shift Factor  

When shifting individual data along the time (or frequency) axis graphically, any one of 

the date sets at a given temperature can be chosen as the reference curve. The horizontal 

distance required to superimpose another curve onto this reference curve is called the 

shift factor: 

ξ
T

T
ta =                         (2.6) 

where  

Ta  = time-temperature shift factor; 

Tt  = physical time at the temperature T; and 

ξ  = reduced time, time at the reference temperature 

One analytic form for the shift factor, which normally applies when the temperature is 

above the glass transition value, Tg, is the so-called WLF (William, Landal, and Ferry, 

1955) equation: 

)(
)(log

2

1
10

R

R
T TTC

TTCa
−+
−−

=                                                                                     (2.7) 

where C1 and C2 are constants and TR is the reference temperature in degree Kelvin. The 

glass transition temperature is -30oC for asphalt concrete. Materials that can be character-

ized in terms of a common time and temperature parameter, ξ, are called “thermor-

heologically simple.”  
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2.4.2 Time Temperature Superposition in Damaged State 

Experimental studies of macro-crack growth in solid propellant at various temperatures 

have shown that the shift factor for this crack growth is identical to that for linear viscoe-

lastic behavior (Schapery, 1978). With the motivation that the shift factor is independent 

of the amount of damage in materials, Chehab et al. (2002) has successfully demon-

strated that time temperature superposition can be further extended to the behavior of as-

phalt concrete with micro damage and significant visco plastic strain.  

2.5 Size Effect on Fatigue Crack Growth 

The FPZ, if sufficiently large, gives rise to the so-called fracture mechanics size effect in 

which geometrically similar but different sized fracturing bodies exhibit different crack 

growth. These differences occur because the FPZ varies with specimen size. Figure 2.2 

illustrates the size effect problem for fatigue cracks in geometrically similar Portland ce-

ment concrete beams. Beams with different depths, D, exhibit different fatigue crack 

growth relations. Prior to the present study, asphalt concrete was expected to behave in a 

similar fashion. In addition, the asphalt layer thickness in a pavement system is relatively 

small, only a few times the size of FPZ. Consequently, it was expected that the size effect 

would play a particularly important role in the fatigue of asphalt pavements (Superpave 

Model Team, 1999).  
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Figure 2.2 Logarithmic plots of crack growth rate per cycle vs. stress intensity 
factor amplitude for three different sizes of fatigue beam (Bazant et al., 1991): (a) before 

correction for size effect; and (b) after correction for size effect 
  

2.6 Discussion 

Several fracture mechanics theories, including the CCM and the Paris law were briefly 

reviewed in this chapter. The CCM results in the fracture energy and softening function 

that describe the post–peak behavior with strain localization. Based on stress intensity 

factor amplitude, Paris law has been widely used to predict macro-crack growth rate in 

concrete, as well as in most of polymeric materials. 
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 The most significant observation in this chapter is time-temperature superposition 

principle can be extended to asphalt concrete with growing damages in tension. With this 

motivation, time-temperature superposition principle may be applied to crack growth rate 

model to develop a single relationship (i.e., a  crack growth rate master curve) for asphalt 

concrete.  
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Chapter 3. Specimen Preparation and Experimental Testing Program 

3.1 Introduction 

The asphalt concrete mixture used in this fracture mechanics study is the same as that 

used for the development of a companion continuum damage model. Thus, basic linear 

viscoelastic properties (e.g., relaxation modulus, E(t)) and the time-temperature shift fac-

tors are compatible in both approaches. All tests are performed on prismatic specimens. 

Fracture mechanics testing programs are mainly composed of monotonic and cyclic load-

ing tests, followed by the frequency sweep complex modulus test.  Individual test speci-

mens are identified as shown in Tables B.1, C.1, C.2, and C.3 in the appendices.  

3.2 Specimen Preparation 

3.2.1 Asphalt Concrete Mixture 

A 12.5 mm Maryland State Highway Administration (MSHA) Superpave mix design has 

been adopted for specimen fabrication. The Superpave mixture uses 100 percent crushed 

limestone from the state of Maryland and unmodified PG 64-22 binder. The mixture de-

sign was conducted at the University of Maryland. More details on design procedures and 

materials are documented in the volumetric mixture design report (Superpave Models 

Team, 1999). 

Aggregates 

The Superpave mixture was produced with limestone aggregate from Redland Genstar’s 

Frederick Maryland quarry. Materials from seven stockpiles were used to produce the 
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mixtures. Additionally, fines obtained from the dust collection system of a hot mix plant 

at the quarry were included to increase the filler content of the mixture to that typical of 

plant production. Aggregate properties are shown in Table A.1 (Appendix A). 

Asphalt Binder 

The binder used in the Superpave mixture was unmodified PG 64-22 obtained from the 

Paulsboro, New Jersey terminal of the Citgo asphalt refining company. An extensive 

testing program was performed to characterize the rheological properties of the binder 

over a wide range of temperatures using both conventional and Superpave tests. Table 

A.2 summarizes AASHTO MP1 (1998) grading data for the binder obtained from the 

manufacture’s certification report (Citgo, 1998). Mixing and compaction temperatures 

are presented in Table A.3 (Citgo, 1998). 

Mix Design 

The optimum binder content for the Maryland 12.5 mm mixture was determined using 

sequential trial batches to estimate the design asphalt content. Specimens were fabricated 

using the MSHA provided aggregate gradations, adjusted with additional minus 0.0075 

mm material to represent plant production. Using an initial trial asphalt content estimated 

from the preliminary MSHA design two specimens were then compacted in the Super-

pave gyratory compactor to 174 gyrations and average volumetric properties were esti-

mated using the method described in Asphalt Institute Publication SP-2 (Asphalt Institute, 

1996). If the estimated optimum asphalt content differed from the trial asphalt content by 

more than 0.3 percent, the estimated optimum asphalt content was then used as the trial 

asphalt content of a second iteration of the procedure. However, this mix required a sin-
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gle iteration. Table A.4 summarizes the results of iterative verification process. The final 

design and volumetric properties for the mixture is presented in Table A.5. Figures 3.1 

and A.1 present gradation and gyration compaction data for the 12.5 mm mixture. 

 The final design of the mixture meets all of the current Superpave criteria except 

the requirement on the filler to effective asphalt content ratio. The design value of 1.3 

exceeds the current Superpave maximum limit of 1.2. Guidance recently issued by the 

Superpave Lead States recommends that the upper limit for the filler to effective asphalt 

content ratio be increased to 1.6, and it is likely that AASHTO MP2 will be modified in 

the future to increase the upper limit to 1.6 (McGennis, 1999). 
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Figure 3.1 Gradation chart for MD 12.5 mm Superpave mix 

3.3 Prismatic Specimen Fabrication 

Prismatic test specimens were cut from 150-mm diameter, 175-mm tall gyratory plugs 

made by the Australian Superpave Gyratory Compactor (SGC). Specimens with an air 
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void content falling between 3.5 and 4.5 percent were accepted for testing. For the con-

stant crosshead rate (monotonic) direct tension test, 40-mm wide, 60-mm deep, and 150- 

mm tall specimens were mostly used; three different widths of 40, 80, and 120 mm were 

selected for the repeated load tension test and the specimen size effect study. Additional 

monotonic tests were conducted on 120-mm wide specimens to study the specimen size 

effect on crack initiation responses.  

Symmetric double-edge notches (3.5 mm wide and 7 mm long) were cut in the 

middle of prismatic specimens using a masonry saw. Also, three 40 mm wide specimens 

with large double notches (5 × 10 mm) and three with fatigue-induced cracks were pre-

pared for the evaluation of the notch size effect. After making the notches, steel end 

plates were glued to each specimen using Devcon Plastic Steel epoxy. A gluing jig was 

used to minimize any eccentricities due to unparallel specimen ends. At least 12 hours of 

curing were assigned to achieve the best strength of the epoxy. A photograph of the glu-

ing jig is shown in Figure E.3 in Appendix E.  

3.3.1 Specimen Surface Treatment for DIC Application 

Prior to testing, the front surface of each specimen is cleaned thoroughly using sandpaper 

and an airbrush. This ensured that the surface was smooth without any chemical residue 

so that a desired speckle pattern for DIC application could be obtained. Then, the pre-

pared specimens were painted white with an ordinary spray paint, applying several light 

coats. After an even, white surface was obtained, black spray paint was speckled onto the 

specimen. Through careful manipulation of the spray nozzle with proper pressure from a 

distance of approximately 2 ~ 3 in., a random, uniform speckle pattern was obtained. The 
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black paint was lightly sprayed several times until a uniform speckle pattern density was 

achieved.  

The optimum speckle pattern density is an even mix of dark and white areas, pro-

ducing a pattern that is neither biased towards the white nor towards the black end of the 

grayscale. The speckle pattern must be dense enough so that at the desired magnification 

there are no empty white areas which are detrimental to image analysis accuracy.  

3.4 Laboratory Testing System  

3.4.1 Testing Machine   

Equipped with a temperature control chamber, a UTM-25 (with a 5,620 lb load cell) was 

used for experimental testing. This closed-loop servo-hydraulic testing system is capable 

of delivering a wide range of loading frequencies (0.1-25 Hz) and loading rates at various 

temperatures (-10 to 40oC). A fully computerized system allows the user to easily control 

the machine and to accurately program the tests.  

3.4.2 Data Acquisition  

For data collection and post-analysis, a PC running LabVIEW (a graphical programming 

language) was used, along with a 16-bit National Instrument data acquisition board. At 

least 40 date points per cycle of sinusoidal loading were assigned for the complex 

modulus tests and the repetitive direct tension tests. The slowest acquisition rate for the 

monotonic tests was 1 data point per second. For synchronization between DIC and 

LVDT measurements, signals from the load cell and actuator were recorded in the DIC 

system at the same time.   
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3.4.3 Test Setups for Displacement Measurement 

LVDT  

As shown in Figure 3.2, six LVDTs (linear variable differential transformers) were util-

ized to measure the vertical displacements from which strains were calculated at different 

locations. Four LVDTs (2 with a 150-mm gauge length and 2 with a 50-mm gauge length) 

were attached to the sides of the specimens, covering the notches. Whereas two LVDTs 

with a 30-mm gauge length were installed on the back surface in the middle of the bottom 

half of the specimen. This location was expected to be outside the FPZ and, therefore, 

yield information on the unloading behavior of the far field, as shown in Figure 3.3. De-

pending upon the gauge length, either CD 100 (3/8 inch loose core type) or GTX 5000 

(3/8 inch spring-loaded type) LVDTs was interchangeably used.  

LVDTs with 50 mm gauge length were glued near the front surface, where the 

speckle pattern was applied for DIC analysis, so that a direct comparison could be made 

between DIC results and LVDT measurements. For the plate-to-plate measurements 150-

mm LVDTs were placed near the backside of the specimen where the 30-mm LVDTs 

were placed.  

DIC System   

The distance between the CCD digital camera and the surface of the specimen placed in 

the temperature chamber was determined for maximum image resolution. Ideally, the 

camera should be placed far enough away to reduce any error caused by the inclination of 

the specimen surface. Considering the focus constraints of the telephoto lens (35 mm, 

NIKON) and space limitations in the laboratory, a distance of approximately 1.2 m away 
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from the specimen surface was chosen and maintained as a camera position throughout 

testing. 

After carefully manipulating the focus and alignment between the camera and the 

specimen, the aperture and light condition was adjusted to a best exposure level for each 

test. This procedure was usually done with the aid of the frame grabber software that can 

show grayscale intensity distribution within a selected image. Both light condition and 

aperture were manipulated to give the widest variation in grayscale intensity. For instance, 

if the light source was too bright, or the aperture too large, then the specimen surface 

would be overexposed (or too light), and the grayscale intensity distribution would be 

biased towards the white level. In the opposite case of too little illumination or too small 

an aperture, the specimen surface would be underexposed (or too dark), and the grayscale 

intensity distribution would be biased towards the black level. This adjustment is neces-

sary because DIC functions best when the grayscale intensity is evenly distributed among 

256 divisions.  

The first picture, a reference image, must be taken when the specimen setup in the 

testing machine is ready for testing. From the moment of the first shot, the test setup 

should be secure from any movement until the end of testing. Using the synchronization 

scheme, the digital camera was triggered automatically whenever the signal reached the 

tensile peaks throughout the testing.  

A comparative study between LVDT measurements and DIC results is presented 

in the following chapter that allows DIC method to be validated for the mechanical test-

ing of asphalt concrete.  
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(a) Photograph of LVDT setup inside the testing machine 

 

 
 
 
 
 
 
 
 
 
 

                                (b) Front view                             (c) Side view 
 

Figure 3.2 LVDT setup 
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Figure 3.3 LVDT measurement comparison:  

constant crosshead rate is 0.675 mm/sec and test temperature is 25oC 

3.5 Test Program 

Fracture mechanics test program mainly consist of constant crosshead rate direct tension 

(monotonic) tests and repetitive direct tension (cyclic) tests. Prior to each of monotonic 

and cyclic tests conducted on 40-mm wide specimens, a complex modulus test was per-

formed to obtain linear viscoelastic properties, such as dynamic modulus and time-

temperature shift factor.                             

3.5.1 Complex Modulus Testing 

The complex modulus test is conducted in a stress-controlled mode to obtain a viscoelas-

tic fingerprint (identification) of the specimen being tested and to determine the time-

temperature shift factors for the undamaged state by constructing a master curve for dy-

namic modulus or phase angle. A haversine (sinusoidal) axial tension and compression 

load is applied to the specimen at a stated temperature and loading frequency. The load 
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amplitude is adjusted according to the material stiffness, temperature, and frequency to 

keep the strain response within the linear viscoelastic range. Notwithstanding numerous 

issues for debate, 80 micro-strain was selected as a linear viscoelastic criterion within 

which specimen is considered linear viscoelastic. The test normally starts with precondi-

tioning to ensure a proper load distribution along the specimen for the rest of loading fre-

quencies. In order to minimize permanent strain accumulation, the specimen is tested 

from highest to lowest frequency; that is from 20 Hz to 0.1 Hz. The number of cycles for 

each loading frequency is specified in Table 3.1. For master curve construction, tests 

were repeated at different temperatures: -10, 5, 15, and 20oC. To make up for micro dam-

age, rest periods (290 seconds) are assigned in between loading at each frequency. How-

ever, this rest period was not allowed to exceed 30 minutes for any two-frequency runs 

(as recommended by NCHRP 1-37A DM-1).  

Table 3.1 Number of cycles for loading sequence 

Frequency (Hz) Number of Cycles 

10 (pre-conditioning) 100 
20 200 
10 100 
3 100 
1 60 

0.3 30 
0.1 15 

 

The complex modulus, in complex domain, consists of the storage modulus (real 

part) and loss modulus (imaginary part) as shown below: 

*E  = EiE ′′+′                                                                                                     (3.1) 
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where, E ′  =  storage modulus, E ′′  =  loss modulus, and 1−=i . The dynamic modulus, 

*E , and phase angle,φ , are defined as follows: 

*E  = 22 )()( EE ′′+′  = 00 εσ                                                                       (3.2) 

     φ = tf∆π2  = )(tan 1 EE ′′′−                                                                             (3.3) 

where t∆  is the time difference between stress and strain. 0σ  and 0ε  are stress and strain 

amplitudes of test data, respectively. 

To obtain signal amplitudes and time difference, raw stress and strain data are fit-

ted to a cosine function using the Levenberg-Marquadt method. Then, dynamic modulus 

and phase angle are calculated from the average values of amplitudes and time difference 

in the last six cycles where the steady-state condition is observed. The results of the com-

plex modulus test are summarized in Table 3.2. 

As can be inferred from the Equations 3.2 and 3.3, the storage and loss moduli are 

related to the dynamic modulus and phase angle as follows:  

E ′   = φcos* ⋅E ; and            (3.4) 

E ′′  = φsin* ⋅E             (3.5) 

As the phase angle decreases, the material becomes more elastic. If the phase angle is 

zero, the material is meant to be purely elastic. If the phase angle is 90 degree, it indicates 

the material exhibits viscous response only.  
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3.5.2 Constant Crosshead Rate Direct Tension Test 

Conducted in a displacement-controlled mode, the test applies tension to a double-

notched specimen at a constant crosshead rate until the specimen completely fails. Test 

temperatures of -10, 5, 15 and 25oC were used. 

Table 3.2 Results of frequency-sweep complex modulus test 

Dynamic Modulus (MPa) Phase Angle (Degree) 
Temperature Frequency 

(Hz) Average Std. deviation  Average Std. deviation  

25oC 20 5271 654  19.6 6.3  
 10 4585 505  27.2 2.0  
 3 3070 316  32.2 2.9  
 1 2090 335  35.4 3.8  
 0.3 1330 250  37.8 2.7  
 0.1 874 111  36.7 2.6  

15oC 20 9546 1273  14.9 2.8  
 10 8628 1316  17.3 3.4  
 3 6772 1292  21.5 4.3  
 1 5387 1276  24.7 4.9  
 0.3 3821 973  29.3 4.3  
 0.1 2830 851  31.5 5.0  

5oC 20 13544 1211  8.9 1.8  
 10 12633 1072  10.2 1.5  
 3 10801 959  13.1 0.7  
 1 9439 703  14.0 1.6  
 0.3 7892 718  17.5 1.1  
 0.1 6431 445  19.9 0.8  

-10oC 20 21745 2797  5.9 0.9  
 10 20934 2578  6.4 0.4  
 3 19693 2491  7.3 0.3  
 1 18521 2247  7.9 0.3  
 0.3 16821 1905  8.9 0.6  
 0.1 15435 1755  10.0 0.8  

 

Instead of fixed loading rates, variable rates are suggested for 40-mm wide specimens so 

that the time-temperature superposition principle in damaged states can be verified. One 

rate in the middle of the range was used for each of the four temperatures for 120 mm 
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wide specimens. Additional tests were performed to evaluate the effect of notch size and 

sharpness on the process zone size. Three different notches were created in 40-mm wide 

specimens: 3.5-mm wide, 7-mm deep saw-cut notch, 5-mm wide, 10-mm deep saw-cut 

notch, and the sharp crack created by fatigue loading. The test program is summarized in 

Table 3.3. The number of replicates is 2, with the option to perform a 3rd replicates in the 

event of a great disparity between the first two. 

Widely studied both experimentally (Bazant et al., 1993) and numerically (Rots et 

al., 1989), true tensile tests are difficult to achieve due to an asymmetric mode of defor-

mation that is mainly caused by unstable boundary conditions, eccentric loading, mate-

rial’s heterogeneity, an so on. Uzan (2000) adopted a guiding frame to minimize speci-

men rotation and lateral flexure. In this study, a fixed boundary condition is maintained 

by screw-type connectors to minimize an asymmetric failure caused mainly by specimen 

rotation. 

3.5.3 Repetitive Direct Tension Test 

In order to examine the specimen size effect on fatigue crack growth behavior in asphalt 

concrete, three different specimen sizes are tested at three constant stress levels at four 

temperatures: -10, 5, 15 and 25oC. The stress amplitudes are determined based on the ten-

sile strength measured from the monotonic tests conducted at each temperature. Using 

DIC, fatigue crack increment was observed at the moment of crack opening at selected 

cycles. The loading frequency of 2 Hz was selected for fatigue testing program because 

that is the fastest rate the DIC can operate under the synchronization program.  In all -

10oC tests and some of tests conducted at lower temperatures, crack propagation was not 
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observed before complete failure. Details on load levels and the number of cycles at fail-

ure are summarized in Tables C.1, C.2, and C.3 in Appendix C.  
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Table 3.3 Fracture mechanics test programs 

Test Type 
(Test ID) Loading Temperature Load Levels for F1 and  

Constant Crosshead Rate for F2 

-10oC 

5oC 

15oC 

Repetitive  
direct tension test 

(F1) 

Axial at sinusoidal 
cyclic tension 

25oC 

50% of tensile 
strength 
(0.5 ft) 

0.65 ft 0.8 ft 

 -10oC 6.7×10-7 2.7×10-6 5.0×10-6 

5oC 1.0×10-5 2.0×10-5 4.0×10-5 

 
Constant 

crosshead  rate direct 
tension test∗ 

(F2) 

Axial at constant 
crosshead rate 15oC 2.0×10-4 6.0×10-4 1.8×10-3 

  25oC 5.0×10-4 1.5×10-3 4.5×10-3 
                    ∗ The notch effect study was conducted on 40-mm wide specimens with a displacement rate of 0.09 mm /sec at 15oC. 
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Chapter 4. Digital Image Correlation (DIC) Method 

4.1 Introduction  

In recent years, federal and state highway agencies have invested considerable effort in 

moving towards the mechanistic design of asphalt pavement and asphalt-aggregate mix-

ture. This move has underscored the importance of material testing more than ever. Cur-

rently, the LVDT is the most popular means of measuring displacements of asphalt con-

crete in laboratory testing. LVDTs are fairly inexpensive and simple to operate. However, 

as was documented by Daniel et al. (2002), the LVDT’s limitations, due to the contact 

nature of its mounting method and inability to capture full-field deformations in the 

specimen, make it clear that advancements in the displacement measurement system will 

undoubtedly improve the speed and accuracy of asphalt concrete testing that is required 

in state highway agency laboratories. 

Since the early 1980s, numerous testing schemes and algorithms for image analy-

sis have been proposed and applied to experimental mechanics due to the rapid advance-

ment in optical instruments and computer technology. One of the leading optical tech-

niques is the Digital Image Correlation (DIC) method. The theory of DIC, developed as a 

full-field measurement tool, has been introduced by Chu et al. (1985). Since then, nu-

merous research efforts have demonstrated the feasibility of DIC in experimental me-

chanics (Sriram et al., 1988; Lee et al., 1989; Lyons et al., 1996; and Wattrisse et al., 

1999). These applications include testing of various materials -- such as metals, compos-

ites, Portland cement concrete, biomechanical materials, wood, and paper -- for material 

characterization, model verification, structural design, and quality control. 
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Choi and Shah (1997) applied DIC to the study of concrete fracture under com-

pressive loads. Through displacement contour maps, they observed that concrete under-

went highly non-uniform deformations even in the elastic range. By comparing conven-

tional LVDT measurements with DIC results in axial displacements, they strengthened 

the potential of DIC as a promising measurement tool. 

In this research, the accuracy of DIC measurements is verified using experimental 

data, and the applicability of DIC to asphalt mixture testing is explored. Strengths and 

weaknesses of this method are also presented. 

4.2 Features of DIC 

DIC is a non-contact, full-field displacement/strain analysis method that compares im-

ages of deformed specimens with that of an initial, undeformed specimen. The basic 

setup of the DIC technique requires a digital camera, a lighting system, a frame grabber, a 

PC, and software for post-analysis. The camera is positioned perpendicular to a specimen 

having a black and white pattern. The dark-light contrast may be natural, acid-etched, or 

from an applied speckle pattern. A stable mount is used to maintain a constant distance 

from the camera to the specimen. The most accurate measurements are taken from a well-

lighted specimen; however, a 30% change in light level does not affect accuracy. The 

camera is focused and calibrated via software. Video frames are captured, tagged, and 

stored as the load is applied. Figure 4.1 shows a general DIC test setup. 
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Figure 4.1 Photograph of general DIC test setup (Seo et al., 2001) 
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In essence, DIC analysis involves measurement of the grayscale level at each 

pixel location thus creating a map within the area of interest. Each spot on this map is 

compared with the initial, undeformed image, and the movement of each pixel in the 

horizontal and vertical directions is determined, from which displacements and strains are 

calculated using advanced mathematical techniques. 

To correlate the deformed image to the initial image, each image is divided into 

small subsets. The discrete matrix of the pixel gray level in each subset forms a unique 

identification within an image. A computer program correlates the subset pixel gray level 

matrices in the deformed and undeformed images and gives the horizontal and vertical 

displacement of the center point of each subset in pixels. VIC-2D, a commercial package 

for two-dimensional digital image correlations from Correlated Solutions Inc., was 

adopted in this study. 

Accuracy of displacements is approximately 0.02 pixels on a point-to-point basis 

including translation and rotation measurements. For translation-only testing, accuracy 

increases to 0.004 pixels. In most material testing, both translation and rotation need to be 

considered. Therefore, using a single CCD camera that has 1,000 pixels vertically on a 

flat field of 100 mm in height, one may obtain about 2 µm resolution for vertical dis-

placement.  

The accuracy of strain measurements obtained from the DIC system is influenced 

by a great number of factors such as the quality of the speckle pattern, environmental 

conditions (mechanical vibrations, lighting, out-of-plane displacements and gauge length 

used for strain calculations. Therefore, it is impossible to give a generic formula for the 

determination of strain accuracies. However, strain accuracies can be determined experi-
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mentally by using a conventional strain gauge as the specimen for DIC analysis. In such 

tests, It has been found that DIC results could match strain gage data within ± 200 micro-

strain for standard testing conditions (i.e., camera mounted on a tripod, aligned by eye, 

equipped with standard optics) and within ± 50 micro-strain for laboratory conditions 

(vibration isolation, precision optics). 

There are some advantages and disadvantages of using DIC for the displacement 

measurement technique in asphalt mixture testing instead of conventional LVDTs. The 

advantages are: (1) it is a non-contact system; (2) the amount of time and effort required 

for specimen preparation is relatively small; (3) it measures full-field displacements from 

the area of interest; (4) it has post-processing abilities; and (5) it can measure large de-

formations without losing resolution. In the following paragraphs, these advantages are 

briefly described. 

The major advantage of DIC over other conventional displacement measurement 

methods is that it is a non-contact technique using a digital camera as the sensor. Gluing 

LVDTs onto a specimen requires cleaning mounting blocks, marking positions for 

LVDTs to be glued, and curing the glue before testing. The entire process takes more 

than an hour with excessive care needed for positioning and mounting. In addition, any 

errors involved in attaching LVDTs on the specimen cannot be corrected once the test is 

run. Also, it is reported that several instrumentation issues exist that require careful atten-

tion to obtain accurate measurements from LVDTs (Daniel et al., 2001). The non-contact 

nature of the DIC system reduces the time required to set up a displacement measurement 

system in asphalt concrete testing to less than 50 percent. It also eliminates sources of 

errors originating from the mounting of LVDTs. 
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Its advantage over other optical displacement measurement techniques is that, in-

stead of processing fringe patterns or other secondary events from a regularly spaced grid 

or uniform dot pattern, DIC examines deformation to a random speckle pattern placed on 

the area of interest of the specimen. This yields an easier and faster specimen preparation 

method. Also, since lasers are not needed in the DIC technique, the cost is much lower 

than other non-contact laser-based measurement methods. 

Another major advantage of DIC is that it is a full-field displacement measure-

ment technique that allows post-processing of images. It allows users to adjust gauge 

lengths and positions after the test is run. This aspect of DIC is useful when displace-

ments/strains vary within the area of interest. Instead of mounting multiple sensors, one 

may use DIC as a single sensor and obtain information from various areas and gauge 

lengths through post-processing. In addition, DIC can determine the load-induced defor-

mation separately from the rigid body translation (also known as “rocking” due to im-

proper setting of the specimen and/or loading fixture) owing to its ability to measure full-

field displacements. These abilities permit users to obtain correct measurements from a 

test that would have been discarded otherwise. 

Finally, as long as the entire area of interest specified in the undeformed image 

remains in the deformed image, deformations up to 50% may be measured using DIC. 

This advantage of DIC is particularly useful in controlled-stress cyclic tests. In this type 

of test, the change in strain within a cycle is much smaller than the change in the mean 

strain over the entire life of the specimen, making it impossible for LVDTs to capture 

both ends. 
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There are also weaknesses of DIC if applied to asphalt mixture testing. They are: 

(1) the image acquisition rate is much slower than with LVDTs; and (2) the area of inter-

est must be visible from the camera. Currently, the fastest image acquisition rate is 100 

frames per second in a monotonic test and 10 frames per second in a cyclic test with the 

synchronization program. Therefore, in a 10 Hz cyclic test for example, images from only 

peaks may be obtained. However, in many asphalt mixture cyclic tests, the information 

from peaks is sufficient for performance prediction analysis. Another weakness of DIC is 

that the area of interest must be accessible from the camera since DIC uses the camera as 

the sensor. Therefore, the temperature chamber used in controlling the test temperature in 

asphalt mixture testing should have a glass window on the sides where the images are to 

be captured. 

Increases in computer speed and innovations in the digital camera have made the 

DIC technique a viable solution as a real time measurement method. Future development 

of digital camera technology and the computer will make the DIC technique more accu-

rate and affordable for material testing in state highway agencies. 

4.3 DIC Images  

DIC analyzed images captured at various stress states during the monotonic, constant 

crosshead rate test are presented in Figures 4.2 and 4.3 for a prismatic specimen and a 

cylindrical specimen, respectively. The numbers shown at the top of each legend for εyy, 

εxx, εxy, and U correspond to the numbers marked on the stress-strain curve. The maxi-

mum and minimum values for some of variables were fixed for all the images at different 

loading stages so that the change in the variable during the test may be seen most clearly. 



 37

Several interesting observations may be made from these figures. First, images for 

vertical strain, εyy, clearly show how the strain is localized in the post-peak region. The 

strain localization due to micro- and macro-cracking is more dispersed in the cylindrical 

specimen without any intentional notch (Figure 4.3c) than in the prismatic specimen with 

double notches (Figure 4.2c). It was also found that the width of the process zone in 

notched prismatic specimens is between 4.5 to 5.5 mm irrespective of initial notch sizes. 

The evolution of the process zone appeared to be dependent on the arrangement of aggre-

gate particles on the specimen surface.      

The image maps for the horizontal displacement field (U field) may show a hori-

zontal contraction (due to Poisson’s effect) of the specimen toward the specimen center 

as the specimen is pulled vertically. In Figure 4.3f, the red area indicates the specimen 

surface is moving to the right, and the blue moving to the left. Theoretically, this U field 

should be symmetric with respect to an imaginary vertical axis in the center of the speci-

men. Asymmetry of the U field shown in both figures is probably due to unsymmetrical 

loading caused by crack propagation and the heterogeneous microstructure of the speci-

men.  
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Figure 4.2a Development of micro cracking and the formation of macro cracks in re-

lation to vertical stress-strain  
 

                      
 
 

                      
 

Figure 4.2b Photo image for DIC analysis  
of 40 mm wide fracture mechanics specimens 

 
 
 
 
 
 
 
 
 

Center 40 × 50 mm area for 
DIC analysis  

LVDT with 50 mm gauge length 
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Figure 4.2c DIC image maps of vertical strain for a prismatic double-notched speci-
men: center 40 × 50 mm 
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Figure 4.2d DIC image maps of horizontal strain for a prismatic double-notched 
specimen: center 40 × 50 mm 
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Figure 4.2e DIC image maps of shear strain for a prismatic double-notched specimen: 
center 40 × 50 mm 
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Figure 4.3a Development of micro cracking and the formation of macro cracks in re-

lation to vertical stress-strain  
 
 
 
 

                            
 

Figure 4.3b Photo image for DIC analysis of 75 mm diameter cylindrical specimens 

Center 50 × 75 mm area for 
DIC analysis  

LVDT with 75 mm gauge length 



 43

 
 
 
 
 
 
 
 

 

 
 

Figure 4.3c DIC image maps of vertical strain for a cylindrical specimen:  
center 50 × 75 mm projection plane  
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Figure 4.3d DIC image maps of horizontal strain for a cylindrical specimen:  
center 50 × 75 mm projection plane  
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Figure 4.3e DIC image maps of shear strain for a cylindrical specimen:  
center 50 × 75 mm projection plane  
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Figure 4.3f DIC image maps horizontal displacement for a cylindrical specimen:  
center 50 × 75 mm projection plane (vertical dashed lines denote specimen center)  
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4.4 DIC Analysis 

All of the DIC results must be converted from pixels to mechanical units such as millime-

ters for comparison with LVDT measurements. A magnification factor for this converting 

process is usually achieved by putting a reference length (i.e., a magnetic ruler) onto the 

same plane as the specimen surface whenever the first image is taken. According to this 

study’s testing setup, this factor typically ranges from 0.15 to 0.17 mm/pixel. To deter-

mine displacement for a specific gauge length using DIC, pixel points were selected that 

correspond to the locations of the center of the LVDT mounting block. 

Vertical displacements measured from 50-mm and 30-mm LVDTs are compared 

with DIC results in Figure 4.4 for the notched prismatic specimen subjected to a constant 

displacement rate of 0.075 mm/sec at 25oC. DIC results agree well with LVDT measure-

ments for a 50-mm gauge length since 50-mm LVDTs were attached close to the speci-

men surface where the DIC measurements were made, as described previously. It must be 

noted that the peak load occurred around 10 seconds in this test. Therefore, the larger dis-

crepancy between LVDT and DIC measurements after 15 seconds is due to severe crack-

ing in the specimen. The 30-mm LVDTs were attached to the backside of the specimen 

where DIC analysis could not be applied. A difference between the two measurements in 

Figure 4.4b may be explained by non-uniform deformation along the specimen thickness 

of 60 mm.  

 
 
 
 
 
 



 48

 
 
 
 

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20

Time, second

D
is

pl
ac

em
en

t, 
m

m
L 50 mm-DIC
R 50 mm-DIC

L 50 mm-LVDT

R 50 mm-LVDT

 
(a) For 50 mm gauge length 

0.0

0.1

0.2

0.3

0 5 10 15 20

Time, second

D
is

pl
ac

em
en

t, 
m

m

L 50 mm-DIC
R 50 mm-DIC
Avg DIC
Avg-LVDT

R 30 mm-LVDT

L 30 mm-LVDT

 
(b) For 30 mm gauge length 

 
Figure 4.4 Vertical displacement comparisons  
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4.5 Testing on Cylindrical Specimens  

DIC analysis of a cylindrical specimen is not ideal because of the convexity of the speci-

men surface. The following three factors were prime concerns during preparation, testing, 

and DIC analysis of cylindrical specimens:  

1. The application of a uniform speckle pattern on the surface of cylindrical 

specimens.  

2. Light condition (possible shade from the curved surface).   

3. The maximum possible width for reliable DIC analysis.  

Although the amount of time needed to paint the curved surface was slightly 

greater than for flat surfaces, excellent speckle patterns were achieved by rolling the 

specimen little by little while spraying. Obtaining a uniform light condition over the 

curved surface from the outside of the temperature chamber was difficult. To determine 

the maximum possible width for the DIC analysis, four LVDTs (two for a 75-mm gauge 

length; two for a 100 mm gauge length) were mounted close to the boundary of a 50-mm 

wide region. 

Displacements calculated from the DIC analysis of three regions (left, center, and 

right) in the 50-mm zone are plotted against the average of 75-mm LVDT measurements 

in Figure 4.5. Some discrepancy was observed between the average displacements from 

the DIC analysis and the LVDT measurements. However, recognizing that the peak load 

occurred around 200 seconds in this test and that the LVDT locations are not exactly the 

same as the locations for the DIC analysis, the agreement is considered to be acceptable 

for most of the test where data are meaningful. The same conclusion was made from the 
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DIC and LVDT measurements from a 100-mm gauge length, as shown in Figure 4.6. The 

agreement between DIC and LVDT vertical strain measurements is also appeared to be 

satisfactory even at higher loading rate (0.675 mm/sec) as shown in Figure 4.7. The peak 

load has been reached around 2 second in this high loading rate test.     
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Figure 4.5 Comparison of vertical displacement measured by LVDTs and DIC 

with 75 mm gauge length for a cylindrical specimen, subjected to 0.075mm/sec at 25oC 
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Figure 4.6 Comparison of average vertical strain measured by LVDTs and DIC 

for a cylindrical specimen, subjected to 0.075 mm/sec at 25oC 
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Figure 4.7 Comparison of vertical strain measured by LVDTs and DIC for a cy-
lindrical specimen, subjected to 0.675 mm/second at 25oC 
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4.6 Discussion 

The Digital Image Correlation (DIC) method, a non-contact, full field displacement 

measurement technique, has been applied to mechanical testing of asphalt concrete. A 

couple charged device (CCD) camera acquires images of an area of interest from a 

specimen in the undeformed and deformed states. These images are correlated to deter-

mine deformation, and advanced mathematical procedures are applied to these deforma-

tions to calculate strains.  

To verify the DIC measurements, vertical displacements for middle and bottom 

section of a specimen subjected to monotonic tension are compared with conventional 

linear variable differential transformer measurements. A series of DIC images captured 

during the monotonic tests visualizes the evolution of the failure process zone (FPZ) at 

the crack tip. The application of this method to a cylindrical specimen with curved sur-

face is also investigated by testing a 75-mm diameter cylindrical specimen.  
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Chapter 5. Time Temperature Superposition  

5.1 Introduction 

The mechanical responses of viscoelastic materials such as asphalt concrete depend both 

on time and temperature. In addition, it is well known that asphalt concrete is thermor-

heologically simple in its linear viscoelastic range. In other words, asphalt concrete can 

be characterized in terms of a common time and temperature parameter (i.e., reduced 

time, ξ) using time-temperature superposition principle. As a demonstration of that prin-

ciple, complex modulus test conducted within the linear viscoelastic range at different 

temperatures should yield a single relation, called a master curve, between dynamic 

modulus (or phase angle) and frequency by horizontally shifting individual curves along 

the logarithmic frequency axis. The objective of this chapter is to present a dynamic 

modulus master curve as a by-product of obtaining time-temperature shift factors for the 

mixture being tested for the fracture mechanics study.  

5.2 Complex Modulus Test and Shift Factors  

The stress-controlled complex modulus test was conducted on 40-mm wide prismatic 

specimens in uniaxial tension-compression at several frequencies and temperatures. Dy-

namic modulus at each test condition was calculated from the following equation: 

*E  =  00 εσ                                                                                                    (5.1) 

where 0σ  and 0ε  are the amplitudes of stress and strain, respectively.  
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Then, a dynamic modulus master curve was constructed by horizontally shifting each 

data set at different temperatures along the frequency axis, with respect to a reference 

temperature. The reference temperature was chosen 25oC in this analysis. Figure 5.1 

shows dynamic modulus values: (a) as a function of frequency at various temperatures, 

and (b) as a function of reduced frequency at 25oC after shifting. Log shift factors used to 

move the dynamic modulus curves at -10, 5 and 15oC along the logarithmic frequency 

axis to construct a master curve at 25oC are defined as the following: 

Log10 (fξ) = Log10 (fT × aT)           (5.2) 

where fξ is reduced frequency at the reference temperature; fT is frequency at a tested 

temperature T; and aT is a time-temperature shift factor.   

Shift factors were determined by first assigning initial trial values and using the 

least square method: error minimization between measured values of *E  and fitted val-

ues using a log-sigmoidal function. Equation 5.3 shows the form of a sigmoidal function.  
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where *E  is dynamic modulus; fR is reduced frequency at the reference temperature; and 

a1 though a6 are regression coefficients. Table 5.1 summarizes log shift factors for each 

temperature. 
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Figure 5.1 Dynamic modulus as a function of: (a) loading frequency,  

and (b) reduced frequency at 25oC 
 
 
 

(a) 

(b) 

Line represents sigmoidal fit 

-10oC

   5oC

 15oC

25oC 



 56

Table 5.1 Linear viscoelastic shift factors obtained for the 12.5 mm Superpave mix. 

Temperature (oC) Log Shift Factors (aT) 

-10 5.68 
  5 2.62 
15 1.34 
25 0.00 

 

Theoretically, the shift factor should be independent of specimen geometry if the 

same material is used. To demonstrate this, shift factors obtained for the prismatic speci-

mens are compared to those for cylindrical specimens (150-mm tall and 75-mm diameter) 

as shown in Figure 5.2. Over a common temperature range (-10 to 5oC), they are overlap-

ping quite nicely.   
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Figure 5.2 Time temperature shift factor versus temperature obtained from prismatic (this 
study) and cylindrical specimens (Chehab, 2002) 
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5.3 Discussion  

The time-temperature shift factors obtained in this chapter will be used for the presenta-

tion of failure strain and fracture energy in chapter 6, and time temperature superposition 

principle will be applied for the development of fatigue crack-growth rate model as de-

scribed in Chapter 7.  
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Chapter 6. FPZ Characterization of Asphalt Concrete in Tension  

6.1 Introduction 

As with other quasi-brittle materials, accurate modeling of the FPZ is important in pre-

dicting the fracture behavior of asphalt concrete. Experimental results have indicated that 

the FPZ of asphalt concrete develops along the crack paths and its pattern is quite random 

in nature, depending on the structures of aggregates trapped in the mixtures. The vertical 

strain, εyy, was selected for presentation of the process zone in this study since most of 

the fracture energy was consumed to deform the specimen vertically under uniaxial ten-

sion.  

Figure 6.1a is a photo image taken for DIC analysis. The 40 mm wide and 150 

mm long specimen was tensioned at the constant crosshead displacement rate of 0.675 

mm/sec at 25oC. Figure 6.1d presents the FPZ developed within a center 40 × 50 mm dur-

ing the monotonic test and Figure 6.1b is a corresponding photo image. It is seen that the 

localized FPZ occurred in a predetermined location, which is in between the notches. 

Figure 6.1c shows the final crack configuration. As an average, the width (a vertical 

length) of the FPZ observed ranges from 4.5 to 5.5 mm irrespective of testing conditions, 

i.e., loading rate and specimen temperature. 
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Figure 6.1 (a) photo taken for DIC analysis; (b) photo taken during the post-peak; 
(c) photo taken at failure; and (d) contour plot of vertical strain, εyy, in the center 40 × 50 

mm of 40 mm wide specimen during the post-peak 
 

Since the location, shape, and size of the fracture process zone were identified 

from the DIC analysis, the local strain in the fracture process zone (the FPZ strain) may 

be more accurately determined. As shown in Figure 6.2, a rectangular block in the center 

of observed area was chosen from the DIC image to represent the process zone. Then the 
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process zone strains were calculated along the several selected lines (e.g., lines A, B, C, D, 

and E).  

 

 

 

 

 

 

 
Figure 6.2 Calculation of average strain and FPZ strain:  

DIC-analyzed vertical strain map and corresponding pixel structure 
 

Figure 6.3 shows the average strains and the FPZ strains calculated from DIC and 

the strains calculated from the 50 mm LVDT displacements. The average 50 mm strains 

were calculated from 50 mm gauge length displacements around the process zone deter-

mined by DIC. That is, horizontal lines at the desired gauge points were selected as 

shown in Figure 6.2. Using the vertical displacement from each pixel line and the dis-

tance between the horizontal lines, which are all in pixels, average vertical strain between 

the two lines was obtained. Five vertical, equally spaced, imaginary lines in the FPZ were 

selected for local FPZ strain investigation. As expected, strains near the notches (scan 

lines A and E) were higher than other strains, which results in crack initiation.  It was 

found that average strains measured and calculated from DIC agree relatively well with 

50 mm LVDT strains. Most importantly, the FPZ strains are much higher than the aver-

age strains calculated from the 50 mm gauge length, as expected. After the peak load (the 
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vertical dotted line in Figure 6.3), the difference between FPZ strains and average strains 

increased dramatically due to strain localization.  

To demonstrate the importance of this observation, stress-strain curves were gen-

erated, shown in Figure 6.4, using both the average strain and the FPZ strain. It can be 

seen from this figure that, with the benefits of DIC, a completely different constitutive 

law (i.e., stress-strain relationship) would be inferred for the FPZ. 

Indeed, the heterogeneous characteristic of the asphalt-aggregate mixtures and the 

presence of aggregate with variable shapes and sizes always provoke a pronounced scat-

ter of the process zone, as presented in Figure 6.5. The range of vertical strain is set be-

tween 0 and 0.05 to best match the strain localization patterns with the location of aggre-

gates in the specimen. It is worth noting that the higher localized strain zones start form-

ing from the notches and eventually become the FPZ. As expected, it is observed that the 

process zones coincide well with regions where small aggregates and asphalt binder are 

located between large aggregate particles.  
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Figure 6.3 Vertical strain comparison (dashed vertical line denotes the peak load)
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Figure 6.4 Constitutive relationships using LVDT strain and FPZ strain at 25oC: 
(a) 0.0045 ε/sec, (b) 0.0005 ε/sec   

(dashed vertical lines indicate the moment of macro cracks initiation)   
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Specimen ID: MD040-05 
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Figure 6.5 Image mapping between process zones and aggregate structure; center 

80 × 40 mm area of an 80 mm wide specimen subjected to 2 Hz fatigue loading at 25oC: 
(a) DIC image for vertical strains; (b) aggregate structure 

 
 

With interest in fracture zone evolution, a sequence of analyzed images for verti-

cal displacement and vertical strain within the center 40 mm × 50 mm are also presented 

in Figure 6.6 at a selected number of cycles. A prismatic specimen was repeatedly loaded 

at 2 Hz at 25oC. The evolution of the failure zone and displacement fields shows quite a 

similar pattern to the results from the monotonic test 
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(a) Vertical displacement field 

 
(b) Vertical strain field: 0 through 30% strain 

 
Figure 6.6 Characterization of fracture process zone during cyclic loading (from left: 48, 96, 136, and 143 cycles)

Center 40 × 50 
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6.2 Notch Size Effect Study on FPZ 

As noted previously, three different types of notches were introduced to investigate the 

notch effect on the FPZ in terms of size and shape. All specimens for the notch effect size 

study were tested at 15oC and were subjected to monotonic tension at a rate of 0.09 

mm/sec. Figure 6.7 shows the DIC images of vertical strain within the center 40 mm × 50 

mm area of 40 mm wide specimens for the three different notches investigated in this 

study. Regardless of the notch shapes and sizes, a 4.5 to 5.5 mm wide process zone with 

an approximately elliptical shape was developed in the asphalt mixture. During the test, 

macrocracks were initiated from one corner of each notch and propagated toward the cen-

ter of the specimens. Once the size of a macro crack becomes larger than the subset size 

in the DIC analysis, the cracked region needs to be cut out from the original area of inter-

est, as shown in Figure 6.7c, to prevent noisy images due to the sudden changes in the 

speckle pattern caused by cracks. 

Two replicate tests were conducted for the notch effect study. Most of the tests for 

small and large notched specimens showed brittle failure whereas the specimens with the 

fatigue-induced notches failed in a ductile manner. However, the shape and size of the 

process zone are not significantly influenced by failure modes, i.e., brittle or ductile.   
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Figure 6.7 Notch effect on the FPZ: (a) small notch (3.5 × 7 mm); (b) large notch 
(5 × 10 mm); (c) fatigue-induced cracks (3.5 × 7 mm) 

 

6.3 Failure Strain-Crack Initiation Strain 

With its major role in describing the process zone characteristics, the average vertical 

strain in the process zone may be utilized to establish a crack initiation criterion. The lo-

cal vertical strains at the moment of crack initiation (hereinafter called failure strain) can 

be obtained from the FPZ using the DIC technique if the moment immediately prior to 

crack initiation can be captured.  

Table 6.1 summarizes the monotonic test results used in the failure strain study. 

Failure strains are averaged vertical strains within a 5 × 5 mm region ahead of the crack 

tip. The size of the region was selected based on the FPZ characterization study and 

maintained throughout testing. The comparison of the failure strains at 25°C suggests that 

the failure strain is dependent on the strain rate. In order to account for the effect of tem-

perature and strain rate simultaneously, the reduced strain rate was calculated based on 

the following equations: 

ξ
εε

d
d

reduced =&                                                                                                         (6.1) 

(a) 

 10 mm 
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 10 mm  10 mm 
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with 

 
Ta
t

=ξ                                                                                                                 (6.2) 

where ξ  is reduced time, and aT is the linear viscoelastic shift factor for temperature, T, 

determined from the frequency-sweep complex modulus test. 

Figure 6.8 presents the failure strains as a function of the reduced strain rate. In 

general, it can be observed that a higher strain rate yields a smaller failure strain. This is 

somewhat expected because the higher the reduced strain rate (due to either low tempera-

ture or high strain rate), the more brittle asphalt concrete becomes. To further investigate 

a governing factor for the failure, Figure 6.8 is normalized by the relaxation modulus of 

the mixture at the time corresponding to the failure strain, )( fE ξ , which is analytically 

converted from the temperature-frequency-sweep complex modulus, *E . A theoretical 

background for the inter-conversion between linear viscoelastic material functions was 

developed by Schapery et al. (1999), based on either an approximate analytical approach 

or an exact mathematical formulations. More details on inter-conversion procedures for 

the mixture being tested are well documented by Chehab (2002).  
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Table 6.1 Failure strains for monotonic testing 
 

Specimen Size Temperature Reduced Crosshead 
Strain Rate 

 
Failure Strain 

 
Failure Mode∗ 

 
Log Shift Factor 

 
Notch Size 

40 mm 25oC 4.50 × 10-3 1.327 × 10-2 D 0.00 3.5 × 7 mm 
 25oC 1.50 × 10-3 2.194 × 10-2 D 0.00 3.5 × 7 mm 
 25oC 5.00 × 10-4 2.818 × 10-2 D 0.00 3.5 × 7 mm 
 25oC 5.00 × 10-4 5.480 × 10-2 D 0.00 5.0 × 10 mm 
 15oC 1.23 × 10-2 1.530 × 10-2 D 1.34 3.5 × 7 mm 
 15oC 1.23 × 10-2 1.950 × 10-2 B 1.34 3.5 × 7 mm 
 5oC 1.05 × 10-2 2.261 × 10-2 B 2.62 3.5 × 7 mm 
 5oC 1.05 × 10-2 2.170 × 10-2 B 2.62 3.5 × 7 mm 
 5oC 2.10 × 10-2 6.770 × 10-3 B 2.62 3.5 × 7 mm 
 -10oC 9.18 × 10-1 1.560 × 10-3 B 5.68 3.5 × 7 mm 
 -10oC 1.34 × 10-1 3.340 × 10-3 B 5.68 3.5 × 7 mm 

120 mm 25oC 1.50 × 10-3 2.496 × 10-2 D 0.00 3.5 × 7 mm 
 15oC 6.00 × 10-4 1.800 × 10-2 B 1.34 3.5 × 7 mm 

                ∗ D and B denote ductile and brittle failure mode, respectively. 
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Figure 6.8 Failure strain versus reduced strain rate 
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As shown in Figure 6.8, one may define the quasi-elastic stress as follows: 

)(E ffqe ξεσ ×=                                                                                     (6.3) 

where fε  is the failure strain summarized in Table 6.1, E( fξ ) is the relaxation modulus 

at the reduced time of failure that was converted from the physical time at failure, ft , 

using the shift factor in Equation 6.2. The relatively constant quasi-elastic stress in Figure 

6.9 suggests that the failure of the mixture is governed by stress instead of strain. 
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Figure 6.9 Quasi-elastic stress versus reduced strain rate 
 

6.4 Softening Function and Fracture Energy 

Asphalt concrete is not altogether brittle but displays some ductility after reaching its 

strength limit, i.e., the tensile strength in a monotonic test. At the tip of a macro crack in 

asphalt mixture, FPZ exists where micro cracks initiate and coalesce.  



 72

 

Thus, the so-called cohesive forces may be utilized to describe the FPZ characteristics.  

In the cohesive crack model, the degrading mechanisms in front of the crack tip 

are lumped into the line of crack propagation, and a stress-displacement diagram over the 

line represents the softening effects in the FPZ. Apart from the shape of the stress-

displacement relationship, the area below the curve is material-dependent. This area 

represents the fracture energy, fG  which is the energy required to create a unit area of 

fully developed crack. The definition of the fracture energy reads: 

∫= dwG f σ                                                                                                           (6.4) 

where σ is calculated by dividing the load by the cross-sectional area of specimen liga-

ment, and w is the crack opening displacement. 

For fracture energy calculation, the crack opening displacement in the stress-

elongation relationship was measured from a 5 mm thick band between the notches of the 

specimen. Fracture energy was obtained from the area under the stress-crack opening 

displacement, as shown in Figure 6.10.  Figure 6.10a illustrates a typical ductile failure 

where the stress is gradually reduced until complete failure. In the brittle failures (Figure 

6.10b), the specimens fail at different stress levels in the descending stress-strain curve. 

Since the brittle failure is more sensitive to specimen-to-specimen variability, the consis-

tency of the fracture energy measurement in the brittle failure may not be assured. Figure 

6.11 shows the schematic fracture energy calculation for cyclic tests. The gauge length of 

50 mm for both the cracked and uncracked sections was used for the displacement meas-

urement.  
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Figure 6.12 displays the fracture energy versus the reduced strain rate relation-

ships as a function of the temperature and failure mode. When the failure mode is ductile, 

the fracture energy is relatively constant for varying strain rates. For the brittle fracture, 

the fracture energy decreases as the reduced strain rate increases. 

Fracture energy for cyclic loading is compared with monotonic fracture energy in 

Figure 6.13. Only ductile failure was taken into account for this comparison. The strain 

rates for the cyclic tests were calculated from the ascending portion of a strain time his-

tory curve. Then, using the same shift factors as in monotonic tests, one can calculate the 

reduced strain rate for cyclic test. Similar fracture energies between monotonic and cyclic 

tests may be due to the fact that the FPZ characteristics are similar between the two load-

ing modes.   
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Figure 6.10 Schematic of fracture energy calculation for monotonic test: (a) duc-
tile failure and (b) brittle failure 
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Area under curve = Fracture Energy 

Area = Fracture Energy
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Figure 6.11 Schematic of fracture energy calculation for cyclic test 
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Figure 6.12 Fracture energy from monotonic tension tests: (a) temperature effect; 
(b) failure mode effect 
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Figure 6.13 Comparison of fracture energy between monotonic and cyclic tests 

 

The cohesive crack model requires a unique softening function f(w) to quantify 

the value of energy dissipation. The choice of the softening function influences the pre-

dictions of the structural responses significantly (Sriram et al., 1988; Lee et al., 1989). 

Furthermore, the predicted crack opening displacement is particularly sensitive to the 

shape of the softening curve. As noted earlier, the crack opening displacements, w, were 

measured from the failure zone of the specimens using DIC displacements with a 5 mm 

gauge length. This gauge length was chosen to be identical to the average height of the 

FPZ. 
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Every material probably has its own softening curve as found from experiments. 

However, it has been noted that the softening curve is similar in shape for different quasi-

brittle materials in their dimensionless representation. Petersson (1981) showed that the 

shapes of the curves are very similar to each other. The tensile strength, the fracture en-

ergy, and the characteristic crack opening, wch, were used to make the softening curve 

non-dimensional. A characteristic crack opening is defined as the ratio of fracture energy 

to tensile strength: 

tfch f/Gw =                                                                                                        (6.5) 

where fG  is the fracture energy and tf  is the tensile strength, i.e., the maximum stress 

from the global stress-strain curve. 

Figure 6.14 shows the softening curves obtained from the monotonic tests. It can 

be seen that the softening curves at different temperatures and strain rates are fairly close 

together. A comparison of these experimental results with the most common mathemati-

cal models is also made in Figure 6.14. The parameter w in Figure 6.14 is the crack open-

ing displacement measured from the fracture process zones. Experimental data indicate 

that the tail of the softening curves is long and can be best compared in shape to a nu-

merical model, the ELT-curve (Planas et al., 1992).  It is demonstrated a power function 

best describe the softening responses of as shown in Figure 6.15.  
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Figure 6.14 Experimental results for asphalt concrete in monotonic tension com-

pared with analytical functions for softening 
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Figure 6.15 Regress curve for softening behavior  
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It is worth noting that the fracture energy for ductile failure was almost constant 

irrespective of the strain rates in the FPZ, as shown in Figure 6.12b. This finding is fairly 

consistent with the observation of the constant FPZ width and similar softening curves 

shown in Figures 6.14 and 6.15. 
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Chapter 7. Fatigue Crack Growth Rate Model  

7.1 Fatigue Fracture of Asphalt Concrete 

Fatigue behavior of asphalt concrete specimens subjected to uniaxial loading is studied. 

Three specimen sizes (40, 80, and 120 mm) with double symmetric notches (3.5 × 7 mm) 

were tested for the development of fatigue crack growth model. Each specimen was cy-

clically loaded from a zero to a full tensile load at 2 Hz loading frequency with the se-

lected stress levels being 50, 65, and 80% of the tensile strength as presented in Table 3.3 

(Chapter 3).  

Most of the fatigue cracks were induced at the center of the specimen, starting 

from both notches. Cracks formed outside the center 50 mm high band were not counted 

in crack length increments. Out of 50 prismatic specimens tested, four specimens re-

vealed end failures (either top or bottom of the specimen) and were excluded from the 

modeling procedure. A full description of the failure mode and number of cycles to fail-

ure, Nf, of all specimens tested is summarized in Tables C.1, C.2, and C.3 in Appendix C. 

Fatigue cracks were monitored using a digital camera aimed at the front side of 

the test specimen. Then, the incremental increase of crack lengths was visually measured 

from the digital photographs taken at the tensile peak loads for every cycle to capture the 

moment the crack opening occurred. 
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Figure 7.1 Crack growth at three different temperatures for 40 mm wide specimens 
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Figure 7.2 Crack growth at three different temperatures for 80 mm wide specimens 
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Figure 7.3 Crack growth at three different temperatures for 120 mm wide specimens 
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The crack length, a, was measured from both sides of the specimen, and the 

measurements were averaged. Figures 7.1, 7.2, and 7.3 are semi-logarithmic plots of a 

crack length increment versus number of load cycles for three specimen sizes at three dif-

ferent temperatures: 5, 15, and 25°C. In all the tests performed at -10°C, no visible crack 

increments were observed until the specimen failed in a brittle manner.  

Errors in measuring crack length may occur due to the resolution of the images; 

that is, tiny macro cracks may go undetected. In addition, the crack is seen as a black line 

in the image wherein the black paint dots are speckled for DIC applications as illustrated 

in Figure 7.4. Although extra care was taken to avoid any false measurements of crack 

length when the cracks passed through the black speckles, such errors nevertheless con-

tributed to the variability in the data.     

                                                                                

Figure 7.4 Crack length measurement error 

 

 

 

 

Cracks passing 
through black dots 
and/or surface voids  

Macro-crack advancing 
from the notch 



 86

7.2 Fatigue Response 

A mechanistic approach that relates the crack growth rate to the power form of the crack 

driving force, i.e., the stress intensity factor, was adopted to evaluate the fatigue fracture 

data. This relationship, which is called Paris law, is given in the following:  

n
IKC

dN
da )(∆=                                                                                                     (7.1) 

where C and n are the empirical material parameters and KI is the linear elastic stress in-

tensity factor (which is the same for linear viscoelastic materials) at the crack tip. For the 

double edge-notched (DEN) specimens subjected to opening mode cracks, KI has the fol-

lowing form: 

)/( baFaK I πσ=                                                                                              (7.2)  

where a is the current crack length and b is a half specimen width. One can obtain the 

numerical values of with the accuracy of 0.4% for any crack length–width ratio (a/b) 

from the following (Tada, 1985): 

ba
bababababaF

/1
)/(190.0)/(471.0)/(205.0)/(561.0122.1)/(

432

−
−+−−

=         (7.3) 

Other numerical formulas for F(a/b) for double edge-notched specimen are sum-

marized in Appendix D. The relationship between the crack growth rate and the ampli-

tude of the stress intensity factor is shown in Figures 7.5, 7.6, and 7.7 for each specimen 

size. The effect of the load level on this relationship was found to be minimal. This is 

somehow expected because ∆KI is a single parameter that incorporates the effect of crack 

length increment and cyclic load amplitude. Thus, the data from different load levels 

were plotted together using one symbol in Figures 7.5, 7.6, and 7.7. The crack growth 
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rate in asphalt concrete during the direct tensile fatigue mostly follows a one-phase trend 

where the pattern can be represented by Paris law in Equation 7.1. No significant trends 

for fatigue-threshold (i.e., slow crack growth) and fatigue-acceleration (i.e., fast crack 

growth) were observed in Figures 7.5, 7.6, and 7.7. 

The results in Figures 7.5, 7.6, and 7.7 indicate that the fatigue behavior of the 

specimen is significantly affected by the temperature. For the same ∆KI value, a higher 

temperature causes a greater crack growth rate. Or, another way of explaining the trend in 

Figures 7.5, 7.6, 7.7 is that, to obtain the same crack growth in a cycle, a lower tempera-

ture requires a greater ∆KI value. This phenomenon can be explained by the increased 

stiffness of asphalt concrete at low temperatures. 
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Figure 7.5 Crack length growth rate versus stress intensity factor amplitude with the 
regression analysis for 40 mm wide specimens 
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Figure 7.6 Crack length growth rate versus stress intensity factor amplitude with the 
regression analysis for 80 mm wide specimens 
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Figure 7.7 Crack length growth rate versus stress intensity factor amplitude with the 
regression analysis for 120 mm wide specimens 
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Another observation to be made in Figures 7.5, 7.6, and 7.7 is that the slope in the 

best-fit line (i.e., n in Paris law) is relatively constant among different temperatures as 

long as the specimen width remains the same. A comparison of the slopes among differ-

ent specimen widths suggests that there is a slight decrease in the slope as the specimen 

becomes wider, indicating some size effect. 

7.3 Crack Growth Rate Master Curve 

In this section, the concept of reduced crack growth rate is introduced to investigate 

whether crack growth rate prediction can be made from one temperature to another (i.e., 

crack growth rate master curve). Based on the time-temperature superposition principle, 

time, t, is divided by the shift factors determined from the complex modulus tests to ob-

tain the reduced time, ξ, at the reference temperature of 25oC. The reduced crack growth 

rate, ξa& , is then determined by using this reduced time in the crack growth rate calcula-

tion: 

 Ta
dt
da

d
daa ×==
ξξ&                                                                                              (7.4) 

with  

dN
da

fdt
da 1

=                          (7.5) 

where f is a loading frequency which is 2 Hz in this study. Figure 7.8 depicts a way of 

constructing a master curve for crack growth rate. As shown in the Figure, each tempera-

ture data is shifted vertically along the crack growth rate axis by the amount of shift fac-

tor. 
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Figure 7.8 Concept of master curve construction for fatigue crack growth rate  

 

All the reduced crack growth rates for three temperatures are plotted against ∆KI in Fig-

ures 7.9, 7.10, and 7.11 for different specimen widths. It can be seen from these figures 

that the reduced crack growth rate versus ∆KI relationships from three temperatures over-

lap quite nicely to form a single master curve for each specimen using the shift factors 

determined from the linear viscoelastic complex modulus tests. The crack growth rate 

master curves for the three different widths are plotted together in Figure 7.12. As ob-

served previously, a slight size effect is evident; that is, the slope of the reduced crack 

growth rate versus ∆KI decreases as the specimen becomes wider. Table 7.1 summarizes 

the slope n and C in the Paris Law using ∆KI. 
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Figure 7.9 Crack grow rate master curve for 40 mm wide specimens  
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Figure 7.10 Crack grow rate master curve for 80 mm wide specimens 
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Figure 7.11 Crack grow rate master curve for 120 mm wide specimens 
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Figure 7.12 Size effect on crack grow rate prediction curves  
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Table 7.1 Material coefficients characterizing specimen size effect  
for crack growth rate models 

 

Specimen Size Paris Exponent n C R2 

  40 mm 4.579 3.080 0.923 

  80 mm 4.572 1.996 0.888 

120 mm 4.041 0.638 0.849 
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Chapter 8. Conclusions and Recommendations  

8.1 Conclusions 

An extensive experimental study on crack growth behavior in asphalt concrete has been 

conducted using the theory of fracture mechanics. The major conclusions drawn from this 

study are briefly as follows: 

 

• Using the full-field displacement/strain measurement ability of the DIC, the FPZ 

developed in asphalt concrete has been characterized. Elliptical shape FPZs are 

formed from the notches and advance into weak zones in the specimen. It is ob-

served that the width of the FPZs of the specimens fabricated from a 12.5 mm Su-

perpave mixture ranges from 4.5 to 5.5 mm. 

 

• The key cohesive crack model parameters (fracture energy and softening curve) 

were determined using constant crosshead rate monotonic tension tests conducted 

on the prismatic specimens with double symmetric notches. The fracture energy 

was calculated based on the crack opening displacement within the FPZ (i.e., a 5 

mm high band between notches). The fracture energies evaluated from the mono-

tonic and cyclic tests were observed to be about the same in a ductile mode of 

failure irrespective of temperature, loading rate, and frequency. This observation 

agrees well with the fact that the FPZ characteristics are similar between the two 

loading modes. The normalized softening curves, the function describing the post-
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peak behavior of the constitutive behavior, are fairly close together at varying 

loading rates at different temperatures. 

 

• Uniaxial cyclic tests were performed to investigate the fatigue crack growth in as-

phalt concrete and the specimen size effect. The crack growth rate model was de-

veloped using a quasi-elastic approach, based on linear elastic stress intensity fac-

tor, KI.  It was worth noting that the temperature effect was significant in the rela-

tionship between the crack growth rate and stress intensity factor range. A com-

parison of the crack growth rate laws from different specimen widths revealed 

that there is a slight size effect.  

 

• The findings from this study have led to critical information that complements the 

continuum damage model developed by Chehab et al. (2002) and that is required 

in predicting the crack growth in asphalt pavements using the finite element 

analysis. 

8.2 Recommendations 

8.2.1 Material Characterization beyond Strain Localization 

Further research is required to combine important findings of this study with the viscoe-

lastoplastic model to accurately predict responses beyond strain localization due to macro 

crack formation. As an initial step, the existing viscoelastoplastic model has been ex-

trapolated to predict responses in post-peak region using the FPZ strain measurements 

measured from DIC.   
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8.2.2 Sensitivity Study  

This study is necessary to evaluate the sensitivity of the crack growth rate model parame-

ters developed herein to testing conditions (i.e., temperatures, loading frequencies and 

amplitudes) and to mixture properties. Also, In order for this crack growth rate model to 

be used by the pavement industry, the underlying principles need to be verified for a 

wider range of asphalt mixtures. 
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Appendix A. Specimen Preparation   

A.1. 12.5 mm Maryland Mixture 

This section appendix contains additional data of the 12.5 mm Maryland Superpave mix 

design. 
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Table A.1.  Maryland mixture stockpile and aggregate data 

Test Method #10 Washed #10 #8 #7 #6 #57 #4 
Gradation AASHTO T27        
50.0 mm        100 
37.5 mm      100  84.6 
25.0 mm      90.0 100 37.2 
19.0 mm     100 55.0 92.7 4.3 
12.5 mm    100 90.4 6.0 44.1 1.2 
9.5 mm  100 100 93.7 63.7 0.5 18.1 0.4 

4.75 mm  93.3 92.2 18.6 12.5  3  
2.36 mm  62.9 59.1 3.2 2.7  1.1  
1.18 mm  39.1 31.7 1.3     
0.600 mm  26.7 17.4      
0.300 mm  19.4 9.5      
0.150 mm  15.2 5.2      
0.075 mm  12.4 3.7 1.2 1.1 0.5 0.8 0.4 

Specific Gravity AASHTO T84/T85        
Bulk  2.594 2.664 2.698 2.706 2.709 2.712 2.710 
SSD  2.646 2.687 2.712 2.717 2.718 2.722 2.717 

Apparent  2.735 2.729 2.736 2.736 2.729 2.740 2.729 
Absorption, %  2.0 0.9 0.5 0.4 0.3 0.4 0.3 

LA Abrasion, % AASHTO T96   26 26  26  
Sodium Sulfate Soundness,  % AASHTO T104 1.2 1.2 0.1 0.1  0.1  

Fine Aggregate Angularity AASHTO T304 45.5 45.6      
Sand Equivalent AASHTO T176 89 92      

Fractured Faces, % PTM 621 100 100 100 100 100 100 100 
Flat and Elongated, % ASTM D4791        

5:1    10.4 7.5  4.5  
3:1    20.2 20.8  17.5  
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Table A.2. AASHTO MP1 grading for 12.5-mm MD mix binder 

Condition Test Method Result 

Unaged Asphalt    

 Specific Gravity at 25oC AASHTO T228 1.021 

 Flash Point AASHTO T48 294oC 

 Viscosity at 135oC ASTM D4402 0.420 Pa.s 

 Viscosity at 165oC ASTM D4402 0.114 Pa.s 

 G*/sinδ at 10 rad/sec, 64oC AASHTO TP5 1.260 kPa 

RTFO Aged Residue    

 Mass Change AASHTO T240 0.14 % 

 G*/sinδ, at 10 rad/sec, 64oC AASHTO TP5 2.516 kPa 

PAV Aged Residue    

 G*/sinδ, at 10 rad/sec, 25oC AASHTO TP5 4154 kPa 

 Creep Stiffness, at 60 sec, -12oC AASHTO TP1 209.0 MPa 

 m-value at 60 sec, -12oC AASHTO TP1 0.342 

 

Table A.3. Mixing and compaction temperatures 
Temperature, oC Condition Maximum Minimum 

Mixing 159 153 

Compaction 147 142 
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TableA.4. 12.5 mm mixture verification results 

Property Trial 1 Actual Estimated Optimum Final 

Asphalt Content 5.0 5.29 5.2 

Air Voids 4.7 4.0 4.0 

Gmm 2.501 2.493 2.488 

VMA 15.3 15.2 15.5 

VFA 69.2 74 74 

Filler/Effective Asphalt Ratio 1.22 1.26 1.26 
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Table A.5. Final 12.5 mm MD mixture design 

Property Design Superpave Criteria 
Gradation   
19.0 mm 100  
12.5 mm 97  
9.5 mm 87  

4.75 mm 58  
2.36 mm 35  
1.18 mm 21  
0.600 mm 13  
0.300 mm 9  
0.150 mm 8  
0.075 mm 6.1  

Asphalt Content, % 5.2  
Gmm 2.492  
Gsb 2.674  

Air Voids, % 4.0 4.0 
VMA, % 15.5 >14.0 
VFA, % 74 65-75 

Filler/Effective Asphalt Ratio 1.26 0.6 – 1.2 
% Gmm at Ninitial 84.8 > 89.0 

% Gmm at Nmaximum 97.6 < 98 
Coarse Aggregate Angularity 100/100 95/90 

Fine Aggregate Angularity 46 > 45 
Flat and Elongated 8.3 < 10 

Sand Equivalent 91 > 45 
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A.2. Specimen Fabrication Procedures 

A.2.1 Batching 

Prepare 2 batches for each specimen. Mass of each batch should be half the total mass of 

aggregates needed for the specimen. 

Equipment Needed: 

1. Scoop 

2. Flat-bottom pans 

3. Balance: Sensitivity of 1 gram 

4. Aluminum foil 

Procedure: 

1. Place an empty pan on the balance and zero it. 

2. For each aggregate size, scoop from the bucket the quantity needed. 

- Look at the number on the side of the bucket to find the size of aggregate. 

- Start piling the aggregates on one side of the pan moving to the other side in cases 

you put more than required. Then you can easily extract out the excess without 

taking out any other aggregate sizes.  

3. Re-zero the balance after all the aggregate sizes for each aggregate category are 

added. 

4. Repeat steps 2 and 3 for other categories (sand, bag fines, etc.). 

5. Spread the larger aggregates over the fine aggregates and sand so that fine particles 

are not lost when subjected to draft of air. 

6. Cover the pan with aluminum foil or with another pan (if no aluminum foil is avail-

able) and label the foil/pan with the specimen number and mass of the batch.  
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A.2.2 Mixing 

Equipment Needed: 

 

1. Oven 

2. Mixer with timer 

3. Flat-bottom metal pans 

4. Thermometers 

5. Balance: Sensitivity of 0.1 gram  

6. Mixing spoon, bowl, and whip 

7. Spatula 

8. Gloves 

9. Torch 

10. Paper towels 

11. Safety glasses 

 

Procedure: 

1. Place pans containing aggregate in the oven at 8oC higher than mixing temperature 

for 4 hours, preferably over night. 

2. Heat mixing bowl, spoon, spatula, and whip at mixing temperature for about 2 hours. 

3. Heat the asphalt binder in the oven 8oC higher than mixing temperature for 2 hours. 

- Make sure the lid is off the asphalt can. 

4. Remove the asphalt binder from the oven and place it on the hot plate set at 4oC 

higher than mixing temperature. 

5. Once this temperature is met, you can start mixing. 

6. Remove the mixing bowl, spoon, spatula, and whip from the oven. 

- Set up the whip in the mixing machine and place the rest on the table. 

7. Remove the aggregates from the oven and pour them into the mixing bowl. 

8. Mix the aggregates in the bowl with the spoon and form a crater in the middle of the 

blended aggregates. 

9. Place the mixing bowl on the scale beside the hot plates and zero it. 
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10. Pour the required amount of asphalt into the crater in the bowl.  

-  Use paper towels to extract the excess amount of asphalt.  

- TOTAL mass of asphalt = (mass aggregate / % mass aggregate) × % mass asphalt 

11. Mix quickly with the spoon to blend the aggregate with the asphalt and pile the mix 

up on the side opposite to the notch that connects the mixing machine with the mixing 

bowl. 

12. Attach the bowl to the mixing machine and pull up the lever on the mechanical mixer 

to rise up the bowl. You may need to rotate the whip or move the aggregates to raise 

the bowl because the whip will get in the way.  

13. Set the mechanical mixer to a minimum speed of one minute. 

-     Make sure you wear safety glasses during the mixing procedure. 

- When machine is on, push the bowl up with your hand to ensure that the aggre-

gates on the bottom will also be mixed. 

- After half a minute stop the mechanical mixer and scrape the bowl with the spat-

ula to get the fine aggregates mixed in. 

- Continue the mixing for the other half a minute and this time heat the bottom with 

a torch. 

14. When all the aggregates are coated with asphalt, remove the bowl from the mixer. 

15. With the thermometer record the mixing temperature. 

16. Remove the whip from the mechanical mixer and wipe off all fine aggregates into the 

bowl. 

17. With the spatula scrape the fine particles on the inside the bowl and distribute them 

evenly throughout the mix. 

18. Pour the mix into a round-bottom pan and with the spoon scrape the mixing bowl to 

get all the fine aggregates and put them evenly throughout the mix. 

19. Put the mix back in the oven for aging or until compaction.   

-    Set oven to 3 or 4 degrees higher than compaction temperature. 

20. Put bowl, whip, spatula, and spoon back in the oven until you are ready to prepare the 

next batch. 

Repeat the procedure for the other batches, but note that: 
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- If the same mixing bowl and whip is to be used again, they should be free from 

fine particles (as much as you can). 

- Reheat the mixing bowl, spoon, spatula, and mixer whip at mixing temperature 

for about 10 minutes.  

 

A.2.3 Aging 

If the mix is to be aged, then the mix should be put in flat pans instead of round pans and 

spread the asphalt at an even thickness. For each mix, place the pans in the oven at 135oC 

for 4 hours. 

 

A.2.4 Compaction 

2 batches are needed for the preparation of each specimen.  

Equipment needed: 

1. Superpave Gyratory Compactor 

- Ram Pressure: 600 kPa 

- Gyration Angle: 1.25 Deg 

- Gyration Speed: 30 gyration/min 

2. Mold: 150 mm 

3. Metal Plate: 150 mm diameter (for ServoPac) 

4. Paper Disks: 150 mm diameter 

5. Thermometer 

6. Spoon and Spatula 

Procedure: 

1. While mix is in short-termed aging, turn the compactor on. The power switch is lo-

cated on the backside of the machine.  
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-  Follow the Pre-Compaction Procedure located on the wall by the air pressure 

machine. 

- Turn on the air pressure, making sure you check for water first.  

- Unlock and turn on the wing nut located behind the Superpave Gyratory Compac-

tor.  

2. Set the compaction pressure, angle, and gyration speed to the proper value. For Ser-

voPac, set Nmax to 500. Set the height to the appropriate value (178 mm). 

3. One hour prior to compaction, place the mold, plates, spoon, and spatula in the oven 

at compaction temperature. 

4. After 4 hours of short-term aging use the thermometer to take the temperature of the 

mix: 

- If compaction temperature is lower than 135oC, heat the mix in the oven at 12oC 

higher than compaction temperature for no more than 30 minutes. Remove the 

mix when it reaches a temperature higher than compaction temperature by 3 or 4 

degrees. 

- If compaction temperature is higher than 135oC, place the mix at room tempera-

ture till it reaches a temperature 3 or 4 degrees higher than compaction tempera-

ture. 

5. Remove the mold, plates, spoon, and spatula from the oven.  

6. Place the base plate in the mold and place a paper disk on top of it. 

7. Measure out the appropriate amount of aggregate to be added from each batch. 

- Put a round-bottom pan on the scale and zero it. Then add the appropriate mass of 

mix. Throw out the excess mix.  

8. Put both the measured mixes back into the oven set at about 160 degrees and use the 

thermometer to measure the temperature of the mix inside the oven. 

9. Once the mix has reached the compaction temperature pour half the mix (from the 

first pan) into the mold and push the mix down with a spatula so that it settles and 

creates more room for the second half (mix two). Make sure the asphalt penetrates to 

the bottom of the mold. 
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10. Weigh the appropriate amount of mass from the second batch and pour it into the 

mold. Using the spatula penetrate it down to the bottom to settle the mix. Also, push 

on the top with the spatula to further settle the mix. 

11. Place a paper disk on top of the mix, and the metal plate on top.  

12. Center the mold inside the compactor. 

13. Push the “lower mould” button, the “lock mould” button, and then the “start” button. 

14. After compaction is complete, remove the mold from the compactor wait five minutes 

for the specimen to cool. (You can use the air gun to cool the mold). 

15. Align the mold to be prepared for extruding. Press the extrude button and hold down 

the top collar while the specimen is being extruded.  

16. Allow five minutes for the specimen to cool. (You can use the air gun). 

17. Remove the paper disks and mark the specimen with its ID name, top, and bottom. 

18. Flip the specimen onto a pan and place the specimen in front of the fan for further 

cooling.  

19. Place the mold, plates, and spatula back in the oven for fabrication of other specimens.  

 

A.2.5 Coring 

Equipment Needed: 

1. Coring machine 

2. Drain 

3. Hose 

4. Coring bit (75 mm or 100 mm) 

5. Pan 

6. Rags 

 

Procedure: 

1. Move coring machine near drain so the excess water and fine aggregates will flow 

down the drain. 

2. Attach the correct sized coring bit. 



 117

3. Put the specimen bottom first into the clamps located below the coring bit. Make sure 

the top is facing up and the specimen is centered. 

- Push the bit downward onto the specimen to get the specimen centered in place. 

- Tighten the both clamps at the same time to secure the specimen in the center. 

4. Connect the water hose to the machine and make sure it is twisted on tight. 

5. Put a pan and some rags under the specimen so when it drops the specimen will not 

crack or deform. 

6. Stand behind the machine and turn the water on by pulling the lever slowly until there 

is no dripping and little splash. (Constant flow of water). 

7. Put on earplugs and turn the power switch on located on top of the coring machine. 

8. Slowly rotate the lever arm. Do not force the lever arm. The whole process should 

take at least ten minutes. 

9. When you get close to the end of the specimen rotate the arm very slowly so no chip-

ping occurs at the bottom of the specimen. 

10. Use the water mop to force all the water down the drain. 

 

A.2.6 Sawing 

Equipment: 

1. Sawing machine 

2. Plug 

3. Hose 

 

Procedure: 

1. For tall specimens set up the wide V-securing jig, and for short specimens set up the 

thin V-securing jig. 

- Use the wrench to loosen the jig and move it to the appropriate spot on the side of 

the saw.  

2. Measure how much you want to cut from the specimen. 

- Make sure to measure starting from the inside of the saw. 
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- Cut more from the top of the specimen than from the bottom because more air 

voids are located at the top of specimens. (e.g., from top 20 mm and bottom 18 

mm) 

3. Make sure the table top-wheels are aligned, the nuts are tight, and the jig is secure in 

place. 

4. Put the plug at the bottom of the saw machine and fill up the bottom with water from 

the hose located on the wall.  

5. Hook the sawing machine up to the electricity and flip up the electricity lever beside 

the hoses on the wall. 

6. Connect the electricity plug on the sawing machine to the pump plug on the sawing 

machine. 

7. Roll the V-jig under the saw and flip on the power switch to turn the saw and water 

pump on. 

8. Gently and slowly pull down the lever arm to cut the specimen. 

- Go slow when you get to the bottom of the specimen so it does not chip. 

9. Mark the top of the specimen. 

10. Move the V-jig to the other side of the saw to cut the bottom side of the specimen. 

11. Repeat steps 2-9 for the bottom of the specimen.  

 

A.2.7 Air Voids Measurement 

SSD (Saturated Surface Dry) Method 

Measure the amount of air voids in a specimen. 

1. Dry the specimen very well by using an air pressure gun or by using the vacuuming 

procedure in Corelok. You have to make sure there is no water coming out of the 

pores. Do not rely on the surface looking dry.  

2. Zero the scale and weigh the specimen.  

- Record all your data on the Fabrication Data sheet. 

3. Soak the specimen in a bucket of water for around four minutes. 
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4. Weigh the specimen submerged in water by putting it in the basket inside the Gilson 

tank. Wait until the water level stabilizes and then take your measurement. 

5. Make sure the water is clean from dirt and that its temperature is 20-25oC; i.e., room 

temperature. 

6. After recording the submerged weight dry the surface of the specimen by dabbing it 

with a dry rag until excess water on the surface is removed; i.e., SSD state. Weigh it 

on the scale to get the SSD weight.  

7. Use the Air Void spreadsheet or the equation in your notebook to find the % air voids. 

- Pre-core-and-cut should have air voids of around 6% and post-core-and-cut 

specimens should have 4 ± 0.5% air voids.  

 

Corelok Method 

Unlike the SSD method, the Corelok method for measuring air voids does not account 

for the surface holes of a specimen as air voids; consequently, resulting in a lower and 

more accurate measurement of the total air voids in the specimen. 

 

Equipment: 

1. Scale 

2. Green foam for the submerged basket 

3. Foam cushion  

4. Foam cushion with supporting bars 

5. Yellow Corelok bag 

 

Procedure: 

1. Place the foam cushion on the scale and re-zero the scale. 

2. Make sure the basket in the water scale has a green cushion over the metal wires so 

that the wires will not rip the bag. 

3. Tear off one of the yellow bags and make sure there are no holes or tears in the bag!  
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- When you put the rest of the bags back make sure the side with the open end of 

the bags is face down. 

4. Weigh the bag. 

- Record all data on the Corelok Bulk Specific Gravity Data Collection Table 

5. Weigh the dry specimen before sealing. 

6. Put the three Corelok white plates in the machine for small specimens and one or 

two for larger specimens. 

- More plates will decrease the time needed for vacuuming.  

7. Place the black cushion with bars facing up on top of the white plates to hold the 

specimen in place. 

8. Put the specimen inside the yellow bag and place the specimen and bag on top of the 

black cushion in the Corelok. 

9. Slide the black cushion to center the specimen in the Corelok and get the bag to ex-

ceed the sealing bars. 

- Do not pull on the bag to move the specimen because you risk ripping the bag. 

- Make sure there is plenty of bag exceeding the sealing bars to ensure a tight seal. 

10. Lock the machine and set the vacuum dial to ten (the max vacuum) and the seal dial 

to 4.5. 

11. Press start and hold down the top of the machine ensure that no air escapes the Core-

lok. 

12. When the Corelok is finished check the bag by tugging on it and looking at the 

edges to see if the specimen was sealed correctly.  

13. Weigh the sealed specimen. 

14. Weigh the sealed specimen in the water. 

- Fold the bag around the specimen as you put it into the water so the bag will not 

tear on the metal. 

- Once the sealed specimen is submerged, shake the bag to release any trapped air 

bubbles from the folds of the bag. 

15.   Cut the bag open with scissors and reweigh the specimen dry. 
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- This will make sure the specimen was sealed correctly. 

16. Use the Corelok spreadsheet to find the Bulk Specific Gravity. 

17. Calculate the percent air voids from: 1-(Bulk Specific Gravity/Max Specific Gravity) 

× 100  

 

A.2.8 Cleaning End Plates 

After specimens are tested, you must remove the end plates so they can be used again. 

Equipment: 

1. Oven 

2. Flat-bottom pan 

3. Putty knife 

4. Safety goggles 

5. Freezer 

6. Drill 

7. Flat-head screwdriver 

8. Acetone 

9. Paper towels 

 

Procedure: 

1. Put endplates that are glued to the specimens in the oven for about two hours at 185oC. 

- Do not leave the endplates in the oven for more than two hour because the glue 

will become harder to get off. 

2. Take one endplate out at a time and put it in the flat-bottomed pan. 

3. Use the putty knife to remove the glue and asphalt.  

- Wear safety goggles and push the putty knife away from your body so particles do 

not fly up and hit you. 

4. Repeat steps 2 and 3 for all remaining endplates.   

5. Throw glue and remaining specimen away. 
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6. Use the power drill with a wired brush to extract the remaining glue particles.  

-     It is easiest if you put the endplate in the vice and then clean. 

7. Use a small flat-head screwdriver to help you get the glue that the drill was not able 

to remove between the grooves off the endplate. 

8. Put the endplates in the freezer until they are cooled to room temperature. 

9. Once at room temperature, use acetone to clean the endplates.  

10. After you pore acetone onto the paper towel, be sure to close the cap on the acetone 

because acetone evaporates quickly.  

11. Minimize the inhalation of acetone; preferably wear latex gloves and keep area venti-

lated. 

12. Clean with the acetone until no more dirt appears on the paper towel. 

 

A.2.9 Gluing End Plate into Specimens 

Equipment: 

1. Devcon Plastic Steel Putty (A) 

2. No. 10110 

3. 1 lb. Container 

4. acetone/rubbing alcohol 

5. 3 Popsicle sticks 

 

Procedure: 

1. Clean the end plates and the ends of the specimen with degreaser solvent, such as 

rubbing alcohol or acetone. 

- Lay the specimen on its side so no dirt will get on the ends of the specimen and 

allow the surface of the specimen and end plates to dry. 

2. Add hardener to resin in the ratio of 1:9 by weight or 1:2.5 by volume at room tem-

perature.  

- For 75 mm diameter end plates with circular concentric grooves, about 4:36 g is 

enough.  
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3.   Using a Popsicle stick for the resin (black), the hardener (white), and then one for               

      mixing weigh out the appropriate amount of each on a scrap square of cardboard. 

4.   Mix thoroughly with a putty knife until a gray streak-free mix is achieved. 

5. Apply the mix firmly to surfaces, filling the grooves of the end plate and air void 

pockets present on the specimen surface. A 1 mm layer should be eventually present 

between the end plate surface and the specimen surface. 

- Working time for the epoxy is 45 minutes. 

6. After one end of the specimen is glued (bottom), screw the bottom glued end plate 

into the jig, and align the specimen vertically in the gluing jig.  

- Repeat the gluing procedure for the other end (top) and tighten the jig to center 

and align the specimen.  

-    Use the Popsicle stick to spread excess glue around the specimen and plate to fill 

air voids. Remove excess glue.  

7. Keep specimen in the gluing gig for at least 4 hours (curing time) and full cure is 

achieved after 24 hours.  

 

A.2.10 Removing Adhesive 

After testing, place the end plates with the remaining attached part of the specimen into 

the oven and heat at 170oC or higher (185oC) for an hour or longer. With a sharp tool 

such as a putty knife or screwdriver, peel off the epoxy and any remaining asphalt con-

crete from the end plate surface. 
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Appendix B. Constant Crosshead Rate Direct Tension Test  

This appendix presents a complete test result of uniaxial monotonic tension tests con-

ducted on prismatic specimens with symmetric double notches. Details of the constant 

crosshead rate direct tension tests are as follows: 

• One specimen width (40 mm)  

• Additional tests on two specimen widths (80 and 120 mm); 

• Saw-cut double notched specimens: 3.5 mm wide × 7 mm deep; 

• Four test temperatures: -10, 5, 15, and 25oC; 

• Three constant crosshead rates for each test temperature; and 

• Two replicates for middle strain rates 
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Table B.1 Monotonic tensile tests on the prismatic specimens 

Specimen 
Width, mm 

Notched 
Area, m2 

Air-Void, 
% 

Peak 
Load, kN 

Tensile Strength,  
MPa Temp., oC Crosshead Rate-

Commanded 
Crosshead Rate-

Actual ID* Failure  
Mode 

0.00156 3.3 2.308 0.961667 15 2.00E-04 2.00E-04 MD040-01 D 
0.00156 4.3 5.548 2.311667 15 6.00E-04 6.00E-04 MD040-02 B 
0.00156 3.7 4.632 1.930000 15 6.00E-04 6.00E-04 MD040-03 D 
0.00156 2.3 5.274 2.197500 15 1.80E-03 1.80E-03 MD040-04 B 
0.00156 3.0 1.640 0.683333 25 5.00E-04 5.00E-04 MD040-05 D 
0.00156 3.8 1.556 0.648333 25 5.00E-04 5.00E-04 MD040-06 D 
0.00156 3.5 2.298 0.957500 25 1.50E-03 1.50E-03 MD040-07 D 
0.00156 2.7 2.313 0.963750 25 1.50E-03 1.50E-03 MD040-08 D 
0.00156 3.4 4.233 1.763750 25 4.50E-03 4.50E-03 MD040-09 D 
0.00156 4.1 3.686 1.535833 5 1.00E-05 1.00E-05 MD040-10 D 
0.00156 4.0 4.106 1.710833 5 2.00E-05 2.00E-05 MD040-11 D 
0.00156 4.0 4.740 1.975000 5 2.00E-05 2.00E-05 MD040-12 D 
0.00156 3.7 5.358 2.232500 5 4.00E-05 4.00E-05 MD040-13 B 
0.00156 4.2 6.124 2.551667 -10 6.70E-07 6.20E-07 MD040-14 B 
0.00156 4.3 6.144 2.560000 -10 2.70E-06 2.36E-06 MD040-15 B 
0.00156 4.1 7.164 2.985000 -10 2.70E-06 2.36E-06 MD040-16 B 

40 

0.00156 3.9 6.147 2.561250 -10 4.60E-06 4.96E-06 MD040-17 B 
0.00636 3.9 19.000 2.638889 15 6.00E-04 6.00E-04 MD120-01 B 
0.00636 4.3 15.810 2.195833 15 6.00E-04 6.00E-04 MD120-02 D 
0.00636 3.9 10.590 1.470833 25 1.50E-03 1.50E-03 MD120-03 D 
0.00636 3.9 6.240 0.866667 25 1.50E-03 1.50E-03 MD120-04 B 
0.00636 4.2 6.169 0.856806 25 5.00E-04 5.00E-04 MD120-05 D 
0.00636 4.2 15.170 2.106944 5 2.00E-05 2.00E-05 MD120-06 B 
0.00636 4.1 15.050 2.090278 5 2.00E-05 2.00E-05 MD120-07 B 
0.00636 4.0 21.610 3.001389 -10 2.70E-06 2.36E-06 MD120-08 B 

120 

0.00636 3.7 22.160 3.077778 -10 2.70E-06 2.36E-06 MD120-09 B 
80 0.00396 4.3 4.113 0.856875 25 5.00E-04 5.00E-04 MD080-01 D 
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Appendix C. Repetitive Direct Tension (Fatigue) Test  

This appendix presents a summary of fatigue lives for controlled-stress cyclic tests con-

ducted on prismatic specimens with symmetric double notches. Details of the repetitive 

direct tension tests are as follows: 

• Three specimen widths: 40, 80, 120 mm (as described in chapter 7); 

• Saw-cut double notched specimens: 3.5 mm wide × 7 mm deep; 

• Four test temperatures: -10, 5, 15, and 25oC; 

• Continuous sinusoidal load pulse at three stress levels corresponding to 50, 65, 

and 80 percent of the tensile strength; 

• No rest period effect is not considered; and 

• Two replicates 

 
Table C.1. Number of cycles at failure of 40 mm specimens 

 

Temperature Maximum Stress 
Amplitude (MPa) Failure Mode  Number of Cy-

cles at Failure Specimen ID 

0.855 B      25,948 MD393 
0.855 B 6,352 MD423 
1.112 B 7,824 MD351 
1.112 B 5,787 MD389 
1.368 B 1,470 MD391 

5oC 

1.368 B 1,846 MD386 
0.255 D 1,375 MD388 
0.255 D 2,234 MD350 
0.332 D 558 MD394 
0.332 D 656 MD390 
0.408 D 294 MD387 

25oC 

0.408 D 410 MD424 
1.976 B 25,987 MD392 -10oC 
1.976 B 15,624 MD398 
1.185 D 164 MD001 15oC 
1.185 D 246 MD426 
0.332 D 1132 MD438 25oC 
0.332 D 783 MD002 
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Table C.2. Number of cycles at failure of 80 mm specimens 
 

Temperature Constant Stress 
Amplitude (MPa) Failure Mode  Number of Cycles 

at Failure Specimen ID 

1.081 B 19,011  MD402 
1.081 B 12,718  MD427 
1.406 B 4,090 MD267 
1.406 B 4,548  MD444 
1.514 B N/A T 

5oC 

1.514 B 2,429  MD400 
0.348 D 768  MD386 
0.348 D 798  MD397 
0.453 D 320 MD378 
0.453 D 330  MD401 
0.557 D N/A T 

25oC 

0.557 D 142  MD403 
1.975 B 28,009  MD411 -10oC 
1.975 B N/A MD412 
0.889 D 1,103  MD428 15oC 
0.889 D 1,291  MD265 

 
 
 

Table C.3. Number of cycles at failure of 120 mm specimens 
 

Temperature Constant Stress 
Amplitude (MPa) Failure Mode  Number of Cycles 

at Failure Specimen ID 

1.050 B 2,563  MD433 
1.050 B 28,803  MD431 
1.171 B 13,019  MD356 
1.171 B 10,242  MD446 
1.292 B 7,234  MD394 

5oC 

1.292 B N/A B 
0.331 D 697  MD397 
0.331 D 556  MD352 
0.431 D 396  MD396 
0.431 D 348  MD432 
0.530 D 178  MD003 

25oC 

0.530 D 434  MD004. 
1.975 B 74,464  MD354 -10oC 
1.975 B N/A B  
0.725 B 771  MD395 15oC 
0.725 B 3,677  MD355 
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Appendix D. Stress Analysis Results for Double Edge-Notch Specimen 

D.1 Stress Intensity Factor 

General form of stress intensity factor for Mode I fracture (opening mode) can be pre-

sented as the following: 

)/( baFaK I πσ=                                              (D.1) 

where σ is applied stress, a  is the half crack length, and b is the half specimen width as 

shown in Figure D.1. 

 
 
 
 
 
 
 
 
 
 
           
 
 
 
 
 
Figure D.1 Double symmetric notched specimen 

 
 

Empirical formulas for geometry function F(a/b) 

• 
b
a

a
bbaF

2
tan2)/( π

π
=           (D.2) 

- Better than 5% for a/b > 0.4 

- Approximation by periodic crack solution (Irwin, 1957) 

 

• 32 )/(930.1)/(197.1)/(203.012.1)/( babababaF +−+=                              (D.3) 

- Better than 2% for a/b > 0.7 
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- Least squares fitting to Bowie’s results (Brown, 1966) 

• 
ba

babababaF
/1

)/(091.0)/(015.0)/(561.0122.1)/(
32

−
+−−

=                        (D.4) 

- Better than 2% for any a/b 

- Asymptotic approximation (Berithem, 1972) 

• 
ba

bababababaF
/1

)/(190.0)/(471.0)/(205.0)/(561.0122.1)/(
432

−
−+−−

=   (D.5) 

- 0.5% for a/b 

- Modification of Irwin’s interpolation formula (Tada, 1973) 

 
D.2 Displacements 

Crack opening displacement at edges can be represented as the following: 

)/(4
1 baV

E
a
′

=
σδ                                                    (D.6) 

Having better than 2% accuracy for any a/b, the following formula has been suggested 

for V1; 

            53
1 )

2
(sin007.0)

2
(sin065.0)

2
(sin454.0{

)2/(
1)/(

b
a

b
a

b
a

ba
baV πππ

π
−−=  

                 )}
2

(seccosh 1

b
aπ−+            (D.7) 
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Appendix E. Photographs 

      
Figure E.1 Fracture mechanics specimens 

 
 

 
Figure E.2 Corelok machine and plastic bags 
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Figure E.3 Specimen gluing device   
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Appendix F. DIC Image Synchronization Manual   

 
Figure F.1 Image synchronization setup dialogue 

 

DAQ Trigger Channel 

This panel allows the use to select the DAQ channel that should be monitored for the 

trigger.  Only channels that have been initialized prior to opening the sync system will be 

enabled. 
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Mode 

The type of synced capture is determined by the selection in the Mode panel.  If the trig-

gered only mode is selected the system will wait for the trigger voltage and slope direc-

tion then wait the amount of time set in the offset text box then take an image.  The pro-

gram then waits for the next trigger event to occur.  If the Triggered/Timed mode is se-

lected the program waits for the trigger condition, it then waits the number of seconds 

entered in the offset text box, takes the image.  The system then waits the number of sec-

onds in the interval box and takes a second image.  The system continues to take images 

at time intervals equal to the number in the interval box. 

Slope 

The slope panel designates the required slope of the analog signal for the system trigger.  

The Triggered/Timed mode requires only a single trigger event, therefore the user may 

choose only a single state, raising or falling.  Because the Triggered Only mode uses a 

trigger for each image’s acquisition the alternate slope selection is viable.  If the alternate 

choice is selected the image waits for a positive slope then a negative slope then a posi-

tive slope and so on.  Different trigger levels may be set for each slope direction. 

Rising/Falling Slope Trigger Level: 

This sets the trigger point when a rising slope is selected.    The capture will only be trig-

gered if the signal has a positive slope and the value equals or crosses the value in the text 

box.  The incoming signal is modified by the offset and multiplier from the acquisition 

control before being compared to the value in the text box.  In other words, the trigger 

level is in the units designated by the user for that DAQ channel.  The Falling Slope 

Trigger Level performs the same function as the Rising Slope Trigger Level for a falling 

slope. 
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Rising/Falling Slope Offset 

The offset text boxes designate the amount of time that the system waits after a trigger is 

detected before an image is acquired.  This value is in seconds.  The user may choose to 

wait for a change in slope rather than a designated time.  The images are taken when the 

sign of the slope changes.  Because a number of samples are used to determine the slope 

of the signal there is normally a lag of approximately 0.002 seconds after the slope 

changes before the image is acquired.  This setting is particularly useful if the frequency 

of the driving signal is not constant.  A different value may be designated for the raising 

and falling triggers. 

Interval for Triggered/Timed Mode 

This box is only available for the Triggered/Timed mode.  This value designates the time 

between images after the initial image is taken.  Normally this time will be the period of 

the loading signal (capturing peaks or valleys only) or ½ the period (capturing peaks and 

valleys).   

Number of images 

This is the number of images that should be acquired with the system.  If a value of 0 is 

in the text box the system will take the maximum number of images possible for the cap-

ture mode, either 9999 images or the maximum number of images that can be stored in 

the computer’s RAM. 

Estimated time between images 

The user must indicate the estimated time between images for the triggered only mode.  If 

the capture time is greater than the top value the computer has time to take and save im-

ages between each capture.  Effectively this limits the number of images to 9999.  If the 

value falls between the top and middle values the system acquires images into RAM but 

also displays the results on the computer screen.  The number of images is limited by the 

size of the sensor and the amount of RAM in the computer.  If the interval is smaller than 
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the middle value, the camera will acquire the images into memory without displaying the 

images on the computer screen.  Warning: the computer only saves the images after ac-

quisition is complete.  If the system looses power, or the program is shut down without 

pressing the stop button, the unsaved images will be lost. 

Skip Images 

If the skip image option is checked the system will take a number of images then wait a 

set amount of time then take more images.  The system waits for the first trigger, takes a 

number of images then waits the designated time.  The system then waits for the trigger 

event again, takes the required images and continues.  The skip time must be sufficient to 

save the number of images in the Take box. 

Timeout Value 

The timeout value designates the time, in seconds, to wait for the trigger event.  If no trig-

ger is found in this time the sync routine exits and informs the user that no trigger was 

found. 

Ok Button 

The Ok button sets the sync capture variables to the values displayed on the form.   

Cancel 

The cancel button closes the form without updating the variables.  The sync variables are 

returned to the values before the Sync Capture Control was activated. 

 

 

 

 

 




