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ABSTRACT 

This thesis examines the effect of filler particIe size on the fatigue and Iow- 

temperature toughening mechanisms in asphait mastics and mixtures. Mode1 mastic 

systems were prepared containing glass spheres and limestone filler with siaeficantly 

different gradations. Asphalt mixtures containing regular and coarse Iimestone filler 

were also studied. The fatigue performance of the asphalt systems was investigated 

under constant torsional strain conditions using a dynamic mechanical rheometer. A 

larger number of advancing microcracks become 'pinned' in the asphalt mastics 

containing finer dispersions of filler, resulting in improved resistance to fatigue crack 

propagation. Interfacial adhesion between polymer-modified bitumen and filler particles 

results in a 40% increase in fatigue life. Reduced partîcle-matrix debonding and 

increased shear yielding ahead of the crack tip contributes to this improvement. Asphalt 

mixtures containing finer distributions of filler aiso exhibited enhanced fatigue 

properties. Crack healing was examined dunng prolonged rests periods Following fatigue 

damage. Stiffness recovery is more rapid in mastics containing coarse filler, dthough 

this does not translate into a significant recovery in fatigue life. Crack healing in asphalt 

mixtures containing significantl y different gradations of filler was sirnilar. Thermal 

stress restrained specimen tests on asphalt mastic systems indicate that particle size does 

not influence the failure stress or failure temperature. Results suggest that crack tip 

bIunting contributes to the low-temperature toughening of these materials. Time-to- 

failure tests on asphait mixtures also show no difference in low-temperature performance 

between samples containing different sized filler. This research provides evidence that 

crack pinning is a toughening mechanism in these asphalt systems, dthough additional 

shear yielding mechanisms also contribute to cracking resistance. 
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CHAPTER 1. INTRODUCTION 

I.1 General Concepts 

The American Society of Testing and Materials (ASTM) defines asphalt as "a dark 

brown to black cementitious material in which the predominating constituents are 

bitumens which occur in nature or  are obtained in petroleum processing" (1). This 

material is more appropriately called 'asphalt binder' or 'bitumen'. The tenn 'asphalt7 is 

also often used when refening to asphalt pavement; mixtures of mineral or slag 

aggregates, filler and bitumen. For clarity, this thesis uses 'asphalt mix' or 'asphalt 

concrete' when refemng to the composite material, and 'asphalt binder' or 'bitumeny 

when refemng to the part of the composite that is not aggregate. The term 'asphalt 

mastic' refers to the combination of bitumen and filier particIes. 

Asphalt binder is readily adhesive, highly waterproof, and durable - making it a 

valuable engineering material. It imparts a degree of flexibility to mixtures of mineral 

aggregates due to its plastic (i-e. viscoelastic) nature. Although solid or semi-solid under 

atmospheric conditions, it becomes liquid when heated to higher temperatures. Naturally 

occurring lake asphalt and rock asphalt were used in ancient times as road building and 

waterproofing materid. However, it wasn't until the early 19007s that bitumen became a 

widespread ingredient in paving material. Around this time modem petroleum refining 

techniques were developed which allowed asphalt binders to be manufactured at oil 

refineries from the distillation of crudes. Presently, the majority of bitumen that is used 

in road paving mixtures is made frorn the residue remaining aiter refineries remove the 

distillates to manufacture such products as gasoline, jet fuel, kerosene, and other 



commodities. Current asphalt binder specifications are developed around physical 

property tests such as penetration, viscosity, and ductility. Many of these tests are 

ernpirical, which means that pavement performance experience is required before the 

tests can provide rneaningful results. These specificatioiis were deemed unsatisfactory 

and in 1987 the Strategic Highway Research Program (SERI?) started developing new 

tests for measuring the physical properties of asphait binders. The goal of this program 

was to develop tests which measure physical properties that can be directiy related to the 

field performance of asphdt mixtures through engineering pnnciples (2). This extensive 

research is ongoing, due to the complicated nature of asphalt binders and mixtures. 

Friction and cohesion produce the unique mechanical properties of bituminous 

mixtures (3). Friction results from the interlock of the aggregate and depends on the 

grading of the aggregate fractions that are blended together. The cohesion comes from 

the excellent adhesive properties of the bitumen. Hot mix asphalt is formed from the 

mixing of coarse and fine aggregate, fiIler, and asphalt binder at high temperatures. 

Different hot mix asphalts are generaiiy specified by their function in the pavement 

construction (i.e. roadbase, basecourse, regulating coarse or weanng coarse) and by the 

specific blend of aggregate fractions. They can be categorized into two broad categories; 

continuously graded and gap graded mixtures. For a detailed description of different 

types of asphalt mixtures and their uses the reader is referred to (3). Obviously, asphalt 

performance varies significantly between asphalt mixtures of different compositions. 

Practical experience has provided a wealth of information on which types of asphalt 

concrete are best suited to certain applications and service conditions. 



1-2 Pavement Degradation 

Road darnage is caused by the deterioration of the pavement quaiity due to the use of 

the road (traffic) and due to disintegration of the road materials from the climate and 

weather conditions. Also, pavement damage occurs by unexpected local developments 

such as increased trafic loads, extreme weather conditions, and design or construction 

errors. It costs approximately $8 billion a year in Canada to repair and maintain the 

roadways (4). Furthermore, increased traffic volumes are resulting in additional 

requirements for the maintenance and upgrading of Canada's roads. 

Pavement defects such as cracks and nits, are the result of three main distress 

mechanisms: 1) fatigue, 2) thermal shrinkage, and 3) deformation. These modes of 

distress influence each other while environmental and vehicle loading conditions 

determine the type and extent of pavement distress. In Canada, low temperatures cause 

the pavement to shrink, resulting in the build-up of thermal stresses that can cause the 

pavement to crack. On the other hand, at high temperatures heavy vehicles cause plastic 

deformation in the pavement, which causes rutting in the wheel paths. Thermal and load 

associated fatigue cracking occurs over a range of temperatures. lncreasingly complex 

models are being used to predict pavement failures through engineering principles rather 

than empirical knowledge. 

Concerning the future needs of asphah research, Anderson et al. (5)  stated that, 

"most crucial is the interaction of asphait and aggregate, particularly with the fines, 

which contribute the ovenvhelming majonty of surface area in a mixture". A thorough 

understanding of the effect of fine particulate fillers in asphalt binders and mixes has not 

been reached. It has been shown that particulate fillers can significantly improve the 



fracture properties of the asphait binder at low temperatures (4). The objective of this 

thesis is to investigate the effect of filles on the low temperature and fatigue properties 

of asphalt binders and mixes. This thesis studies the effect of filler particle size and 

filler-bitumen adhesion on the fracture performance of the asphdt systems over a range 

of testing conditions in order to achieve a better understanding of the detailed 

mechanisrns by which fi1Ier.s strengthen these materiais. This knowledge cm then be 

used to develop asphait mixes with supenor resistance to the aforementioned modes of 

pavement degradation. 



CHAPTIER 2. BACKGROUND AND LITERATURE REVEW 

2.1 The Chernical Composition of Birurnen 

Asphaltic bitumen is a mixture of hydrocarbons and compounds of a 

predominantly hydrocarbon character, varying both chemically and in molecular size. 

Consequently, carbon and hydrogen compose approxirnately 90 to 95 percent of asphalt 

while the remaining portion consists of heteroatoms and metals. Heteroatoms such as 

nitrogen, oxygen, and sulfur, ofien replace carbon atoms in the asphalt molecular 

structure. These contribute unique chernical and physical properties by causing 

interaction between molecules. Metal atoms, such as vanadium, nickel, and iron, are 

present in trace quantities, usually far Iess than one percent. The constituents of the 

bitumen may be composed of hydrocarbon groups of three basic forms (6): (a) saturated 

aliphatic groups or paraffins, (b) naphthenic groups or cycloparaffins, and (c) groups 

composed of aromatic rings. The ratios in which the quantities of the various groups 

occur Vary with the origin of the bitumen and these differences in composition have a 

considerable influence on the character of the material. Due to the complicated 

composition of asphaitic bitumen, the usual analytical methods fail to establish the exact 

compostion of the compounds. The knowledge of bitumen chemistry is largely based on 

separation by organic solvents (saturated hydrocarbon mixtures or Iow-boiling ethers) 

into groups of similar properties. 

Two main groups of compounds have been identified; asphaltenes and maltenes. 

Asphaltenes are insoluble in these organic solvents and are precipitated in the form of a 

solid, dark brown or black substance. They consist of aromatic hydrocarbons containing 



paraffin chahs to a varying extent. The fraction that remains dissolved during the 

separation of asphaltenes is called maltenes (sometimes referred to as petrolenes). This is 

a dark brown oil containing varying amounts of aliphatics, naphthenics, and aromatics. 

The larger part of bitumen consists of carbon and hydrogen, which form non- 

polar molecules with weak (dispersion) forces of attraction. However, the presence of 

highly electronegative atoms such as nitrogen, sulfur, and oxygen result in poIar 

molecuies with strong attractive forces. The polar and non-polar molecules exist together 

in a homogeneous mixture in which the polar molecules form a network or structure, and 

the non-polar molecules form a body of materiai around the network. The chemical 

bonds holding the molecules together are relatively weak and can easily be broken by 

heat or shear stress. This results in the viscoelastic nature of asphalt. The polar 

molecules give asphalt its elastic properties while the non-polar molecules contribute to 

the viscous properties of the asphalt. Due to their similar physical properties and 

viscoelastic nature, asphalts are often dassified with polymeric, or macro-molecular, 

substances although their chemical composition is ~i~gnificantly different. 

2.2 The Viscoelastic Behavior of Asphalt Paving Materials 

Viscoelastic materials respond to an applied force or displacement through a 

combination of elastic and viscous behaviour. As a result, asphalt behaviour depends on 

both the time and temperature. 

The time-dependent behavior of asphalt becomes apparent when compared to 

Hookean and Newtonian materials. A Hookean (purely elastic) solid under a constant 

stress deforms irnmediately to a constant strain, then recovers instantly and completely 



when the stress is removed (e.g. a steel spring). Hooke's law describes the behavior of an 

solid, relating the applied strain to the resultant stress through a proportionality constant 

called the modulus, G: 

.2:=Gy 1 

where z is the shear stress, and y is the shear strain. The modulus is a measure of the 

material's stiffness (i.e. ability to resist deformation). On the other hand, a Newtonian 

fluid (purely viscous) deforms continuously while the stress is applied but does not 

recover when the stress is relieved (e-g. water). Newton's law relates the applied stress to 

the shear rate through a proportionality factor, q: 

where q is the coeffkient of viscosity. A fluid is Newtonian if the viscosity is 

independent of shear rate- A viscoelastic materid combines these behaviors, showing a 

time-dependent but incomplete recovery. As a result, these materials exhibit the related 

phenornena of creep and stress relaxation (7). 

The behavior of asphalt aiso depends significantly on the temperature. At high 

temperatures, or under sustained loads, asphaltic bitumen acts like a viscous Newtonian 

fluid. Viscous liquids like hot bitumen are sometimes called plastic because once they 

start flowing, they do not return to their original position. As a result, in hot weather 

some hot mix asphalt pavements flow under repeated loading and ruts forrn. At low 

temperatures, or under rapidly applied loads, bitumen behaves like an elastic solid. When 

loaded the material deforms, and when unloaded it returns to its original shape. 

However, when the material is stressed, through an applied load, it may become too 

brittle and crack. For this reason, Iow-temperature cracking may occur in asphalt 



pavement during cold weather. Most environmentai conditions result in the asphalt 

material being subject to intermediate temperatures. In these climates, asphalt exhibits 

the characteristics of both viscous liquids and elastic solids. A portion of the material's 

response to an applied load is elastic or viscoelastic (recoverable with time), while some 

of the response is plastic and non-recoverable. 

In a dynamic mechanical test, an osciI1atory strain is applied to a sample and the 

resulting stress developed in the sarnple is measured. For solids that behave ideally 

(Hookean), the resulting stress is proportional to the strain amplitude, and the stress and 

strain signais are in phase. If the sample is an ideal liquid (Newtonian), then the stress is 

proportional to the strain rate. In this case, the stress signal is out of phase with the strain 

signal, leading the strain signal by 90'. The stress signal generated by a viscoelastic 

material is out of phase with the strain signal by an angIe, 6, called the phase angle. This 

can be separated into two components: an elastic stress z' which is in phase with the 

strain, and a viscous stress T" which is 90" out of phase with the strain (in phase with the 

strain rate). The elastic stress is a measure of the degree to which a material behaves as 

an elastic solid; the viscous stress, the degree to which a material behaves as an ideal 

fluid. The ratio of the elastic stress to strain is the storage (or elastic) modulus G and the 

ratio of the viscous stress to strain is the loss (or viscous) modulus G". The complex 

modulus G*, a measure of a material's overall resistance to deformation (Le. stiffness), is 

given by: 

3 

where i is the imaginary unit. 



2.3 The Role of Mineral Filler in Asphalt Mastics and Mires 

The effects of mineral filler in asphalt paving mixtures have been exarnined 

extensively in numerous studies. Minera1 filler is defined as "limestone, dust, portland 

cement or other suitable mineral matter that is thoroughly dry and free of lumps 

consisting of aggregations of finer particles. It is a usual requirement that the mineral 

filler completely passes the U.S. Standard Sieve Number 30 (600 pm) while at least 65% 

passes U S .  Standard Sieve Number 200 (75 p)" (8). However, the term 'mineral filler' 

is generally applied to the fraction of mineral aggregate that completely passes the 

number 200 sieve. The majority of studies on mineral filler-asphalt systems throughout 

the century have relied on standard high temperature measurements such as penetration, 

capillary viscosity, softening point temperature or ductility to describe flow properties 

and to explain the interaction between asphdt binders and mineral filler. A brief review 

of the significant work in this area follows. 

Early work on asphalt-minera1 filler systems concluded that fillers stiffened 

asphalt binders but that the stiffening effect could not be reliably predicted from the 

properties of the filler. Rigden (9) first showed that the fractional voids in the filler at its 

closest packing are of major importance for the behaviour of asphalt mastics. The 

volume of binder required to fil1 the voids in the compacted filter is referred to as 'fixed' 

asphalt. If a filler is rnixed with less bitumen than is required to fil1 its voids, a stiff dry 

product is obtained. On the other hand, any bitumen in excess of the voids in dry 

compacted filler powder is referred to as 'free' asphalt and imparts a fluid character to the 

mixture. His concept regarded a proportion of the bitumen as flxed in the inter-granular 

pores of the filler, while the remaining part is free. Therefore, the effective 'solid' phase 



or bu& volume percentage of filler differs from the compositional percentages of filler 

granules and asphaltic bitumen as shown in Figure 2.1. Rigden also noted that as the 

filier concentration is increased there is a critical point at which the system changes from 

viscous to plastic, resulting in significant stiffening of the material. The viscous phase is 

essential in order to facilitate adequate compaction of asphalt mixtures and, therefore, the 

beginning of the viscous-plastic transition is suggested as the maximum allowable bulk 

concentration of filler. Kandai (10) estimated this concentration at 60% bulk volume, 

while Anderson (1 1) and Cooley et al. (12) both suggested a value of 55% in separate 

investigations. In a further study, Heukelom (13) examined such properties as 

penetration, softening point, and viscosity for mastics containing five significantly 

different mineral fillers Oimestone, kaolin, fly ash, trap rock, sand). He found that the 

bulk volume of filler governs the consistency of the biturninous mixes, as measured by 

penetration and softening point. Heukelom's conclusions have been reaffirmed in a 

number of studies by Kandhal (IO), Huschek and Angst (14), Kavussi and Hicks (15), 

Anderson et al. (16), and Cooley et al. (12). 

Tunnicliff (17) was one of the first researchers to give a comprehensive definition 

of mineral filler and propose a mechanism for the stiffening of asphalt binders by filler. 

He proposed that a particle of filler adsorbs a layer of bitumen, which entirely encloses 

the particle. The adsorbed layer of bitumen assumes a different, stiffer consistency due to 

the surface energy of attraction between the two materials. The bitumen assumes its most 

rigid character immediately adjacent to the particle and as the distance from the particle 

increases, the forces of surface attraction dissipate until they become negligible and the 

bitumen retains its original stiffness. The most favorable consistency occurs when al1 of 
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the biturnen is under the influence of surface attraction, but higher filler contents result in 

forces of repulsion between the coated particles. This offered an explmation for the 

existence of an optimum filler content suggested earlier by Rigden (9). Kallas and 

Puzinauskas (18) believed that filler performed a dud role in asphalt-aggregate mixtures. 

A portion of the filler with particles larger than the asphalt film will contribute in 

producing the contact points between aggregate particles, while the remaining filler is in 

colloidal suspension in the asphalt binder, resulting in a binder with a stifTer consistency. 

They also found that the stabilities of asphalt mixtures increase up to a certain £iller 

concentration, then decrease with additionai filler. Anderson and Goetz (19) proposed 

that the portion of the filler that is suspended in the asphalt stiffens the binder through 

two mechanisms. A srnaIl stiffening effect arises from the volume filling of the filler (Le. 

the stiffening caused by the presence of rigid inclusions in a less rigïd matrix). Larger 

stiffening results from the physico-chernical interaction between the asphalt and the 

surface of the mineral filler. This was reaffirmed in a later study (20) in which the 

different stiffening effects of different mineral fillers could not be jusùfied solely on the 

basis of the gradation of the filler, but included the effects of physico-chemicai 

interactions. Physico-chernical reinforcement is stiffening caused by interfacial effects 

between asphalt and filler particles, including absorption, adsorption, and selective 

sorption. Craus et ai. (21) found that this reinforcement was dependent on filler 

characteristics such as surface area, surface texture, and surface activity. A more recent 

study by Buttlar et al. (22) used particulate composite micromechanics models to 

investigate the three reinforcement mechanisms in asphalt mastics: volume filling, 

physiochemical, and particle interaction. A rigid layer modeling technique illustrated 



that the development of rigidly adsorbed layers of just 2-10 angstroms on filler particles 

can account for differences between the volume filling reinforcement prediction and 

measured values. They believe that physio-chernical reinforcement effects play a 

dominant role throughout the range of filler to asphalt ratios used in practice. 

The effect of mineral filler on the fracture properties of asphalt mixtures has also 

received some attention in the asphdt community. Huschek and Angst (14) found that 

the indirect tensile stress at failure for asphalt mastics tested at -15°C increased 

continuously up to a bulk volume percentage filler of 100%. Kowever, for asphalt mixes 

containing the same mastic (14% by weight), the maximum tensile strength was found for 

values of bulk volume percentage of filler between 40% and 60% depending on the filler 

type. At higher volume percentages of Eller the mixture cannot be compacted 

sufficiently and the void content increases, weakening the mixture. Furthemore, there is 

little free binding asphalt, resulting in a mixture with little adhesive force. The 

adsorption capacity, grain forin, and grain grading were considered factors that affect the 

mechanicd behavior under coId conditions. When perfonning direct tension tests at low 

temperatures, Anderson et al. (23) found that the energy to failure for mastics is 

considerably higher than in the unfilied binder. This increase shoüId result in an 

increased resistance of hot-mix asphait to cracking. In another study (16), the addition of 

baghouse fines increased the fracture toughness of hot-mix asphalt over a range of 

temperatures. Kavussi and Hicks (15) studied the low temperature toughness of mixes 

and found that the maximum toughness corresponds to a fillerhitumen ratio by weight 

between 0.25 and 0.75, depending on the filler. In a recent study on the effect of 

particulate fillers on low temperature failure in asphalt mastics, Rodriguez et al. (24) 



found that the fracture energy increase for filled binders is in excellent agreement with 

Evans' theory of crack pinning. This observation will be discussed in detail in the 

following sections, and forms the basis for the research undertaken in this thesis. 

2.4 Fracture Mechanics of Brinle Materials 

Asphdt binders behave as bnttie thermoplastic materials when subjected to low 

temperatures and high rates of loading. This can cause the material to fracture relatively 

easily under applied mechanical or thermal stresses, due to the fact that the energy- 

absorbing processes only operate in a highly localized region around the crack tip. The 

measured fracture strengths of brittle materials are well below the theoretical values. 

This was first recognized by Griffith (25) who showed that the relatively low strength of 

a brittle solid could be explained by the presence of flaws that act as stress concentrators. 

He stated that crack propagation occurs if the energy released upon crack g~owth is 

sufficient to provide all the energy that is required for crack growth. Based on this 

principle Griffith found the critical stress or 'fracture strength', o,, required for crack 

growth in a glass plate containing an elliptical flaw: 

where, E is the Young's rnodulus of the materiai, 2C is the length of the ellipticd crack, y, 

is the fracture surface energy, y, is the energy consumed due to plastic deformation at the 

crack tip, and y,ff is the etiective 'fracture energy'. Fracture energy is an inherent property 

of a material (i.e. 'materid property') and does not depend on crack (or flaw) size, sample 

geometry, or rnethod of measurement. A related parameter, the strain energy release rate, 



G, is the elastic energy released upon crack growth in a materiai. Crack extension c m  

occur only when G is equal to a critical value, G, (the energy required for crack growth). 

Gc is a material property, and is also referred to as 'fracture energy'. Through energy 

criterion it c m  be shown that: 

Therefore, 

A crack in a solid can be stressed through three different modes of loading as shown in 

Figure 2.2. Mode 1 loading (the opening mode) results in tensile or bending stresses; 

mode II (the shearing mode) results in shear stresses, and mode III (the tearing mode) 

gives rise to torsional stresses. In an asphdt concrete layer mode 1 and II cracking are 

most prevalent (26). The stresses at the crack tip in an arbitrary body under tensile or 

bending stresses (see Figure 2.3) are @en by (27): 

- K I  8 39 0 2, - - cos -cos -sin - 
Sm 2 2 2 

where, 
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Mode 1 Mode II Mode III 

Figure 2.2 The three modes of loading to describe crack growth 

(after Broek, 1998). 



Figure 2.3 The stress at a crack tip under mode 1 loading 

(after Broek, 1998). 



The entire crack tip stress field will be known if Kr (subscript 1 denotes mode I Ioading) 

is a function of the remote applied stress, a, the crack length, C, and a dimensionless 

factor, f3, which depends on the geometry of the materid. The entire crack tip stress field 

will be known if KI is known. Therefore KI describes the intensity of d l  the elastic 

stresses in the vicinity of the crack tip, and is called the stress intensity factor. When the 

stress reaches a critical level catastrophic crack propagation will occur and: 

KI, is a material property and is referred to as 'fracture toughness'. It is related to the 

strain energy release rate through the following relationships (27): 

(plane s train) 

(plane stress) 

The preceding equations are limited to the case of linear elastic behavior with essentially 

no crack tip plasticity. The solutions to equations 7, 8, and 9 result in stresses that 

become infinite at the crack tip. In reality, this is impossible and plastic deformation 

taking place at the crack tip keeps the stresses finite. This area of plastic deformation 

ahead of the crack tip is known as the 'plastic zone' or 'process zone'. Linear elastic 

fracture mechanics can only be usefully applied when the plastic zone in front of the 

crack, which is caused by the high stresses in that area, is small compared to the crack 

length. However, if the plastic flow is no longer contained (high fracture stress andior 

high crack resistance), the plastic zone spreads through the entire cracked section and 

plastic deformation at the crack tip c m  occur freely. These conditions resuIt in generaI 

yielding of the matenal rather than brittle fracture and Kk or Gn can no longer 



characterize failure. When there is considerable plasticity, elastic-plastic fracture 

mechanics must be used with the J-integral: a factor that provides a means to determine 

an energy release rate when plasticity effects are not negligible (27). At low 

temperatures asphalt mastics and mixes behave in a brittle manner but as the temperature 

is raised they become ductile. The brittle/ductile transition temperature depends on the 

rate of testing, specimen thickness and sharpness of the notch. 

3-5 Toughening Mechanisms in Brittle Composite Materials 

In a single-phase material the energy-absorbing processes (plastic yielding) that 

increase the toughness of a material only operate in a highly localized region around the 

crack tip. While plastic deformation at the crack tip results in considerable local energy 

absorption, the small volume in which it occurs, compared to the size of the specimen, 

means that the total arnount of plastic e n q y  absorbed is Iow. The addition of a second 

particulate phase to the bnttle matxix causes the energy absorbing mechanisms to operate 

within a much greater volume of materiai, rather than simply the area in the imrnediate 

vicinity of the crack tip (28). This increases the arnount of energy required for fracture to 

occur. Three main energy dissipating mechanisms have been identified in multiphase 

polymers that result in enhanced crack resistance: shear yielding, crazing, and crack 

pinning. 

When a material exhibits plastic deformation under the application of a stress it is 

said to have 'yielded'. Shear yielding c m  be defined as the localized plastic flow of a 

materiai ar constant volume. This micromechanism is one of the main sources of energy 

absorption in the initiation and propagation of cracks in polymers as these matenals yield 



in shear at the tip of the propagating crack. The addition of a dispersed phase increases 

the number and size of yielding sites, resuking in an increase in toughness. The addition 

of rubber particles to brittle polymers has been shown to enhance shear yielding and 

improve the fracture properties of the materiai. This is due to the fact that shear yield 

deformations occur around vïrtually every rubber particle (through particle cavitation) 

resulting in enhanced shear yielding of the rnatrix. Improved toughness resulting from 

the inclusion of rigid particles to polymer matrices has also been attributed to enhanced 

shear yielding. However, rigid particles are not nearly as effective as rubbery particles in 

increasing toughness through this mechanisrn as rigid-particulate fillers cannot defonn 

suff~ciently and become debonded from the matrix (28). Thus, the energy absorbed by 

localized shear yield deformations will be limited. Recendy, Lee investigated the 

toughening of asphalt binders through the addition of polyethylene particles (29). At low 

temperatures, polyethylene-modified binders form systems characterized as rigïd 

particles dispersed in a brittle matrix. This work indicates that enhanced shear yielding 

does not toughen the modified binder systems studied, as the particles dissipate energy 

through voiding rather than particle cavitation. 

Crazing is a toughening mechanisrn that results when an applied stress causes 

microvoids to nucleate at points of high stress concentrations in a polymer such as fiaws, 

cracks, dust particles or molecular heterogenei ties. These voids become stabilized by 

fibrils of plastically deformed, oriented polymeric material spanning across the craze, 

which allow for the transmission of loads. The process of fibril formation consumes 

energy, resulting in a toughened material. Crazing involves localized plastic 

deformation, sirnilar to shear yielding, but it is a cavitation process that occurs with an 



increase in volume. Studies on rubber-toughened polymers have concluded that the 

rubber particles initiate multiple craze growth sites throughout a comparative1 y large 

volume of rubber-modified material, resulting in significant energy absorption. 

Secondly, the rubber particles act as craze terminators, preventing the growth of very 

large crazes. Multiple crazing has also been suggested as a mechanism by which rigid- 

particulate fiIIers increase the toughness of brittle polymers. However, Lee's 

investigation of polyethylene rnodified asphalt binders concluded, on the basis of 

volumetric strain measurements and fracture data, that crazing was not a significant 

toughening mechanism (29). 

Crack pinning is the final rnechanism responsible for the toughening of 

multiphase materials. The recent studies by Lee (29) and Rodriguez (4) have provided 

evidence that crack pinning is the dominant toughening mechanism in brittle asphalt 

binders containing rigid particulate fillers. This has provided the incentive for the work 

perîorrned in this thesis. The crack pinning mechanism will be described in detail in the 

following section. 

2.6 Crack Pilzning in Multipphase Materials 

Crack pinning is the main mechanism by which ngid filler particles increase the 

toughness of bnttle matrices. The crack pinning mechanism was first proposed by Lange 

in 1970 (30) and later developed by Evans in 1972 (31). According to this theory, the 

increase in fracture energy of a bnttle matrix due to the addition of a strong secondary 

phase arises from interactions between the moving crack front and the second phase 

dispersion. This occurs because as the crack moves through the material its front is 



intercepted by the inclusions or in other words, "pinned", causing the crack front to bow 

out between the particles until it breaks away from the pinning positions (see Figure 2.4). 

Using a technique for detexmining the shape of a crack front from the topography of the 

fracture surfaces containing second-phase inclusions, Lange showed that the Iength of the 

crack front increases due to its change in curvature between each pair of inhomogeneities. 

During the initial stage of crack propagation both a new fracture surface is formed and 

the length of the crack front is increased due to its change of shape between the pinning 

positions. The fractional increase in crack front length per unit crack extension will 

depend on the particle spacing. Energy is not only required to create the new fracture 

surface but it must aIso be supplied to the newly formed Iength of crack front. The 

increase in strength due to the obstacles is sirnilar to the increase effected by obstades on 

the stress to move dislocations and is, therefore, regarded as a 'Iine tension effect'. 

However, the Iine tension effect is not directly analogous to that in dislocation theory 

because it is not uniquely related to the Iength of the crack front (3 1). 

Studies by Lange and Radford (32) on a system consisting of an epoxy matrix 

containing particles of alumina trihydrate powder found that the fracture energy increase 

was dependent on the volume fraction and size of particles. Three possible mechanisms 

could be responsible for the observed increase in fracture energy. 

1) Surface roughness increases a materid's fracture energy due to the increase in the 

fractured surface area. Modeling determined that the observed increase in 

fracture energy cannot be entireIy due to surface roughness because the observed 

increase is much greater than that predicted for the rough surface topography. 



APPROACH PINNING B O W G  BREAKAWAY 

Figure 2.1 Schematic drawing of the crack pinning mechanism 

(after Phillips and Hamis, 1977). 
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2 )  Energy rnight be absorbed by the second-phase dispersion by plastic deformation 

or by transparticle fracture. This energy absorption was considered negligible 

because only a srnall fraction of the particles exhibited transparticle fracture and 

the fracture energy of the alumina crystals was approximately the same as the 

glass matrix- 

3) Interaction between the crack front with the second phase dispersion. Lange 

believed this to be the major source of the fracture energy increase and 

subsequently developed the basis of the crack pinning theory. This theory hinges 

on the idea that the increase in fracture energy is primarily due to a Iine tension 

effect, which occurs when a crack bows out between obstacIes. 

In 1972, Evans developed a comprehensive mode1 to explain the toughening effect of 

second phase particles in brittle matrices (31). Figure 2.5 illustrates the formation of 

secondary serni-elliptical flaws between impenetrable obstacles. Expanding on Lange's 

initial research, he proposed an expression for the overall fracture energy, y,ff, of the 

composite: 

Yeff = Y0 +=+-Y" 

where, y0 is the fracture energy of the unrnodified matrix, TL is the so-called line tension 

of the crack, and y, is a t e m  to account for energy absorbing plastic deformations around 

the particles in the asphalt matrix. Evms obtained values for TL by calculating the 

stresses needed to propagate secondary cracks between obstacles, O:, and cornparing this 

with the stress needed to propagate the pnmary crack in the absence of obstacles, oc. His 
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Figure 2.5 The formation of secondary flaws between impenetrable obstacles 

( d e r  Evans, 1970)- 



calcuIations prove that there is a Iine energy contribution to the fracture energy, which 

depends on the dimensions of the obstacIes and the obstacle spacing. Evans caiculated 

the contribution of the Iine energy for the case of non-interacting semi-circular cracks 

being pinned by a linear set of impenetrable second-phase particles (see Figure 2.5). For 

C*/ro < 0.2 (vo > 0.77): 

and, for C*/ro > 5 (vo < 0.13): 

2 f i l  = 3?c2c 

where, A is a function of C*ho and Po is a constant. For values of C*/ro between 0.2 and 

5, Evan's obtained numerical, rather than analyticd, solutions. The ratio C*/ro is a 

function of the volume fraction, vo, of the second phase dispersion (28): 

Thus, the magnitude of the Iine energy contribution is dependent soleZy on the volzune 

fiaction of the dispersedfiller and can be estimated from Figure 2.6, provided that the 

secondary cracks are non-interacting and are semi-circula at the maximum stress 

position. 

It is not imrnediately apparent that the semi-circular condition considered in the 

above analysis represents the maximum stress position. The me shape of the secondary 

cracks is rather semi-elliptical at the maximum stress position. The stress needed to 

extend a semi-elliptical crack differs from the stress required to extend a semi-circular 



1 Anaiyticd for mal1 C * h  

Figure 1.6 Ratio of the stress to propagare a semi-circular crack. a,', and the stress to 

propagate a prirnary through-the-thickness crack, cr,, as a function of obstacle 

spacing, 2C*. and obstacle size, Zro 

(after Evans, 1972). 



crack of the same depth, by an arnount d e t e d n e d  by the ratio of the major and minor 

axes of the ellipse. Evans introduced a crack shape parameter, Z, which is the ratio of the 

stress to propagate a semi-ellipticd crack to the stress required to propagate a 

semicircular crack (&%:). Using cornputer techniques Green et al. (33) estimated the 

shape of the crack at the breakaway position as a function of volume fraction. At low 

voIume fractions the crack shape is fairly suaight while at hi& volume fractions the 

crack shape at breakaway is serni-eIliptical- Evans plotted Z as a function of the crack 

shape and Green et aï. plotted crack shape as a function of the volume fraction of 

dispersed phase. Therefore, the stress required to propagate a crack for any volume 

fraction of filler cm  be calculated based o n  the true shape of the secondary crack at 

breakaway. 

Each secondary crack is separated f r o n  the adjacent cracks by the obstacle width, 

2W. The stress field of the cracks in the array will tend to interact (overlap) to reduce the 

stress needed to propagate each individuid flaw. Evans developed the following 

equation, which gives the reduced stress, oar, needed to propagate each individual flaw 

(3 1): 

Equation 18 calculates the reduced stress due to overlapping stress fields, assuming that 

the secondary cracks are a uniform array 4f CO-planar serni-ellipticai flaws. The line 

energy contribution, taking into account the crack shape and effect of interacting cracks 

was calculated by Green et al. (33) and is shown in Figure 2.7. The increase in fracture 

stress is a function of r&*, which only depemds on the volume fraction of the dispersed 



Figure 2.7 Stress ratios as a function of particle size. ro, and interparticle distance. 2C* 

(after Spanoudakis et al.. 1984). 



phase (as shown in equation 17). Figure 2.7 aIlows one to compare experimental results 

with the crack pinning theory. 

Several studies (32, 33, 34, 35) on multiphase bnttle composites have compared 

experimental fracture testing results with this theory and the correlation is very good. 

However, deviations from the theory exist - most notably at high volume fractions of 

filler where the strengthening effect of the secondary particles diminishes. This 

discrepancy has been attributed to the onset of obstacle penetration at a critical voIurne 

fraction and by a general weakening of the composite due to interfaciai debonding 

between the matrix and the dispersed phase ahead of the crack tip. Additiondly, at high 

volume fractions the dispersed particles may becorne too closely spaced for effective 

interaction with the crack front, leading to a reduction in fracture energy. Another 

important observation is :hat rnany second-phase inclusions actually degrade the strength 

of materials by acting as stress concentrators. In order to rninimize stresses due to 

inclusions it is important that the thermal expansion coeffiecient and elastic modulus of 

the matrix and inclusion are equal(36). 

Recently, studies on asphalt mastics have provided evidence that the crack 

pinning mechanism applies to these systems. Rodriguez et al. (24) demonstrated that the 

relative increases in fracture toughness and energy that was observed for particulate-filled 

asphalt binders can be predicted by Evans' theory on crack pinning. Figure 2.8 shows 

that the data are between the theoretical predictions caiculated by Green et al. (33) for 

interacting and non-interacting secondary cracks. Furthemore, the increases were found 

to depend only on the volume fraction of the filler and the particle size had no effect over 

a range as wide as 4 to 114 pn (see Figure 2.8), providing further indirect evidence that 
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Figure 2.8 Fracture energy increase for glass-filled asphalt binders compared 

with theoretical predictions for (a) non-interacting semi-elliptical cracks and 

@) interacting secondary cracks (O 4 pm, A 11 pn, 49 Pm, O 114 pm) 

(after Rodriguez et al., 1996). 



the crack pinning mechanism is operative. These results were obtained through fracture 

tests on notched mastic samples and pertain to specimens in which unstable crack growth 

preceded brittle failure. This thesis is intended to fûrther our understanding of the crack 

pinning mechanism in asphalt mastics and mixtures by focusing on the effect of fîller 

particle size on performance when cracks propagate in a stable manner (Le. fatigue 

failure). 

2.7 Fatigue Fuilure in Asphalt Concrete 

Fatigue has been defined as "the phenomenon of fracture under repeated or 

fluctuating stress, having a maximum value Iess than the tensile strength of the material" 

(37). This type of pavement distress has been well recognized in the United States for 

many years. A substantial amount of research has been conducted on the fatigue 

properties of asphalt under two different modes of testing: (1) controlled strain, and (3) 

controlled stress. In a controlled strain test the amplitude of the deforrnation 

(displacement) applied to the specimen is kept constant while in a controlled stress test 

the force applied to the specimen is maintained. In a displacement controlled test a crack 

will initiate and propagate, causing a reduction in stiffness of the specimen and hence a 

reduction in stress. As there is no sudden fracture of the specimen the fatigue life is 

defined as the number of load repetitions at which the stiffness of the specimen is 

reduced to an arbitrary value, usually 50% of its initial value. In a load controlled test a 

crack wiIl initiate and subsequently propagate explosively; a completely fractured 

specimen is obtained at the end of the test, defining unambiguously the fatigue life. 



Table 2.1 Differences between controlled stress and controlled strain fatigue testing (38). 

Variable 

Definition of failiure 

Scatter in fatigue test data 

Required number of tests 

Influence of stiffness 

Magnitude of fatigue life 

Effect of mixture variables 

Rate of crack propagation 

Degree of healing 

Controlled stress test 

Well-defined as specirnen 

fractures 

Less scatter 

Fewer 

Increased stiffness results in 

increased fatigue life 

S horter life 

More sensitive 

Faster 

Larger beneficial effect 

Controlled strain test 

Arbitrary; usually defined 

as 50% reduction of the 

stiffness modulus 

More scatter 

More 

Increased stiffness results in 

decreased fatigue life 

Longer life 

Less sensitive 

Slower 

SmaiIer beneficial effect 



Under the same initial Ioading conditions (temperature, frequency, initial strain, initial 

stress) the fatigue life measured under constant stress is shorter than that at constant 

strain. As shown in Table 2.1 the mode of loading has a large influence on the measured 

charactenstics of asphaltic specimens. The method of specimen fabrication, and the 

influence of mixture and environmental variables are other important considerations to 

take into account when evaluating fatigue performance. The two primary factors 

afTecting fatigue response of asphalt mixes are asphalt content and air void content. 

Aggregate type seems to have less influence. Also, laboratory variables such as the shape 

and duration of the load pulse, frequency of loading, and test temperature will affect the 

fatigue behavior of an asphalt sample. 

In general, fatigue in asphalt mixes is a three stage process consisting of: (1) crack 

initiation: developrnent of microcracks, (2) crack propagation: development of 

macrocracks out of microcracks resuIting in stable crack growth and, (3) disintegration: 

collapse and final failure of the materid due to unstable crack growth (26). It is the crack 

propagation phase that consumes most of the fatigue life. This phase can be described by 

Paris' law, which relates the rate of crack growth to fundamental properties of the 

material and experimental conditions (39): 

where, C is the crack Iength, N is the number of load repetitions, AK is the difference 

between maximum and minimum stress intensity factor K in dynamic Ioading, and A and 

n are fracture parameters for the asphalt concrete. As discussed earlier, the stress 

intensity factor K describes the stresses in the immediate vicinity of the crack tip (i.e. O,, 

o,, o,, T~,, &,). The stress intensity factor is significantly Iower throughout a controlled 



strain test when compared to a controlled stress test (27). As a result the rate of crack 

propagation is much lower. Schapery (40) was the first to demonstrate that there is a 

relationship between A and n and fundamental properties of the material. These 

relationships show that A is strongly dependent on the inverse of the fracture energy of 

the material and n depends on the slope of the double logarithmic creep compliance 

curve: 

n =(I++) (stress controUeci tests) 21 

(strain controlled tests) -- 7 3  

where, G, is the fracture energy of the material, and m is the dope of the log compliance 

vs. log time graph. For definitions of the other variabIes and a further explanation of 

these equations the reader is referred to (40). Schapery's theory has been verified by 

several researchers (26). However, Schapery derived his theory for a homogeneous 

material that does apply directly to asphalt mixtures which contain air voids and 

aggregates. Molenaar (41) found discrepancies between experimentally determined n- 

values and the theoretical values predicted by Schapery and consequently modified 

equation 21 to account for the influence of air voids on the crack growth rate in asphalt 

mixtures. Jacobs (26) introduced exponentid correction factors in a Schapery-like 

relationship in order to obtain adequate predictions of A-values: 



where, S, is the stiffness modulus of the mix and, a, b, c, and d are regession 

coefficients. An in depth analysis concluded that this relationship accurately predicts the 

fracture parameter A for crack growth in various asphalt mixes (26). The main advantage 

of the fracture mechanics approach over other fatigue models, such as the dissipated 

energy approach, is that the properties of the material as weil as the mode of loading are 

incorporated into the model. Furthermore, the influence of various materid properties 

can be evaluated explicitly without performing extensive fatigue tests. As the fracture 

energy of the material is influenced significantly by crack pinning, it follows that the rate 

of crack growth during the crack propagation phase of fatigue will also be affected by 

this mechanism. 

A small number of studies have investigated fatigue failure in various multiphase 

materials. Lankford et al. (42) studied the fatigue-crack gowth resistance of a bnttle 

composite containing pure PMMA spheres ernbedded in the polyrneric matrix. They 

observe6 improved fatigue resistance in the filled composite over the single-phase 

polymer. Scanning electron fractography of the fatigue fracture surfaces showed that the 

matrix-sphere boundary does serve as a banier to growth. Furthermore, the crack was 

frequently pinned at a boundary for a number of fatigue cycles, bowing around a PMMA 

particle until at some critical bowing angle the crack front fractures the PMMA sphere. 

The role of crack tip shielding mechanisms in the fatigue of epoxy composites containing 

solid glass spheres was investigated by Azirni et al. (43). They found at low values of 

AK, the glass particles are not engulfed within the crack tip plastic zone; therefore, the 



interface between the particles and the matrix remains intact. The intact interfaces, dong 

with the high strength particles, provide the proper conditions for the particles to pin the 

crack front. In the system studied, the bowing process is maintained until the interface 

between the particle and matrix breaks down, whereupon crack advance resumes. In this 

case, the g l a s  spheres do not influence deformation in the plastic zone ahead of the crack 

tip, but crack pinning in the matrix controls crack propagation. However, at higher AK 

values, the smdler particles interact with the crack tip plastic zone resulting in particle 

debonding, followed by matrix plastic dilation. This results in an enhancement in shear 

yielding, thereby improving the fatigue crack propagation resistance of the composite. 

Ultimately, the fatigue performance of the asphalt systems is expected to improve due to 

the addition of a second particulate phase to the asphalt binder. Kowever, there are no 

reports in the Iiterature on how this improved fatigue performance depends upon the 

particle size of the filler. This thesis focuses on this issue in order to further our 

understanding of the crack pinning mechanism in asphalt mastics and mixtures. 

2.8 Crack Hèaliag in Asphalt Concrete 

Healing can be defmed as the partial recovery of mechanical properties (i.e. 

stiffkess and strength) upon resting due to the closure of cracks. The entire fatigue 

process is the result of the competing processes of crack growth and crack healing. This 

phenomenon has been discussed in various studies (44,45,46,47), which have shown an 

improvement in fatigue Iife due to microdamage healing in the asphalt binder and 

mixtures, Healing c m  be rneasured by two methods: 



1) Intermittent loading measures the increase in fatigue Iife when rest penods are 

introduced between Ioading cycles, 

2) Storage recuperation measures the recovery of mechanical properties over a period of 

time when the sample is not subject to loading. 

Although a substantial arnount of work has documented the effect of rest periods on the 

fatigue Iife of asphalt mastics and mixes, until recently, little research has focused on the 

mechanism of healing. In actual fact, two main "healing" mechanisms occur during rest 

penods. One is the relaxation of stresses in the system due to the viscoelastic nature of 

asphah concrete, and the other is the chemical healing across rnicrocrack and macrocrack 

faces. Kim et al. (46) applied the correspondence principle of nonlinear viscoelastic 

media (48) to asphalt specimeiis subject to intermittent cyclic uniaxial testing in order to 

separately evaluate chernical healing from the time-dependent effects of relaxation. After 

successfully accounting for the effects of relaxation, the authors were able to quantify the 

chernical healing using the concept of the healing index, which represents the healing 

potential of different binders at different rest times. This index is defined as the ratio of 

the recovered dissipated pseudo energy density following a rest period to the dissipated 

pseudo energy density measured prior to the rest period: 

HI = ( O h  -@dl 

O d  

whzre, Qd is the dissipated PSE when the damaged sarnp1e is loaded, and is the 

dissipated PSE when the healed sarnple is ioaded. They found that there was a significant 

increase in the stress for the sarne pseudo strain following the rest period and attributed 

this phenornenon to chernical healing. Furthemore, large numbers and longer lengths of 

aliphatic molecules and chains in the asphalt bitumen enhanced healing. It was proposed 



that the healing mechanism is related to the flow properties of the asphalt, which are 

influenced b y molecular interactions within the asphalt. Therefore, longer aliphatic side 

chains on the various polynuclear aromatics hinder molecular structuring, allowing for 

greater fluidity and micellar dispersion, resulting in a greater healing potential. Another 

hypothesis was that after re-association of mîcrocrack surfaces, the commingling of the 

aliphatic chains contributes to healing - analogous to healing in polymers, where 

diffusion and randomization of polymer chains across the interface results in an increase 

in mechanical strength. Philfips (47) recently proposed that the heding of binders is a 

three-step process consisting of: 

1) The closure of microcracks due to wetting (adhesion of two crack surfaces 

together driven by surface energy), 

2)  The closure of macrocracks due to consolidating stresses and binder flow, and 

3) The complete recovery of mechanical properties due to diffusion of asphaltene 

structures. 

Step (1) is believed to be the fastest, resulting only in the recovery of stiffness, whiIe 

steps (2) and (3) are thought to occur much slower but improve both the stiffness and 

strength of the matenal such that it exhibits mechanical properties similar to the virgin 

material. Schapery (49) and Lytton (50) developed similar equations that relate the 

microcrack healing speed in a pavement to rnatenai parameters such as the surface 

energy and compressive creep cornpliance coefficient of the material. Derived from the 

first principles of fracture, Schapery's healing mode1 postulates a direct relationship 

between surface energy and the rate of microfracture healing: 



where, hr is the healing speed, vh is the wetting surface energy, and m, is the creep 

compliance slope. For a complete explanation of this equation see reference (49). 

Conversely, Lytton (50) theorized that the heding process is simply the reversal of 

fracture and obtained the following equation for the healing speed of a material: 

where, hl is the healing speed, is the wetting surface energy, and m, is the creep 

compliance slope (see reference (50) for a complete explanation of al1 variables). In this 

relationship the heaiing speed is inversely related to the surface energy, and therefore, the 

surface energy density hinders the healing process. Little et al. (51) unified these two 

healing mechanisms, and proposed that hi corresponds to short term healing, which 

occurs rapidly in asphalt mixtures, while h2 corresponds to long term healing, which is 

realized over a longer penod of time. Furthemore, he proposed that the early heaiing 

rate, hl, is controlled by the non-polar component of the surface energy density, WNP, 

while h2 is controlled by the polar component, y p .  Therefore, in order to promote healing 

a binder should have a low total surface energy with a high polar cornponent and low 

non-polar component. This study also found that the addition of LDPE and SBS to 

binder systems hinders the healing process as these additives act as fillers, which 

interrupt the ability of the pure bitumen to re-establish contact and to heal. Jacobs (26) 

studied the fatigue properties of asphalt mixes under sinusoidd loading, and found that 

the introduction of rest periods has a beneficial effect on the fatigue life of the mixes. He 



proposed that this heaiïng effect is caused by diffusion of maltenes (low molecular 

weight bitumen component) through the rnicrocracks, reestablishing the bonds in the 

cracked area. The maltenes are involved, as they are the most mobile components of the 

bitumen, although higher molecular weight molecules could also diffuse during longer 

rest periods, resulting in compIetely restored materiai properties. In SES-modified 

asphalt mixtures, the healing phenomenon could not be distinguished. Jacobs assumed 

that the SBS network in the bitumen inhibits the diffusion of maltenes through the 

microcrac ks . 

2.9 Low-Temperature Fracture Behaviour of Asp halt Paving Materials 

Thermal or low-temperature cracking is one of the pri.mary modes of asphalt 

pavement failure in Canada, the United States, and other cold regions in the world. When 

a pavement is cooled to low temperatures, the pavement contracts. However, the friction 

between the pavement and the base layer resists the contraction and tensile stresses 

develop. A microcrack develops at the surface or edge of the pavement when the tensile 

stress induced in the pavement equals the tensile strength (52). This crack may penetrate 

the full depth and width of the asphalt rnix layer at colder temperatures or through 

repeated temperature cycling. Low-temperature cracks norrnally appear transverse to the 

direction of traffic in regularly spaced intervals. These cracks dlow water to penetrate 

into the pavement, which can freeze, causing upward lipping at the crack edge. Nso, the 

migration of fine materials through the crack may produce voids under the pavement, 

causing a depression to form in the vicinity of the crack upon loading. AI1 of these 

factors result in poor pavement quality and reduced road Iife. 



Several material, environmental and geometrical factors affect the ability of a 

particular pavement to resist low-temperature cracking. The most important factor is the 

stiffness or consistency of the asphait cement at cold temperatures, and the temperature 

susceptibility of this cement (52). For a lower viscosity asphait, the stiffness will 

increase at a lower rate as the temperature decreases and as a result the material will be 

less susceptible to low-temperature cracking. Aggregate properties such as high abrasion 

resistance, low freeze-thaw loss, and low absorption are generally believed to result in 

asphalt mixtures with maximum resistance to low-temperature cracking. However, the 

gradation of the aggregate is thought to have little influence on the low-temperature 

strength of the material. The asphalt cernent content and air void content are not believed 

to significmtl y influence the low-temperature crac king c haracteristics of the mix. For 

example, increasing the asphdt cernent content increases the coefficient of thermal 

contraction but lowers the stiffhess. Therefore, sirnilar thermal stresses develop in both 

materials upon cooling. Environmental factors such as temperature, rate of cooling, and 

pavement age cm also affect low-temperature cracking in asphalt mixtures. O bviousl y, 

colder temperatures and faster cooling rates lead to greater incidences of low-temperature 

cracking. Also, as a pavement ages the increase in stiffness of the asphait cernent results 

in a greater sensitivity to low-temperature cracking. Lastly, the design of the pavement 

structure can also affect thermal cracking response. Pavement width, thickness, and 

subgrade type are al1 important factors when designing a road surface for maximum 

temperature resistance. 

Numerous test methods have been used to study the low-temperature cracking in 

asphalt mixtures in the past. These include the indirect tension test, the direct tension 



test, the direct tensile creep test, the flexural bending test, the thermal stress restrained 

specimen test, and the coefficient of thermal expansion and contraction test. The 

Strategic Highway Research Program (SHRP) A-003A project evaluated these methods 

in order to identify a test method that relates as closely as possible to the field conditions 

being simulated. This research also focused on other evaluation criteria such as the 

application of test results to mechanistic models, suitability for aging and moisture 

conditioning, potential to accommodate large Stone mixes, and ease of conduct, Based on 

the evaluation by Vinson and Jung (52), TSRST was deerned to have the greatest 

potential to evaluate the Iow-temperature cracking susceptibility of an asphalt mixture as 

it was the only test that simulates field conditions and produces results that can be applied 

to mechanistic models. The TSRST test apparatus holds the specimen at a constant 

length (strain) during a cooling cycle. As the temperature decreases thermal stresses 

gradually develop in the specimen until they reach the tensiIe strength of the material and 

fracture occurs. At the break point, the stress is at its maximum value, which is referred 

to as the fracturs strength, with a comesponding fracture temperature. The slope of the 

stress-temperature curve, dS/dT, increases until it reaches a maximum value. At colder 

temperatures, dSldT becomes constant and the stress-temperature curve is linear. The 

temperature at which the dSldT becomes linear is known as the transition temperature. 

Below this temperature, the asphalt cement becomes stiffer and the thermally induced 

stress is no longer relaxed. An extensive study into the TSRST test method indicates 

some of the factors affecting the results of these tests (53). The asphalt type, aggregate 

type, air void content, and degree of aging were al1 found to be significant factors 

affecting the fracture temperature, fracture strength, slope and transition temperature. 



Furthemore, this study found that a ranking of asphdt mixtures based on fracture 

temperature compares favorabIy with a ranking based on fundamental properties of 

asphdt cements given by S H R P  A-002A. In a further study (54), TSRST results were 

compared with actual test roads in Alaska, Pennsylvania, and Finland in order to validate 

this method in the field. It was found that the TSRST fracture temperature correlated 

with field cracking temperature and crack frequency, and therefore, the results can be 

used to predict field Iow-temperature cracking of asphalt-aggregate mixtures. In 1974, 

Fabb (55) observed that "the failure temperature was unaffected by extreme changes in 

aggregate type and that the conclusion regarding the small influence of aggregate grading 

is justified". This suggests that the effect of filler and aggregate gradation may not be 

discernable in these types of tests. 

Additional information on the effect of particulate fillers on asphalt mixtures at 

low temperatures can be obtained through time-to-failure tests. Under certain loading 

and environmental conditions, flaws in the asphait mixture can slowly extend and lead to 

a time-dependent fracture stress. Therefore, cracking c m  initiate at a value of KI c KI,. 

The value of the stress intensity factor, Ki, at which cracking starts depends signifïcantly 

on the applied stress and environmental conditions (56). In time-to-failure tests there are 

two tirne-sensitive processes: 1) crack initiation, and 2) crack propagation. The 

structural lifetime of a component is simply the sum of the times for these two stages of 

fracture. These types of tests have been used in the past (56, 57) in order to obtain 

information on the fracture characteristics of brittle materials and polyrners containing 

second-phase inclusions. Knowledge of the time-dependent failure characteristics of 



asphalt mixes is necessary in order to thoroughly understand the low-temperature 

behaviour of these materiais. 



3.1 Materials 

3.1.1 Asphal? Binders 

Due to the complex chernical nature of bitumen, asphalt specifications have been 

developed around physical property tests such as penetration, viscosity, and ductility. 

The penetration test is an ernpiricai measure of consistency in which a needle of standard 

weight and size sinks into a sample of binder during a five second interval, at 25°C. The 

distance that the needle penetrates into the binder is called the 'penetration'. Another 

rneasurement of consistency is the ring and ball softening point test. In this test, the 

asphalt binder is loaded with a steel ball and the temperature is increased at a prescribed 

rate. The temperature at which the ball sinks to a standard depth in the binder is called 

the softening point. A procedure known as thin film oven agïng is used to subject a 

sample of asphalt to hardening conditions approximating those that occur in normal hot- 

mix asphalt plant operations. Viscosity and penetration tests made on the bitumen before 

and after thin film oven aging are considered to be a rneasure of anticipated hardening. 

The binder used for the majority of work in this thesis was a standard 85 

penetration grade bitumen from a Venezuelan crude source (l385). It has a penetration 

value of 85, and a ring and ball softening point of 47°C. After rotating thin film oven 

aging, the penetration value decreased to 54 and the ring and ball softening point 

increased to 5Z°C. The asphaltene content in this bitumen is 11.9%. 



A Bow River 85-100 penetration grade binder (SHRP Materiais Reference 

Library code AAN) was used for al1 the samples containing polymer additives. The 

physical properties and chernical composition of this bitumen are given in Table 3.1. 

3.1.2 Particulare Fillers 

The glass spheres used as model fillers were solid A-type (soda-lime glass) 

spheres, produced under the trade name S p heriglasso by Potters Industries of Cleveland, 

Ohio, and are the sarne as those used in the earlier work by Rodnguez et al. (24). The 

physical properties and chernical composition of the g l a s  filler are given in Table 3.2. 

The average particle radii for the glas spheres used in the modified asphalt binders were 

2.0, 5.5, 17.5 and 57 m. The size distribution data for these glass spheres are given in 

Figure 3.1, which shows that the sphere sizes were al1 narrowly distributed and, hence, 

useful for model studies on the effect of particle size. 

In addition, two ground limestone fillers (limestone A - regular gradation, and 

limestone B - coarse gradation), produced under the Wigroo trade name by Anker-Poort 

of Winterswijk, The Netherlands, were used for both mastic and rnix studies. The size 

distributions for these fillers are also given in Figure 3.1. Data supplied by Anker-Poort 

Inc., indicate that the density of limestone A is 2770 km3, while the density of 

limestone B is 2740 kg/m3. The volume percentage of air voids (Le. Rigden voids) for al1 

the fiIlers used in this study is given in Table 3.3. 



TabIe 3.1 Properties of AAN biturnen (data obtained from Materials Reference Library). 

Property 

Physicd 

Penetration 

Ring and Bal1 Softening Point , OC 

Molecular Weight, dm01 

Component Analvsis, % 

Asphaltenes 

Polar Arornatics 

Napthene Aromatics 

Saturates 

ElementaI Analvsis 

C ,  % 

H, % 

O, % 

N, % 

S,  % 

V, PPm 

Ni, ppm 

Fe, ppm 

AAN bitumen 



Table 3.2 Properties of glas filler. 

I Property 

Ph ysical 

Specific gravity 

Young's modulus, GPa 

Hardness, Moh 

Thermal expansion coefficient, mm/IILIIi°C 

Chernical Composition. % 

SiOz 

Na20 

Ca0 

Mg0 

A I 2 0 3  

Fe0/Fe2O3 

&O 

Value 

2.5 

68.9 



O 10 32 63 125 250 1000 

Particle Diameter, micrometer (0.45-power scde) 

Figure 3.1 Particle size distributions for glass spheres (top) and Lirnestone fillers 

(bottom). 



Table 3.3 Volume percentage of air voids in glass and Iimestone fillers. 

Filler 

Spherigiass 6000 (2 pm) 

Spheriglass 5000 (5.5 prn) 

Spheriglass 3000 (17.5 pm) 

Spheriglass 2227 (57 pm) 

Limestone A 

Limestone B 

Air void content at maximum dry density, vol. % 



3.1.3 Asphalr Concrete 

Asphalt concrete slabs were made by Dr. Simon Hesp and Mr. Johan Plantinga at 

the SheU Research and Technology Centre, in Amsterdam, The Netherlands. The 

agregate used for the asphalt concrete was a standard mix of crushed grave1 (3 

fractions), natural sand (2 fractions), manufactured sand (1 fraction), and the limestone- 

based filles. This aggregate had an optimum binder content of 6.2 wt. % for the dense 

gradation and 7-0 wt. % for the SMA (stone mastic asphdt) gradation. A total of six 

asphait concrete slabs were made with different gradations, filler type (regular and 

coarse), and binder content. The compositions for al1 six slabs are aven in Table 3.4 

while their gradations are given in Figure 3.2. Figure 3.2 illustrates that above the 63- 

micrometer sieve size mixtures 1-4 (dense graded mixes) have nearly identical gradation. 

Sirnilarly, mixtures 5 and 6 ( S M .  mixes) have the sarne gradation above a sieve size of 

63 micrometers. 

3.1.4 Polymer Additives 

The polymer additives used to create the modified asphalt binders are Listed in 

Table 3.5. A y-aminopropyltnethoxysilane coupling agent obtained from Union Carbide 

was used as an interfacial modifier in anhydride-functionalized polymer systems. 



Table 3.4 Composition of asphait mixtures. 

Aggregate, wt, % 

Coarse 8-1 1 mm 

Coarse 4-8 mm 

Coarse 2-6 mm 

Manufactured Sand 

Natural Sand 1 

Natural Sand 2 

Limestone Filler A 

Limestone FiIIer B 

Target Binder Content 

(B 85)" 

AirVoids Content, vol. % 

Mixture 

5b ob 

Parts of binder per hundred parts of aggregate. 

SMA mixes. 
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Mlx 5 

Mïx 6 

Sieve Size, micrometer and mm (0.45-power scale) 

Figure 3.2 Gradations of asphalt mixtures after extraction (data obtained by Mr. Frans 

van Schoot at the Shell Research and Technology Centre in Amsterdam). 



Table 3.5 Polymer additives. 

R-13 I-MAS 

D 1 LOI 

Liquid 

polybutadiene 

Polybutadiene 

grafied with maleic 

anhydride 

S tyrene-butadiene- 

styrene copolymer 

Property 

65 wt. % 14 cis & trans 

20-35 wt. 96 1-2 vinyl 

70 wt. % 1-4 cis & tram 

20-35 wt. % 1-2 vinyl 

5wt.%MA 

99 wt. % SBS triblock 

copolymer 

Molar 

Weight 

Source 

Ricon Resins 

Ricon Resins 

Shell C hemicals 



3-2-1 Asphalt Mastics 

In this study, it was deemed important that the stiffness of the different mastics 

were equal in order to compare their performance under constant strain fatigue testing. In 

order to achieve this, the mastics were prepared such that they contained the same buIk 

volume percentage of filler (13). The samples modified with glass filler were prepared 

such that the bulk volume percentage of filler was 50% while the samples with the 

ground limestone filler were prepared using a buIk volume percentage of 40% (TSRST 

experiments), and 65% (fatigue and healing experiments). Bulk voIumes between 40 and 

65 percent are typical of hot-mix asphdt concrete (58). 

Mastics were prepared by slowly adding known amounts of the filier to the 

required amount of asphalt (in order to obtain the desired bulk volume percentage of 

filler) at approximately 140°C. Samples were s h e d  for a minimum of 30 minutes or 

until the additive was well dispersed in the asphait binder. Dispersion was venfied by 

observing small samples under an optical microscope. After homogenization, samples 

were cast into silicone molds of the following dimensions: 

durnbbell shaped specimens 14 mm long, 2.5 mm thick, 4 mm wide in the middle, 

and 8 mm wide at the ends, for fatigue and healing tests in a the Rheometncs@ RDA- 

II dynamic rheometer. Each sample was molded such that both ends adhered to small 

plastic spacers that fit into the test fixture, allowing easy mounting in the rheometer. 



dogbone shaped specimens 125 mm long, 5 mm thick, 10 mm wide in the rniddle, and 

20 mm wide at the ends, for TSRST tests. Each sample was molded such that both 

ends adhered to aluminurn fixtures that fit into the test apparatus. 

Prior to testing the samples were stored in a freezer at approximately -10°C. 

3.2.2 Polymer Modzfied Mastics 

Two pairs of polymer-modified asphalt systems were prepared in order to 

investigate the effect of interfacial modification on fatigue life. The first system 

consisted of reguiar (5 wt, % R-134, 0.2 wt. % sulfur) and interfacially-reactive (4 wt. % 

R-134, 1 wt. % R-131-MAS, 0.2 wt. % sulfur) polybutadiene-modified binders. The 

second system consisted of regular (5 wt. % D 1101, 0.2 wt. % sulfur) and interfacially- 

reactive (4 wt. % D 1101, 1 wt. % R-131-MM, 0.2 wt. % sulfur) SBS-modified binders. 

Samples were prepared by first adding the required arnounts of the polymers to the 

asphalt at 160-170°C. The mixture was stirred for approximately 1 hour at 3,500-4,000 

rpm, while the required amount of sulfur was added gradudly to partially graft and cross- 

link the polymers in the bitumen. After this reaction was complete, the limestone filler A 

was slowly added to the binder. At this time an excess of y-aminopropyltriethoxysiIane 

(with respect to maleic-anhydride functiona1 groups) was added to those asphalt binders 

modified with the maleic-anhydride functional polyrner (R-131-MAS). The silanol 

functional moiety of the coupling agent becomes adsorbed on the mineral surface, 

forrning a Iimestone-coupling agent interface (59). Figure 3.3 illustrates the mechanism 

by which the reagent reacts with the polymer-modified bitumen to form an interfacial 

bond. After further mixing to ensure the interfacial reaction was complete, samples were 



Figure 3.3 Reaction scheme for the interfacial bonding of lirnestone filler with maleic 

anhydride-terminated polybutadiene by aminopropyltriethoxysiiane reagent. 



cast into dumbell shaped molds of the same dimensions as the other mastic samples 

tested ir. the Rheometrics@ RDA II rheometer. Pnor to testing the samples were stored 

in a freezer at approximately -lO°C. 

3.2.3 Asphalt Concrete 

Dr. Simon Hesp and Mr. Johan PIantinga prepared the asphait concrete at the 

Shell Research and Technology Centre in Amsterdam. Using a type 2849 labontory slab 

compactor (Materiels des Laboratoires des Ponts et Chaussees of Anger, France), asphalt 

rnix slabs were compacted to a thickness of 8 cm, at a temperature such that the binder 

viscosity was equal to 280 CS. The compacted slabs were cooled and then test specimens 

were cut from each slab to the following dimensions using a precision cutting wheel: 

rectangular specimens 25 mm long, 6 mm thick, and 10 mm wide, for constant strain 

fatigue and healing tests in the RheometricsGB RDA-II dynamic rheorneter. 

rectangular specimens 50 mm long, 6 mm thick, and 10 mm wide, for tirne-to-failure 

tests. 

Only specimens with air voids within 4.5 + 0.5 percent were used for testing. Until 

tested, ail samples were stored at approximately 10°C. 



3.3 Testing Methods 

3.3.1 Torsional Fatigue and Healing Tests on Asphalt Mastics 

After 30 minutes in a freezer at approximately -lO°C, the sarnples were demolded 

and placed in a refrigerator at O°C for 15 minutes, at which point they were mounted in 

the rheometer (torsional fatigue tester). 

Fatigue testing of the asphalt mastics was performed in a dynarnic rheometer 

(RheometricsB RDA Ir) using a rectangular torsion test fmture. This method of testing is 

cornmon in fatigue work and consists of applying torsional oscillations under constant 

strain amplitude to the specimen (44). In these constant strain tests, the initiation and 

propagation of cracks causes the stiffness of the specimen to decrease, resulting in a 

reduction in stress as the test proceeds. The loading arrangement results in a sinusoidally 

varying shear strain of constant amplitude being applied to the specimen. The fatigue life 

is defined as the number of load repetitions at which the stiffhess of the specimen, G*, is 

reduced to 50% of its initial value. 

It is important to note that the value of the complex modulus (G*) calculated by 

the rheometer software differs slightly from the actual stiffness of the specimen. This is 

due to the fact that the geometry of the specimen is 'dumbbell' shaped, but the rheometer 

software calculates the complex modulus based on the dimensions of a rectangular 

sarnple. A dumbbell shaped specimen was used so that under an applied torsionai strain 

the maximum stresses occur at the narrowest section of the specimen (Le. the neck). 

Therefore, failure occurs at the neck of the sarnple for each test, resulting in more 

reproducible data. However, the discrepancy in the complex modulus has no effect on 
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Figure 3.4 Constant torsional strain fatigue testing apparatus 

(after RheometricsG3. 1993). 



the validity of the results obtained in these experiments. This is a systernatic error that 

cancels out when cornpuring results on samples of the sarne geometry. 

After fabrication, the specimens were rnounted in the rheometer according to the 

mounting procedures found in the instrument manual (60). The general arrangement of 

the testing apparatus is shown in Figure 3.4. Next, the oven was closed so that the 

specimen temperature could eqüilibrate to the desired testing temperature, Cooling to the 

oven was provided by liquid nitrogen. Afier 15 minutes of equilibration, the fatigue test 

was started usinp the time sweep test mode. Al1 unmodified specimens were tested at 

10°C and 40 Hz with applied strains set between 0.15 % and 0.6 %. The fatigue life of 

the polymer modified mastics was determined by applying a strain of 0.8 % to the 

specimens. 

For the healing studies, specimens were subject to an appIied strain of 0-3% until 

the stiffness decreased to 50% of its initial value. It was important that al1 specimens 

were fatigued to the same extent as previous studies indicate that the magnitude of 

healing depends upon the degree of fatigue (47). At this point the applied strain was 

reduced to 0.003% (small enough not to cause any further darnage to the material) and 

the recovery of stiffness was measured over a two-hour storage recuperation penod. 

Heding was measured as the percentage recovery of original stiîfness over the two-hour 

period. 

3.3.2 TtJzennal Stress Resrrained Specimen Testing of Asphalt Mastics 

The low-temperature fracture behavior of the asphalt mastics was investigated 

using a recently developed restrained cooling test (61). Aluminum end pieces allowed 



specimens to be mounted in an MTS Sintech 2/G load frame inside a temperature- 

controIled charnber. A single MTS strain gage (Mode1 632.12E-50, 1-inch gage length) 

was clamped ont0 the front face of the binder specimens to aIlow the controller sofcware 

to apply the hold-strain comrnand for the duration of the test. Sarnples were equilibrated 

for approximately 15 minutes at -10°C after which the temperature-controlled charnber 

was progammed to start lowering the temperature at 10°C per hour. The controller 

software instructed the load frame to stretch and hold the samples at 0.1 percent strain 

until failure occurred. 

3.3.3 Torsional Fatigue und Heuling Tests on Asphalt Concrete 

Sirnilar fatigue and healing tests as for the mastics were also done on asphdt 

mixture samples in the RheometricsB mA-II dynarnic rheometer. After fabrication, the 

specimens were gIued with LePage 5-Minute Epoxy to duminum end pieces that were 

inserted into the rectangular torsion test fixture. Specimens were then mounted in the 

rheometer according to the mounting procedures found in the instrument manual (60). 

Next, the oven was closed so that the specimen temperature could equilibrate to the 

desired testing temperature. After 15 minutes of equilibration, the fatigue test was started 

using the time sweep test mode. Al1 mixture specimens were tested at 30°C and 40 Hz. 

Samples were fatigued and healed at sia~ficantly higher temperatures than the asphalt 

mastics as it was hypothesized that the effect of filler particle size on the healing ability 

of asphalt mixes would be more pronounced at these temperatures. Two different types 

of tests were performed on the asphait mixtures. In the first set of tests, specimens were 

subject to an applied strain of 0.2% until the stiffness decreased to 50% of its initial 



value, The applied strain was then reduced to 0% during an 18-hour rest period in order 

to obtain maximum healing of the microcrack surfaces. In these tests the recovery in 

stiffness could not be measured continuously. After the prolonged rest period the sample 

was re-fatigued at 0.2% strain until the stiffness decreased to 50% of its initial value. In 

the second series of tests, the mixture sarnples were subject to an applied strain of 0.1% 

until the stifmess decreased to 50% of its initid value. At this point the applied strain 

was reduced to 0.02% (small enough not to cause any further darnage to the material, but 

large enough to obtain a healing curve without signïficant scatter) and the recovery of 

stiffness was measured over an 18-hour storage recuperation penod. The samples were 

then re-fatigued at 0.1% strain until the stiffness decreased to 50% of its initial value. 

Heding was measured by two methods: 1) the percentage recovery of onginal stiffness 

over the 18-hour period, and 2) the percentage recovery in fatigue life. 

3.3.4 Time-to-Failure Tests on AsphaZt Concrete 

The low temperature fracture behavior of the asphait mixes was investigated 

using a time-to-failure test. After fabrication, the 6 x 10 x 50 mm specirnens were glued 

with LePage 5-Minute Epoxy to duminum end pieces that were inserted in an MTS 

Sintech 2/G load frame inside a temperature-controlled charnber. The upper end fixture 

connected to a 2000 Ib load ce11 while the lower end fixture was attached to an 18.5 kg 

mas .  Samples were equilibrated for approximately 30 minutes at -20°C. At this point, 

the controller software instructed the load frame to raise the crosshead 10 mm (at 0.5 

rnm/sec) such that the constant load was applied to the sample. The temperature was held 



constant at -20°C throughout the entire test. The cornputer software recorded the appiied 

load as a function of time until failure occurred. 



CE;IAPTER 4, RESULTS AND DISCUSSION 

4. I Torsional Fatigue Testing of Unrnodified Asphalt Mastics 

A characteristic fatigue curve, obtained from a constant torsional strain time 

sweep, is shown in Figure 4.1. This curve is representative of a constant strain fatigue 

test in that there is a gradual reduction in stifiess, but no sudden fracture. The initial 

decrease in the cornplex modulus is aupented due to non-homogeneous self-heating of 

the specimen. Any strain applied to a visco-elastic material causes energy dissipation and 

consequently self-heating. Model calculations (58) indicate self-heating of 0.2 to 0S0C 

in mastic systems under similar applied strains. As the test proceeds, damage, caused by 

the initiation and propagation of rnicrocracks, results in a gradual reduction in the 

stiffness of the specimen. The propagation and coalescence of rnicrocracks, Ieading to 

final failure of the material (i.e. disintegration), is rnarked by a change in the dope of the 

complex modulus curve. The measurement of the phase angle is used as an indicator of 

an acceptable test (62). As the binder accumulates distress, in the form of rnicrocracks, 

the elasticity decreases, resulting in a numericdly increasing phase angle. If the phase 

angle decreases at the beginning of the test, the sample had either slipped in the tool or 

broken due to excessive strain. 

The mastic fatigue results are aven  in Table 4.1. The initial stiffhess is the value 

of the complex modulus for the first data point of the time sweep (i.e. before the sarnple 

is damaged). The data show that stiffness of the mode1 glass sphere (bulk filler volume 

of 50%) and limestone (bulk filler volume of 65%) systems are approximately equal. 

This agrees with Heukelom's previous work (13) and allows the fatigue properties of the 
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Figure 4.1 Fatigue test on binder containing SpheriglassB 5000 under 

0.3 % torsiond strain 



Table 4.1 Fatigue data for mastic systems containing glass spheres and limestone filler- 

Filler-Binder S ystem Initial Stiffhess, G* (Pa) 

Spheriglass 6000 
ro = 2.0 pm 

Spheriglass 5000 
ro = 5.5 pm 

Spheriglass 3000 
ro = 17.5 pm 

Limestone A 

-- 

Limestone B 



different mastic systems to be compared under constant strain fatigue testing. Strain 

controlled fatigue tests normally have a large amount of scatter in the fatigue test data 

and, therefore, a Iarger number of tests are required to acquire accurate results. There 

was very good reproducibility for al1 the mastic sarnples, with a maximum deviation of 

less than 15% between fatigue tests at the sarne strain amplitude. Fatigue results of 

experiments run under constant torsional strain are often presented in a log-log plot of 

strain versus cycles to failure. A typical plot results in a straight line with a negative 

slope. Results from the fatigue tests performed on the mastic systems are plotted in 

Figure 4.2 and Figure 4.3. The data show that the particle size has a small effect on the 

fatigue life for the mode1 glass sphere systems tested at a bulk filler volume of 50%. The 

Iimestone systems tested at a buIk filler volume of 65% show a larger dependence on 

particle size. These observations are not surprising since the fatigue crack growth 

process is more insidious than the unstable crack growth process that occurs in the 

fracture energy test used by Rodriguez et al- (24). As mentioned earlier, this gradua1 

crack growth process is rnost pronounced in constant strain fatigue tests. Fatigue cracks 

can slowly wind their way through the mastic and find less hindrance from the secondary 

obstacIes as compared to macroscopic cracks, which are forced to propagate within a 

very short penod of time. 

Pell (44) found that two different types of fracture occur at low and high 

temperatures in asphaIt mastics under constant strain torsional fatigue testing. The faiiure 

at low temperatures originates at a single nucleus and propagates very quickly, resulting 

in a Mure  surface inclined to the axis of the specimen at approximately 45". This 

corresponds to a brittle mode of faiIure. At temperatures above O°C, due to the extrernely 



Cycles to Failure 

Figure 4.2 Fatigue results of mastic specimens containing SpheriglassB filler at IO0C. 

(a 2 prn, A 5.5 Pm, 1 17.5 Fm, O 57 pm) 
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Figure 4.3 Fatigue results of mastic specimens containing limestone filler at lO0C. 

(m limestone A, A limestone B) 



low rate of crack propagation, failure originates at a large number of nuclei and the 

microcracks eventually link up to fonn what appears to be an orthogonal fracture surface. 

This type of failure is due to the increased plasticity of the materid at higher 

temperatures. As PeII pointed out in his 1962 paper, the occurrence of the different types 

of failure depends not only on the temperature or strain value, but also on the rnaag&ude 

of the resulting stress at the tip of the crack. Before multiple rnicrocracks have time to 

form and propagate, a single nucleus can progress to catastrophic failure provided the 

stress concentrations at the crack tip are high enough. Al1 the mastic specimens tested in 

this study, at 10°C, exhibited an orthogonal fracture surface. This indicates a ductile 

mode of failure. 

These results show that smaller obstacles result in improved fatigue performance. 

This behaviour may be due to more effective crack pinning by smaller obstacles in the 

situation where a large number of rnicrocracks initiate, and then sIowly propagate and 

coalesce to form the fracture surface. This is due to the fact that at a constant volume 

fraction of filler, as the size of the particles decrease, the interparticle distance also 

decreases. For example, the interparticle distance in the mastics containing 50% bulk 

volume of 57 pm glass spheres is approximately 176 Fm. Conversely, the interparticle 

distance in the mastics containing 2 km g l a s  spheres is only 6 Pm. A smaller 

interparticle distance makes it more difficult for the progressing cracks to weave around 

the inclusions. Therefore, in the mastics containing larger filler particles it is possible for 

sorne slowly propagating rnicrocracks to advance around the larger filler particles rather 

than becorning 'pinned' between obstacles. Crack 'weaving' occurs because slowly 

moving cracks will follow the path of least resistance. This path is through the matrix 



(bitumen), which has a significantly lower modulus of elasticity than the filler particles. 

In research conducted on particdate filled polymers, Evans et al. (62) found that rnatrix 

microcracking between particles is possible, and would result in plastic dilation of the 

matrix (shear yielding). In a study concerning acrylic bone cernent containing 

poIyrnethylmethacrylate particles (56), scanning electron microscopy has shown that a 

slowly moving crack has followed paths of weakness between spherical PMMA particles 

that did not completely polymerize together. In essence, as the size of the second phase 

dispersion is decreased, a larger number of growing rnicrocracks become pinned by 

obstacles and the fatigue life of the material increases due to crack pinning. This effect 

of particle size is only evident due to the nature of fatigue failure in these constant strain 

experiments (very slow propagation of a large number of microcracks). 

Further constant strain fatigue tests on the mastics containing limestone filler 

were performed at temperatures below 0°C. Zn these tests, brittle failure resulted in a 

fiacture surface inclined at approximately 45O to the axis of the specimen. This is in 

agreement with Pell's observations (44), and indicates that failure originated at a single 

nucleus and crack propagation proceeded very quickly. Therefore, fracture results from 

the propagation of a single macrocrack rather than the coalescence of numerous 

rnicrocracks. En this type of fatigue fracture, it was hypothesized that the particle size 

does not significantly affect the fatigue life of the specimen, as the moving crack front 

interacts with the obstacles in the manner described by the crack pinning mechanism, 

regardless of the dispersion size. UnfortunateIy, these tests yielded scattered data and it 

was not possible to mdce a meaningful cornparison of the fatigue performance of the 

mastics containing coarse and fine filler. In these tests inherent material flaws and 



defects initiate crack growth and, hence, significantly affect the fatigue Iife of the 

material. It is difficult to controI the presence and concentration of these types of flaws 

(e-g. voids, surface defects) during the prepamtion of the mastic specimens and this 

resulted in poor reproducibility under the test conditions. 

Another toughening mechanism that may contribute to the improved fatigue 

resistance of the mastics containing finer filIer is particle-matrix debonding, which results 

in plastic dilation of the matrix. The test specimens failed in a ductiIe manner; a large 

plastic zone ahead of the crack tip increasing the potential for debonding. Evans et al. 

(63) discussed this phenomenon in particdate-filled polymers and developed an equation 

that predicts the increase in fracture toughness, JJJ:, due to debonding ahead of the 

crack tip: 

where, f is the volume fraction of filler particles, o, is the yield strength of the material, 

and r is the radius of the partides. For a rigid second-phase inclusion, the strain 

concentration in the matrix occurs in the regions between closely spaced particles, 

resulting in strain mapifications of up to 10 times the applied strain. Therefore, 

debonding occurs pnmarily in these regions and, furthennore, appreciable permanent 

deformation of the matnx occurs after debonding. Equation 27 was verified 

experimentally and shows that as the particle size decreases, toughening due to particle- 

matrix debonding increases. Azimi et al. (43) conducted fatigue experirnents on epoxy 

polymers containing glass spheres and found that at higher values of AK, a laper  plastic 

zone ahead of the crack tip causes the smaller particles to debond from the rnatnx. 



Plastic da t ion  of the matrix follows debonding, which resdts in improved fatigue crack 

propagation resistance. It is important to note that debonding in the process zone 

degrades the local crack propagation resistance of the material, because cracks deflect 

into the debonded material at the poles of the particles. However, the enhanced plasticity 

of the matrix between debonded particIes offsets this effect. The extent of particle 

debonding, and its influence on the fatigue crack propagation resistance of the asphalt 

mastics, is unknown. 

4.2 Torsional Fatigue Testilzg of ModifZed Asphalt Mastics 

Results of the fatigue tests on the polymer-modified mastics are presented in 

Figure 4.4. In both systems the interfacially modified (grafted) mastics have a fatigue iïfe 

approximately 40% greater than the ungrafted mastics. Bonding of the polyrner-modified 

bitumen to the surface of the filler particles strengthens the interface and results in 

improved resistance to crack propagation. This observation provides evidence that the 

crack pinning mechanism is operating in these asphalt systems. As mentioned earlier, 

debonded particles cannot effectively pin cracks. The chemical bond between the 

polymer-modified bitumen and filler particles increases the ability of the composite to pin 

cracks by reducing particle-rnatrix debonding ahead of the crack tip. Another 

contribution to the improved fatigue performance of the interfacially grafted mastics is 

increased shear yielding around filler particles. Rodriguez (4) provided evidence that at 

low temperatures better filler-bitumen adhesion in polymer-modified mastics increases 
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Figure 4.4 Fatigue results for polymer-rnodified mastics. 

(H ungafted, interfacially grafted) 



shear yielding mechanisms. Locdized shear yielding around the obstacles increases the 

y, term in equation 14, such that it is no longer negligible with respect to the Line tension 

contribution to the fracture energy of the composite. 

This evidence indicates that crack pinning and shear yielding mechanisms 

toughen the asphalt mastics subject to constant strain fatigue testing at 10°C. The 

improved fatigue resistance of the interfaciaily modified mastics can be attributed to 

decreased debonding and increased localized shear yielding in the process zone. In order 

to rnaxirnize the fatigue performance of these asphalt systems good adhesion between the 

filler particles and bitumen is necessary. 

4.3 Healing of AsphaZt Mastics 

The results from the healing experiments performed on the asphalt mastics are 

given in Table 4.2. Characteristic fatigue and healing cuves for the asphalt mastics 

containing lirnestone fillers A and B are shown in Figure 4.5. It is evident from this data 

that significant stiffness recovery (increase in complex modulus) occurs over the two- 

hour rest penod. Figure 4.5 also shows an abrupt increase of modulus between the Iast 

measurement at high strain (0.3%) and the first measurement following at low strain 

(0.003%). Such behaviour can be related to the apparatus cornpliance or other testing 

artifacts, and may have no real physicd base (58). Furthermore, the data show that the 

particle size of the filler has a significant effect on both the fatigue and healing of the 

asphaIt mastics at a bulk filler voIurne of 65%. As mentioned earlier, the lower fatigue 



Table 4.2 Results of healing experiments performed on mastics containing limestone 

filler. 
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Figure 4.5 Fatigue and healing of asphalt mastics containing limestone filler. 



Iife of the mastics containing coarse filler likely resuits from a larger number of slowly 

moving cracks that weave around filler particles. Due to the nature of microcrack 

formation in these test specimens; heding is simply the closure of numerous microcracks 

- resulting in a recovery in stiffness. 

The magnitude of healing (i.e. st ifiess recovery) over the two-hour period in the 

mastics containing coarse filler is 81 t_ 3%. This is significantly higher than the 54 i 3% 

recovery exhibited by the mastics containing fine filler. As mentioned, previous studies 

(26, 46, 47, 51) have shown that healing depends on the flow characteristics of the 

binder, and diffusion of molecular structures across microcracks. A binder with greater 

fluidity wiII promote healing, as re-association of the crack surfaces will occur at a faster 

rate. The physico-chernical effects of different mineral fillers on mastic systems were 

studied by Craus et al. (63). They measured the surface activity by selective sorption and 

heat of reaction between mineral filler m d  bitumen. The limestone filler tested in this 

study was found to have a high surface activity, resulting in significant adsorption of 

bitumen components at the filler-bitumen interface, and a high amount of fixed bitumen 

in the mastic. Stiffening of the bitumen, caused by physico-chernical reinforcement, is at 

a maximum irnrnediately adjacent to the particle, resulting in a ngid shell-like extension 

of the filler particle (17, 22). As the distance from the particle increases, the forces of 

surface attraction gradually dissipate until they become negligible and the bitumen retains 

its original consistency, or until they encounter similar forces from an adjacent particle- 

bitumen interface (17). As previously shown, in Our mode1 systems, the interparticle 

distance is significantly greater (i.e. thicker film) in the mastics containing coarse filler. 

Therefore, these mastics will have larger domains of binder uninfluenced by physico- 



chernical stiffening (Le. lower consistency). This results in a mastic that has a greater 

ability to flow and, hence, better healing characteristics. Furtherrnore, the mastics 

containing reguIar filler have a larger surface area, resulting in a ~i~gnificantly higher 

nurnber of adsorbed molecules (Le. maltenes, asphaltenes). These chemosorped 

components are unable to diffuse through microcrack surfaces, resulting in a mastic with 

a poorer ability to heal. Careful examination of the healing data shows that the different 

rate of stifiess recovery in the mastic systems is most pronounced during the initial 

stages of healing (see Figure 4.5). This indicates that the initial heaiing of microcrack 

surfaces is driven, in part, by the fiow of binder and diffusion of bitumen components. 

Earlier work by Little et al. (51) found that the addition of LDPE and SBS to 

binder systems impedes microcrack healing as the fillers interrupt the ability of the pure 

bitumen to re-establish contact and heal. A similar effect may also contribute to the 

difference in healing performance of the mastic samples. Cracks that propagate through 

the binder of the asphait mastic (Le. weave around filler particles) will form two Fracture 

surfaces that are cornposed of binder; anaiogous to crack formation in pure bitumen. On 

the other hand, cracks pinned by filler particles 'breakaway' to form fracture surfaces 

containing partiaily exposed filler. As established earlier, crack weaving occurs more 

frequently in the mastics containing coarse filler. Therefore, a larger number of crack 

surfaces do not contain exposed filler particles, and the re-association of bitumen occurs 

more easily. 

In these healing experiments, mastic specimens were re-fatigued at the original 

strain amplitude after the two-hour rest penod to assess any recovery in fatigue life. 

However, al1 specirnens failed almost imrnediately after loading was resumed. 



Obviously, complete healing of the microcracks has not occurred- It is likely that 

diffusion of bitumen components across the microcrack surfaces has not occurred to a 

significant extent within the time frame of these expenments. Under these test conditions 

the asphait mastic specimens recovered stifiess but a recovery in fatigue life was not 

O bserved. 

4.4 Law Temperature Behaviour of Asphalt Mastics 

As explained earlier, the low temperature performance of the asphalt mastics was 

measured using the thermal stress restrained specimen test (TSRST). Figure 4.6 shows a 

typicd curve obtained from a TSRST test performed with a cooling rate of 10°C per hour. 

This curve exhibits the characteristic features of a TSRST curve as the therrnaily induced 

load gradually increases as temperature decreases, until the specimen fractures. BeIow the 

transition temperature (appro.ximate1y -33OC) the dope of the load-temperature curve 

becomes constant, as thermally induced stresses are no longer relaxed. The results for the 

regular thermal stress restrained cooling tests on the asphalt mastics are given in Table 4.3. 

The data shows that the failure temperatures and faïlure loads are sirnilar for the mastics 

made with coarse and fine filler. These results agree with those presented by Fabb (55) in a 

paper focusing on the development of the TSRST. Fabb observed that large changes in 

aggregate type, aggregate grading, and bitumen content have a small influence on the 

failure temperature and, therefore, the use of mastic type mixes is unlikely to solve the 

problem of transverse cracking in asphalt concrete. The fact that the particle size of the 

filler does not significantly influence the fracture behaviour of the mastics provides 

evidence that crack pinning operates in these asphait systems. 
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Figure 4.6 TSRST test on binder containing Iimestone A at a cooling rate of IO0C per 

hour and 0.1% strain. 



Break Load (N) 

Table 4.3 Results of TSRST experiments performed on asphalt ma 
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Table 4.4 Cornparison of experirnental results and theoretical stress ratios pertaining to 

the line energy contribution. 
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By comparing the failure stresses in the asphalt mastics with that of the pure 

binder we can quantify the toughening caused by the addition of the particulate fillers. 

The results of this evaluation are presented alongside the theoretical predictions of the 

crack pinning theory in Table 4.4. Zt is clear that crack pinning cannot account for the 

entire increase in failure stress. This observation agrees with previous work done on 

asphalt mastics by Rodriguez (4) and Lee (29), and is Iikely caused by the high volume 

fraction of filler used in these studies. Rodriguez found that for asphalt binders filled 

with baghouse fines at a volume fraction of 0.3, an increase in fracture energy of 

approximately eight and eleven times over that of the pure matrix is observed (see Figure 

4.7). However, the crack pinning theory only predicts a maximum increase in fracture 

energy of approximately six times over the pure matrix. Rodriguez attributed this 

deviation to crack blunting. Crack tip blunting results from localized plastic deformation 

that occurs at the crack tip prior to crack propagation. It has been observed in polyrners 

(64, 65) that the degree of crack tip blunting largely controls the measured toughness and 

mode of crack growth. Rodriguez concluded that localized plastic deformations 

(occumng via shear yielding mechanisms) around the Iarge particle size fractions present 

in the baghouse fines induce crack blunting. In this case, the y, term in equation 14 has a 

s iD~ficant  value with respect to the line energy contribution. Lee observed a sirnilar 

phenornenon in polyethylene-modified binders. However, the onset of plastic 

deformation effects in these systems is observed to take place at much lower 

concentrations of polyrner than in the case of mineral fiIlers. 

The data presented in Table 4.4 indicate that similar plastic deformation 

mechanisms are occumng in these asphalt mastic systems, which contain a high volume 



percentage (approximately 40%) of limestone filler, In fact, St bas been observed in many 

relatively brittle materiais, such as ceramics and highly cross-iinked thennosetting 

polyrners that blunting of the crack tip may occur during static-fatigue experiments, 

resulting in delayed failure (28). The TSRST test can be regarded as a type of 'static- 

fatigue7 expenment because the specimen is held at a constamt strain until Eracture occurs. 

Therefore, the evidence suggests that crack tip blunting, induced by localized shear 

yielding around fiIIer particles, results in the increase in faiPure stress observed in these 

TSRST experiments. 

The specific nature of deformation (Le, the mecharüsm involved) which causes 

crack blunting is not understood completely. Rodriguez (4) proposes that the coarser 

fraction of the filler promotes crack blunting. Wu (66) States that achieving a minimum 

interparticle spacing is the only crucial factor for promoting crack blunting in filled- 

polyrner systems. This would suggest that crack blunting would be enhanced in the 

asphalt mastics containing the finer limestone filler (smaller interparticle distance). In 

this study, the mastics prepared with regular and coarse filler exhibit sirnilar performance 

and, therefore, it is difficult to determine the influence of parùcle size on the mechanisms 

that Iead to enhanced shear yielding in these systems. A more thorough investigation of 

the plastic deformation mechanisms that compliment crack pinning is necessary in order 

to fully comprehend the fracture process in asphalt systems containing high 

concentrations of mineral filler. 



4.5 Fatigue and Healing Tests on Asphalt Mires 

Asphalt mix samples were subject to sirnilar tests as the asphait mastics in order 

to see if the mastic results would translate to asphait mixes. Jacobs (26) observed that 

crack growth in asphaltic mixes can occur by three processes: (1) cohesive crack growth: 

the crack propagates through the mastic, (2) adhesive crack growth: the crack progresses 

at the interface of the mastic and aggregate and, (3) crack retarding process: the direction 

of the crack growth is changed (Le. the cracktip contacts the aggregate particle). Jacobs 

found that cohesive crack growth process is the dominant cracking rnechanism in asphalt 

mixes subject to dynamic loading. Furthemore, he observed that crack healing only 

occurs in the cohesive crack growth process, as maltenes in the bitumen diffuse easily 

and allow microcracks to rebind relatively easily. Cracks associated with adhesive crack 

growth and crack arrestors do not recover to a significant extent. Therefore, crack growth 

and healing in asphalt mixes depends a great deal on the properties of the mastic, and for 

this reason we expect to see simiiar results between mastics and mixes tested under 

sirnilar conditions. The fatigue and healing experiments were perforrned at 30°C. A 

higher temperature, compared to the asphait mastic experiments, was used at it was 

hypothesized that crack healing would be more pronounced. 

The results of the fatigue and healing tests on the asphalt mixes are given in Table 

4.5. Under constant strain fatigue testing, the asphalt mix containing regular filler (mix 

3) exhibited 3040% improved resistance to fatigue cracking over the mix prepared with 

coarse filler. This enhanced performance is not as substantial as the improvement found 

in asphalt mastics containing limestone filler. However, these results agree with those of 

the mastics, and provide evidence that under the test conditions, fatigue cracking occurs 
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primarily by cohesive microcracking. The improved performance of the mix sarnples 

containing Iimestone A can be attnbuted to the same factors as in the mastic samples. A 

higher degree of crack pinning, and less crack weaving, improves the fatigue 

performance of the mixes containing finer filler. Again, this difference in performance is 

the result of the slow propagation of microcracks through the mastic of these asphalt rnix 

specimens. Previously, Hesp (67) performed constant stress fatigue experiments on 

identical mix sarnples. In these expenments a single crack propagates explosively until 

failure occurs. The high rate of crack propagation prevents the crack from weaving 

around filler particles and, therefore, the crack pinning theory predicts that improved 

fracture resistance is independent of particle size. The results of these expenments are 

shown in Figure 4.8. Indeed, the data show no significant difference in fatigue behaviour 

between mixes containing coarse and regular filler. The differences between mix L and 2 

c m  be explained through the higher binder content in mix 2, as Iower a stifiess results in 

larger strains (under a constant applied stress) and a reduced fatigue life. The differences 

between rnix 5 and 6 can also be explained through a higher binder content (rnix 6 was 

inadvertently prepared with 7.2 wt. % binder). However, the fatigue performance for 

these two mixes is very similar, which indirectly supports the crack-pinning mechanism. 

The asphalt mixes tested under constant strain conditions (i.e. mixes 3 and 4) show 

identical fatigue results under constant stress fatigue testing, although they were prepared 

with two very different fillers. The gradation of these mixes above the 63 micrometer 

sieve size is the sarne, even though they were made with different amounts of natural 

sand and limestone filler. These results agree with Evans' theory on crack pinning and 
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Figure 4.8 Constant stress fatigue results on asphalt mixtures. 
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Figure 4.9 Fatigue and healing curve for asphalt mixture 4 at 30°C. 



previous fracture studies performed on asphalt mastics (4), which show the increase in 

fracture energy of the composite to be independent of particle size. 

Two different techniques were used to measure the healing charactenstics of the 

mix samples; stiffness recovery and fatigue life recovery. A typicai healing curve for the 

asphalt mixes is shown in Figure 4.9. This curve is sirnilar to those obtained for the 

asphalt mastics. However, in the tests performed on the asphalt mixes in which the 

recovery in stiffness was measured continuously by applying a 0.02% strain, there is no 

significant difference in the performance of the mixes containing regular and coarse 

filler. This observation is surprising since such a large difference in stiffness recovery 

was found in the mastic specimens containing the two different limestone fïllers. In the 

tests where healing was enhanced, by reducing the strain to 0% during the 18-hour rest 

period, asphalt mix 4 (limestone B) exhibits an average stiffness recovery of 85.5% 

compared to 69.1% for asphalt mix 3 (Iimestone A). These resuks are sirnilar to those for 

the asphalt mastics, although the improved healing performance of the systems 

containing coarse filIer is not as pronounced in the asphalt mixtures. Obviously, the 

factors that result in the dissimilar rates of stiffhess recovery in the asphalt mastics are 

not as significant in the asphalt mixtures. These same factors may be responsible for the 

discrepancy between the fatigue resistance of the asphalt mastics and mixes, The 

addition of sand and aggregate fines to the 'mastic-phase' of the asphalt mixtures alters 

the particle size distribution, interparticle distance, and surface area of the mastics. 

Consequently, the mechanisms that influence fatigue and healing in asphalt mastics 

containing limestone filler may be less evident in the mixture systems. Another 

explanation rnay be that adhesive crack growth or crack arrest is occumng to a significant 



extent. Therefore, the mastic has a smaller influence on the fracture performance of the 

asphalt mixture. 

Healing studies also show that there is no difference between the asphalt mixtures 

in their recovery of fatigue life. Upon re-fatiguing at the original strain level, both 

mixtures regained 45% of their original fatigue tife. This indicates that the asphalt 

mixtures recovered a significant, and identical, arnount of mechanical strength over the 

18-hour rest period. These results agree with Hesp's previous experiments (68), which 

show no difference in the fatigue performance of these mixes under constant stress 

intermittent loading. Under the present test conditions, there is no si,pificant difference 

in the healing characteristics of the asphalt mixtures, although the mixture containing 

coarse filler exhibits a slightly higher degree of stiffness recovery. However, this does 

not rule out the possibility of improved healing in asphalt mixes containing coane filler 

under service conditions. 

4.6 The-to-Fuilzwe Expenments on Asphalt MUrtures 

The low temperature performance of the asphalt mixtures was investigated 

through time-to-failure tests conducted at -20°C. These experiments expand on previous 

TSRST tests performed by Hesp (69). His results show that there is no significant 

difference between the M u r e  temperatures or failure loads for the different asphalt 

mixtures. However, large changes in aggregate gradation are known to have Iittle 

influence on the results of TSRST tests (55). The time-to-failure test was used in order to 

further investigate the low temperature behaviour of asphalt mixes containing 
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Figure 4.10 Time-to-failure test on asphalt mix 3 at -20°C. 





significantly different gradations of filler. A typical test result is presented in Figure 

4.10. The test specimen is subject to a constant applied stress until crack initiation and 

propagation result in failure. The results of these experiments are given in Table 4.6. 

The data show that there is no difference in the fracture behaviour of the different mixes. 

This in agreement with the TSRST tests performed on asphalt mastics and asphalt 

mixtures containing different gradations of filler. These results agree with the crack 

pinning theory, as the particle size does not influence the Iow-temperature fracture 

performance of the composites. It is likely that crack tip blunting accornpanies crack 

pinning, analogous to the low-temperature toughening of the asphait mastics. 

4.7 Significance to Asphalt Mix Design 

The effect of filler gradation on asphalt mix performance can be evaluated with 

respect to the three major f o m s  of pavement degradation (Le. Iow temperature fracture, 

fatigue, and deformation). The results of the TSRST expenments on the asphalt mastics 

and mixes (69), indicate that the particle size of the filler has little effect on the low 

temperature fracture behaviour of the asphalt systems. Time-to-failure experiments 

performed on asphaIt mixes confirm this observation. Constant-strain fatigue testing 

reveais that asphalt mastics and mixes containing finer gradations of filler exhibit 

improved resistance to fatigue crack propagation. However, the potentid for crack 

healing may be greater in asphalt systems prepared with coarse gradations of filler. The 

effect of filler particle size on the fatigue performance of asphalt mixtures subject to 

constant stress fatigue testing is negligible (67). Therefore, the gradation of £iller does 

not have a significant effect on the low temperature and fatigue properties of the asphalt 



systems studied. However, triaxial testing of these asphait mixtures (69) confirms that 

filler particle size and gradation has a considerable effect on high-temperature permanent 

deformation properties. Asphait mixtures containing coarse filler demonstrate a 50% 

reduction in permanent deformation. Therefore, the use of coarse filler in asphalt 

mixtures has the potentiai to significantly improve the rutting characteristics of the 

material without sacrificing low-temperature and fatigue performance. 



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 

The concept of free binder volume has been used to prepare asphalt mastics with 

significantly different gradations of g l a s  and Iimestone filler. Mastics containing finer 

gradations of filler exhibited improved fatigue resistance under constant strain fatigue 

testing. In the asphalt mastics containing fine filler, more microcracks become pinned by 

inclusions and fewer microcracks weave between the second-phase particulates, resulting 

in a higher resistance to fatigue crack propagation. 

At the test temperature of 10°C, fatigue fracture is ductile, resulting in plastic 

deformation ahead of the crack tip. This likely causes some degree of particle-bitumen 

debonding. The extent of debonding is unknown, and a study of this energy dissipating 

mechanism could bnng new insight into the fracture process in asphalt systems. 

Constant strain fatigue tests on polymer-modified mastics reveal that interfacially 

gafted mastics have a 40% longer fatigue life. The chernical bond between the polymer- 

modified bitumen and filler particles increases the ability of the composite to pin cracks 

by reducing particle-matrix debonding ahead of the crack tip. Localized shear yielding 

around the obstacles also contributes to toughening. Further study into interfacially 

bonding bitumen to the surface of filler particles could lead to asphalt mastics with 

enhanced mec hanical properties. 

Asphalt mastics containing coarse filler exhibited a greater recovery in stiffness 

over a two-hour rest period at 10°C. Healing is poorer in the mastics containing fine 

filler as physico-chernical reinforcement hinders the diffusion of bitumen components, 



and binder flow. Under testing conditions, healing did not result in any significant 

recovery in the fatigue life of the specirnens. 

Data from TSRST tests show that the failme temperatures and failure loads are 

similar for the mastics made with coarse and fine füler. Furthermore, cornparison with 

the crack pinning theory reveals that crack tip blunting may also contribute to the low 

temperature toughening of asphalt mastics containing high volume fractions of filler. 

The role of plastic deformation rnechanisms at the crack tip should be examined to a 

greater extent in order to completel y understand fracture in asphalt systems. 

Constant strain fatigue and heaiing expenments on asphalt mixes show similar 

trends as the asphalt mastics, although less pronounced. This indicates that cohesive 

crack growth occurs under test conditions. However, adhesive crack growth and crack 

arrest may reduce the influence of the mastic on fracture properties of the asphalt 

mixture. Furthermore, sand and aggregate fines may alter the gradation of the mastic- 

phase, and the effect of the different limestone fillers on the fatigue performance of the 

asphalt mixes. 

Al1 asphalt mixes tested recovered a significant degree of mechanical strength 

over the 18-hour rest period. Although no significant difference in the healing of the 

asphalt mixes was established, these experiments indicate that mixtures containing coarse 

filler have the potential for improved healing. 

Time-to-failure results agree with TSRST data in that the low temperature 

performance of the different mixtures is independent of filler gradation. Toughening is 

likely due to crack pinning accompanied by crack tip blunting. 



Filler particles influence the fatigue and Iow temperature fracture properties of 

asphaltic materials through crack pinning, crack tip biunting, particle-matrix debonding, 

and transparticle fracture. The degree to which each type of toughe~ng mechanism 

contributes to the observed fracture behaviour of the material depends significantly on the 

testing conditions and mode of failure. In many cases, it is likely that a combination of 

these mechanisms is responsible for toughening asphalt mastics and mixtures. 

Fractographic studies may be able to better elucidate the different types of crack-particle 

interactions over a range of conditions. 
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