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ABSTRACT 
 

This article is the author’s view of the study of fatigue cracking of asphalt, told from a 
Nottingham viewpoint, which means of course that there is no mention to most of the large 
number of researchers at other institutions who have made massive contributions in this field. 
The article summarises the laboratory tests used in the last thirty years, at the University of 
Nottingham, to study the fatigue phenomenon of asphalt mixtures. Reference is also made to 
the researchers involved in the mentioned studies, as well as to the different approaches used. 

INTRODUCTION 

It is an undeniable fact of modern life: roads crack. They also rut and deteriorate in 
various other ways, but one of the principal modes of damage is cracking. Equally, it is quite 
clear that roads do not crack immediately after the traffic starts; it usually takes many years 
and many millions of load applications from vehicle tyres. Road pavements, whether asphalt 
or concrete, therefore suffer from the well-known phenomenon known as fatigue, the slow 
development and propagation of a crack under repeated loading. Conceptually, the problem is 
therefore similar to the cracking of a steel rail on a railway under repeated train wheel 
loading, or the catastrophic failure of aircraft components which led to some of the early 
Comet disasters. 

Unsurprisingly, the Comet aircraft disasters prompted a very serious study of fatigue 
in metals and the law known as the Paris Law was adopted. It matched experimental data well 
and has become established as a fundamentally correct way of modelling the development of 
a crack in metal. But asphalt is different.  

Much of the early asphalt fatigue work at Nottingham was conducted under the 
guidance of Professor Peter Pell, using a variety of testing configurations, and his 1975 paper 
(Pell and Cooper, 1975), co-authored with Keith Cooper, spelt out the principal findings from 
several years work. Basically, whereas the Paris Law for metals related crack propagation rate 
to stress intensity, Pell and Cooper found that fatigue life of an asphalt specimen was related 
to the tensile strain developed in the specimen under load. Even under different conditions of 
temperature and loading rate, the life still appeared to have a unique relationship with tensile 
strain (εt). This ‘law’ can be expressed as a simple equation: 
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where N is the number of load applications to failure, and the exponent ‘n’ is typically 
about 4. This last point tied in nicely with experience from the AASHO Road Trials in the 
USA, which was that damage was approximately related to the 4th power of the load. Of 
course, researchers (please put at least two references) immediately noticed a large difference 
between a fatigue characteristic determined in the laboratory and real road behaviour, and this 
was put down to the very different sort of loading regime in the laboratory (continuous 
cycling, no ‘rest’ between load applications) compared to that from traffic. It was also 
recognized that the way that a damaged pavement would redistribute the stresses within it was 
not reproduced by any of the types of laboratory test in use (see Figure 1). For these reasons, a 
large factor had to be applied to ‘adjust’ the laboratory data for practical pavement design and 
it was acknowledged that this factor could only be determined based on the empirical 
evidence of actual road performance. 

Nevertheless, with the above relationship agreed by the pavement engineering 
community, together with a rationale for adjusting laboratory data for pavement design 
purposes, a number of analytical pavement design guides were soon available for general use, 
notably from the Shell Oil Company and the Asphalt Institute in the USA. Professor Stephen 
Brown and Janet Brunton produced the University of Nottingham version (Brown and 
Brunton, 1986). 
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Figure 1 – Commonly used fatigue test arrangements 

 
A number of test types had been used in these early phases of research into asphalt 

fatigue, notably beam bending, uniaxial tensile-compression and rotating bending. Inevitably, 
they all gave different results! Equally, none of them was particularly user-friendly for the 
practicing engineer. The search was therefore on for a quick, simple yet trustworthy test.  

1. THE BITUTEST PROJECT AND THE NOTTINGHAM ASPHALT TESTER 

This was the largest of all the asphalt related projects carried out at Nottingham, led by 
Professor Stephen Brown and involving all sides of the UK highways industry, and it had a 
very clear aim. This was to find the much-needed simple yet trustworthy test; in fact, to find a 
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suite of tests, one for stiffness modulus, one for deformation susceptibility and the third for 
fatigue. John Read, now of Shell International, was the researcher charged with the fatigue 
problem and his thesis (Read, 1996) together with numerous subsequent papers provides the 
background to the choice of a particular test, the Indirect Tensile Fatigue Test (ITFT), which 
could easily be carried out in the newly developed Nottingham Asphalt Tester (NAT), the 
brainchild of Keith Cooper (Cooper and Brown, 1989) – see Figure 2. Keith Cooper later 
went on to found the company (Cooper Research Technology) that manufactures the NAT as 
well as other asphalt testing devices. 
 

 

Figure 2 – Indirect tensile testing mode - The Nottingham Asphalt Tester arrangement 
(Stiffness Measurement) 

 
The choice of the ITFT and the NAT was controversial. In France, the more 

fundamental 2-point bending test had been adopted; in the USA the Strategic Highway 
Research Program (SHRP) the choice was the 4-point bending test. Nevertheless, time has 
shown that the choice was a good one. The fact of its simplicity meant that asphalt producers 
could easily (and relatively cheaply) carry out their own tests and could see immediately how 
their materials behaved in relation to others. In the UK this has led to a revolution in the 
asphalt industry. Whilst the ITFT is not usually incorporated into specifications, it is used as a 
standard tool in evaluating materials in existing pavements and has been used extensively in 
evaluating the potential of different mixtures, different binders etc. The measure it gives is a 
relative one; the industry is well aware of that. But that relative measure is of significant value 
and has much more fundamental meaning than certain other parameters still in common use 
(notably Marshall Stability). 

Nevertheless, while the industry may have been happy with the ITFT, researchers still 
craved for a better understanding of the fundamentals of asphalt fatigue – and that certainly 
meant moving away from the ITFT! 

2. OTHER TESTS, OTHER EQUATIONS, OTHER DESIGN APPROACHES 

The first of a series of Nottingham researchers to take up the challenge was Geoff 
Rowe, founder of Abatech International, who carried out extensive 2-point bending tests as 
well as numerous other more realistic pavement simulations. He explored different ways of 
interpreting the data, and outlined an energy-based approach (Rowe, 1996) for determining 
the point at which a crack could be said to have initiated. 
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He was followed by Tony Sewell, another who founded his own company (PTS 
Limited); he made use of the so-called Compact Tension Test, a test used for metals and from 
which Paris Law coefficients can be determined. His research was in the context of ultra-high 
stiffness asphalt (using 15 pen bitumen). Although the UK Highways Agency had felt 
sufficiently confident to allow use of this material, researchers were still nervous, and Tony 
Sewell was able to demonstrate (Collop et al., 2002) that nervousness was indeed justified! 
The material was eventually banned by the Highways Agency and has only recently 
reappeared with significantly altered mixture proportions! 

However, one of the key research goals remained that of explaining and understanding 
the difference between laboratory fatigue and that experienced in the road. The use of large 
factors to bridge the gap was a sensible practical measure and it allowed analytical design but 
it was unsatisfactory from a research point of view. This was the background to a testing 
series carried out by Korean researcher Young Choi, now of the Australian Road Research 
Board, under the guidance of Andy Collop and the present author. He used three devices, 
namely a uniaxial tension-compression test, a 2-point bending test, and a beam on a 
continuous support under a moving wheel load (Figure 3). The first of these was a test used in 
the earliest stages of asphalt fatigue research; the second is still one of the more popular of the 
current research tools; the third approximated to actual road conditions. In each case, he made 
a careful study of the way that the stiffness of the asphalt reduced during the test, considering 
that this stiffness reduction (observed by numerous researchers worldwide) must represent a 
‘microcracking’ phase of asphalt damage. He showed (Figure 4) that exactly the same trends 
appeared in the uniaxial and 2-point bending (trapezoidal) tests, including an interesting 
difference in behaviour at different temperatures, and the difference in absolute values from 
the two tests was readily explicable once the different stress distributions were considered. 
The data from under the moving wheel (Figure 5) were, unsurprisingly, quite different, 
particularly in the influence of temperature. This data set remains as a key piece of evidence 
in the ongoing struggle to fully explain the mechanism of asphalt cracking and, at 
Nottingham, current work by Ted Liao, under the supervision of Gordon Airey, is building 
upon it.  

 

 

Figure 3 – Beam on continuous support (end and side restraints not shown) 
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Figure 4 – Stiffness reduction during fatigue tests – 2-point bending (i.e. trapezoidal) and 
uniaxial tension-compression (Choi et al., 2005) 

 

 

Figure 5 – Fatigue date illustrating the quite different behaviour found from a beam under a 
moving wheel (Choi et al., 2005) 

 
The thrust of Young Choi’s work was to move on from the simple ‘life vs strain’ 

relationship to examine the entire crack development and propagation process. However, a 
parallel project carried out by Paul Sanders, who now works for the Transport Research 
Laboratory, had already demanded that a crack propagation law should be adopted in practical 
pavement design. The project was on grid reinforcement of asphalt and the key data related to 
the reduction in crack propagation rate which the presence of a grid appeared to induce. The 
present author, who co-supervised Paul’s project with Professor Stephen Brown, decided that 
the time had come to reinterpret the fatigue test data but to use a different crack propagation 
law from the Paris Law. The equation chosen was: 
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tA

dN
dc ε.=  (2) 

where εt is the tensile strain ‘in the region of’ the crack tip. This equation was built into a 
spreadsheet known as OLCRACK (Thom, 2000) which allowed the progress of a crack to be 
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modeled under repeated load, whether from the surface of the road or from the base of the 
asphalt layer, the traditionally expected crack location. The parameters A and n were 
determined directly from an ITFT test. Figure 6 is an example of the output from OLCRACK, 
a tool which has gone on to be used in practical pavement design (Thom, 2003), notably for 
predicting reflective cracking, but also for predicting top-down cracking more generally since 
this is not possible using more traditional analysis approaches. 
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Figure 6 – Typical output from OLCRACK (300mm of asphalt over a granular foundation) 

 
The author then demonstrated (Thom et al., 2002) that the approach taken in 

OLCRACK, which is one in which discrete cracks are modeled, actually gives very similar 
patterns of apparent loss of layer stiffness (due to propagation of cracks) to those found by 
Young Choi in his laboratory tests, and modeled by him using a quite different approach, 
namely damage mechanics. Damage mechanics is the name given to the technique whereby 
the material undergoing damage is still treated as a continuum, but with ever-decreasing 
stiffness. In the case of asphalt, this is a very reasonable modeling approach, not only because 
of the stiffness reduction trends visible from experimentation (e.g. Figure 4) before any crack 
is noted, but also because of the attractive concept of microcracking. 

3. ASPHALT AS A 3-PHASE SYSTEM 

An obvious shortcoming with all the fatigue models in general use is that they totally 
ignore the fundamental nature of asphalt. Asphalt consists of stones (which do not usually 
crack), bitumen (which does crack) and air (which has no need to!). Recent attention has 
therefore been focused on the need to understand the way that bitumen suffers fatigue and 
then how the behaviour of bitumen can be related to the performance of a mixture. The 
author, together with Young Choi and Andy Collop, demonstrated (Thom et al., 2002) that the 
typical pattern of stiffness loss evidenced during a fatigue test, for example as shown in 
Figure 4, could in theory be exactly replicated by the behaviour of a simple two particle + 
binder film system (Figure 7), assigning a sensible crack propagation equation to the binder, 
suggesting that the macro-behaviour seen in fatigue tests may actually be composed of many 
smaller microcrack events (micro-behaviour), each resulting in the breakage of a bond 
between two particles. It was therefore extremely important to understand the behaviour of 
bitumen itself in order to fully comprehend the behaviour of a mixture. 
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Figure 7 – Simple 2-particle system with crack initiating at the particle contact               
(Thom et al., 2002) 

 
Research into bitumen fracture was already being carried out by Chantel de la Roche 

and colleagues at the Laboratoire Centrale des Ponts et Chaussées (LCPC) in France with an 
innovative test set-up, and also by Hussain Bahia in the USA using the Dynamic Shear 
Rheometer (DSR). Nottingham’s contribution was fronted by Sami Osman, now a lecturer at 
Khartoum University in Sudan, who developed a uniaxial tension-compression binder fatigue 
equipment in two forms (Figure 8). One of these, similar to the arrangement in use at LCPC, 
was intended to directly simulate the situation of a binder film between two particles. Sami 
Osman’s work, which was only recently completed (Thom et al., 2006), compared the results 
of binder fatigue tests with those from the Direct Tensile Test (DTT), a test commonly used in 
the USA to investigate low temperature properties. He showed that both pure bitumen and 
also bitumen-filler mastic tend to be stress controlled. In the DTT, this meant that each binder 
had a definite tensile failure strength, which was largely independent of temperature and 
loading rate, while failure strains varied considerably. The fatigue tests confirmed this picture, 
since the DTT data plotted nicely as a point on the fatigue characteristic against 1 load 
application (Figure 9). 

 

 

Figure 8 – Binder fatigue test arrangements used by Sami Osman 
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Figure 9 – Relationship between DTT fracture strength and binder fatigue (of pure bitumen 
and bitumen-filler mortars) (Thom et al., 2006) 

 
Another fascinating finding from Sami Osman’s work was that, while the basic 

behaviour of bitumen and bitumen-filler mastic appeared to be stress controlled, this was not 
true when comparing different filler contents. Whereas varying the filler content changed the 
tensile strength (and fatigue strength), it had little effect on the tensile strain at failure. 

It should be stated that this work is ongoing. Ted Liao is the student currently 
continuing the study and his work has included a comparison of results from uniaxial tension-
compression and the DSR – and the results are most certainly not the same! 

Unfortunately, as is always the case, the fact that so much more is known now than 
was the case a decade or so ago means that we are now in a position to realize just how much 
is not yet known! The data now exists. We know very well how real roads behave; we know 
what sort of behaviour to expect from fatigue tests on asphalt samples; we also have a good 
understanding of the way that binder behaves on its own. However, the challenge of pulling it 
all together into a coherent model still remains. Would a study of a highly non-standard 
material help? 

4. TAKING THINGS TO EXTREMES 

Perhaps one of the difficulties with asphalts is that they tend to be too similar one to 
another. They are all 3-phase systems and are manufactured in similar ways, resulting in 
similar patterns of behaviour. However, there is a certain type of asphalt which is distinctly 
different. It is known as Grouted Macadam. A well-constructed grouted macadam is 
effectively a 2-phase system, without air. This is achieved by first constructing an asphalt, but 
one with very high air voids (about 30% of the volume). The void space is then filled with a 
very strong cement grout. The result is a material in which the binder film continuously 
separates the stones of the original asphalt from the almost equally strong grout. Thus, no 
longer can fatigue of such a material be seen as the breaking of individual stone-to-stone 
bonds (as in Figure 7); it will certainly be different! 

 
The task of making sense of this material fell to University of Minho researcher Joel 

Oliveira, who came to Nottingham to carry out his PhD. He made extensive use of a 4-point 
bending fatigue equipment (one of the standard test types used worldwide) and was able to 
compare his results with those of a conventional asphalt. His findings (Oliveira et al., 2006) 
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were eye-opening. Whereas in a conventional asphalt the binder content has a significant 
effect on fatigue life (more binder = longer life), and this is easily explicable using a model 
such as that in Figure 7, the binder content of the grouted macadam appeared to have no effect 
at all! In hindsight, perhaps, this should not have been too surprising since the model in 
Figure 7 obviously cannot apply. Joel Oliveira explained his findings by making the not-
unreasonable assumption that failure of the material occurred almost totally through the 
binder phase, with occasional fracturing of the grout where necessary. The crack would 
therefore have to propagate along the binder film, between a stone and the grout, and it would 
not matter in the slightest how thick the binder film was since the crack length would be the 
same (Figure 10). In a sense, this clear difference in behaviour also lent credence to the model 
in Figure 7 for conventional asphalt. 

 

Conventional Asphalt Grouted Macadam

Crack 
Path

 

Figure 10 – Different crack paths taken in conventional asphalt and grouted macadam 

5. THE FUTURE 

Although it is a hard thing for a researcher to say, I believe we are nearly there. The 
information which has been gathered not only at Nottingham but at other institutions and by 
highway authorities all around the world is now so extensive that I do not believe it will be 
long before asphalt fatigue is almost completely understood. Personally, I see the remaining 
challenges as being in two areas: 

1. The bitumen itself: bitumen fractures and fatigues, but it also self-heals. This is an 
aspect of performance which is extremely useful to the practicing engineer but it is 
not one which has been extensively studied by researchers. At Nottingham, Joel 
Oliveira has been able to generate useful data on the healing which takes place in a 
soft bitumen, and others have also tackled the issue by means of carrying out tests 
of different waveform or with gaps between load cycles. However, there remains 
much for the bitumen technologist to do. There is also a similar need to model the 
effect of ageing, the ever-increasing stiffness and brittleness of a binder, in a 
realistic way. 

2. The gap between binder performance and mixture performance has not yet been 
closed. The information is out there; but it requires a clear-thinking mind to cut 
through to the point where it is possible to predict mixture fatigue purely from a 
knowledge of binder fatigue, aggregate gradation and volumetric mixture 
proportions. 
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There will of course be other challenges, notably in prediction of pavement 
performance beyond the first appearance of a crack, but I sincerely hope that the mystery of 
asphalt fatigue will soon be a mystery no more! 
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