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This paper describes the development of a novel method of measuring the rate of crack prop-
agation in asphalt mixtures using image analysis techniques. The techniques developed incor-
porate methods to observe the crack more clearly as well as a semiautomatic analysis of the
images taken during 3 point bend tests on beams of asphalt. The results show that modified
binders increase the resistance to crack propagation and that the path of least resistance to
cracks appears to be the interface between the coarse aggregate and the matrix

In addition a model is presented for both polymer modified and unmodified asphalts for
calculating the effect of crack propagation on analytical design techniques. The model devel-
oped is based around the 3 point flexure of beams of asphalt and monitoring the degradation

of load (stiffness) with time.
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INTRODUCTION

Once crack initiation has taken place in a bituminous
road layer the pavement is still capable of sustaining
traffic loading. Crack initiation is followed by a
period of crack propagation which can be signifi-
cantly longer than the time required to initiate a crack
(Brunton, 1989). Therefore, crack propagation is an
extremely important phenomenon which needs to be
assessed and, if possible, quantified as it is the cracks,
when propagated, which cause weakening of the
pavement structure. To do this in-situ, as with all
fatigue characterisation, is very difficult, hence, sur-
rogate testing methods are needed. Two generic meth-
ods have been adopted in previous research; a
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theoretical approach, based on fracture mechanics
(extensively developed with research into metals),
and a practical experimental approach, simulating
crack propagation. Both methods have merit, but for
the purposes of this research it was decided to carry
out simulative testing, due to the inherent difficulties
encountered by a number of researchers (Krans 1993,
Majidzadeh et al 1973 and Molenaar 1983) when
using fracture mechanics for a 2 or 3 phase bitumi-
nous material instead of for continuous material for
which the theory was developed.

The test method developed for this project is shown
schematically in Figure 1 and a photograph is given in
Plate 1. It was developed from apparatus used in pre-
vious research into reflective cracking (Caltabiano,
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FIGURE 1 Schematic showing the test configuration for crack
propagation

PLATE 1 Beam cracking apparatus

1990) and used a beam of material with two steel
plates glued to the bottom. A 10mm gap was left
between the plates to act as a crack initiator and the
beam was supported at both ends and hinged to allow
flexure to take place without imposing restrictive
forces. Load was applied via a pneumatic actuator sit-
uated above the beam directly above the gap in the
steel plates with a second actuator beneath the beam
to return it to the normal position after each load
pulse.

The system was controlled by computer to apply

the load using a pseudo-sinusoidal waveform. The
controlling parameter was the strain measured across

the gap between the steel plates. The displacement,
over the gauge length of 10mm, was monitored using
Linear Variable Differential Transformer’s (LVDT?)
mounted on either side of the beam, the outputs of
which were averaged and the value used for the con-
trol of the test. The crack that developed on the sur-
face of the beam, as the test progressed, was
photographed using a computer controlled camera
and these images were then analysed using
state-of-the-art image analysis equipment and soft-
ware. The crack was made more visible by applica-
tion of white paint to the surface of the beam. The
second form of analysis examined the fall off of load
as the test progressed. It was decided to stop the test
once the load reached 25% of its’ original value, as lit-
tle change occurred after this reduction due to the
crack tip approaching the neutral axis of the beam.
The level of strain across the gap in the steel plates, in
the main test programme, was 8,500 microstrain. This
value was selected, after analysis of the specimens
tested in the pilot programme, because the average
length of test for each specimen was required to be of
the order of 24 hours in order to complete the main
test program in the time available. The number of
load applications to failure, as defined above, then
allowed a ranking of the materials and assessment of
the material parameters which had an effect on the
resistance to crack propagation.

IMAGE ANALYSIS

Image analysis equipment was used as one method of
determining the rate of crack propagation. The equip-
ment was used to analyse photographs of the beams,
which were taken at specific reductions in the stiff-
ness (100%, 90%, 80%, 70%, 60%, 50%, 45%, 40%,
35%, 30% and 25% of the original stiffness) of the
beam showing varying stages of cracking, and con-
sisted of:

* A high quality servo-controlled CCD camera, the
functions of which (focus, zoom, aperture and iris)
were controlled via the computer. The camera had
the red, green and blue colours on separate chips



CRACK PROPAGATION IN ASPHALTS 17

allowing exceptionally high quality images to be
obtained for subsequent analysis.

+ A digital frame grabber, installed in the computer,
which digitised the image received from the cam-
era. The controlling software for the frame grab-
ber also allowed some manipulation of the image
(sharpening, smoothing, Fourier transforms etc.)
in order to ensure the correct image was obtained
prior to analysis.

* A high specification graphics computer which
allowed high speed processing, essential as each
image contained up to 8Mb of information. The
computer had a specially designed monitor which
had the resolution required for the high quality
images produced by the camera.

The software obtained for use with the above sys-
tem was a state-of-the-art package capable of process-
ing and analysing in excess of thirty images at the
same time. Therefore, processing and analysing all
the images from one specimen was able to be done at
the same time, reducing work and increasing the
speed of analysis. Some additional software was also
obtained which allowed the processed images to be
annotated and to be exported to PC based systems.

The overall system, as described above, allowed
the measurement of the true crack length on the sur-
face of the beam, as opposed to the methods which
have been applied previously (Caltabiano, 1989 and
Krans et al, 1993). These only measured the linear
distance the crack had travelled and did not take into
account the actual distance, Figure 2. It was, there-
fore, expected that this novel method of crack length
measurement would allow a better assessment of the
true rate of crack propagation in the test specimens.

PILOT TEST PROGRAMME

This was carried out to investigate the test parameters
and conditions which should be used for the main test
programme. It consisted of testing eighteen beams of
a 20mm Dense Bitumen Macadam (DBM) (BS 4987,
1993). This material was chosen as it was expected
that it would have crack propagation properties some-

Linesr
Distance the

Crack has
Propagated

g True Distance of Crack P ropagation

FIGURE 2 Schematic showing that the true distance of crack prop-
agation is longer than the linear distance measured by previous
research

where between those of the other two mixtures to be
evaluated.
The test parameters and conditions evaluated were:

* Method of test control (stress, strain or crack
opening),

* Strain level,

» Temperature susceptibility,

¢ Method of volumetric measurement (sealed,
unsealed and geometric),

* Beam geometry,

* Method of image capture and storage and

* Method of monitoring the position of the crack.

RESULTS OF THE PILOT TEST
PROGRAMME

Evaluating the method of test control was carried
out prior to the pilot test programme (Bolton, 1994).
After reviewing the available literature and carrying
out some validation tests, the method of control con-
sidered most suitable was the strain developed across
the gap between the steel plates. The deflection across
the gauge length of 10mm was sufficiently large to
measure accurately and the LVDT’s were easy to posi-
tion. The beam geometry was investigated and a beam
404mm long with an 80mm square section was found
suitable. All beams were sawn from a slab of material
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FIGURE 3 Typical beam tested at 7,500 microstrain

404 x 280 x 127mm produced in accordance with a
strict protocol (Read 1996).

The average level of applied strain, in order to fail
the beams, on average, in 24 hours, was 8,500 micros-
train. Figure 3 shows results from a test at 7,500
microstrain indicating that the failure condition had
not been reached in 24 hours. By contrast, Figure 4
demonstrates that the chosen level of strain (8,500
microstrain) fails the beam within an acceptable time
period. The need to fail the beams within 24 hours
was due to time constraints on the research and did
result in a level of strain which would never be seen
in a conventional pavement. To this end there is a
need to extend the research to ascertain if extrapola-
tion of the high strdin data to realistic strain condi-
tions is valid. Initially the testing apparatus was not
temperature controlled and it was found that this led
to a high variability in the response of the beams to
the applied load, as would be expected for a
visco-elastic plastic material. Therefore, the decision
was taken to house the apparatus inside a temperature
controlled room. Testing was then carried out at 0°C,
10°C and 20°C (these temperatures were chosen due
to the constraints of the heating and cooling system

used in the temperature controlled room) and this
indicated that temperature influenced the magnitude
of the difference between results but did not change
the ranking and, hence, all further testing was carried
out at 20°C. This prevented further variability in the
results due to temperature.

The method of volumetric measurement was inves-
tigated, as the work involved in sealing the 216 beams
from water ingress, for the main test programme,
prior to density measurement and stripping them
afterwards, was considerable (approximately 1 hour
per beam). It was hoped that accurate geometric
measurements, on a large specimen, would allow the
calculation of the density with an acceptable accu-
racy. However, the differences between the three pro-
posed methods was large and it was, therefore,
decided that all the density measurements would have
to be carried out using the sealed method.

The majority of the beam tests, in the pilot study,
were used to ascertain how best to capture images, at
what rate and under what lighting conditions. The
ideal method of capturing the images would have
been to use the image analysis equipment controlled
by the same computer as the test itself. This was not
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FIGURE 4 Typical beam tested at 8,500 microstrain

feasible as it would have required sole use of the
image analysis equipment which had demands from
other research projects. Therefore, a high quality
camera, with a databack for image referencing, was
used. The rate of image capture was chosen to be 12
photographs per beam as this allowed the three repli-
cates of each beam type to be stored on one film (36
exposure). The lighting conditions proved to be the
greatest problem as external lighting, needed at fast
shutter speeds, raised the temperature of the beam,
interfering with the temperature control. To overcome
this, the background lighting in the temperature con-
trolled room was made as bright as possible, while the
beam was placed as far from the external light source
as was practical. After many attempts, an appropriate
configuration, aperture, shutter speed and level of
background illumination was achieved which pro-
vided clear, sharp and bright images suitable for
image analysis, an example of which is shown in
Plate 2 (subsequently several samples were evaluated
to check the repeatability of this method which was
found to be acceptable, however, it was not possible
to place numbers on the repeatability as the assess-
ment at this point was purely qualitative). Monitoring

the crack also proved to be a difficult problem. In
order to observe the crack clearly a suitable coating
for the beam was required. Various white coatings
were tried and the best was found to be a car priming
paint. This did not shatter as both Plaster of Paris and
whitewash did and did not disguise crack growth, as
polymer modified paints did. The car priming paint
was applied by aerosol allowing a good surface finish
to be obtained.

PLATE 2 Digitised image of beam prior to application of white
paint and testing
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MAIN TEST PROGRAMME

The main test programme was designed to determine
which material properties affect the resistance to
crack propagation in a bituminous mixture.
Three material types were selected:
+ Hot Rolled Asphalt — 30/14 (HRA) — Mid specifi-
cation grading (BS 594, 1992),
¢ Dense Bitumen Macadam — 20mm (DBM) — Mid
Specification grading (BS 4987, 1993) and
¢ Heavy Duty Macadam — 40mm (HDM) - Mid
specification grading (BS 4987, 1993).
Four binder types were selected:

* 50 pen,
¢ 100 pen,
* SBS modified bitumen supplied pre-blended (Car-
iphalte DM) and
* EVA modified bitumen supplied pre-blended
(Evaphalte).
Three binder contents were selected:

+  Optimum™** ! less one percent,
*  Optimum and

¢ Optimum plus one percent.

Note 1 Optimum is defined as the Marshall opti-
mum for the HRA and as the middle of the British
Standard for the two continuously graded mixtures.

Two void contents were selected:

¢ A void content in the middle of the normal operat-
ing range and

* A high void content 2% above the middle of the
operating range.

These various combinations entailed the manufac-
ture of 72 slabs of material with 3 beams (replicate
testing) being taken from each slab. Thus, there were
216 beams to manufacture and test. These beams
were tested under the experimental conditions
described previously. Each beam was uniquely refer-
enced using a 7 digit code made up as follows:

HRA 5 L L 1

The first 3 letters refer to the mixture type:

HRA Hot Rolled Asphalt
DBM Dense Bitumen Macadam

The next character refers to the type of bitamen:

5 50 pen

1 100 pen

E EVA modified
S SBS modified

The next letter refers to the void content:

H High void content
L Low void content

The next letter refers to the binder content:

H Optimum plus 1%
6] Optimum
L Optimum minus 1%

The last number refers to the replicate number:

1 First replicate
2 Second replicate
3 Third replicate

Figures 5, 6 and 7 are shown here to demonstrate
that the method of testing was appropriate. They also
show that beam 2 of each set of replicates generally
gave longer lives than the other two. Beam 2 was the
centre beam cut from the slab and as such was not
subject to edge restraints during compaction. There-
fore, the aggregate structure was allowed to find its
preferred orientation. The two outside beams were
subject to restraint from the mould which, it is
thought, affected the particle structuring. In an ideal
world the slab from which the beams were cut would
have been much larger negating the effect of edge
restraint. However, the practicalities of doing this
were such as to make it totally impractical and, hence,
the method stated above was used.

Plate 3 shows a digitised image of the beam in
Plate 1, coated with primer with a crack through it.
Plate 4 shows the ability of the image analysis system,
as the crack has been superimposed onto the uncoated
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FIGURE 5 Beam test result for specimens HRA/5LL — Hot Rolled Asphalt, 50 pen bitumen, low void content and low binder content

image. This allows the path taken by the crack to be
analysed, which was not previously possible.

The main test programme described here was
streamlined due to the extremely high performance,
long test time, of the SBS modified materials (Car-
iphalte DM). This streamlining meant that only two
material types were evaluated (HRA and DBM) and
for the majority of the polymer modified materials
only one out of the three beams manufactured was
tested (beam 2). Although it would have been desira-

ble to have completed the test programme as planned

the data still had the following variations for the
unmodified materials:

* Two materials types (30/14 HRA and 20mm
DBM),

* Two bitumen types (50pen and 100pen),

* Three binder contents (optimum, optimum +1%
and optimum —1%),

* Two compaction levels (normal and normal +2%)
and

» Three replicates of each material.

which gave 24 different mixtures and 71 beams
(1 beam failed prematurely due to a power surge) and
for the polymer modified materials:.

* Two materials types (30/14 HRA and 20mm
DBM),

e Two bitumen types (SBS {Cariphalte DM} and
EVA {Evaphalte} modified),

* Three binder contents (optimum, optimum +1%
and optimum —1%),

*  Two compaction levels (normal and normal +2%)
and )

* Generally one beam of each material.

which gave 16 different mixtures and 23 beams as not
all of the combinations were evaluated:

Therefore, this gave a total of 40 different mixtures
and 112 beams: 94 from the main test programme
with 18 beams from the pilot test programme.

RESULTS OF THE MAIN TEST PROGRAMME

Image analysis

It was hoped that the use of image analysis to measure
the cracks would produce a new way to quantify
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PLATE 3 Digitised image of a beam — after testing

crack propagation rates. This was not possible, how-
ever, as only about 50 of the beams tested had visible
cracks, with no measurable cracks apparent on any of
the polymer modified beams which at this point is a
unfortunate limitation of the analysis method. Typical
graphs and Plates are given in Figures 8 to 10 and
Plates 5 to 7. These show very clearly that the method
has potential but that further work into this area is
required, particularly in monitoring polymer modified
mixtures. Measurement of the true crack length is
considered worthwhile as it should allow a new defi-
nition of failure in future testing since it is this param-
eter which the author considers has given rise to much
of the variation in the data shown later in this paper.
This method has also shown, by the electronic super-
imposition of the crack onto the unpainted beam, the
way in which cracks grow and which route they take.
By examining all the images it is clear that cracks
tend to propagate around the coarse aggregate passing
as close to the aggregate as possible. The cracks also
try and travel the shortest route between the point of
crack initiation and the point of applied load.

These findings suggest the need for future work
where, it is envisaged, the route of propagation will
be predicted, by the use of image analysis, prior to the
test taking place. As it is considered that a crack will
always take the weakest path, the results would imply
that the interface between the aggregate and the
matrix is less resistant to cracking than the matrix

PLATE 4 Digitised image of the beam in Plate 3 with the crack
electronically superimposed — showing the path taken around the
aggregate structure

(cracks are unlikely to propagate through the coarse
aggregate). Therefore, the lower the amount of coarse
aggregate the better and, hence, this partially explains
the better performance of gap graded materials in
comparison to continuously graded ones. However, if
a continuously graded material is to be used then the
higher the quantity of coarse aggregate the better as it
makes the propagation route of the crack longer, thus,
increasing the life.

Further work is required on the use of image analy-
sis in crack propagation work, particularly in the con-
trol of the test, the definition of failure and to monitor
the progression of cracks in real time.

Analysis of crack propagation data

When analysing the data it became clear that one
important parameter of the mixture, with regard to
crack propagation, was stiffness. The stiffness of the
beams was ascertained by comparing the magnitude
of the initial load with stiffness data from indirect ten-
sile testing on cylindrical specimens (BS DD 213,
1993) of the same material carried out prior to the
main test progrémme. This resulted in a good correla-
tion and although the applied stress was significantly
higher in the beam tests than that applied during the
stiffness tests, both values of stress were in the area
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FIGURE 8 Rates of crack growth for specimen HRASHH3 showing both the linear and the true crack lengths

PLATE 5 Electronically superimposed crack on unpainted beam —
specimen HRASHH3 (See Color Plate I at the back of this issue)

where the stiffness is much less dependent on the
level of stress applied (Read 1996). Hence, it was
considered that this was an acceptable method of esfi-
mating the stiffness of the beams.

During the main test programme many variables
were examined but none of these could explain the
variations in performance found during the testing.
However, each of the variables did have an influence
on the stiffness which in turn was able to explain the
variation in performance. The data when presented in
the form of stiffness against number of cycles to fail-
ure fell into four distinct groups:

¢ Unmodified HRA,

¢ Unmodified DBM,

* SBS modified mixtures (Cariphalte DM) and
EVA modified mixtures (Evaphalte).

These results are presented in Figures 11 to 15. It
can be seen that crack propagation appears to be
related to the stiffness of the mixture in a power rela-
tionship. The equations of the 4 best fit lines are given
in Equations 1 to 4 and these all indicate that the
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lower the stiffness of a bituminous mixture the better
its resistance to crack propagation. This is in direct
contradiction to the requirements for prevention of
crack initiation in a thick bituminous pavement but in
agreement for a thin bituminous pavement.

g\ 8482
i N=| =2
Unmodified DBM (6563) ‘ (1)

g —5.063
. N — m
Unmodified HRA <16843> (2)

g —2.548
i N=[——=2_
SBS Modified < 138380) (3)

S ~7.770
i N = 2=
EVA Modified ( 610 1) (4)

Where :
N = Number of cycles to failure

PLATE 6 Electronically superimposed crack on unpainted beam — S = Stiffness modulus at 20°C and a risetime of
specimen HRASHH!1 (See Color Plate II at the back of this issue) 120ms or frequency of 1.3 Hz.




26 JM. READ

45

10

35

3” s

—
P

” A

Crack Length (mm )

15

” 2/
7~

| —4—TRUE CRACK LENGTH
[-=—LmEaR cRACK LENGTH

e

0
0 5,000 0000 154000

20,000 25000 30,000 35,000

Cycles to Failre

FIGURE 10 Rates of crack growth for specimen HRASHO2 showing both the linear and the true crack lengths

PLATE 7 Electronically superimposed crack on unpainted beam —
specimen HRASHO?2 (See Color Plate IIT at the back of this issue)

These four equations allow calculation of the
number of cycles for crack propagation, for any mate-
rial encompassed in the range of mixtures tested, pro-
vided that an appropriate value of stiffness modulus is
available for the material. This will, in turn, allow a
design shift factor for crack propagation for the mate-
rial to be developed provided one material is selected
as the datum to which all others are compared. This
work on a shift factor is shown in the next section of
this paper and demonstrates that the research has
advanced the way in which crack propagation can be
treated in pavement design and evaluation. However,
it is important to reiterate that the equations are only
valid for the conditions under which they were estab-
lished, the extrapolation shown on the graphs is
included only to show the overall shape of the equa-
tions and predictions outside of the data ranges cannot
be expected to be accurate. This leads to a question
over their applicability as it is very unlikely that a ten-
sile strain of 8,500 microstrain will ever be developed
in the pavement. Therefore, this is an area where fur-
ther work is required to see if the rankings which
were obtained remain the same at lower levels of
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FIGURE 11 Unmodified DBM data demonstrating the power relationship with stiffness

strain and also under the controlled stress mode of
loading. If the rankings do remain the same, then the
concept outlined in the next section remains valid as
the data is normalised by the 20mm DBM datum
material and although the magnitude of the numbers
may change the ratios should still be correct.

A THEORETICAL APPROACH
TO THE APPLICATION OF THE RESULTS

This Section of the paper is intended to show how the
results may be applied, provided that it can be shown
that the level of applied strain in the testing is valid, to
mixture design, pavement evaluation and pavement
design. Mixture design and pavement evaluation are
probably the most important in the UK as very few
new road schemes are being carried out and the
majority of the money invested in the transport infra-
structure is used to maintain that which already exists.
However, there are many schemes all over the world,
particularly in less developed countries, where a sim-

ple tool which measured stiffness and an appropriate
analytical model for characterising crack propagation
would be an invaluable asset for the design engineer
as well as the maintenance engineer.

Pavement Design

It has been shown previously that the Indirect Tensile
Fatigue Test (Read, 1996) is a suitable test method for
rapidly evaluating the life to crack initiation of bitu-
minous paving mixtures and it has been shown in this
paper that, for certain groups of materials, the crack
propagation rate can be related to their initial stiff-
ness. Combining these two results allows a method
for quickly assessing the overall fatigue performance
of a bituminous paving mixture which can cope with
any mixture type, including polymer modified ones
which traditional methods cannot.

For bituminous materials, there are 3 factors which
have been derived to allow for the differences
between laboratory test conditions and those in the
pavement where longer lives are obtained:
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¢ Lateral wander,
* Rest periods between load applications and
* Crack propagation time.
Brunton (1989) analysed various sets of data and
obtained the following values for the 3 factors:

+ Lateral wander — 1.1

¢ Rest periods — 20

* Crack propagation time to critical condition — 3.5
* Crack propagation time to failure conditions — 20

Critical condition is defined as the first appearance
of cracking in the wheel path and denotes the point at
which structural deterioration starts to accelerate.
Failure is defined as extensive cracking in the wheel
path and denotes the point when the pavement is no
longer suitable for its designed use.

The consideration of rest periods, lateral wheel dis-
tribution and crack propagation time, therefore, gives
the following shift factors:

e 1.1 x20x3.5="77 for critical condition and
¢ 1.1 x20 %20 =440 for failure condition.

Brunton’s analysis for crack propagation was based
on Van Dijk’s work (1975) which used a 20mm
asphaltic concrete. It is, therefore, considered that if
the 20mm DBM material from the data reported in
this paper, which is the closest material to that used
by Van Dijk, is taken as the datum then the shift fac-
tors described here can be modified by Equations 1 to
4 to account for different material performance with
regard to crack propagation.

The standard material is now defined as a 20mm
DBM with a stiffness of 1750 MPa. If this value for
stiffness is used in Equation 5 it gives a standard life
of around 74,000 load applications. This value can
now be used to normalise each of the four equations:

s —8.482
i : (6,5%3)
Unmodified DBM Shift Factor = =000
NG
(S—m)—5.063
Unmodified HRA Shift Factor = ~—o
74,000
(6)
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—2.548
Sm
138,380

SBS Modified Shift Factor =

74,000
(7
( g —7.770
. . 6, 101>
EVA Modified Shift Factor = 74,000
(8)

This now means that if a stiffness value of 1750
MPa, typical for a 20mm DBM basecourse, is used in
Equation 5 a value of unity is returned which equates
to a shift factor of 20 for failure and 3.5 for critical
condition, according to the shift factors developed by
Brunton (1989). These equations can now be normal-
ised further by multiplying by the value of 20 for fail-
ure and 3.5 for critical condition, which means that a
20mm DBM basecourse with a stiffness of 1750MPa

will have shift factors of 20 for failure condition and
3.5 for critical condition. Equation 9 shows the crack
propagation equation for DBM materials to critical
condition:

Unmodified DBM Critical
g\ 8482
65%“3)

Shift Factor(SFcp) = ( 21,143

(9)

As there are eight different equations for the four
material groups and two conditions the generalised
form is given in Equation 10 with the key parameters
given in Table I:

)
Shift Factor(SFep) = ;‘;— (10)

Using these equations it is now possible to calcu-
late the shift factor for crack propagation according to
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the actual material type. This coupled to actually test-
ing for the life to crack initiation allows, in the
author’s opinion, an improved method for calculating
the life to failure of a bituminous paving mixture. The
method of calculating the life to failure is now to
ascertain the life to crack initiation from the ITFT at
the tensile strain experienced in the material and to
multiply this by 1.1 for lateral wander, 20 for rest
periods and by the appropriate shift factor for crack
propagation calculated from Equation 10:

Fatigue Life(N¢) = N; x 1.1 x 20 x SF¢,  (11)

Where: N; = Life to crack initiation in the ITFT at cal-
culated level of tensile strain and
SF, = Shift factor calculated from Equation 10.

A comparison of the proposed method described
above and two other commonly used methods will
now be presented. The two methods selected for com-
parison are the Nottingham analytical design method
(Brown et al 1992) and the Asphalt Institute MS-1
method (1989, Finn et a/1977, Shook et al 1982 and
Monismith et al 1970). An example of all three calcu-
lations will be given for a typical 20mm DBM mate-
rial. Table II shows the number of Standard axles
calculated, for each method, for four materials:

¢ 20mm DBM 100 pen,

* 30/14 HRA 50 pen,

e 28mm DBM 50 and

* 30/14 HRA SBS Modified.

Equation 12 is from the Nottingham analytical
design method:
logN=15.8loge;—k—((5.13loge;—14.39) log V},)

—((8.63loge; — 24.2) log SP;) (12)

where:

g = Tensile strain at the bottom of the asphalt
layer, microstrain,

N = Millions of standard axles,

V), = Yolume of Binder (%),

Sp; = Initial Softening Point,

k = 46.06 for life to failure and

k = 46.82 for life to critical condition.

Equation 13 is from the Asphalt Institute method:
tion probably lies closer to the critical condition than

Vi,
x (6.167 x 107° x g, 7329 x §,,70%4)  (13)

where:
¢, = Tensile strain in asphalt layer (mm/mm),
V}, = Volume of Binder (%),
V, = Volume of voids (%) and
S, = Stiffness modulus (MPa).
The 20mm DBM used for this comparison is as
detailed previously and the input parameters are:

€; = 100 microstrain or 0.0001 mm/mm,

V, =10.6 %,
V,=3.6%,

SP; = 44.5°C and
S = 2,000 MPa.

The first method of analysis is the new one
described in the previous section, which requires the
equation for crack initiation generated using the Indi-
rect Tensile Fatigue Test (Read, 1996):

N; = 6.06 x 10'3g,~*0%2

This gives a life to crack initiation (N;) of 522,965
standard axles.

The shift factor for crack propagation for critical
and failure condition, calculated using Equation 10,
are 1.1 and 6.4 respectively. Therefore, the lives to
critical and failure condition are:

Critical Fatigue Life(Ny) =
522,965 x 1.1 x 20 x 1.1 = 12,655,753 ~ 13 MSA

Failure Fatigue Life(N¢) =
522,965 x 1.1 x 20 x 6.4 = 73,633,472 =~ 74 MSA

The Nottingham Analytical Design method gives:
Critical Fatigue Life(N¢) = 2,845,324 = 3 MSA

Failure Fatigue Life(N¢)=16,373, 130 ~ 16 MSA
The Asphalt Institute method gives:
Fatigue Life(N¢) = 21,280, 550 ~ 21 MSA

It should be stated here that there is only one value
given in the Asphalt Institute method which is defined
as the life to approximately 20% or greater fatigue
cracking (based on total pavement area). This condi-
the failure condition used in the other two methods.
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TABLE I Key Parameters for Use in Equation 10
DBM Unmodified Materials HRA Unmodified Materials SBS Modified Materials EVA Modified Materials
Critical Failure Critical Failure Critical Failure Critical Failure
o 6,563 6,563 16,843 16,843 138,380 138,380 6,101 6,101
B -8.482 -8.482 -5.063 -5.063 -2.548 -2.548 -1.770 21770
8 21,143 3,700 21,143 3,700 21,143 3,700 21,143 3,700
TABLE II Comparison of Fatigue Lives Based Upon Three Different Methods of Analysis
New Method (MSA) Nottingham Method (MSA) Asphalt Institute (MSA)
Critical Failure Critical Failure
20mm DBM 13 74 3 16 21
30/14 HRA 80 454 91 525 142
28mm DBM 50 8 49 5 28 2
30/14 HRA SBS 110 625 13 73 19

The values given in Table II take the following data
for each material:

20mm DBM as described previously
30/14 HRA

€, = 100 microstrain or 0.0001 mm/mm,
Vp=17.5 %,

V,=32%,

Sp; = 54.5°C and

S = 2,000 MPa.

28mm DBM50

€, = 100 microstrain or 0.0001 mm/mm,
V=89 %,

V, =115 %,

Sp; = 53.5°C and
Sy = 2,000 MPa.

30/14 HRA SBS modified

€, = 200 microstrain or 0.0002 mm/mm,
Vy =17.5 %,

V,=38%,

Sp; = 84°C and

Sp = 1,000 MPa.

The values of the tensile strain are typical values
for the mixtures described here with the value for the
SBS material being higher due to a considerably
lower stiffness.

From Table II it can be seen that for unmodified
mixtures the results are comparable, however, the
SBS modified material shows that the traditional
empirical methods cannot cope with polymer modifi-
cation but that the new method gives a far more real-
istic life to critical or failure condition. It is, therefore,
considered that the new method provides a significant
improvement in the fatigue analysis of bituminous
paving mixtures particularly with regard to polymer
modified mixtures. It is, however, important to reiter-
ate the point that the equations for generating the shift
factors for crack propagation do not cover every mix-
ture type and that further testing and analysis will be
required in order to avoid extensive extrapolation of
the data and also the equations are only valid over the
range of stiffnesses measured during the course of the
crack propagation work. It is also necessary to state
here that the validity of this novel method needs veri-
fication in either full scale trials or at the least in a
large scale testing facility.

DISCUSSION AND CONCLUSIONS

The main finding of this work is that the life for crack
propagation of an asphalt appears to be heavily
dependent upon the magnitude of the initial stiffness,
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although further work is required to validate this find-
ing. The relationship between the life and the initial
stiffness was found to be a power relationship and the
40 different mixtures tested fell into four groups:

* SBS modified mixtures
¢ EVA modified mixtures
*  HRA unmodified mixtures
¢ DBM unmodified mixtures

From these relationships a general equation has
been developed for estimating the shift factors which
need to be applied to the measured life to crack initia-
tion (ITET testing) to account for the crack propaga-
tion phase. However, there is some concern that the
power relationship is too sensitive to small changes in
stiffness for practical use and this needs to be further
evaluated. '

It was found that image analysis shows potential as
a tool for the evaluation of crack propagation rates,
however, during this work it could not be used for an
overall analysis of the results as generally there were
only cracks visible on the unmodified beams. This
being said it is envisaged that if a larger strain was
developed across the crack initiation gap then the
cracks in the polymer modified materials would be far
more visible. This however may be a problem in itself
as concerns have already been highlighted over the
relatively large strains used in the work

The image analysis was used for a qualitative
assessment of the crack propagation route and it was
found that cracks tend to propagate around the coarse
aggregate trying to separate it from the matrix. This
gives an indication that the interface between the
coarse aggregate and the matrix is weak compared to
the rest of mixture and forms a preferential path for
cracks. The image analysis work also found that
increasing the local presence of coarse aggregate
helped to retard the linear crack growth due to the
more circuitous path that the cracks takes. However, it
was noted that the cracks tried to take the. shortest
route between the point of crack initiation and the
point of applied load via the interface between the
coarse aggregate and the matrix. It is envisaged that
further development of the image analysis system and
software should allow an automated system which

will predict the path of cracks, monitor and control

the test system and measure the length of the cracks.
The conclusions drawn from the work on crack

propagation, therefore, are: ’

* Crack propagation rate appears to be heavily
influenced by the initial stiffness of the material
and can be described by a power relationship that
is mixture specific.

¢ The lower the initial stiffness the better the materi-
als resistance to crack propagation, however, it is
envisaged that there will be a threshold stiffness at
which the material will no longer be capable of
supporting the applied loading.

~ « SBS modified materials considerably outperform

materials made with 50pen, 100pen and EVA
modified bitumen.

e Cracks attempt to follow the shortest route,
arournid the interface between the coarse aggregate
and the matrix, between the point of crack initia-
tion and the point of the applied load.

* The path of least resistance to cracks appears to be
the interface between the coarse aggregate and the
matrix.

» Increasing the quantity of coarse aggregate in a
continuously graded material, provided there is no
increase in initial stiffness, improves the resist-
ance to crack propagation due to the more tortuous
path of the crack

* A method has been established for calculating the
shift factors for crack propagation which can be
applied to the life to crack initiation for use in ana-
lytical pavement design and evaluation to give the
overall life.
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Color Plate I (See page 24. Plate 5) Electronically superimposed
crack on unpainted beam — specimen HRASHH3
Color Plate I (See page 23, Plate 6) Electronically superimposed
crack on unpainted beam — specimen HRASHHI

Color Plate ITI (See page 26, Plate 7) Electronically superimposed
crack on unpainted beam - specimen HRASHO2
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Color Plate V (See page 36, Figure 1) Shape of foaming waste
glass (density: 0.4)





