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ABSTRACT
The high-resolution X-ray CTwas applied to investigate the fatigue damage
evolution of asphalt mixtures. The detailed Xray CT images in the centre of
the samples were used to characterise the fatigue cracking and air voids
increase at different vertical deformations. Air void content and surface
area distribution before and after loading were also analysed. The results
show that the main failure mode of asphalt mixtures at low temperature
is debonding at the interface between aggregates and mastic, which is an
adhesive failure. The maximum change of air void content due to fatigue
damage often occurs near the middle of the sample. Cracks were observed
in and around flat and elongated aggregates and on aggregates with
insufficient fracture faces, demonstrating the effects of aggregate angular-
ity and shape on fatigue cracking. The microcracks develop continuously
throughout the entire fatigue process.
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1. Introduction

Asphalt concrete is the most commonly used construction material in pavements throughout the
world and its internal structure has been the focus of various research studies (Monismith, 1992).
The anisotropy of the microstructure causes complex mechanical responses to variables such as tem-
perature and loading, which in turn influences the performance of asphalt concrete (Eriksen, 1993).
Visualising the internal structure is critical in determining microstructural damage mechanisms and
relating to the performance of asphalt concrete. Nonetheless, traditional laboratory and field tests
generally do not allow visualisation of the internal structure of an asphalt mixture. Digital imaging
techniques have been proposed as a solution to this issue and have been shown by a number of
researchers (Masad et al., 1999; Tashman et al., 2000; Yue, et al., 1995) to be effective for evaluating
the internal structure of asphalt concrete.

Over the last decade, there has been significant improvement in the capabilities of digital imaging
techniqueswith technology development and advances in equipment availability (Masad et al., 2002).
Tomographic images obtained fromX-ray computed tomography (CT) have been used to successfully
research the microstructure of asphalt concrete (Wang et al., 2004). The X-ray CT technique is able to
visualise the damage evolution inside an asphalt mixture specimen as well as the internal structure
of the materials in three-dimensions (3D) (Braz et al., 1999; Khan, 2010; Tashman et al., 2004). Further
structural analysis including aggregate orientations, air voids content and air voids area distribution
canbeused to segment asphaltmixture composition from tomographic images throughdigital image
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processing (DIP). This can be done using techniques such as contrast enhancement, noise reduction,
grey intensity thresholding and binarisation (Kutay, et al., 2010; Zelelew & Papagiannakis, 2011).

Recent literature has had two main focuses; firstly, showing the significant role of air voids and
aggregate properties on the mechanical behaviour of asphalt pavements (Aliha et al., 2015; Castillo
et al., 2015; Coleri et al., 2012, 2013; Khosravi et al., 2013; Kodippily et al., 2014; Mohajeri et al., 2014)
and secondly, in developing 2D and 3D microstructure numerical models (Dai, 2010; Kim, et al., 2010;
Liu et al., 2017; Rami et al., 2017; Trawiński et al., 2018; Zhang et al., 2006) . However, few studies have
applied X-ray CT for characterising fatigue damage (Seo & Kim, 2008; Tashman et al., 2005). In one such
study, the damage was defined by Song using X-ray CT images which were scanned at 1mm intervals
(Song, 2004). X-ray CT was also used by Khan and Collop (2010) to quantify the damage induced dur-
ing constant strain rate and fatigue tests. They concluded that the damage increased with increasing
strain and there is a greater increase in damage (increased air voids content) for specimens tested at
higher temperatures and lower strain rates. The disadvantage of X-ray CT is that it is difficult to obtain
high-resolution images with large asphalt mixture samples. Detailedmicrocrack evolution is often not
visible in low resolution and low resolution also results in inaccurate data as the thresholding might
be affected.

This paper applied high-resolution X-ray CT (with a resolution of 0.014mm) to investigate the
fatigue damage evolution of asphalt mixtures at the micro-level. To achieve this aim, samples (20mm
diameter and 18mm height) were specially designed to visualise detailed fatigue crack geometry. All
samples were tested using the indirect tensile fatigue test (ITFT) at 5°C and were set to stop at given
vertical deformations of 0.4, 0.6, 0.8, 0.9, 1.1 and 1.4 mm, which represented distinct fatigue damage
stages. The detailed X-ray CT images in the centre of the sampleswere used to characterise the fatigue
cracking and air voids increase at different vertical deformations. By analysing air void content and
surface area distributions before and after loading, it is possible to investigate damage evolution in
different directions at different vertical deformations. The X-ray CT images of samples, where themax-
imum change of air voids content occurs were used to investigate the effect of the aggregate size and
the distance between aggregates on fatigue damage.

2. Experimental methods

2.1. Materials

A 40/60 penetration grade bitumen was used, and the technical parameters of which are shown in
Table 1. Aggregates used in this paper are granite collected from Bardon Hill quarry, Leicestershire,
UK. Asphalt mixtures with nominal maximum aggregate size (NMAs) of 14 mm were chosen. Bitu-
men content was maintained at 5% by the weight of the mixture. The design gradation curve of
the 14mm Dense Bitumen Macadam (DBM), a UK-specified form of asphalt concrete, is shown in
Figure 1 (British Standards Institution, 2016a). Asphalt mixtures were compacted by a roller com-
pactor; mixing and compaction procedures of the asphaltmixtures were chosen fromBS EN 12697-35:
2016 (British Standards Institution, 2016b) and BS EN 12697-33: 2019 (British Standards Institution,
2019).

Table 1. Properties of Pen 40/60 bitumen.

Properties Binder Test methods

Specific gravity 1.030 BS 2000-549:2007 (British Standards Institution, 2007)
Penetration (25°C, 5 s, 100 g)/0.1mm 43 BS EN 1462:2015 (British Standards Institution, 2015a)
Softening point/°C 51.1 BS EN 1427:2015 (British Standards Institution, 2015b)
Viscosity, 135°C/mPa s 441.3 BS EN 13302:2018 (British Standards Institution, 2018a)
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Figure 1. Gradation of 14mm DBM asphalt mixture.

Figure 2. (a) Cutting procedure; (b) Prepared samples.

2.2. Indirect tensile fatigue test

Specimens of dimensions 20mmdiameter by 18mmheightweremade for use in the ITFT equipment,
and the cutting procedure and the prepared samples are shown in Figure 2. Small specimens were
designed for the X-ray CT test because that X-ray radiation is absorbed differently passing through
different depths, and standard specimens were found to absorb more X-ray radiation, leading to less
X-ray radiation penetrating through and producing less clear images. The air voids content of small
specimens was tested before ITFTs to make sure they are around 5%. Specimens with too low or too
high air voids content will not be used for testing. Three trial specimens were tested; results show that
three specimens failed when the vertical deformations were approximately 2mm, and the number of
cycles at failure were similar, proving that the special size specimen is also suitable for ITFTs.

Fatigue damage is caused by a combination of various factors, and this combined effect is more
complicated at low temperatures. Based on our previouswork, we found that there exists aworst-case
temperature for fatigue life of asphalt concrete in the range of 5–10°C (Chen et al., 2021; Maggiore
& Airey, 2014; Read et al., 1996). The specimens are too small that we want to reduce the effect of
high-temperature deformation on specimens, so thatwe canobservemoremicrocracks development.
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Figure 3. (a) Indirect tensile fatigue test set-up; (b) Schematic diagram of the load during the ITFT.

Therefore, the temperature of 5°C is chosen in this study. The specimens were conditioned at the test
temperature, 5± 1°C, and then positioned perpendicular, between the top and bottom loading strips
(Figure 3(a)). Figure 3(b) illustrates a repeated controlled stress pulse applied at a rate of 40 pulses
per minute at a load of 0.8 kN. The cumulative vertical deformation versus the number of load cycles
was recorded. Tests stopped automatically when the vertical deformation exceeded the set values of
0.4, 0.6, 0.8, 0.9, 1.1 and 1.4mm (British Standards Institution, 2018b). After the test, in order to avoid
changes (i.e. crack healing) before CT scanning, all the specimens were stored at −5°C. As the speci-
men is not the standard size, the strain gauge was applied on the specimen with the 1.4mm vertical
deformation to record the strain level.

2.3. X-ray CT set-up

For the microstructure analysis, the specimens were X-rayed before and after the ITFT. The scan-
ner consists of an X-ray tube, a rotation stage and a detector (Figure 4). The X-ray CT scanning was
conducted under a penetration of 180 kV and a contrast of 80mA with the resulting resolution is
0.014mm.During scanning, the small sample (Figure 4(b)) is shifted vertically and the entire procedure
is repeated togenerate additional 2D image slices. The imageswereprocessedusing theVGStudioMax
software.

3. Image analysis methods

3.1. Digital image processing

Figure 5 illustrates theprocessingprocedure usedwith theCTX-ray images. Figure 5(b) shows a typical
2D image from an asphalt mixture specimen, the brightest region (highest density) represents the
aggregates, followed by the mastic (bitumen and filler) and the darkest regions represent air voids
(lowest density). The 2D slices can be rendered to produce a 3D image as shown in Figure 5(h). In
this study, digital image processing (DIP) is used to process X-ray CT images, including adjustments
to improve the image quality, such as grey intensity thresholding and image segmentation. An image
profile was generated to identify the range of possible threshold values in the Area of Interest (AOI). As
shown in Figure 5(c), pixels (grey values) are shaded separately in different colours to group the ranges
of grey values for the specified materials in the mixture. These grey values are used to identify those
pixels that belong to the AOI for detecting the threshold values. Thresholding is carried out to isolate
the AOI within an image from the background based on pixel intensity. Phase (aggregates, mastic and
air voids) isolation was achieved by applying different threshold values, as shown in Figure 5(e–g). A
pseudo colour was applied to the original image to view the material phases, by assigning each of
them a different colour spectrum (Figure 5(d)).



ROADMATERIALS AND PAVEMENT DESIGN 5

Figure 4. (a) Schematic of industrial X-ray CT system; (b) X-ray CT equipment set-up.

3.2. The coordinate axis and the image area for calculation

Six asphalt specimens were analysed at different vertical deformations to establish the air voids distri-
bution, where the Y-axis is the loading direction and the X and Z axes are in the horizontal plane with
the Z-axis in the direction of the specimen height. To make sure the calculated area is the same for
each slice, the image area as shown in Figure 6 is applied for calculation.

3.3. Calculation equations of volume and surface area parameters

The volume and surface area parameters of air voids were calculated to determine the damage evolu-
tion and fatigue resistance properties of the sample. Total sample volume (SV, mm3), air voids volume
(AVV, mm3) and air voids surface area (AVSA, mm2) before and after loading were calculated by soft-
ware VGStudio Max 3.0.0. Air voids content (AVC, %), air voids content change (AVCC, %) and air voids
content increase (AVCI, %) were calculated using Equations 1–3. Surface area change (AVSAC, mm2)
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Figure 5. CT X-ray images processing; (a) the geometry and dimensions of samples; (b) central CT slice image; (c) AOI extracted by
grey value; (d) after pseudo colour transformation; the phase (e) aggregates; (f ) mastic and (g) air voids after adjusting the threshold
values; (h) 3D reconstruction from 2D slices.

Figure 6. The coordinate axis and the image area for calculation.
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and surface area increase (AVSAI, %) of air voids were calculated by Equations (4) and (5).

AVC = AVV
SV

× 100% (1)

AVCC = AVCafter − AVCpre (2)

AVCI = AVCafter − AVCpre
AVCpre

× 100% (3)

AVSAC = AVSAafter − AVSApre (4)

AVSAI = AVSAafter − AVSApre

AVSApre
× 100% (5)

where AVCpre, AVCafter, AVSApre and AVSAafter are air voids content and air voids surface area before
and after loading.

4. Results and discussions

4.1. Fatigue damage evolution

To explore the damage evolution, the number of loading cycles vs. the vertical deformation was
recorded as shown in Figure 7(a). It can be seen that there are three distinct stages which represent
the different fatigue damage stages. In the first stage, deformation develops rapidly before slowing
down. In the second stage, vertical deformation develops approximately linearly while finally in the
third stage, the deformation becomes rapid once again.

Strain gauge with the full scale of 1 με was glued in the centre of the sample during ITFTs to find
the relationship between the vertical deformation and the strain level. In Figure 7(b), the strain vs.
time curve changes from a smooth relationship to a significantly noisier relationship at the transi-
tion point (Time = 1578 s, Strain = 3960× 10−6), which is caused by cracks initiating near the strain
gauge. The time (1578 s) corresponds to the vertical deformation 0.47mm in Figure 7(c), and also to
the first stage in Figure 7(a). The strain vs. time curve increases significantly at the point (Time = 4494
s, Strain = 13411× 10−6), for the reason that the strain gaugeexceeds the full-scale valuewhen cracks
propagate quickly. The time (4494 s) corresponds to the vertical deformation 0.76mm in Figure 7(c),
and also to the second stage in Figure 7(a).

To explore how cracks initiate and propagate in each stage, images in the centre of the samples
were captured. The main failure mode of asphalt at low temperatures is debonding at the surface
between aggregates and mastic, which is an adhesive failure (Figure 8). Figure 8(a,b) corresponds to
the first stage, where deformation is relatively small. A number of microcracks initiate at the aggre-
gate–mastic interfaces. In fracture mechanics (Dowling, 1976; Jacobs et al., 1996; Majidzadeh et al.,
1971; Paris, 1963; Sulaiman & Stock, 1995; Yin et al., 2015), the first stages are known as pre-cracking
and transition. The process where stresses begin to accumulate in the sample to form microcracks
is called pre-cracking and the process when micro-cracking begins to occur and propagate is called
transition. Transition happens when the peak load of the sample occurs in the microcrack nucle-
ation. Figure 8(c,d) corresponds to the second stage, where deformation increases linearly. Air voids
expand in a small range and several microcracks connect together. This stage is defined as stable
cracking. During this stage, microcracks propagate steadily causing the vertical deformation also to
increase steadily. Figure 8(e,f) corresponds to the third stage, where air voids expand rapidly, and
at the same time cracks develop quickly. This stage is defined as fully cracked. With the vertical
deformation increasing rapidly, macrocracks initiate and propagate until the sample becomes fully
damaged.

To present the change in the red area (the development of microcracks and air voids after load-
ing) in Figure 8 clearly, the surface area of the red area is calculated by Equation (4) using ImageJ,
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Figure 7. (a) Vertical deformation vs. number of cycles showing three different fatigue damage stages; (b) Strain vs. time curve; (c)
Vertical deformation vs. time curve.

as shown in Figure 9. Seen from Figure 9, development of microcracks and air voids increases with
the increase of the vertical defamation, and the development becomes faster after the deformation
is 0.8mm, while slower after 1.1mm, which further defines that there exist three different evolution
stages during fatigue damage process.

4.2. Air voids content distribution

The air voids content (AVC, %) distribution in the X and Y directions was calculated. The average AVC
was calculated per 100 X-ray CT images (100 intervals). Due to the limitation of space, just three exam-
ples are shown in Figure 10. In the figure, the purple line represents the AVC before loading and the
blue line is after vertical deformation. For the results calculated, for both the X and Y directions, the
change of the AVC after loading becomesmore obvious with the increase of vertical deformation. The
change of the AVC can reflect the fatigue damage evolution.

Increase in the AVC in the Y directionwas calculated. Two examples and the corresponding images
at the position of the max and min increase in the AVC are shown in Figure 11. When vertical
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Figure 8. Air voids of unloaded samples and microcracks of loaded samples under different vertical deformation: (a) 0.4mm;
(b) 0.6mm; (c) 0.8mm; (d) 0.9mm; (e) 1.1mm and (f ) 1.4mm.
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Figure 9. Air voids surfaces area change (AVSAC) versus vertical deformation.

Figure 10. Air voids distribution in Y direction at (a) 0.4mm; (b) 0.9mm; (c) 1.4mm vertical deformation.

deformation is 0.4mm, the increase values in the AVC are mainly negative, and the max and min
increase in the AVC occurred at the edge, proving that the specimen is in volumetric compression.
When the vertical deformation is 0.6mm, the increase values in the AVC are mainly positive. The max
increase in the AVC occurred in the middle part of the sample, showing the specimen to be undergo-
ing tensile strain (Miljković & Radenberg, 2014). Similar results were concluded for the other vertical
deformations (0.8, 0.9, 1.1 and 1.4mm). This means that the specially designed sample is mainly in
compression when the deformation is relatively small, while the sample becomes tensile and cracks
develop faster as deformation increases.
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Figure 11. Increase in air voids content at (a) 0.4 and (b) 0.6mm vertical deformation and the images at the position of the max
and min increase in air voids content in Y direction.

To capture crack geometry, images of the slices representing themaximum andminimum increase
in the AVC in the Y direction at six different vertical deformations were collected; these are shown in
Figures 11–13. It canbe seen that air voids are squeezedor stretched, and cracks areobserveddevelop-
ing at these positions. Figures 11 and 12 illustrate the images at the position of theminimum increase
in the AVC. Air voids can be seen squeezed at these positions and the larger the vertical deformation,
the more the air voids are squeezed. Although the samples were compressed at these positions and
the dominant damage is in the form of air voids being squeezed, the cracks still developed in accor-
dancewith the law found in Section 4.1, which is thatmicrocracks initiate at small deformation (Figure
11), then develop steadily (Figure 12(a,b)) and finally connect together to form macrocracks (Figure
12(c,d)). Figure 13 shows the images at the position of themaximum increase in the AVC. Air voids can
be seen stretched at these positions, and the larger the vertical deformation, the more the air voids
are stretched. The dominant damage is in the form of cracks when samples were under tensile stress.

To further understand crack initiation and propagation, images at the positions where the maxi-
mum increase in the AVC occurred in the X direction were also taken; these are shown in Figures 14
and 15 and were used for comparison to the results in the Y direction. In the X direction (Figure 14) it
canbe concluded that the changeof air voids after loadingbecomesmoreobviouswith the increase of
vertical deformation, and the largest change in the AVC also appears in themiddle part of the sample,
which agrees with the maximum tension occurring in the middle of the sample.

The impact of the form of the aggregates on fatigue cracking is also explored here. Flat and elon-
gated particles are defined where the dimension ratio (width to thickness or length to width) exceeds
3:1 (Kandhal & Parker, 1998). It has been determined that flat and elongated coarse aggregate par-
ticles have some influence on the performance of asphalt mixtures, as such particles tend to break
down (Li &Kett, 1967). Asphaltmixtures containing30%ormore flat particles havebeen shown tohave
poor properties compared tomixtureswith lower percentages of flat particles (Stephens, 1974). In this
paper, cracks were found to have initiated and propagated adjacent to flat and elongated aggregates,
as shown in Figures 12(d) and 14(b). Cracks were also observed initiating and propagating in inter-
faces between themastic and flat and elongated aggregates, as shown in Figures 11(a) and 13(b,d). Air
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Figure 12. The images at the position of themin increase in air voids content at (a) 0.8, (b) 0.9, (c) 1.1 and (d) 1.4mm in Y direction.

voids also tend to expand at interfaces between mastic and flat and elongated aggregates, as shown
in Figures 13(d) and 14(b).

The irregular shape of aggregates may lead to stress concentrations in asphalt mixtures, con-
sequently causing the initiation and propagation of microcracks, which will finally change the
macrostructure and microstructure of the material leading to a deterioration of the mixture’s overall
strength. Fractured faces, angularity and texture are often described as irregularities with examples
of these shown in Figure 16. Angularity describes the edge sharpness of aggregate particles. The
larger the angularity of aggregate, the sharper its edges. The texture expresses the relative surface
roughness of aggregate particles (Monismith, 1970). The images captured in this paper show that
cracks often occurred at interfaces between mastic and non-angular aggregates, as shown in Fig-
ures 11(b), 12(c) and 13(b). Cracks were also observed to occur within non-angular aggregates, as
shown in Figure 14(a). Reasonable angularity and texture ensure enough interlock friction between
aggregates. However, when the angularity continues to increase, cracks tend to initiate and prop-
agate, as shown in Figures 13(a–c) and 15(a,b). Figure 11(a) shows cracks also tend to develop
within aggregates with very angular but less textured surfaces. Fatigue cracking behaviour also
became more complicated with vertical deformation increase, as shown in Figure 15(c,d). The devel-
opment of cracks follows the principles described above, but the increased vertical deformation
results in coarse aggregates with smooth surfaces moving with the surrounding binder and fine
aggregates.
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Figure 13. The images at the position of themax increase in air voids content at (a) 0.8, (b) 0.9, (c) 1.1 and (d) 1.4mm in Y direction.

4.3. Air voids surface area distribution

The air voids surface area (AVSA, mm2) distribution at 0.4mm vertical deformation is shown in
Figure 17. It can be seen that air voids with a surface area less than 0.3 mm2 account for the major-
ity of the voids. The number of air voids decreases exponentially when the surface area is larger than
0.3 mm2. The number of air voids with a surface area larger than 2.3 mm2, which is 1/3 of the maxi-
mum air voids surface area (MaxAVSA = 6.9 mm2), is very small. The AVSAI in three ranges (less than
0.3, 0.3 mm2- 1/3 of MaxAVSA and larger than 1/3 of Max-AVSA) were calculated, as shown in Figure
18. The AVSAI when the area is less than 0.3 mm2 is stable and sustained as the vertical deformation
increases. There is no obvious AVSAI in the range (0.3 mm2 – 1/3 of MaxAVSA). When the area is larger
than 1/3 of MaxAVSA, AVSAI grows rapidly as the vertical deformation is increased. It was found that
air voids with large surface areas (macrocracks) are easier to expand and develop when the vertical
deformation is large; however, air voids with small surface area (microcracks) continue initiating and
propagating no matter whether the deformation is large or small. Previous research has defined the
fracture processes,making it easier to understand the damage evolution laws; however, both the visu-
alisation using high-resolution X-ray CT images and the results of AVSAdistribution analysis prove that
microcracks develop continuously throughout the whole fatigue process.

4.4. Results of volume and surface area parameters

Generally, the volume and surface area of air voids in asphalt concrete can be used to characterise
the damage status of asphalt concrete, the higher the volume and surface area of air voids, the more
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Figure 14. Increase in air voids content at (a) 0.4 and (b) 0.6mm vertical deformation and the images at the position of the max
and min increase in air voids content in X direction.

Table 2. Volume and area parameters of samples.

Sample ID
Vertical

deformation(mm)
AVCpre
(%)

AVCafter
(%) AVCC (%) AVCI (%)

AVSApre
(mm2)

AVSAafter
(mm2)

AVSAC
(mm2) AVSAI (%)

1 0.4 3.05 3.19 0.14 4.59 1976.63 2022.06 45.43 2.30
2 0.6 5.54 5.90 0.36 6.50 2490.83 3036.81 545.99 21.92
3 0.8 6.55 7.19 0.63 9.77 3744.35 4313.69 569.34 15.21
4 0.9 4.35 5.24 0.89 20.38 2179.39 2950.45 771.06 35.38
5 1.1 3.54 4.56 1.02 28.89 1994.41 3049.32 1054.91 52.89
6 1.4 5.40 6.91 1.51 27.96 2447.90 3676.80 1228.90 50.20

serious the damage is in the asphalt concrete (Song, 2004; Khan & Collop, 2010; Li et al., 2020). The
volumeand surface areaparameters of sampleswithdifferent vertical deformations are shown inTable
2. It can be seen fromTable 2 that the air voids content change (AVCC) becomesmore obviouswith the
increase of vertical deformation (0.14% at 0.4mmwhile 1.5% at 1.4mm), which demonstrates that the
damage continues to accumulate. The air voids content basically increaseswith the increase of vertical
deformation from 0.4 to 1.1mm; however, it slows downwhen the deformation is higher than 1.1mm.
The reason is that the samples have probably effectively failed at the relatively larger deformations of
both 1.1 and 1.4mm.

In addition, the same tendency can be found for the air voids surface area change (AVSAC). With
increasing vertical deformation, the AVSAC becomes more obvious (45.43 mm2 at 0.4mm while
1228.90 mm2 at 1.4mm). The air voids surface area increase (AVSAI) basically increases with the
increase of vertical deformation; however, the change rate increases suddenly at 0.6mm (21.92%) and
decreases after 1.1mm. This indicates that the cracks develop rapidly at 0.6mm, and sample failure
occurs after the deformation is higher than 1.1mm.
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Figure 15. The images at the position of themax increase in air voids content at (a) 0.8, (b) 0.9, (c) 1.1 and (d) 1.4mm in X direction.
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Figure 16. Illustration of morphological characteristic of aggregates: (a) angular and non-angular aggregate; (b) aggregate with
many fractured faces; (c) shape characterization (Kandhal & Parker, 1998).

Figure 17. Air voids surface area distribution of the whole sample (at 0.4mm vertical deformation).
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Figure 18. Calculation of AVSAI of three ranges showed in Figure 17.

5. Conclusions

In this paper, high-resolutionX-rayCT is used to characterise fatiguedamageof asphaltmixtures based
on specially designed small samples tested using ITFT. Air voids content and surface area distribu-
tions before and after loading were calculated and analysed. Themain conclusions of the study are as
follows:

1. High-resolution imagingofCT scansof small-size indirect tensile fatigue specimens shows that the
main failure mode at 5°C is debonding at the interfaces of aggregates and mastic, which belongs
to an adhesive failure mode.

2. The fatigue damage process consists of three distinct stages. At the first stage, deformation devel-
ops rapidlybefore slowingdown,only a fewmicrocracksoccur at theaggregate–mastic interfaces;
at the second stage, the vertical deformation of asphalt concrete develops approximately lin-
early, the microcracks spread continuously, and some microcracks connect; at in the third stage,
the deformation becomes rapid once again, the air voids grow rapidly, and microcracks emerge
swiftly.

3. The sample ismainly in compressionwhen thedeformation is relatively small. However, it changes
to a predominantly tensile strain with the increase of deformation, and cracks develop faster as
deformation increases. Themaximum increase in the AVC (fatigue damage) often occurs near the
middle area of the sample.

4. Both the visualisation based on X-ray CT images and the results of AVSA distribution indicate that
themicrocracks (characterised as small size air voids) develop continuously throughout the entire
fatigue process.

5. The AVCC value becomes more obvious with increasing vertical deformation. The AVCI basically
increaseswith the increase of vertical deformation; however, it slows downwhen the deformation
becomes very large and the reason is that the samples have effectively failed. The same tendency
can be found for the AVSAC and AVSAI values with increasing vertical deformation.
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