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Abstract  

Bitumen acts as a binding agent in asphalt mixtures where it binds the 

aggregates together. It is known for its potential to heal small cracks and 

recover its mechanical properties under the right conditions. Though this 

self-healing property is known, there is currently a lack of knowledge about 

the mechanisms that drive the process. To optimize the use of this material 

for pavement design, the healing ability should be better understood and 

controlled. In this work, it is investigated how neutron imaging can be used 

to increase the understanding of the mechanisms behind the self-healing in 

bitumen. As a first step, the sample size requirement set by the measurement 

technique was determined. In order to detect micro cracks in bitumen by 

using this technique, the sample must be sufficiently small to allow neutron 

transmission. On the other hand, too small samples would complicate the 

structural analysis of the material since less information would be possible to 

obtain. Bitumen with different dimensions were scanned with neutrons to 

determine the maximum sample thickness. This work was followed by 

evaluating the healing capability of fractured bitumen and mastic samples, by 

using time series neutron tomography. The studied samples had a varying 

combination of hydrated lime (HL) filler concentration, crack volume, and 

contact area between the broken pieces. The data acquired from the time 

series tomography scans was analyzed using a three-dimensional analysis 

procedure including denoising, segmentation and volume measurements. 

From the volumetric analysis, it appeared that the initial crack size and crack 

shape have a large impact on the healing rate. It was found that bitumen, 

mastic with 20%, and 30% filler content had a similar healing behavior for 

relatively small crack volumes. When increasing the content of HL in the 

mastic, the healing rate decreases exponentially, with a drastic decrease after 

reaching a filler content of about 30%. 
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Sammanfattning  

Bitumen fungerar som bindemedel i asfaltsblandningar där det binder ihop 

stenaggregaten. Bitumen är känd för sin förmåga att läka små sprickor och 

återfå sina mekaniska egenskaper under rätt förutsättningar. Trots att den 

självläkande egenskapen är välkänd, råder det idag en brist på kunskap om 

de mekanismer som ligger bakom denna process. För att optimera 

användandet av bitumen för vägbeläggningar behövs en bättre förståelse 

kring denna läkande egenskap. I detta projekt undersöks det hur 

neutronavbildning kan användas för att öka förståelsen kring de mekanismer 

som ligger bakom den självläkande egenskapen hos bitumen. Som ett första 

steg bestämdes provstorlekskravet för denna analysteknik. För att möjliggöra 

detekteringen av små sprickor i bitumen genom att använda denna teknik 

måste provmaterialet vara tillräckligt tunt för att neutronerna ska kunna 

transmitteras genom materialet. Allt för små provstorlekar skulle, å andra 

sidan, försvåra analysen av materialets struktur då informationen man kan 

erhålla blir mer begränsad. Bitumen med olika provstorlekar skannades med 

neutroner för att bestämma den maximala provtjockleken. Därefter 

analyserades den självläkande förmågan hos brutna bitumen- och 

bitumenmastixprover med tidsserie neutrontomografi. Prover med olika 

mängder av kalciumhydroxidfiller i bitumenblandningen, olika storlek på 

sprickvolymen och kontaktytan mellan de brutna provdelarna studerades. 

Data erhållna från experimenten användes för att göra en 3-dimensionell 

analys som inkluderade brusreducering av bilder, segmentering och 

volymmätningar. Från volymanalyserna konstaterades det att den initiala 

sprickstorleken och sprickformen har en stor inverkan på läkningstakten. 

Bitumen, mastix med 20%, och 30% filler-additiv uppvisade liknande 

läkningsegenskaper för relativt små sprickstorlekar. Vid en ökning av 

mängden filler material i mastixen minskar läkningstakten exponentiellt, 

med en drastisk minskning när man passerar en filler-koncentration på runt 

30%. 
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1 Introduction 

Asphalt pavements are continuously subjected to damage mechanisms 

because of traffic loads and environmental factors, such as moisture and low 

temperature. Over time, the asphalt binder becomes brittle, and small cracks 

may arise and develop into larger scales. Bitumen, acting as a binding agent 

in asphalt mixtures, is known for its ability to self-heal microcracks and 

recover its mechanical properties under the right conditions [1-3]. The 

healing capability of bitumen is affected by both (1) material property factors, 

such as bitumen type, filler type and concentration, and air void content, and 

(2) external factors, like temperature, loading type and history, rest period 

between two loadings, and aging. This self-healing phenomenon has gained 

increasing interest among scientists over the last decade, due to its potential 

to extend the service life of pavements [1]. Increasing our understanding of 

the mechanisms that causes this intrinsic phenomenon is crucial for the 

development of sustainable roads, which would benefit the economy and 

environment by reducing the costs and emissions from the construction and 

maintenance process. Although the self-healing property of asphalt is known, 

there is currently a lack of knowledge about the mechanisms that drive the 

healing process. One way of increasing our knowledge about the healing 

behavior in asphalt is to study the microstructural changes in bitumen during 

damage healing. In this research project, neutron tomography was utilized to 

visualize and quantify the healing behavior of asphaltic materials. 

1.1 Aim and limitations  

To optimize the use of bitumen for road paving, the ability to self-heal small 

cracks needs to be better understood and controlled. This thesis aims to 

explore the possibility of using neutron scattering to evaluate the healing 

capability of bitumen and mastics (bitumen + filler additives). The bitumen 

used for the healing analysis had a penetration grade of 70/100, and for the 

mastic samples, hydrated lime (HL) was used as a filler additive. The overall 

objective of this study is to contribute to a more fundamental understanding 

of the healing behavior, which is crucial to enhance the long-time 

performance of asphalt pavements. In this work we use neutron tomography 

to observe the healing process on the scale of some tens of microns with the 

aim to quantify the healing rate of cracks in bitumen. A first step was to 

identify the limitations and opportunities of the imaging technique. This 

involves finding the ideal sample size and determine the required experiment 

parameters needed to observe relevant features in the images. 
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The samples used for tomography analysis were limited to one type of 

bitumen and one filler type. The samples had a varying combinations of filler 

content and crack dimension. To evaluate the healing capability of 

bituminous materials, a wide variety of characterization techniques have 

been utilized by different research teams. In this thesis, focus has been on 

investigating the possibilities and challenges of using time series neutron 

tomography to study the damage recovery of bitumen and mastics. 

1.2 Thesis outline 

This thesis is divided into 5 chapters. Chapter 2 provides some background 

about the healing mechanisms in asphalt materials, and the effect of adding 

filler materials to the bitumen binder. A discussion about the common 

characterization techniques to study the healing in asphalt is also included, 

with a focus on tomography techniques. Chapter 3 describes the experiments 

carried out to investigate the optimal bitumen sample dimensions for neutron 

tomography analysis (Paper I), and the experimental investigation on the 

healing behavior of bitumen (Paper II). In Chapter 4, results from the 

appended papers are presented and discussed. Finally, the outcome of this 

research is summarized, and the impact of the results for future experiments 

are discussed in Chapter 5. 
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2 Background  

2.1 Healing mechanism in asphalt 

To understand the self-healing behavior of bitumen and the mechanisms that 

causes this phenomenon, researchers have proposed different models based 

on different theories [2]. One model, which is based on wetting and diffusion 

between interfaces, describes the healing behavior on a molecular level 

(Figure 2.1). This model is inspired from the healing mechanism of polymer 

materials. In the wetting stage, the cracked surfaces come in contact with each 

other, and the surface area between the contact points will increase with time. 

The rate of wetting is affected by the viscoelastic properties of bitumen and 

the surface free energy. The wetting process is followed by a diffusion stage, 

where molecule chains diffuse across the cracked faces, resulting in a strength 

gain. Different research teams adopted this model to understand and 

characterize the healing behavior of bitumen [4-6]. 

 

 

 

 

 

 

 

 

 

 

At a meso level, healing in asphalt mixtures can be either cohesive, when 

occurring within the bitumen or mastic, or adhesive, when occurring at the 

interface between mastic and aggregates. 

Figure 2.1: Bitumen healing based on the wetting and 
diffusion theory. 
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2.2 Filler additives 

Adding a filler material to the bituminous binder, such as limestone or 

hydrated lime (HL), which are commonly used, will greatly affect the 

properties of the mastic. These additives serve to increase the stiffness 

modulus of the binder [7] as well as improving the adhesion properties 

between binder and aggregates in the asphalt mixture [8]. The properties of 

the mastic depend on the filler type, filler concentration, and temperature. 

In this research project, the healing behavior of mastics with HL filler was 

studied. In earlier research, HL has been used as an additive to improve the 

properties of asphalt mixtures, such as reducing its moisture susceptibility [9, 

10] and reducing the aging, i.e. asphalt hardening with time caused by 

oxidation, heat, and UV light [11, 12]. Si et al. analyzed the possible effect of 

HL on the healing potential of different asphalt mixtures, and concluded that 

HL generally improved the healing effect of the mixtures tested [13]. The 

healing behavior of the mastic highly depends on the bitumen type, filler type 

and concentration, and temperature. 

2.3 Characterization techniques 

To assess the healing capability of asphalt on different scales, such as 

bitumen, mastic and asphalt mixture, researchers have used numerous 

characterization techniques. This includes, but are not limited to, 

visualization techniques like scanning electron microscopy (SEM), atomic 

force microscopy (AFM), fluorescence microscopy (FM), and X-ray computed 

tomography (CT), as well as various mechanical testing techniques. 

2.3.1 Visualization techniques 

On the microscale level (1-10 µm), AFM scans performed on bitumen samples 

revealed that the material was inhomogeneous and shows some form of phase 

separation, and this was used as a basis for developing healing models [14]. 

Moreover, SEM has been utilized to directly observe the closure of 

microcracks due to bitumen mortar flow, in hot mix asphalt (HMA) samples 

[15]. On the mesoscale (~100 µm), Sun et al. observed the healing process in 

asphalt binders with FM, and evaluated the crack-healing efficiency by 

calculating the change in crack area [4]. Furthermore, X-ray CT has been 

performed on asphaltic material to assess the healing behavior on both 

mesoscale and macroscale (1-10 mm) level [16, 17]. 
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2.3.2 Mechanical testing 

The disappearance of cracks observed by utilizing the visualization 

techniques does not indicate strength recovery of the material. Hence, 

mechanical testing is needed to assess the strength gain. The healing 

efficiency of asphalt materials are mainly evaluated by comparing the 

mechanical properties between original, damaged, and healed samples. 

Dynamic shear rheometer (DSR) is commonly used to characterize bitumen 

and mastic samples, where the sample is subjected to repeated load- and rest 

periods. Three-point bending (3PB) test and indirect tensile (IDT) test are 

normally used to characterize the healing capability of asphalt mixtures [2]. 

2.3.3 Neutron tomography  

Neutron computed tomography (CT) is a technique that provides three 

dimensional information about the structure of a sample. It uses projection 

images from different angular views of the sample, acquired over either 180° 

or 360°. The images are acquired using a scintillator to convert the neutron 

signals to visible light, and a CCD camera to capture the images. 

Neutron imaging is a non-destructive analyzing technique similar to X-ray 

imaging. One difference between these two modalities is how they interact 

with different elements, which means that neutrons can be used to obtain 

information about the structure of a material in cases where this information 

would be impossible or challenging to obtain with X-rays, and vice versa. In 

this research, the damage healing of asphaltic materials was examined with 

neutron CT. Neutrons are much more sensitive to hydrogen than X-rays, and 

due to the presence of various hydrocarbons in bitumen, neutron tomography 

is proposed for this study. So far, a limited amount of research has been done 

to characterize asphalt materials with neutron imaging. However, this 

technique has been used to successfully evaluate the healing performance of 

cementitious materials [18, 19]. 

One disadvantage of the neutron scattering technique is that neutron sources 

are expensive to build, and a large-scale facility is required to produce 

neutron radiation. 
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3 Experiments and Methods  

3.1 Investigation on the optimal bitumen sample dimensions for 

neutron imaging 

To evaluate the feasibility of using neutron imaging to visualize the healing 

process of micro-cracks in bitumen, neutron CT experiments were carried out 

on samples with different dimensions. The maximum sample thickness was 

identified after reconstructing the data from the CT scans. In this section, the 

experimental procedure proposed for determining the size requirement set 

by the analyzing technique is presented. 

3.1.1 Sample preparation 

Bitumen with a penetration grade of 70/100 provided by the company Nynas 

AB was used for preparing samples that were later used for neutron 

tomography analysis. The bitumen was heated in a furnace at 160 °C before 

it was poured into a silicon mold with cylindrical shape, with diameters of 4 

mm, 6mm and 10 mm. The samples were cooled at room temperature for 

about 20 minutes, then kept in the freezer for 10 minutes before demolding 

them. The samples were wrapped in aluminum foil to prevent the bitumen 

from deforming during scanning. 

3.1.2 Tomography experiments 

Neutron CT scans were performed on the bitumen samples with different 

thicknesses at the NORMA cold neutron beamline at Budapest Neutron 

Centre (BNC). A 20 µm thick Gadox scintillator was used to convert the 

neutron signals to visible light, and the images were acquired with an Andor 

iKon M CCD camera (1024x1024 pixels). The samples were placed on a turn 

table with the vertical rotation axis parallel to the longest side of the sample. 

The distance between the detector to the rotation axis of the sample was 11 

mm, and the collimation ratio (L/D) was 210, resulting in an average 

geometric blurring of 0.052 mm. The CT scan was made with 376 projections 

covering a half rotation (180°) with equiangular steps, and the exposure time 

per projection was 100 seconds. In addition to these projections, ten images 

without the beam (dark current) and ten images without the sample (open 

beam) were acquired. We also acquired reference images for scattering 

correction, consisting of sixteen images with a grid of Gd dots (black bodies) 

mounted in front of the sample and ten open beam images with this grid. 

These images were acquired to remove biases caused by neutrons scattered 

from the sample and background [20]. 
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3.1.3 Reconstruction  

The acquired data from the CT scans were processed in order to remove 

artifacts and biases from the images. The open-source reconstruction 

software Muhrec [21] was used to find and remove spots and rings appeared 

in the images, by applying cleaning filters to the data. To remove biases 

caused by scattered neutrons from sample and background, a scattering 

correction method that uses black body reference data was used [20, 22]. 

3.1.4 Determining the maximum sample thickness 

To be able to observe microstructural features in bitumen samples, a neutron 

transmission of at least 10% is required. The transmission is computed by 

dividing the sample image with the open beam reference image.  Sinograms 

of the tomographic scan were used to obtain transmission profiles for 

different views of the sample. A sinogram is a 2D representation of the 

projections at the same position of the rotation axis under the different 

observation angles (Figure 3.1). 

 

According to Beer-Lambert’s law, the transmission T is related to the optical 

thickness as:  

𝐼 = 𝐼0𝑒− ∫ µ(𝑥)𝑑𝑥  

Figure 3.1: Generation of a sinogram (right) from a CT scan of a cylindrical 
bitumen sample with 6 mm thickness.  
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where T is defined as the ratio between the intensity transmitted through the 

material I and the incident intensity I0. Rearranging this equation gives us the 

optical thickness: 

µ𝑙 =  − ln
𝐼

𝐼0

 

where µl is the optical thickness, µ the linear attenuation coefficient [cm-1] 

and l the sample thickness [cm]. 

In addition to the transmission profiles, optical thickness and sample 

thickness profiles were plotted. The sample thickness profiles were measured 

from segmented bitumen images acquired from the CT scans. Based on these 

plots, the attenuation coefficient was determined by dividing the optical 

thickness with the sample thickness. The value of the attenuation coefficient 

could then be used to obtain a plot of transmission as a function of sample 

thickness. 

3.2 Feasibility tests  

Before investigating the healing behavior of asphalt with neutron CT, 

feasibility tests were carried out on bitumen samples to explore the required 

number of projections and the exposure time needed for crack-healing 

analysis. Two sets of experiments were performed; in the first experiment, 

bitumen samples with inserted aluminum blades were analyzed to assess the 

required number of projections to be able to detect micro-cracks in bitumen. 

The second experiment was intended to evaluate how motion artifacts affects 

the image quality, by studying the flow of bitumen in a broken sample at the 

damaged area. The outcome of this evaluation could help to set up the 

experimental details for the tomography analysis performed on the damaged 

bitumen samples. 

3.2.1 Samples containing aluminum blades 

Tomography analysis was carried out on 5 mm thick bitumen samples with 

aluminum blades inserted in the bitumen. The aluminum blades had a 

thickness of 50 µm, 100 µm, and 200 µm, and they were inserted to represent 

vertical cracks in bitumen. The scanning was made using the golden ratio 

approach [23], where the projection angles are irregularly distributed and 

covering the angle range 0° to 180°. 1119 projection images were taken for 

each sample and each exposure time. For every angle position, five 

projections were acquired using an exposure time of 20 s. 
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3.2.2 Broken samples 

A bitumen sample with a 6 mm diameter and a height of 20 mm was broken 

in the middle of the sample, and a small distance was kept between the broken 

surfaces to simulate a fracture. The surfaces touched each other at one point 

to enable the flowing process to start. The sample was prepared as described 

in section 3.1.1. Time series neutron CT [23] was performed on the fractured 

sample, and the scanning was made in four different steps, with 94 

projections for each step. The exposure time was 100 s per projection. 

3.3 Investigating the healing behavior of bitumen using neutron CT 

In paper II, the healing behavior of bitumen and mastics with different filler 

concentration was visualized and quantified. The crack-closure in damaged 

asphalt samples was visualized with neutron CT, and the crack-healing 

efficiency was determined by segmentation and volume measurements. 

3.3.1 Sample preparation 

A 70/100 bitumen was used to prepare cylindrical bitumen and mastic 

samples with a thickness of 6 mm, as described in section 3.1.1. Three mastic 

samples were prepared by adding hydrated lime (HL) to the bitumen, and the 

filler contents by mass were 20% (Mas20), 30% (Mas30), and 50% (Mas50). 

Different levels of damage were introduced to the bitumen and mastics by 

breaking the samples. The damaged samples had a varying combination of 

crack volume and contact area between the broken pieces. Figure 3.2 shows a 

damaged bitumen sample prepared for tomography analysis, and the 

experimental setup at the beamline. 
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3.3.2 Damage-healing visualization 

To visualize the healing capability of bitumen and mastics, neutron CT 

analysis were carried out on the damaged samples. The scanning was 

conducted at the ICON cold neutron beamline at Paul Scherrer Institut (PSI). 

In addition, CT scans were performed on a damaged asphalt mixture sample 

containing stone aggregates with size ≤4 mm. To allow time series analysis to 

observe the healing phenomena in the asphalt samples over time, the 

scanning was conducted for 8 hours, and the exposure time was 15 seconds 

per projection, resulting in approximately 1600 projections. The captured 

neutrons were converted to visible light using a 30 µm thick Gadox 

scintillator, and a camera with 2048x2048 pixels (Andor Technologies, 

DW965 iKon L) was used to capture the images, providing a pixel size of 13.5 

µm. The experiments were performed at an ambient temperature of about 26 

°C. All scans were made using the Golden ratio acquisition strategy [23], 

where the projection angles are irregularly distributed and covering the angle 

range 0° to 180°. In addition to these scans, reference images intended for 

scattering correction were acquired, as described in section 3.1.2. Performing 

CT analysis with samples that changes shape during acquisition can result in 

motion artifacts which appears as streaks in the acquired images. This type of 

artifact can be suppressed by using the Golden ratio approach, and by 

reducing the acquisition time. Another essential advantage of this strategy is 

that it is possible to select the desired temporal and spatial resolution by 

choosing any number of projections to reconstruct. These projections can be 

Figure 3.2: Damaged bitumen sample (left) and experimental setup at 
the neutron beamline (right). 
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chosen between any two points during scanning [23, 24]. For our healing 

analysis, a time step of 1.25 hours (~250 projections) was chosen.  

3.3.3 Quantification of damage-healing 

The data acquired from the time series CT performed on cracked bitumen and 

mastics was analyzed using a three-dimensional analysis procedure including 

denoising, segmentation and volume measurements. This analysis procedure 

is illustrated in Figure 3.3. The reconstructed images were relatively noisy due 

to the short scan times. To improve the signal to noise ratio, a Gaussian filter 

was applied, which resulted in a good separation between sample and air, as 

shown in the histogram in Figure 3.4. The good separation between the 

classes reduces the number of misclassified voxels. Otsu’s method [25] was 

used to find a threshold to segment the image into bitumen and air, and the 

cracks were detected using a morphological bottom hat operation [26]. This 

operation uses a spherical structure element for crack detection, where the 

radius of the sphere is chosen to match the width of the crack. A crack volume 

produced by this method is shown in Figure 3.5. It can be observed that this 

operation also detects other regions than the crack volume, such as surface 

irregularities and air voids. The relevant regions of the generated volume 

were cropped so that the crack volume could be calculated. 

 

 

Figure 3.3: Analysis procedure of the crack volume, including denoising, 
segmentation, and volume visualization.  
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3.4 X-ray and neutron tomography analysis 

X-ray and neutron tomography [27] analysis were carried out on an asphalt 

mixture sample at the ICON beamline at PSI (Figure 3.6). The sample was 

cubic with a side of approximately 15 mm and contained bitumen, stone 

Figure 3.4: Histogram of a reconstructed slice 
from a CT scan. 

Figure 3.5: Volume visualization of one mastic sample 
where the damaged part of the sample is marked. 
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aggregates and air voids. This experiment was made to compare the 

difference between what you can observe by using neutron imaging and X-

ray imaging analysis. A total of 626 projections were acquired over a full 

rotation (360°).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Asphalt mixture sample 
scanned with neutrons and X-rays. 
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4 Results  

4.1 Determining the sample size limit 

To observe the closure of small cracks in bitumen samples, this technique sets 

a requirement on the maximum sample size we can use. The sample must be 

sufficiently small to allow neutron transmission, which set a maximum limit 

of the sample thickness. The intension of this research is to determine this 

thickness limitation by reconstructing data from CT scans (Paper I). The 

shape of the bitumen samples is also of importance, since it affects the image 

quality of the reconstructed slices. Cylindrical samples are preferable for 

tomography experiments because rectangular samples cause diagonal streaks 

in the reconstructed volumes. 

What is also important to note is that too thin samples are not relevant to use 

for mechanical testing, before analyzing the crack healing with neutron CT. 

Mechanical testing is essential, as the observed healing potential needs to be 

correlated to a quantification of strength gain of the damaged material. Thus, 

it is of great importance to find the optimal sample thickness to meet the 

requirements of the studied features and, at the same time not prevent the 

measurement technique from providing useful information. 

Initial transmission tests carried out on a bitumen sample indicated that a 

sample thickness of approximately 6 mm results in a transmission of 10%. 

This size limit was estimated based on the sinograms from CT projections of 

a bitumen sample with dimensions 5 x 12.5 x 20 mm3, scanned at the thermal 

neutron beamline NEUTRA at PSI. This estimated value of the maximum 

sample thickness could be confirmed by performing neutron CT on 

cylindrical bitumen samples with different diameters. Figure 4.1 shows the 

reconstructed images of the samples with 4 mm, 6 mm, and 10 mm diameter. 

For the 4 mm and 6 mm samples, the reconstructed slices appear to have a 

uniform area. For the 10 mm sample, on the other hand, a cupping effect can 

be observed, i.e., the periphery is much brighter than the center. This 

indicates that a bitumen sample with a thickness of 6 mm can be used to 

observe microstructural features in the material.  
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Figure 4.2 shows transmission profile plots obtained from the sinograms for 

the three different sample diameters. It appears that the samples with 4 mm 

and 6 mm thickness meet the minimum requirement of 10% transmission, 

while the 10 mm thick sample results in a neutron transmission below 10%. 

From these results, it can be concluded that a sample thickness of 6 mm is the 

greatest dimension allowed in order to perform tomography experiments 

with cold neutrons. This means that is should be possible to visualize the 

healing of micro-cracks in bitumen if sufficient spatial and temporal 

resolution can be provided. 

 

Figure 4.1: Reconstructed images of the bitumen samples with 4 mm, 6 mm, and 
10 mm thickness. For the 10 mm sample, there is a significant difference in 
grayscale values between the periphery and the center. 
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From the optical thickness and sample thickness profile plots, the value of the 

attenuation coefficient µ was calculated to be 4.11 cm-1 in case cold neutrons 

are used and 3.64 cm-1 in case thermal neutrons are used (results from 

NEUTRA). These values gave us the relationship between transmission and 

sample thickness, as shown in Figure 4.3. For thermal neutrons, it appears 

that a sample thickness of about 6.3 mm is the greatest thickness allowed to 

reach a transmission of at least 10%. Since the attenuation coefficient is 

greater in case cold neutrons are used, a sample thickness of 5.6 mm is 

required to obtain at least 10% transmission through the sample.  

 

 

 

 

Figure 4.2: Transmission profiles for the three different sample thicknesses, 4 mm, 
6 mm and 10 mm. 
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4.2 Feasibility test 

4.2.1 Time series analysis 

Figure 4.4 illustrates the flow of bitumen over time at the area where the 

sample was fractured. Reconstructed slices of the four different steps are 

presented in Figure 4.5, showing single slices at the point where the sample 

was fractured, which are marked with red lines in Figure 4.4. Due to sample 

movements during acquisition, motion artifacts appear in the reconstructed 

images, visible as streaks. One way of reducing this type of artifact is to 

perform CT analysis using shorter exposure time, since the sample 

movements would be less during a single exposure. The 100 seconds per 

projection used in this experiment could be reduced to obtain more 

projections during the acquisition, which could suppress the streak artifacts. 

On the other hand, shorter exposure times also mean a decreased signal-to-

noise ratio (SNR) per projection, which affects the image quality and reduces 

the ability to detect small cracks in bitumen. Thus, it is necessary to find a 

balance between the SNR needed to obtain the desirable image quality and 

the total exposure time that could suppress motion artifacts. 

Figure 4.3: The relationship between transmission and 
sample thickness for a bitumen sample scanned with cold and 
thermal neutrons. 
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4.2.2 Samples with aluminum blades 

In this feasibility evaluation, the number of projections and the exposure time 

needed to be able to resolve cracks in bitumen were explored. Longer 

exposure times provides a better SNR per projection, but less directions will 

be covered during the scan. With shorter exposure times it is possible to 

obtain more projections, but these will have a lower SNR. Reconstructed 

slices from the CT scan of the bitumen sample with a 50 µm thick aluminum 

blade inserted to mimic a crack, is shown in Figure 4.6. Aluminum was chosen 

as it is almost transparent to neutrons and thus resembles air. The 

reconstruction was made using the filtered back projection (FBP) technique 

using different number of projections to reconstruct. It is clear that an 

increase in the number of projections allows a more accurate crack detection 

by utilizing the FBP technique. When using fewer projections, streaks in the 

images are more pronounced, which complicates structural analysis of the 

Figure 4.4: Images of the broken bitumen sample taken during 4 different times, 
showing the effect of bitumen movement in the middle part of the sample. 

Figure 4.5: Reconstructed slices through the same location in the middle part of the 
image showing the effect of motion artifacts. 
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material. The exposure time for each projection was 20 s, which was found to 

be sufficient for allowing detection of small cracks, based on the image 

quality. Using a shorter exposure time would allow time series analysis of the 

healing behavior in asphalt with a higher temporal resolution. Figure 4.7 

shows reconstructed slices with the same total acquisition dose (the product 

of number of projections times exposure time) for different exposure times, 

20 s and 60 s. It can be seen that when reducing the exposure time from 60 s 

to 20 s without changing the total acquisition dose, we get a better SNR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Reconstructed slices of bitumen containing 50 
µm thick aluminum blades. 
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4.3 Healing analysis 

From the time series healing analysis with CT, the crack volume of the 

damaged samples at different times was visualized. From these 

visualizations, the change in crack volume in bitumen and mastics during the 

first 5 hours of scanning was calculated, and the result is demonstrated in 

Figure 4.8. By comparing the upper graph with the lower, it is clear that the 

initial crack volume has a significant impact on the healing rate. For the 

bitumen sample, a complete healing of relatively small cracks (0.5-1 mm3) 

could be observed after 2.5 to 5 hours, depending on the initial size of the 

cracks. For the Mas20 sample, a damage recovery of more than 85% is 

reached after 5 hours for relatively small crack volumes (~ 1 mm3) and for 

larger cracks (~ 20 mm3), less than 50% of the damage was repaired within 

the same time. Mas30 shows a damage recovery of about 60% after 5 hours 

when the initial crack volume is between 3 and 10 mm3. Mas20 and Mas30 

shows a similar healing behavior during the first 2-3 hours, where the rate of 

crack-closure is almost constant. However, after a certain time, the healing 

rate of Mas30 starts to decrease, which can be explained by a change in the 

mastics rheological properties at room temperatures. If the concentration of 

hydrated lime (HL) in asphalt mastics is 30% or higher, segregation of 

bitumen and HL starts to become an issue, with the consequence that the 

viscosity within the material will vary. This segregation effect in HL modified 

binders has been demonstrated by Banja et al. [28]. Mas50 appears to slow 

down the healing process due to the high stiffness of the material. As the 

concentration of filler additives in bitumen increases, its softening 

temperature also increases, which means that the material is more resistant 

to deformations at a given temperature. The contact area between the broken 

pieces of the sample also has a big impact on the healing behavior. When the 

Figure 4.7: Reconstructed slices of bitumen showing the 
result of using the same total acquisition dose, using 
exposure times of 20 s and 60 s. 
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contact area between the broken pieces of Mas50 was large, a damage 

recovery of about 12% was reached, while a smaller contact area resulted in a 

remarkably slower healing rate. Among the three mastics investigated, 

Mas20 showed the best damage recovery performance. For small crack 

volumes of about 1 mm3, bitumen and Mas20 show a similar healing 

behavior. 

 

 

4.4 Asphalt mixture 

The difference between performing neutron tomography and X-ray 

tomography on an asphalt mixture sample is illustrated in Figure 4.9(a) and 

4.9(b), respectively. The reconstructed images reveal the various components 

in the mixture, including stone aggregates, bitumen, and air voids. It appears 

that neutron imaging provides a good contrast between bitumen and 

aggregates comparing to X-ray imaging. This contrast difference is relevant 

especially when studying thin layers of bitumen on the stones, and this 

motivates the use of neutrons for structural analysis of asphalt mixture 

samples. Since there may exist two types of healing in asphalt mixtures, (1) 

cohesive healing within the bitumen and (2) adhesive healing at the interface 

between bitumen and aggregates, it is important that neutron tomography is 

Figure 4.8: Left: Crack closure as a function of time for small cracks (top) and 
slightly bigger cracks (bottom). Right: Percentage of crack-healing. 
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able to clearly visualize both types of areas. The advantage with using X-rays, 

on the other hand, is that it provides a higher SNR, as well as highlighting the 

stone aggregates. The stones are more transparent to neutrons, which 

increases the risk of misclassifying stones as air voids. This indicates that a 

combined acquisition using both neutrons and X-rays simultaneously could 

be used to increase the information. 

 

Further tomography analysis was carried out on a damaged asphalt mixture 

sample containing stone aggregates ≤4 mm. This time series neutron CT 

analysis was made to compare the healing behavior of asphalt mixtures with 

bitumen and mastics. Reconstructed images of the mixture sample at 

different times are shown in Figure 4.10. After 7.5 hours of scanning, 

practically no further healing of the crack could be observed. This may be due 

to aging of the mixture as a consequence of the access of moisture that comes 

in contact with the air voids in the mixture, and reduces its healing capability. 

The mastic film binding the aggregates together is also rather thin (on the µm 

scale), which could explain why no damage healing could be observed. A small 

change in the contact area between the two broken surfaces can be seen at 

one point in the images, highlighted with a red square in Figure 4.10. The 

observed contact was initiated by a slight displacement of the pieces which 

created a contact which allowed the bitumen to start a healing process. 

 

Figure 4.9: Reconstructed images of an asphalt mixture sample showing the 
difference between using neutron tomography (a) and X-ray tomography (b). 
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Figure 4.10: Time-series analysis of a cracked asphalt mixture sample. 
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5 Conclusions and future directions 

In this research work, the feasibility of using neutron tomography to analyze 

the healing behavior in bituminous samples was investigated. Neutron CT 

experiments were performed on bitumen samples with different thicknesses 

to identify the maximum sample dimensions. After reconstructing the data, 

it was concluded that a sample thickness of 6 mm is the maximum limit to 

allow sufficient neutron transmission. Using smaller samples than this would 

complicate the analysis of the materials microstructure since less information 

would be possible to obtain. Hence, 6 mm thick bitumen samples were later 

used for neutron CT analysis of the healing behavior of small cracks in the 

samples. 

Before setting up the experimental details for the healing analysis with CT, 

feasibility tests were carried out on bitumen samples. It was found that an 

exposure time of 20 s per projection is sufficient for allowing healing analysis 

of micro-cracks in bitumen. For the CT experiments, the golden ratio 

acquisition strategy was proposed, where the projection angles are irregularly 

distributed over the angle range. With this approach, it is possible to 

reconstruct volumes with a different temporal resolution by selecting the 

number of projections to reconstruct, as well as avoiding motion artifacts. 

Reconstructing using 100 projections was found to be sufficient to clearly 

detect small cracks by using the FBP reconstruction technique. 

From the volumetric analysis of the healing behavior in bitumen and mastics, 

it was found that the healing rate of Mas20 was nearly the same as the healing 

rate of bitumen for small crack volumes (~ 1 mm3). When increasing the 

content of HL in the mastic, the healing rate decreases exponentially, and this 

decrease starts to be more pronounced after reaching a filler content of 30%. 

After 5 h, only about 12% of the damage was healed in Mas50, while the 

damage recovery for Mas30 was 60%, provided that the initial crack volume 

was similar in both mastics. From the quantification analysis of the healing 

behavior, it was clear the both initial damage size and contact area between 

the two broken pieces had a large impact on the healing rate of all investigated 

samples. 

The findings from the volumetric analysis of the healing capability are 

relevant for the material and environmental parameters that were used for 

this study, i.e., bitumen with a penetration grade of 70/100 containing HL 

filler, examined at a temperature of 26 °C. For a more fundamental 

understanding of the damage healing performance of bituminous materials, 
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there is a need to study the healing process at different temperatures, as well 

as testing binders with different penetration grades and filler additives. Since 

the shape and size of the crack affects the rate of damage recovery, a more 

controlled investigation using different samples with same crack dimensions 

would be beneficial for an improved comparative healing study between 

different bitumen types and mastics. Since bitumen is a strain rate dependent 

and history dependent material, the influence of loading type and rest periods 

between two loadings on the healing performance should be further 

investigated. In addition, mechanical quantification analysis of the healing 

should be carried out to evaluate the strength and stiffness recovery after 

damage healing. An increased knowledge about how different factors affects 

the healing capability is crucial to optimize the use of bitumen for pavement 

design. 

Neutron tomography performed on asphalt mixture samples provided a 

better contrast between the bitumen and aggregates, comparing to X-rays. 

Therefore, it is proposed to use neutron tomography to investigate adhesive 

healing at the bitumen-aggregate interface in future investigations. X-rays on 

the other hand provides a higher SNR, indicating that a combined acquisition 

using these two modalities should be used to increase the information about 

the structural changes in asphalt during damage healing. 

To increase our understanding of the healing capability of asphalt materials, 

a sufficient temporal resolution is needed, especially when the microstructure 

changes much during a short time. One option would be to reconstruct the 

time series data using iterative reconstruction techniques instead of FBP. 

Reconstruction with this technique would be beneficial in cases when there 

are less number of projections, which would be the case when performing 

time-series CT using shorter time steps to improve the temporal resolution. 

In this thesis, we laid the foundations for experiments that can be performed 

to better understand the self-healing behavior in bituminous materials. In 

future work, more detailed analysis is needed to optimize the use of bitumen 

for best performance. 
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