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Abstract

In cold regions, asphalt concrete (AC) pavements experience freeze-thaw (F-T) cycles that can
cause serious damages to AC mixtures. F-T damages in AC mixtures can be related to a cohesion
failure within asphalt binders and/or an adhesion failure between coarse aggregate particles and
asphalt binder. Accumulation of F-T damages in AC mixtures accelerates the deterioration of
pavement structures and reduce their service life and service level. A better understanding of
changes in the internal structure of AC mixtures due to F-T cycles paves the way to optimize
materials selection and design. In this study, two AC mixtures, without recycled asphalt
pavement (RAP) and with 10% RAP, were evaluated before and after 30 F-T cycles using two
imaging techniques: digital camera and X-ray computer tomography (CT) scan system. From
digital camera images, two types of damage were identified and measured after F-T cycling:
breakage within coarse aggregates and adhesion loss between coarse aggregates and fine
aggregate matrix (FAM). In addition to breakage of coarse aggregates and adhesion loss, analysis
of X-ray CT scan images provided measurements for the change in the width of pre-existing cracks
within coarse aggregates due to F-T cycling. The samples will be exposed to addition 30 F-T cycles
and evaluated by stereomicroscopic imaging and indirect tension testing (IDT), which were
delayed due to the COVID-19 pandemic and will be completed after reopening of labs. The results
presented in this paper are part of an ongoing research project. More samples and types of AC
mixtures will be tested to evaluate their performance in a F-T cycling environment.

Key Words: asphalt concrete (AC), freeze-thaw (F-T) cycles, indirect tension test (IDT), digital
camera, stereomicroscope, X-ray computer tomography (CT) scan, adhesion failure, cohesion
failure, broken aggregate, and micro cracks.

BACKGROUND

Asphalt concrete (AC) or asphalt mixture is the top layer of the flexible pavement. It is a heterogeneous
mixture that consists of aggregates in different sizes, asphalt binder, and air voids. The behaviour of the
AC mixture depends highly on its internal structure. After exposure to freeze-thaw (F-T) cycling, the
loss of adhesion at the asphalt binder-aggregate interfaces and/or the loss of cohesion within the
asphalt binder itself deteriorate the integrity of the AC mixture (Si et al. 2014, Goh and You 2012).
Figure 1 shows an example for failure mechnasiom of water inflitartion into the
microcracks/pores of the AC mix combined with F-T cycling.
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Figure 1. F-T response of the infiltrated water inside the AC

Several studies investigated the effect of F-T cycles on the service life of AC pavements using
mechanical tests (Guo et al. 2014, Wasiuddin et al. 2014, and Feng et al. 2010). Tarefder et al.
(2018) evaluated the effect of F-T cycles on the fatigue life of AC pavement using the Bending
Beam Rheometer (BBR) test. Test results showed that the damage in asphalt binders due to F-T
cycles resulted in a reduction in the stiffness and fatigue life of AC (Tarefder et al. 2018). Ozgan
and Serin (2013) investigated the impact of F-T cycles on the performance of AC by exposing
asphalt binder specimens to F-T cycles for 24 days. Ozgan and Serin (2013) concluded that F-T
cycles reduced the Marshall Stability value by 63.8% due to F-T cycles. The F-T response in the
previous two studies was investigated at the macro level; while several events affecting this
macroscopic response occur at the microscopic level.

Imaging techniques became key tools in characterizing the internal structure of many engineering
materials accurately. Imaging techniques were used to analyze the internal structure of AC such
as aggregate gradation, aggregates distributions, aggregate orientations, volumetric properties,
and 3D reconstruction of the mixture (Masad et al. 1999, Hao et al., 2009, Hamzah et al., 2014,
Obaidat et al. 2017). However, limited studies used imaging techniques to assess the impact of
the F-T cycles on the internal structure of AC that affects its long-term performance in cold
regions.

Hamzah et al. (2014) used a high-resolution optical device and image analysis to assess the
adhesion failure due to F-T conditioning on Warm Mix Asphalt (WMA). WMA samples with two
different asphalt binders (PG-76 and PG-64) were evaluated after exposure to F-T cycles. The
percent of adhesion failure was estimated by evaluated using image analysis techniques after the
WMA specimens were tested using the direct tensile strength (DTS) test. It was concluded that
the area of adhesion failures increased with the increase in the number of F-T cycles. In addition,
samples containing PG-76 binder experienced lower adhesion failures than samples containing
PG-64 binder. This may be due to lower freezing temperatures of PG-76 than PG-64 binders.
According to findings from this study, imaging techniques can provide a more comprehensive



assessment of adhesion failures in AC when compared to conventional mechanical tests and
visual inspection of samples.

X-ray computed tomography (CT) was used for AC damage investigation, which is a non-
destructive imaging technique with no sample treatment required before scanning. Using X-ray
CT scans, Wang et al. (2003) defined three parameters to characterize the internal structural
damage of ACs: air void/crack surfaces, the area between cracks, and average failure size. Khan
et al. (2012) used an X-ray CT scan to study the correlation between the change in air void
content of AC due to moisture damage and the change in AC stiffness obtained from conventional
mechanical testing. Using an X-ray CT scan, Xu et al. (2015, 2018) concluded that the internal
structure of AC under F-T events degraded in three ways: existing void expansion, adjacent void
merger, and new void formation. Lamothe et al. (2015) used X-ray CT scan and strain gauges to
detect the strain distribution on the surface of AC samples during F-T cycles. Lamothe et al. (2015)
reported that AC samples partially saturated with water had more changes in volume during F-T
cycles than unsaturated AC samples due to the formation and melting of ice inside pores of the
AC mixture.

2. OBIJECTIVES

In this paper, the internal structures of two different samples of AC (without RAP and with 10%
RAP) were evaluated before and after 30 F-T cycles. Two imaging techniques were used digital
camera imaging, using an iPhone XR cellular phone, and X-ray CT scan in the Biomedical Imaging
and Therapy Facility (BMIT) - Insertion Device (ID) beamline at the Canadian Light Source (CLS).
2D images for the internal structure of the samples were collected and analyzed before and after
30 F-T. The changes in the internal structure of these samples were captured and tracked to
qguantify F-T damage. The samples will be evaluated using stereomicroscopic imaging and Indirect
Tension test (IDT), which were delayed due to the COVID-19 pandemic. The results of this study
can help municipalities and decision-makers to optimize design and selection of AC materials in
a F-T cycling environment.

The main objectives of this study are:

1. Investigate the effect of F-T cycling on different AC mixtures using two different techniques:
Mechanical technique which is the Indirect Tension Test (IDT), and imaging technique including
digital Camera, stereomicroscope and X-ray CT scan.

2. Quantify the F-T damage in AC according to adhesion failure (%), cohesion failure (%), broken
aggregate (%), and the total length of microcracks (mm).

3. Have a better understanding of the F-T damage mechanism in the AC mixes.



3. SAMPLES PREPARATION AND CONDITIONING

3.1 AC Samples

AC field cores, 100 mm in diameter and 150 mm in height, were collected from different projects
with different types of AC mixtures (0% RAP and 10% RAP). Each sample was cut into two slices
(diameter=100 mm and height=38 mm height), and one small core (diameter =50 mm and height
=50 mm), as shown in Figure 2. Before exposing to F-T cycles, the faces of the slices were mapped
using an iPhone XR camera and a Nikon stereomicroscope and the extracted small cores, Figure
2 (b), were scanned at Canadian Light Source (CLS) using x-ray CT system.

Figure 2. AC samples for F-T testing: (a) Cutting samples into slices (b) extracted small core for
X-ray CT scan.

3.2 Sample Saturation

Before F-T conditioning, samples were saturated using vacuum saturation to make sure that
permeable air voids in the sample are filled with water. A modified method of NCHRP 246 was
used in this study. Samples were placed in a desiccator with distilled water covering the samples
under pressure (P < 5x10-4 torr) for 10 minutes, as shown in Figure 3. Then, the vacuum pump
was stopped, and the samples were left under a constant low-pressure vacuum. A constant low-
pressure vacuum is required to reach a certain percentage of saturation in AC specimens without
creating severe micro-damage (Yi et al., 2016). Samples reached full saturation after two weeks.



Figure 3. Vacuum saturation of AC Samples
3.3 Freeze and Thaw (F-T) Conditioning

After saturation, samples were subjected to 30 F-T cycles using an environmental chamber. The
cooling /heating rate of air inside the chamber was 1.33 °C/min. The duration of one F-T cycle
was 24 hours with 12 hours of freezing at -20 °C and 12 hours of thawing at +20 °C, as shown in
Figure 4. These temperatures are the average temperatures in Saskatoon-Canada during winter
and summer, respectively, according to the world weather online website from 2009 to 2020,
Figure 5.
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Figure 4. One full F-T cycles for 24 hours (one day).



4.

Saskatoon, Canada

e Temperature ('c

Max Temp (¢): 26

»

Avg Temp ('c): 20
/ g F

7\ ~ /\ A L
@ Min Temp () 15 vV V Y Y

- Min Temp ("¢)

Max Temp (*c) Avg Temp (")

Figure 5. Minimum, maximum and average temperatures in Saskatoon-Canada through the
years from 2009 to 2019 according to the world weather online website
(https://www.worldweatheronline.com/saskatoon-weather/saskatchewan/ca.aspx).

IMAGING TECHNIQUES

A digital image gives image data of a sample surface as it directly computes the absorption and
dispersion characteristics of the area under assessment. An image is a composition of pixels. A
pixel is the smallest element in an image, and the number of bits per pixel (bpp) controls how
many distinguished colours can be represented by a pixel. Any structural changes of an AC surface
in the region of interest in the image are reflected in the matrices representing the image. Based
on this basic concept, changes in the internal structure of AC mixtures can be captured from the
analysis of digital images (Hamzah et al. (2014)).

Timely imaging assessments are needed with the increasing number of F-T cycles to establish
whether damage has happened; if so, it is essential to know where the initiation came through,
why the failure is there, and its size. Therefore, the changes in the internal structure such as
micro-cracks can be measured from the image analysis.

Image analysis of F-T conditioned samples can help in characterizing the failure mechanism of AC
samples. Figure 6 shows the types of F-T damage that can present in the internal structure of AC
mixtures. Broken particles of coarse aggregate indicate that the coarse aggregate matrix in the
main source of F-T damage in the AC mixture. Adhesion failure indicates that the bond between
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coarse aggregate particles and asphalt binder cannot resist F-T cycling. A cohesion failure within
the asphalt binder indicates that the asphalt binder cannot resist F-T cycling.

Aggregate Breaking
Coarse
Aggregate
Cohesion Failure
Micro-crack FAM

Adhesion Failure

Figure 6. Types of F-T damage in AC mixtures

4.1 First Technique: Digital Camera

In this technique, an iPhone XR camera with a resolution of 1.4 um or 326 pixels per inch (ppi)
was used to collect a set of top view 2D images for the AC slices. A tripod was used to fix the
phone at a height of 20 cm above the samples. The upper and lower surface of each slice were
mapped before F-T cycling and after 30 F-T cycles. Figure 7 shows the iPhone imaging set-up.

4.2 Second Technique: Stereomicroscopy

The microscopic technique can be employed to provide magnified images that show more details
about the internal structure of the AC mixture. Stereomicroscopes are powerful tools in this area
as they provide a high level of precision, allowing the micro changes in the AC internal structure
to be identified and analyzed under high-resolution. Nikon stereomicroscope (SMZ1270i), Figure
8, with high camera resolution (1.32 um) and a best-in-class zoom ratio of 12.7x (0.63x-8x), was
used to get magnified images for the upper and lower surface of the AC slices. 2D images were
collected before F-T cycling for the same surfaces that were mapped using the previous
technique. The samples supposed to be evaluated again after 30 F-T cycles, but the test was
delayed to the current circumstances related to the coronavirus situation.



Figure 7. Digital camera imaging set-up. Figure 8. Stereomicroscope (SMZ1270i)
with AC slice.

4.3 Third Technique: X-ray CT Scan

The small cores that were extracted from the AC field samples were scanned using the X-ray CT
system at the Canadian Light Source (CLS). The small cores, 50 mm in diameter and 50 mm in
height, were scanned using the Biomedical Imaging and Therapy Facility (BMIT) - Insertion
Device (ID) beamline, Figure 9. A core size of 50mm x 50mm is the maximum size that can be
scanned at the BMIT-ID beamline in CLS with a high resolution of 13 pum.

The BMIT-ID beamline delivers an X-ray beam with a photon flux density enough to acquire a
monochromatic CT scans in a relatively short time. The spectral range extends to 140 keV, which
can be used to penetrate through thick and absorbing samples, such as AC cores, and investigate
their internal structure. Table 1 shows a comparison between the imaging techniques used in
this study.




5.

Tablel. Comparison between the imaging techniques used in this study.

Penetration

the sample surface

sample surface

Imag.mg |Ph(_)ne c.amera Stere.omlc.roscope X-ray CT Scan
Technique imaging imaging
Sample Size Slice (d= 100 and Slice (d= 100 and h= Small core (d= 50mm and
h=38mm) 38mm) h=50mm)
Sample Cannot penetrate Cannot penetrate the Can penetrate the sample

and reveal all details of the
internal structure

Type of 2D images for the Magnified 2D images for | 2D cross-sections and 3D
Produced cross-section the cross-section surface | reconstruction for the
images surface entire sample

Source Light Light X-ray beam (Photon

current)

Imaging Tools

iPhone XR camera

Stereomicroscope

X-ray CT scan machine

Tripod Computer Sample holder
Computer Image processing Computer
Image processing software Image processing software
software
Image 1.4 microns 1.32 microns 13 microns
Resolution

IMAGE ANALYSIS

The initial results presented in this paper are part of the calibration and validate the procedure
for the research methodology. Table 2 shows the testing matrix in this paper. Two types of
mixtures were investigated before and after 30 F-T cycles. These mixtures are a typical AC mixture
will all virgin materials and a typical AC mixture with 10% of recycled asphalt pavement (RAP).
One slice from each mixture was used for 2D imaging using a digital camera, and one small core
was used for the X-ray CT scan.

Table 2: Testing Matrix

Type of mix No. of Samples | Dimensions Type of Testing
. 1 d=50mm and h=50mm X-ray CT scan
Typical (0 RAPY
ypical ( %) 2 d= 100 and h=38mm iPhone imaging
RAP-1 d=50mm and h=50mm X-ray CT scan
. ith 1 0
Typical with 10 RAP% RAP-2 d= 100 and h=38mm iPhone imaging

10




Imagel software was used to analyze the collected 2D images and CT scans. Imagel is a public
domain Java image processing program. The software can measure distances, areas, and angles.
In addition, ImagelJ supports standard image processing functions such as contrast manipulation,
sharpening, smoothing, edge detection, and median filtering. All analysis and processing
functions are available at any magnification factor. This software is used extensively for biological
tasks such as cell detection, but it was used in this study for microanalysis of AC mixtures. Figure
10(a) shows the images taken by the digital camera for the lower face of sample 2 (0% RAP)
before and after 30 F-T cycles. To be analyzed using ImageJ, the coloured images were converted
to 8-bit images, as shown in Figure 10(b). Figure 10(c) shows that after 30 F-T cycles, there is a
loss of adhesion between the coarse aggregates and the fine aggregate matrix (FAM). Figure
10(d) shows a broken coarse aggregate particle and more adhesion loss within the mixture. The
total length of the micro-cracks in this cross-section was 28.79 mm.

(b) 8-bit images

11



(d) Broken aggregate anddin failures at the left sid of the sample

Figure 10. Imagel analysis for 2D digital camera images of the lower face of sample 2 (0% RAP)
at 0 F-T cycles (right) and after 30 F-T cycles (Left)

Figure 11(a) shows the images taken by the digital camera for the lower face of sample RAP-2
(10% RAP) before and after 30 F-T cycles. After 30 F-T cycles, sample 4 experienced length
increase of exiting micro-crack in coarse aggregates, breakage of coarse aggregates, and
adhesion loss between coarse aggregates and FAM as shown in Figures 11(c) and 11(d). The total
length of the micro-cracks in this cross-section was 27.43 mm.

(a) Original 2D images

12



(d)
Figure 11. Imagel analysis for 2D digital camera images of the lower face of sample RAP-2 (10%
RAP) at 0 F-T cycles (right) and after 30 F-T cycles (Left).

The results from the analysis of digital camera images showed that the two dominant types of
damage after 30 F-T cycles are breakage of coarse aggregates and adhesion loss between coarse
aggregates and FAM. In addition, pre-existing micro-cracks in coarse aggregates experienced an
increase in length after F-T cycling. The total length of micro-cracks in sample RAP-2 with 10%
RAP was lower than that in sample 2 with 0% RAP. However, the difference in micro-cracks length
between the two samples was not significant.

13



A cross-section from the X-ray CT scan for sample 1 core (0% RAP) was analyzed using Image)
software. The X-ray CT scans for the cross-section before and after 30 F-T cycles are shown in
Figure 12(a). Figure 12(b) shows examples of observed breakage in coarse aggregates and
adhesion loss between coarse aggregates and FAM. The total length of micro-cracks in this cross-
section was 29.75 mm. Figures 13(a) and 13(b) show X-ray CT scans for the same sample, sample
1, but for a second cross-section at a different height of the sample. From Figure 13, the observed
damage types in the second cross-section were also breakage of coarse aggregates and adhesion
loss between coarse aggregates and FAM. Also, the width of pre-existing cracks in coarse
aggregates increased after F-T cycling, as shown in Figure 13(b). The total length of micro-cracks
in the second cross-section was 24.94 mm.

7.94 mm

14



(b) Broken coarse aggregates and adhesion failures

2.294 mm

Figure 12. Imagel analysis for X-ray CT scans of sample 1 (0% RAP) at O F-T cycles (right) and
after 30 F-T cycles (Left) — cross-section 1
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(b)
Figure 13. Imagel analysis for X-ray CT scans of sample 1 (0% RAP) at O F-T cycles (right) and
after 30 F-T cycles (Left) — cross-section 2

Using the same procedures for sample 1, two X-ray CT scan cross-sections at different depths
were analyzed for sample RAP-1 (10% RAP). Figures 14 and 15 show the X-ray scans for the first
and second cross-sections, respectively, before and after 30 F-T cycles. Similar to sample 1, the
dominant damage types after F-T cycling were breakage of coarse aggregates, adhesion loss
between coarse aggregates and FAM, and increase in width of pre-existing cracks in coarse
aggregates. For the first cross-section, the total length of micro-cracks was 5.12 mm. For the
second cross-section, the total length of micro-cracks was 5.00 mm.

= 1124mm [
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(b) Broken coarse aggregates and adhesion failures
Figure 14. Imagel analysis for X-ray CT scans of sample RAP-1 (10% RAP) at O F-T cycles (right)
and after 30 F-T cycles (Left) — cross-section 1

(a) X-ray CT scans for full cross-section
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(b) Broken coarse aggregates and adhesion failures

Figure 15. Imagel analysis for X-ray CT scans of sample RAP-1 (10% RAP) at O F-T cycles (right)
and after 30 F-T cycles (Left) — cross-section 2

The results from the analysis of X-ray CT scan images showed that the three dominant types of
damage after F-T cycling are breakage of coarse aggregates, adhesion loss between FAM and
coarse aggregates, and increase in width of pre-existing cracks in aggregates. For the particular
samples and cross-sections analyzed in this paper, the total length of micro-cracks in the 10%
RAP sample was lower than that in the 0% RAP sample by approximately 81%. Table 3 shows a
summary of the image analysis results.

Table 3. Summary of the image analysis results

Sample . Type of Micro-crack
[v)
RAP % D. Sample size testing Assessed part length (mm)
0 RAP% 1 Small core (d=50mm and | X-ray CT | Cross-section1 | 29.75
h=50mm) scan Cross-section 2 | 24.94
5 Slice (d= 100 and h=38mm) .|Pho.ne Lower face 28.79
imaging
10 RAP% RAP-1 Small core (d=50mmand | X-ray CT | Cross-section1 | 5.12
h=50mm) scan Cross-section2 | 5.00
RAP-2 Slice (d= 100 and h=38mm) _|Pho_ne Lower face 2743
imaging
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6. SUMMARY

ACis a composite material of mineral aggregate, asphalt binder and air voids. During wet weather
conditions, water infiltrates into the micro-cracks and permeable pores of AC mixtures. In
freezing weather conditions, the infiltrated water becomes ice crystals and increase in volume,
which produces an internal pressure on the components of AC mixtures. With repeated cycles of
freezing and thawing, AC mixtures can experience internal damages and deterioration.

This study investigates internal changes within AC mixtures after exposure to F-T cycling using
imaging techniques. Two types of mixtures, with no RAP and with 10% RAP, were tested before
and after 30 F-T cycles. Two imaging techniques were used: digital camera and X-ray CT scan.
From the analysis of digital camera images, two types of damage were identified and measured
after F-T cycling: breakage within coarse aggregates and adhesion loss between coarse
aggregates and FAM. In addition to breakage of coarse aggregates and adhesion loss, analysis of
X-ray CT scan images provided measurements for the change in the width of pre-existing cracks
within coarse aggregates due to F-T cycling.

The samples will be exposed to additional 30 F-T cycles and evaluated again by imaging
techniques and indirect tension testing (IDT). The stereomicroscopic imaging and indirect tension
(IDT) tests were delayed due to the COVID-19 pandemic and will be completed after the
reopening of labs. The steromicroscope images will be collected for the same two samples after
30 and 60 F-T cycles and will be compared to the original images at 0 f-T to find out the changes
due to F-T cycling. This technique will validate the results from the other imaging technique used
in this paper. The IDT will be conducted at 0, 30 and 60 F-T cycles and the results will be correlated
to the image analysis results. This paper is a part of an ongoing research project. More samples
and different types of AC mixtures will be tested to evaluate their performance in the F-T cycling
environment.
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