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Abstract

A total of £4.2 billion was spent repairing roads in England between the years 2013-14. [1]
At present road surface quality is monitored visually and then the road is repaired where
damage arises. By the time the road surface is visibly damaged it is beyond repair and thus
requires resurfacing. This road maintenance regime is a very costly and time consuming. As a
consequence the ability to monitor and predict road surface degradation based on non-
invasive measurements can provide a significant advance in highway maintenance.

The oxidation of the bitumen in the road surface is known to promote failure of the road
surface as it reduces the cohesion between the bitumen and the aggregate. This paper reports
the use of non-contact, diffuse reflectance infrared Fourier transfer (DRIFT) spectroscopy to
monitor the oxidation process in bitumen and asphalt.

The results described in this paper outline the comparison between natural ageing and
enhanced, artificially-promoted ageing of bitumen and asphalt samples using UV light. The
IR spectroscopic results show the evolution of oxidation product functional groups and allow
the ageing of the bitumen and asphalt samples to be monitored.

Keywords

Asphalt, ageing, bitumen, UV light, FTIR spectroscopy, diffuse reflectance, DRIFT
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Introduction

Asphalt pavements (road surfaces) are composed of bitumen, filler (commonly calcium
carbonate), and aggregates. [2] The bitumen acts as an adhesive that when mixed with filler,
binds aggregates to make up the bulk of the pavement.

Bitumen is composed of hydrocarbon chains of varying length, with heteroatoms such as
oxygen, sulfur and nitrogen within the structure. [3] The chemical ageing of bitumen involves
the oxidation of the unsaturated hydrocarbon components of the bitumen. This oxidation is
said to be one of the main factors contributing to bitumen hardening upon ageing and has
been analysed extensively. [4]

Elevated oxygen levels within the bitumen following oxidation results in an increase in the
polarity of the by-products, hardening of the bulk phase, an increase in viscosity and loss of
cohesion/adhesion within the asphalt pavement. [5] Small aggregates are lost from the
surface as a result of the loss of cohesion between the bitumen and aggregates. This failure is
termed ‘fretting’ and can lead to the formation of cracks and potholes in the road surface.
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These failures make the road surface unsafe and uncomfortable for road users with expensive
re-surfacing required to make the road safe again.

Chemical oxidation of the bitumen occurs initially during the transportation of the bitumen to
the road site from the supplier, during which the bitumen is heated and exposed to air. This
short term ageing is a well-known phenomenon and can be replicated by using the
standardised rolling thin film oven (RTFO) test. [6]

Once the road has been laid the bitumen cools and the ageing slows. The ageing that the
bitumen experiences when the road is in service is termed long-term ageing [3] and has a
complex mechanism due to the higher number of factors to which the asphalt is exposed.
There are standardised tests that aim to replicate the in-service ageing of the raw bitumen. [7]
These tests include the rotating cylinder ageing test (RCAT) [8] and the pressure ageing
vessel (PAV). [9] However, at present, reliable tests that replicate the ageing of the actual
asphalt pavement samples have not been established because of the unpredictability and the
variability in environmental conditions that the asphalt may experience in service. These
variable factors include: temperature-cycling, UV exposure, rainfall and both traffic loading
and intensity.

It has been identified that the effect of UV radiation is a contributing factor to the road
surface deterioration and this has been thoroughly investigated in recent years. [10, 11, 12]
Previously published work has shown the correlation between the viscosity of raw bitumen
and UV exposure. This has been published by Wu et. al, [13] who compared the effects of the
PAV, UV and natural ageing on raw bitumen. It was reported that there was an increase in
stiffness of the bitumen after UV ageing and natural exposure ageing and that this effect is
dependent upon the bitumen film thickness. Other results leading to similar conclusions have
also been published in the literature. [14,15]

These changes in physical properties of the raw bitumen have been seen to correlate with
oxidation of the bitumen. This oxidation can be monitored using ATR-infrared spectroscopy.
[16, 17, 18, 19]

Many studies have reported oxidation product absorbance bands arising in the spectra from
aged raw bitumen. [20] These functional groups include carbonyl, carboxyl and sulphoxide
groups and these give rise to absorbance bands at approximately: 1760-1615, 1320-1000 and
1000-900 cm?, respectively. [21]

FTIR-ATR spectroscopy works well to analyse raw bitumen as good contact can be achieved
between the sample and the ATR crystal. However, it is difficult to obtain sufficient contact
between an asphalt road surface and an ATR crystal as the asphalt forms a hard uneven solid
surface once cooled. Therefore a non-contact infra-red technique is more suitable in order to
analyse and monitor the oxidation of the bitumen after it has been laid as an asphalt road
surface.

The research described in this paper investigates the feasibility of monitoring the oxidation of
bitumen in asphalt samples using diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy.

The following questions will be addressed,;

(i) Can evidence be obtained for the formation of functional groups produced from the
oxidation of raw bitumen that has been aged both artificially and naturally?

(i1) Can these peaks be seen using DRIFT spectroscopy?

(iii) Can the absorbance bands corresponding to bitumen, filler and aggregates be
assigned in the DRIFT spectra of a sample of asphalt?



(iv) Can the oxidation functional group absorbance bands be monitored by DRIFT
spectroscopy in a sample of asphalt as it is aged both artificially and naturally?

Methodology

A UV chamber, which contained 8 Sylvania UV lamps that emit UV light at 368 nm was
used for the artificial ageing experiments. The chamber was held at 60 °C for the duration of
the experiments.

The infrared spectroscopic analysis on all samples was carried out using an ExoScan 4100
hand-held spectrometer with a diffuse reflectance detector attachment. The reflectance
spectra reported are an average of 64 scans with an 8 cm™ resolution.

A systematic approach was employed to monitor the oxidation of raw bitumen samples as
they are aged artificially using the UV chamber and naturally with exposure to natural UV
light. This allowed for the oxidation product absorbance bands to be identified. Following
this, asphalt samples were produced that represent a “real” asphalt road surface i.e. samples
that were produced using identical methods to those used to create road surfaces. These
samples were aged artificially and naturally in the same manner as the raw bitumen.

Bitumen sample preparation and ageing

A sample of 40/60 penetration-grade bitumen [3] was used for these ageing experiments. The
penetration grade of bitumen is a measure of its consistency and is determined using a
standard penetration point test. [22] The bitumen (150 g) was poured into four 100 x 40 mm
aluminium containers and placed into the UV chamber. One sample was removed at weekly
time intervals and reflectance spectra were taken from the surface. This procedure was
repeated for three weeks. One sample of bitumen was placed into the chamber and was
covered so that it was not exposed to the UV light. This sample was removed after three
weeks and spectra were obtained from its surface. Three further bitumen samples were
prepared in the same way and were placed onto the roof of the Transport Research
Laboratory headquarters at Crowthorne House, Crowthorne, UK. These samples were
exposed to natural conditions of UV exposure, rainfall and temperature fluctuations; these
parameters were monitored by a weather station.

Asphalt slab preparation and ageing

Samples of United Asphalt, Stone Mastic Asphalt (SMA) [23] were produced for this study.
These samples contained 100/150 penetration grade binder [24] with hard stone aggregates.
These aggregates are a combination of stones which include limestone and granite.
Limestone is principally composed of calcium carbonate while granite consists mainly of a
mixture of quartz (silicon dioxide) and feldspars which contain silica and alumina alongside
other minerals. [25] The asphalt slabs were 200 x 200 x 50 mm and ca. 4 kg in weight and
they comply with materials specification EN 13108. [26] These blocks have a maximum
aggregate size of 10 mm and a binder content of 6 %.

DRIFT spectra were taken at specific coordinates on the surface of one of these asphalt
samples. The mapped sample was then placed into the UV chamber and at weekly intervals
the slab was removed and DRIFT spectra were taken at the same surface coordinates.

A second unaged asphalt sample was mapped in the same way as above and then placed onto
the roof of Crowthorne House. This sample was removed from the roof at weekly time



intervals and the same co-ordinates were used to record DRIFT spectra from the surface. This
process was repeated for 4 weeks.

Results and Discussion

Reflectance spectra have a very different appearance to ATR spectra as a result of the
difference in detection method. Many bands in DRIFT spectra show a poor signal-to-noise
ratio. In addition to diffuse reflectance of the light, specular reflectance may occur from the
surface being irradiated. If the sample is shiny this leads to an increase in the amount of
specular reflectance which occurs when light hits a sample and is reflected from the surface
at an angle that is equal to the incident angle. This leads to distortion of absorbance bands in
the reflectance spectra and the observed spectrum will be a sum of the diffuse and specular
reflectance. First derivative peaks are observed in specular reflectance spectra when there is a
change in absorbance due to a change in refractive index as the IR beam moves through a
range of wavelengths. [27] In the case of the carbonyl absorbance observed in Figure 1 there
is a maximum reflectance at a high wavenumber and a minimum reflectance at a lower
wavenumber, 1782 and 1696 cm™, respectively. The central position of this first derivative
absorbance band is at approximately 1750 cm™ which is the expected location of a carbonyl
absorbance band. The central position is where the peak crosses from a positive to negative
absorbance. In interpreting these spectra it should be noted that the vertical axis shows
reflectivity and lower values of reflectivity indicate a higher absorbance.

Bitumen UV ageing results

The DRIFT spectra shown in Figure 1 were collected at weekly intervals from the surface of
the raw bitumen samples after they had been aged in the UV chamber for 3 weeks.

Reflectance

:
;
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Figure 1 DRIFT spectra from the surface of raw bitumen samples that have been aged in a UV chamber for 3 weeks

There is a large first derivative feature present in the samples that have been aged with the
UV light. This feature is a first derivative of the carbonyl absorbance at approximately
1750cm™. Table 1 lists the observed IR bands and shows the presence of a number of



different functional groups that suggest that oxidation of the bitumen has occurred on the
surface of the UV aged samples.

Table 1 Outline of the absorbance band wavenumber positions and the bond assignments from the reflectance
spectra in Figure 1

Absorbance Band (cm™) Bond assignment
2900, 2840 C-H stretch
1750 (centre of 1% derivative peak) | C=0 stretch
1192 C-O stretch
1047 S=0 stretch

Several studies have demonstrated the ability to monitor and quantify the degree of oxidation
in raw bitumen samples subjected to ageing by measuring the peak area of a number of
different absorbance bands and calculating indices using the ratios of the peak areas. [28, 29]
The Beer-Lambert law states that absorbance is directly proportional to concentration. This
means that theoretically the intensity of an absorbance band of a specific functional group can
be related to the concentration of the group in the sample. This theory can be applied reliably
to ATR spectra however when analysing DRIFT spectra, care needs to be taken when
measuring peak areas and using these values for quantification. As a result of overlapping
absorbance bands and light scattering from the surface it is difficult to reliably quantify
absorbance band areas in DRIFT spectra. As seen above in Figure 1 there is a first derivative
absorbance band arising between the wavenumbers 1980-1460 cm™. As a result of the first
derivative nature of this peak the area cannot be used to reliably quantify and increase in
concentration of the carbonyl group as the area of a first derivative peak should, in theory,
equal 0. For this report the first derivative peaks have been quantified by measuring half of
the first derivative peak. In this report absorbance band areas have been quantified as an
arbitrary measurement to determine the presence of a general trend.

Figure 2 outlines a number of absorbance bands from Figure 1 and their measured area. The
results show that there is an increase in the carbonyl peak area between wavenumbers 1755-
1636 cm™ and also an increase in absorbance band area between the wavenumbers 1338-969
cmL. This area corresponds to both carboxylic and sulphoxide bonds vibrating. Figure 2 also
shows a decrease in the absorbance band that corresponds to C-H bonds vibrating (2952-2773
cm™). After more thanl week of UV exposure there is little change observed in these peak
areas and this is represented by a plateau in Figure 2.
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Figure 2 Chart to show the functional group absorbance band areas from the DRIFT spectra from the surface of the
UV aged bitumen, C=0 (1755-1636 cm'!), C-O (1338-969 cm™*) and C-H (2952-2773 cm'!)

Naturally aged bitumen results

The DRIFT spectra in Figure 3 were collected from the surface of the raw bitumen samples
that had been aged naturally on the roof of Crowthorne House, UK.
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Figure 3 DRIFT spectra from the surface of raw bitumen samples that have been aged on the roof of Crowthorne
House, UK for a period of 4 weeks

In the unaged raw bitumen spectrum (t0_01) the C-H bending and stretching bands are the
only features observed. However, after 1 week of natural ageing there is a large carbonyl
absorbance band arising in the following spectra. A broad absorbance band can also be seen



at ca. 1118 cm™. Again, the superposition of diffuse and specular reflectance spectra make
interpretation of these spectra somewhat complex. A summary of the bands and their
assignments can be found below in Table 2.

Table 2 Outline of absorbance bands in the reflectance spectra from Figure 3 and their bond assignments

Absorbance Band (cm™) | Bond assignment
2911, 2840 C-H stretch

1767 C=0 stretch

1468, 1379 CH2 bend

1118 C-O stretch (broad)

There is evidence of oxidation on the surface of raw bitumen samples during the 4 weeks of
natural exposure. The measured UV exposure that the sample experienced is shown in Figure
4.
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Figure 4 Average absorbance band areas from the DRIFT spectra from the surface of the asphalt slab that has been
aged for 0-4 weeks in the UV chamber. C=0 (1755-1636 cm!), C-O and S=0 (1338-969 cm™) and C-H (2952-2773 cm

Y

The results in Figure 4 show that as the bitumen is exposed to solar exposure there is an
increase in carbonyl, carboxylic and sulphoxide absorbance band areas. This is seen
alongside a decrease in C-H absorbance band area between the wavenumbers 2952-2773 cm”
1 This trend occurs until a plateau is reached between 2-4 weeks. This suggests that there is a
limited amount of oxidation sites possible within the structure of the bitumen.

UV Aged Asphalt slab results

The reflectance spectra shown in Figure 5 were recorded from the surface of the asphalt slab
that had been aged in the UV chamber for 4 weeks.



1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60

Reflectance

3680 3180 2680 2180 1680 1180 680
Wavenumbers (cm-?)

——0weeks ——1 week 2 weeks 3 weeks 4 weeks

Figure 5 DRIFT spectra from the surface of an asphalt slab aged in the UV chamber for 4 weeks

There are some similarities between the absorbance bands in the spectra from the raw
bitumen and the asphalt. The C-H absorbance bands are very clear in the unaged sample.
Absorbance bands that correspond to vibrations of the carbonate ion in calcium carbonate
(resulting from the limestone filler) are also observed. These are outlined in Table 3.

Table 3 Absorbance bands from the reflectance spectra of the UV aged asphalt slab shown in Figure 5 and their bond
assignments

Absorbance Band (cm?) Bond assignment

2900, 2840 C-H (stretch)

2510 COs* (overtone)

1750 (centre of 1% derivative peak) C=0 (stretch)

1460 COs>  (asymmetric
stretch)

1220 C-O (stretch)

1192 Si-O (stretch)

1047 S=0 (stretch)

887 COs* (out of plane
bend)

The evolution of the first derivative wave feature between 1920 and 1610 cm™ is observed as
seen in the UV-aged raw bitumen (see Figure 1). This feature is seen after 1 week in the UV
chamber and does not change shape after this time period. It shows overlap with the
carbonate COs? asymmetric stretch absorbance band at 1460 cm™ giving a broad appearance
in the aged sample spectra.




It is very important in this research to be able to differentiate between the carbonyl
absorbance from the oxidised bitumen, expected between 1710-1665 cm™* wavenumbers, and
the CO3% combination mode which is expected at approximately 1790 cm™. [30, 31] Calcium
carbonate also shows absorbance bands resulting from CO3z? overtone and asymmetric stretch
vibrations at approximately 2510 and 1460 cm™, respectively. [30, 31,32]

DRIFT spectra were taken from 27 coordinates on the surface of the asphalt slab at each time
point. The carbonyl absorbance band (1826-1763 cm™) area was measured for all spectra and
the average at each time interval has been plotted in Figure 6.
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Figure 6 Average integrated carbonyl peak area between wavenumbers 1755-1636 cm from 27 DRIFT spectra
collected from the surface of the UV aged asphalt slab. Error bars are the 95% confidence intervals for the data set.

It is clear that there is an increase in the carbonyl peak area as the asphalt is aged in the UV
chamber. There is a large increase in average absorbance band area between 0 and 1 weeks of
UV ageing and then a reduction in this increase in absorbance band area as the ageing
progresses. This corresponds to the results seen in Figure 5. This indicates that most of the
unsaturated sites within the surface layers of the bitumen are becoming oxidised within the
first week of artificial UV exposure.

Naturally Aged Asphalt Slab Results

In Figure 7 is shown the DRIFT spectra from the surface of the asphalt sample that was aged
on the roof of Crowthorne House.
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Figure 7 DRIFT spectra of the surface of the asphalt sample that has been naturally aged on the roof of Crowthorne
House for a period of 4 weeks

The spectra shown in Figure 7 show a normal absorbance band arising between wavenumbers
1760-1645 cm™. This correlates to the carbonyl absorbance band. This peak is not a first
derivative unlike the corresponding carbonyl bands shown in Figure 1 and Figure 5. This is
due to a lower reflectivity of the naturally-aged asphalt samples compared to the UV aged
samples. As the asphalt is aged in the UV chamber it remains very shiny and black as a result
of the high temperature within the UV chamber. This means that the DRIFT spectra are a
combination of specular and diffuse reflectance leading to derivative type peaks. However
when the asphalt is exposed to natural ageing conditions, the temperature is reduced and
cycled and the UV exposure is less intense. The bitumen turns a dull grey colour as a result of
the changing conditions. This means that the DRIFT spectra are dominantly diffuse
reflectance and the spectra are less complex. Table 4 outlines the absorbance bands from
Figure 7.

Table 4 Absorbance bands and their bond assignments measured in the DRIFT spectra from the surface of the
naturally aged asphalt shown in Figure 7.

Absorbance Band (cm™) | Bond assignment

2844, 2915 C-H (stretch)

2512 COs% (overtone)

1730 C=0 (stretch)

1532 COz%>  (asymmetric
stretch)

1234 C-O (stretch)

1155 S=0 (stretch)
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The carbonyl peak at 1730 cm™ appears after 1 week of natural ageing. The absorbance band
shows no significant shape change in area between 1 and 4 weeks. The absorbance band areas
can be seen in Table 5.

Table 5 Outline of the solar exposure that the asphalt slab has been exposed to during the 4 week natural ageing
period and the carbonyl absorbance band area from the reflectance spectra that can be found in Figure 7

Time Date spectra were | Solar UV | Carbonyl peak
naturally | collected from | exposure total | area

ey | (e

0 19.04.17 0 0.652

1 26.04.17 93.246 6.895

2 3.05.17 160.148 5.651

3 10.05.17 249.133 5.350

4 17.05.17 331.701 8.819

A sharp absorbance band at 1798 cm™ can be observed on the shoulder of the C=0 stretch
centered at 1730 cm™. This correlates to a carbonate combination absorbance band [30]
which is seen clearly in the initial spectrum before any natural exposure (0 weeks). This peak
is not observed in the spectra from the UV aged asphalt, shown in Figure 5, as it is masked by
the overlap of the large first derivative absorbance band arising between wavenumbers 1971-
1590 cm* after 1 week of UV ageing of the asphalt slab.

Conclusions

The results obtained in this work lead to the following conclusions:

(i)

(i)

(iii)

(iv)

The oxidation functional group absorbance bands are clearly observed in the raw
bitumen that has been aged both artificially and naturally. These absorbance bands
correspond to the C=0, C-0 and sulphoxide S=0 bond stretches.

These peaks are identifiable in the DRIFT spectra of raw bitumen. There are some
variations to the appearance of the carbonyl absorbance band due to a number of
physical characteristics of the surface being analysed. This peak presents as a first
derivative (1972-1679 cm™) when the sample is shiny, for example raw bitumen and
UV aged asphalt. This first derivative is a result of a mixture of specular and diffuse
reflectance of the IR radiation.

The absorbance bands present in the spectra from the asphalt have been assigned to
bitumen, calcium carbonate filler and the aggregates. The carbonyl absorbance band
(1730 cm™) can be distinguished from the calcium carbonate COs® overtone
absorbance band (1789 cm) by careful interpretation of the spectra.

The carbonyl absorbance band can be monitored as the asphalt samples are aged
artificially and naturally. This peak presents as a first derivative in the spectra from
the UV aged asphalt. However the spectra from the naturally aged asphalt show the
evolution of a ‘normal’ carbonyl absorbance band arising in the DRIFT spectra. This
can be seen after only one week of natural exposure.

In conclusion this research suggests that the oxidation of bitumen within an asphalt road
surface could be monitored across the mid-IR range. From this research it is concluded that
the oxidation of bitumen as a binder in asphalt samples can be monitored using non-contact
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diffuse reflectance IR spectroscopy. It is also clear that by observing these oxidation reactions
the first stages of degradation of the road surface are also being monitored. In principle
DRIFT could be a useful tool in assessing the early stages of degradation of a road pavement.
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