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Figure 3. (a) Goniometer, (b) probe liquids, (c-d) bitumen samples and (e) stone samples for contact angle tests.

Table 2. Surface energy of probe liquids at 20 °C, mJ/m? (van Oss et al.,, 1987).

Probe Liquids y Total i yt ¥y~

Distilled Water 72.8 21.8 255 255
Glycerol 64.0 34.0 3.92 574
Ethylene Glycol 480 29.0 1.92 47.0

The SFE components (non-polar components and acid—base components, e.g. yBLW, y; and yg) of
bitumen binders and stones are derived by solving the matrix shown in Equation (2).

y =Wyt =W 2 /y+y- (1)
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where, #—— contact angle between the probe liquid and the sample under test; y —— surface free
energy; y LW_ _ the non-polar component (also known as the Lifshitz-van der Waals force or dispersion
force component); y ¥~ —— the polar component; y +, y “—— the Lewis acid component and Lewis
basic component, respectively;

Subscripts Iy, ... ., In represent the ity probe liquid, and the subscript sample refers to the tested
bitumen or stone sample.

(2
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Figure 4. (a) The well-coated loose mixture before the boiling water test and (b) bitumen coverage loss after the test.

Furthermore, by neglecting minor interaction forces, the work of adhesion between bitumen and
stone can be calculated as follows:

Wps = yp(1 + cOsbps) = 76 + ¥s — Vbs
= 2./y Wy W 4 2 [y yd = 25 W 12 [yt 425yt 3)

where, Wp,—— work of adhesion between bitumen and stone; #,,—— contact angle between the
bitumen and stone; b represents bitumen, and s represents stone.

2.2.4. Boiling water test and sample preparation

The boiling water test is performed following ASTM D3625. This technique provides a rapid visual
assessment of adhesion loss in non-compacted bitumen-coated aggregate mixtures due to boiling
water exposure. A sample of the bitumen-coated aggregate mixture is placed in a beaker of boiling
deionised water and allowed to boil for ten minutes. Once the mixture has cooled, the bitumen coating
on the aggregate is visually inspected. This method is valuable for evaluating the water susceptibility
of bitumen-coated aggregate.

In this study, the loose aggregate was heated with bitumen at 150°C (slightly higher for PMB at
160-165°C), and the bitumen was mixed with the aggregates at a bitumen content of 3.04% and stirred
thoroughly to ensure that the surface of the aggregate was uniformly covered with bitumen. Then, the
well-coated loose mixture was spread out for cooling, as shown in Figure 4(a). In each boiling water
experiment, approximately 250 g of loose mixture was used for the test. After the test, the loose asphalt
mixture was taken out and dried for 24 hours. In addition to visually examining the bitumen coverage
on the sample surface (Figure 4b), the sample mass before and after testing was compared to calculate
mass loss, providing a quantitative analysis of adhesion loss in the loose asphalt mixture.

3. Results and discussion
3.1. Temperature sweep test by DSR

To achieve loading under equal stiffness conditions for various aged bitumen binders during the pull-
off test, the loading temperature must be adjusted to ensure that each aged binder exhibits the same
modulus during the loading process. A temperature sweep test is conducted on UMB and PMB to
measure the stiffness of each aged asphalt binder at different temperatures (as shown in Figure 5) and
to determine the loading temperature required for each binder to reach equal stiffness in the pull-off
test. The temperature sweep test is performed using a DSR at a loading frequency of 1.59 Hz, starting
from 18°C and testing the modulus at intervals of 3 or 4°C. Two replicates are tested for each sample.

Since the logarithm of the complex modulus |G*| is linearly related to the loading temperature,
interpolation can be used to calculate the |G*| of different bitumen binders at any temperature. In this
study, the |G*| of unaged UMB and PMB at 25°C is selected as the normalised modulus for the pull-off
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Figure 5. The logarithm of the complex modulus-temperature curves of (a) UMB and (b) PMB under different ageing conditions.

test, as highlighted by the red dotted line in Figure 5. Based on the normalised modulus, the loading
temperature required for each binder at different ageing levels to reach this modulus was calculated,
as shown in Table 3.

3.2. Pull-off test

3.2.1. Iso-temperature pull-off test
The iso-temperature pull-off test is performed on UMB, PMB, and their aged samples at 25°C. Figure 6
presents the adhesive strength and work of bonding of bitumen-stone combinations.

As shown in Figure 6, both the adhesive strength and the work of bonding of UMB-stone combi-
nations first increase and then decrease with ageing. The inflection points of their changes occur at
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Table 3. Temperatures determined for iso-stiffness loading in the pull-off test.

Iso-stiffness Normalised modulus
Bitumen Ageing level temperature (o() 1G*| (Pa)
UMB Unaged 250 432890
RTFO 283
PAV 345
2+PAV 36.2
4+PAV 438
PMB Unaged 250 1456083
RTFO 28.1
PAV 33.0
2+PAV 36.3
4+PAV 41.0

PAV ageing and RTFO ageing, respectively. In contrast, the adhesive strength of PMB shows a contin-
uous increase with ageing, and even the PAV ageing of 80 hours (4«PAV) is still able to enhance the
adhesive strength of bitumen. The work of bonding of PMB-stone combinations increases and then
decreases with ageing, and the inflection point occurs at PAV ageing. Compared with the Adhesive
Strength indicator, the Work of Bonding data exhibit slightly larger variability - especially for PMB -
stone combinations. This is likely due to the fact that work of bonding is more sensitive to bitumen
deformation during tensile pull-off testing, compounded by potential inhomogeneous dispersion of
polymer additives in PMB. Nevertheless, the data from the iso-temperature pull-off tests demonstrate
relatively low variability and overall good reliability.

The effect of ageing on the adhesion performance of bitumen results from a combination of sev-
eral effects: (1) oxidation enhances the polarity of bitumen, and increases adhesion of bitumen-stone
to a certain extent; (2) oxidation simultaneously degrades macromolecules into small molecules, and
long-chain breaks result in the deterioration of adhesion performance; (3) the hardening effect raises
bitumen modulus, which, in pull-off tests, leads to higher pull-off strength and work of bonding due
to the deformation work of the bitumen film. The coupling of these effects collectively determines the
adhesion performance of aged bitumen in pull-off tests.

The adhesion performance of UMB and PMB is enhanced during the short-term ageing phase. This
improvement is attributed to an increase in the relative content of carboxyl and sulfoxide groups
that occurs during short-term oxidative ageing. The hydrogen bonding in bitumen - primarily driven
by these carboxylic acid and sulfoxide groups - is one of the strongest intermolecular forces and
promotes adhesion between bitumen and mineral aggregates. Consequently, short-term ageing
enhances the adhesive strength at the bitumen-aggregate interface (Curtis et al., 1992; Zhai & Hao,
2021).

Hydrogen bonding, another critical interaction, occurs between hydrogen and electronegative
atoms like oxygen or nitrogen, with bond strengths ranging from 1.9-6.9 kcal/mol.28 Among these
interactions, hydrogen bonding - driven by carboxylic acids and sulfoxides in bitumen - emerges
as the strongest intermolecular force, facilitating robust adsorption of bitumen onto mineral aggre-
gates.29,30 This mechanism also explains the higher bond strength observed in short-term aged
bitumen, attributed to an increase in carboxylic acids, as well as the enhanced tensile strength of
asphalt mixtures produced with bitumen having a high acid number.

However, the negative effect of long-term ageing on the adhesion performance of both bitumen
binders is also significant. The macromolecules in the bitumen begin to degrade, and the adhesion
properties decline dramatically when harsh long-term ageing is applied, which outweighs the increase
in pull-off strength due to the increase in polarity and modulus, and an overall decrease in the adhe-
sion indices is exhibited. The comparison of UMB and PMB reveals that ageing has a delayed negative
impact on the adhesion performance of PMB. This is because polymers in PMB undergo initial degra-
dation during ageing, which reduces some of the oxidative effects that would otherwise impact the
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Figure 6. The adhesive properties of (a) UMB-stone samples and (b) PMB-stone samples under iso-temperature loading in the
pull-off tests.

bitumen directly, thereby slowing the deterioration of bitumen properties and acting as an ‘antioxi-
dant shield’. Additionally, PMB exhibits lower adhesive strength to stone compared to UMB. According
to the mechanical interlocking theory in bitumen adhesion mechanisms (McBain & Hopkins, 1925;
Packham, 1992; Schultz &Nardin, 1999), this may be due to high-molecular-weight polymers hindering
full contact between the bitumen and the micro-pores on the stone surface, thus reducing ‘anchor-
ing strength’. With ageing, the polymer molecules degrade, leading to a decrease in molecular weight
and chain length, which lessens this negative impact on bitumen-stone adhesion and subsequently
improves PMB adhesion strength.

In the iso-temperature pull-off tests, it can be concluded that ageing has a dual effect on the
adhesion properties of bitumen, and whether the positive or negative effect prevails depends on the
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degree of ageing and the type of bitumen binders. Additionally, although PMB exhibits lower adhesive
strength to stone compared to UMB, its work of bonding is significantly higher due to PMB's excellent
toughness. This finding is consistent with those reported in previous studies (Zhou et al., 2024b).

3.2.2. Iso-stiffness pull-off test

The iso-stiffness pull-off tests are applied to aged bitumen binders to eliminate the hardening effect
caused by the increase in bitumen stiffness. The pull-off experiments are performed at different load-
ing temperatures for each bitumen as calculated in Table 3. Figure 7 exhibits the adhesive strength
and work of bonding of UMB and PMB with various ageing levels at iso-stiffness conditions.

As shown in Figure 7, the changes in adhesive strength and work of bonding at iso-stiffness condi-
tions differ notably from those observed in the iso-temperature pull-off tests: the adhesive strength of
both UMB and PMB decreases continuously with increasing ageing. Meanwhile, the work of bonding
for both binders initially rises and then declines as ageing progresses. Comparing these results to those
from the iso-temperature pull-off tests, it is evident that the inflection point for changes in the work of
bonding underiso-stiffness conditions occurs earlier. This suggests that testing under iso-stiffness con-
ditions decouples the positive and negative effects of ageing on bitumen adhesion performance. By
removing the positive influence from the hardening effect - specifically, the improved pull-off indices
due to the increased modulus - the negative impact of oxidation on bitumen adhesion becomes
apparent even in mild ageing conditions, with limited positive effects. As further ageing induces the
degradation of bitumen macromolecules, performance deterioration dominates, leading to a decline
in adhesion performance. Furthermore, the iso-stiffness pull-off tests exhibit lower data variability
compared to the iso-temperature tests. This may be attributed to the non-uniform distribution of
hardening effects within bitumen of the same ageing degree, which can contribute to unstable pull-
off results. The iso-stiffness method, by maintaining a constant stiffness level through temperature
adjustment, effectively mitigates this issue, resulting in more stable and reliable data.

It is worth mentioning that for bitumen after 40-hour and 80-hour PAV ageing, a better adhesion
performance of bitumen is observed in the iso-stiffness pull-off test compared with that in the iso-
temperature pull-off test, owing to the higher test temperatures (36.3°C 41.0°C, respectively) for these
two aged bitumen binders in the iso-stiffness pull-off test. Higher test temperatures improve the duc-
tility and toughness of the aged bitumen, which is mainly reflected in the indicator of the work of
adhesion.

To isolate the independent effects of oxidative degradation and hardening on bitumen adhesion
performance during ageing, the differences between the bar charts in Figures 6 and 7 were plotted
separately, representing the standalone impact of hardening on adhesion performance, as shown in
Figure 8.

Figure 8 shows that for UMB, the hardening effect improves bitumen adhesion from RTFO up to
40-hour-PAV ageing. However, this improvement starts to decrease from the PAV ageing until the
hardening effect of 80-hour-PAV ageing significantly impairs the adhesion properties. In the case of
PMB, the improvement of bitumen adhesion properties by the hardening effect increases gradually
with ageing, with a slight drop after long-term ageing. These observations suggest that the impact of
hardening on bitumen adhesion is complex. Mild hardening generally improves the pull-off strength
and bonding energy in bitumen-stone samples, as moderately hardened bitumen exhibits increased
rigidity and adhesive strength. However, excessive hardening makes the bitumen overly stiffened,
significantly reducing its ability to accommodate deformation and increasing the risk of cracking in
bitumen-stone samples. Additionally, excessive hardening leads to stress concentration within the
bitumen, inducing microcracks and ultimately diminishing the pull-off performance of bitumen-stone
samples.

It is worth noting that the data in Figure 8 exhibit relatively large error margins, calculated by
propagating the uncertainties from the data in Figures 6 and 7. Despite the high variability in indi-
vidual measurements, Figure 8 still clearly illustrates the trend of how the bitumen hardening effect
influences bitumen-stone adhesion at different ageing levels.
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Figure 7. The adhesive properties of (a) UMB-stone samples and (b) PMB-stone samples under iso-stiffness loading in the pull-off
tests.

3.3. Analysis of SFE test results

In this section, the surface energy parameters of UMB, PMB and with different degrees of ageing and
limestone were measured using the goniometer. The work of adhesion for different bitumen-stone
combinations was calculated based on the surface energy parameters of bitumen binders and stone.
Figure 9 shows the work of adhesion for different bitumen-stone combinations, respectively. The sur-
face energy values reported in this study were derived from the average of four independent contact
angle measurements. Notably, the coefficients of variation (COV) for the contact angle measurements
were consistently below 2%, indicating minimal variability. As a result, the propagated uncertainty in
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Figure 8. The hardening effect of ageing on (a) UMB-stone samples and (b) PMB-stone samples in the pull-off tests.

the calculated surface energy values is negligible relative to the measured values, which justifies the
omission of error bars in the presentation of the surface energy data.

As seen in Figure 9, the work of adhesion between UMB and stone is greater than that of the combi-
nation of PMB and stone. Experimental and calculated results for both binders indicate that the work
of adhesion between bitumen and stone gradually decreases with increasing levels of ageing, which is
consistent with the pull-off test results under iso-stiffness conditions. Since the goniometer test results
are not affected by the hardening of bitumen and instead reflect bonding performance purely from
the perspective of surface energy, this finding demonstrates that, compared to iso-temperature pull-
off tests, iso-stiffness testing can accurately reflect the true adhesion between bitumen and stone.
This approach prevents the masking of ageing-related changes by the bitumen hardening effect,
confirming the accuracy of iso-stiffness pull-off testing in characterising the impact of oxidation alone
on bitumen-stone adhesion performance.
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Figure 10. Experimental results of boiling water test for UMB and PMB with limestone.

3.4. Boiling water test

The boiling water test is performed on loose asphalt mixtures of limestone aggregates coated with
bitumen binders at various ageing levels. The mass loss of mixtures after the test is shown in
Figure 10.

The results of the boiling water test indicate that as bitumen undergoes ageing, the mass loss of
UMB on the aggregate surface gradually increases with a slight drop at RTFO ageing, whereas the
mass loss of PMB steadily decreases. The adhesion performance of UMB in the boiling water test aligns
with the pull-off test results (work of bonding) under iso-stiffness conditions, reflecting the consis-
tently negative impact of progressive ageing on the adhesion performance of unmodified bitumen.
Conversely, PMB'’s boiling water test results are consistent with the pull-off test results under iso-
temperature conditions. This comparison reveals that, under more rigorous conditions (submersion in
boiling water), the adhesion performance of UMB declines progressively with increased ageing, and its
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adhesion properties with aggregate are not (or are rarely) masked by the ‘pull-off strength enhance-
ment’ artefact caused by bitumen hardening. In contrast, the adhesion of PMB to aggregate increases
as ageing progresses. Combined with the pull-off test results and surface free energy measurements,
these findings suggest that the hardening of PMB during ageing is a primary factor influencing its
bitumen-aggregate adhesion.

Furthermore, the boiling water test results and their comparison with the other two tests vali-
date that direct tensile pull-off test results are likely affected by bitumen modulus. Focusing solely on
adhesive strength or work of adhesion indices may lead to inaccurate assessments of ageing effects on
bitumen adhesion. Compared to iso-temperature pull-off testing, iso-stiffness pull-off testing is recom-
mended for more accurate evaluations of bitumen-stone adhesion. Surface energy tests, on the other
hand, only reflect changes in surface energy during bitumen ageing and cannot capture the impact of
physical hardening.

In summary, a comprehensive analysis of aged bitumen adhesion would benefit from a combina-
tion of pull-off testing, surface energy measurements, and mixture-level testing to achieve a more
thorough characterisation.

4, Conclusions

This study investigates the influence of oxidation and physical hardening effects in bitumen ageing on
the adhesion properties and on the adhesion evaluation indices in different experiments. The adhesion
properties of unaged bitumen are compared with those of bitumen after four ageing conditions using
the iso-temperature and iso-stiffness pull-off tests, respectively. The surface free energy parameters
and work of adhesion of aged bitumen binders with stone are calculated. The anti-stripping resistance
of the above bitumen after coating with loose aggregates is also measured using the boiling water test.
The following conclusions can be drawn:

(1) The iso-temperature pull-off test shows that a certain level of ageing effects (RTFO ageing and
20 hours of PAV ageing) improved the adhesive strength and the work of adhesion due to
the increase in stiffness caused by the hardening of bitumen, whereas over-ageing (40 and
80 hours of PAV ageing) dramatically reduces the adhesive properties of bitumen-mineral.
Compared to unmodified bitumen, the ageing degradation of the polymer in PMB delays the
degradation of the bitumen phase, improving the overall ageing resistance of PMB. The iso-
stiffness pull-off test eliminates the additional effects of bitumen hardening due to ageing
and indicates that only short-term ageing slightly improved the affinity between bitumen and
mineral, while further ageing significantly reduces the adhesion between the two.

(2) The results of the contact angle test are in agreement with the results of the iso-stiffness pull-
off experiments, demonstrating the negative effect of ageing on the adhesion properties of
the UMB and PMB. This result shows the inadequacy of iso-temperature pull-off experiments
in evaluating the effect of ageing on the adhesion properties of bitumen-stone combinations.
In order to exclude the effect of physical hardening, more accurate results can be obtained by
using the pull-off test under iso-stiffness conditions.

(3) The contact angle test results align with those of the iso-stiffness pull-off test, confirming
the negative impact of oxidation during ageing on the adhesion performance of both UMB
and PMB. This finding highlights the limitations of iso-temperature pull-off testing in isolat-
ing the effects of oxidation on bitumen-stone adhesion performance. The boiling water test
indicates that the stripping resistance of UMB to aggregate in the presence of water decreases
with ageing, which is consistent with the iso-stiffness pull-off test results. However, the strip-
ping resistance of PMB increases with ageing. This contrast highlights the need to consider
the influence of hardening-induced stiffness changes on adhesion measurements when using
direct tensile tests like pull-off when evaluating the impact of ageing on bitumen adhesion
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performance. Overall, to distinguish the effects of oxidation and physical hardening on bitu-
men adhesion during ageing, iso-stiffness pull-off testing is recommended to provide more
accurate results.

(4) Due to the differing coupling effects of oxidation-induced chemical changes and hardening-
induced modulus changes, the assessments of the ageing impact on the adhesion perfor-
mance of different bitumen binders may yield inconsistent conclusions depending on the
evaluation indices used. In tensile tests based on bond strength, it is essential to consider the
effect of bitumen hardening on evaluation indices, while in surface energy measurements,
it should be noted that these measurements do not capture the physical hardening of bitu-
men during ageing. To comprehensively and accurately characterise the multifaceted impact
of ageing on bitumen adhesion performance, an integrated analysis incorporating tensile tests,
surface energy measurements based on chemical indicators, and tests at the mixture scale is
recommended.

The primary focus of this study is on the influence of bitumen ageing on bitumen-aggregate interfa-
cial adhesion without taking into account variations in aggregate types or additional bitumen binders.
It should also be noted that the material selection in this study has its limitations, as the commercial
PMB used does not provide detailed information regarding its modification components and exact
dosages. Future studies should broad the experimental scope to include various bitumen grades/types
with explicitly defined modifiers and proportions and a wider range of aggregates to enable further
validation of the findings from this study under diverse conditions.
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