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� High variability of RAP sources and
potential of crack distress when using
high RAP remain an inherent concern
for RAP.

� Needs to study the fracture properties
of RAP mixtures at a micro-level.

� Employed conventional and
innovative approach to evaluate the
fracture characteristics of high RAP
mixture.

� The fractured surfaces were
quantified using geospatial imaging
technique.
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Reclaimed asphalt pavement (RAP) technology has been extensively promoted to conserve depleting vir-
gin materials for asphalt mixtures. High RAP content is desirable from economic and environmental
standpoints. However, RAP mixtures become too stiff and require modification such as rejuvenator.
This paper presents the evaluation on the fracture characteristics of mixtures prepared with 50% and
70% RAP, with and without rejuvenator that were subjected to indirect tensile strength (ITS) and notched
semi-circular bending (SCB) tests. The fractured surfaces of the tested specimens were quantified using
geospatial imaging technique to identify the proportion contribution to failure, namely cohesive, adhe-
sive and broken aggregates. The results showed that the fractured rejuvenated mixtures were predomi-
nantly of the cohesive type when compared with the non-rejuvenated mixtures. On the other hand, the
failure modes of non-rejuvenated mixtures were of the adhesive and aggregate failure types. The mea-
sured ITS at two temperatures corresponded with the expected damage trends. Similar behaviour was
found in the derived fracture energy and pre-peak slope that were obtained from the SCB pure tensile
and tensile-shear load–displacement curves. The findings showed that the fracture properties of rejuve-
nated mixtures performed comparably with virgin mixtures in terms of fracture toughness, tensile
strength and proportion of damage contribution.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The mounting task of maintaining an extensive and rapidly age-
ing road networks has shifted paving towards concepts that value
reusability and sustainability. While low RAP content up to 30% has
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been adopted comfortably in road construction, the feasibility of
high RAP application continues to be questioned [1]. Such concern
is attributed to the variability of RAP mixture performance, espe-
cially when a very high RAP content or a new rejuvenator is used
[2].

Despite the known limitations, 100% RAP usage in road con-
struction has long been achieved in the Netherlands and Den-
mark [3]. Hansen and Copeland [4] reported in a nationwide
survey that more than 99% of RAP material was reused in new
pavements, while other European countries reported a very high
use of RAP in hot and warm asphalt productions [5]. RAP tech-
nology is highly sought-after for a number of reasons. For
instance, Zaumanis et al. [2] reported $20 per ton cost savings
when 50% RAP content mixture was used as an alternative.
The life cycle assessment of pavement also showed that a low
recycling rate of 15% brought significantly lower environmental
impacts than warm mix asphalt (WMA) [6]. Other benefits also
include energy conservations, resource preservation and waste
reduction [1]. No doubt, the benefits of RAP technology outweigh
the cost from both environmental and economic standpoints.
This has driven continuous innovations for a more efficient
RAP mixture constituting different RAP contents and rejuvena-
tors. It is well-established that RAP mixture is susceptible to
crack distresses and potentially ravelling [7–8]. This is particu-
larly true when a full binder activation is not achieved through
high temperature or sufficient rejuvenation [8–9]. The RAP
aggregate stays functionally as a ‘black rock’ in theory when vir-
gin materials adhere on the surface of a fully coated RAP aggre-
gate [10]. A field survey suggested that RAP aggregates can
either be partially or fully coated with aged binder in reality
before mixing with virgin materials [11]. Thus, the composite
behaviours of RAP-virgin mixture in resisting pavement dis-
tresses remain debatable. This presents a need to study the frac-
ture properties of RAP mixtures at a micro-level.

Over the years, limited headway was made to quantify the fail-
ure modes of fractured specimens from a visual approach. In other
words, evaluation based on human vision is often subjective due to
the inherent differences of human perception towards lights and
colours. Recent studies highlighted the use of a digital imaging
technique to evaluate the moisture susceptibility and fracture
properties of WMA [12–14]. This technique quantifies the frac-
tured surfaces digitally into three distinct failure modes, namely
cohesive, adhesive and broken aggregates. Although this technique
was widely applied to investigate fracture behaviours of WMA,
similar studies on RAP mixtures are rather limited. Previous
research suggested that insufficient rejuvenation in RAP mixtures
may also result in poor adhesion and cohesion in the mixture [8].
In asphalt technology, the notched SCB test was used to determine
the fracture toughness of the asphalt mixtures resulting from pure
tensile and tensile-shear fractures. When the pavement is sub-
jected to a moving wheel load and thermal stresses, tensile-shear
induced fracture is more likely to occur [15–16]. The fracture
energy and stiffness can be computed from the load–displacement
curves of a mixture specimen.

Till now, the high variability of RAP sources and the develop-
ment of new rejuvenators remain an inherent concern for RAP
technology. A rejuvenator that had certain effects on one RAP
source may not necessarily result in the same effects on another
RAP source [17]. Hence, this paper aims to employ conventional
and innovative approach to evaluate the fracture characteristics
of RAP mixture incorporating different RAP contents, with and
without rejuvenator that were subjected to ITS and notched SCB
tests. Two SCB configurations are used in this paper and geospatial
imaging technique allowed the aforementioned fractures to be
simulated.
2. Methodology

2.1. Materials and sample preparation

Raw materials used in this study included RAP, granite aggre-
gate, PG-64 base binder, filler and rejuvenator. The granite aggre-
gates were sourced from Kubang Semang Quarry, Penang, while
the RAP aggregates were milled from the North-South Expressway
(NSE) which is an interstate toll highway. These aggregates were
apportioned according to the Malaysian Public Works Department
(PWD) [18] mix type Asphaltic Concrete 14 (AC14) whose grada-
tion is shown in Table 1. The AC 14 gradation is equivalent to nom-
inal maximum aggregate size (NMAS) 12.5 in superpave gradation.

Virgin PG-64 binder supplied by Shell Sdn. Bhd. was used con-
currently with the existing RAP binder from the milled aggregates.
Properties of the recovered binder was determined by Gungat
(2016) [19] in an earlier study. The penetration and softening point
of the RAP recovered binder are 19 dmm and 71 �C, respectively.
Table 2 presents the penetration of RAP recovered binder blended
with different dosages of rejuvenator [20].

Pavement modifier (PMD) was the filler material used. It also
acted as an anti-stripping agent. A commercial rejuvenator which
commonly used for hot recycling allows coherent mixing of an
asphalt mixture with very high recycling content (60% � 100%).
The rejuvenator behaves like a viscous liquid and is an oil free reju-
venator synthesised from 100% natural resins. By imposing steric
hindrance, the resins would neutralise polarised asphaltenes and
restore the original SARA composition of binder [20]. Fig. 1 illus-
trates the rejuvenator used.

The mix design followed closely methods developed by Hamzah
[21]. For ease of reference, mixtures are designated as shown in
Table 3.

As mentioned earlier, sufficient rejuvenation is vital to optimise
mixture performance. The technical report suggests that only a
small difference in dosage suffice to rejuvenate R50 and R70 mix-
tures as shown in Table 4. Thick and viscous behaviour of the reju-
venator was difficult to handle as the residue may adhere to any
typical laboratory container during dissemination, resulting in
mixed mixture performance. Thus, a syringe was used to apply
the rejuvenator directly on the RAP aggregate during mixing.

Another crucial component in specimen preparation is the mix-
ing sequence. Fig. 2 comprehensively summarises the flow of the
mixing sequences for each mixture group. Some of the best prac-
tices applied in this study were inspired by mixing technique out-
lined by previous studies [10,21,22].
2.2. Experimental procedures

2.2.1. Indirect tensile test
The Indirect Tensile Test (ITS) samples were tested at 15 �C and

25 �C according to ASTM D6931-17 [23] procedures. All 100 mm
cylindrical specimens were preconditioned for 4 h prior to testing
under uniaxial loading at the rate of 50.8 mm/min until failure.
2.2.2. Semi-Circular bending test
The Semi-Circular Bending Test (SCB) samples with 150 mm

diameter were divided equally at the centre into two and precon-
ditioned at 10 �C for 4 h prior to the test with reference to AASHTO
TP 124 [24] guidelines. For the mixed-mode I/II, a modified SCB
test was carried out using an offset notch as proposed by Ameri
et al. [25]. The configurations are summarised in Table 5 and illus-
trated in Fig. 3.

The computations assumed fracture energy, Wf to be equivalent
to the full area under the load–displacement curve as shown in the



Table 1
Aggregate gradation.

Sieve Size (mm) 20 14 10 5 3.35 1.18 0.425 0.15 0.075

Limits 100 90–100 76–86 50–62 40–54 18–34 12–24 6–14 4–8
Passing (%) 100 90 76 50 40 18 12 8 6

Table 2
Binder penetration (Van Weezenbeek Specialties, 2017).

Binder Type Control Aged Binder Rejuvenated Binder, 5% Rejuvenated Binder, 10%

Penetration at 25 �C (dmm) 66 19 39 73

Fig. 1. Commercial rejuvenator.

Table 3
Mixture designation.

RAP (%) Mortar State Mixture
Designation

Group Designation

0 Virgin Control Virgin mixtures
50 Rejuvenated R50 Rejuvenated mixtures
70 Rejuvenated R70 Rejuvenated mixtures
50 Not rejuvenated N50 Non-rejuvenated mixtures
70 Not rejuvenated N70 Non-rejuvenated mixtures

Table 4
Approximate rejuvenator dosage required in asphalt mixtures.

Required Rejuvenator R50 (g) R70 (g) Difference (g)

Approximate dosage per kg mixture 3.0–4.0 4.0–6.0 1.0–2.0
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shaded region of Fig. 4 and calculated using Equation (1). The pre-
peak slope is computed from 4 and 8 kN load increment to deter-
mine the flexibility.

Gf ¼ g
Wf

Alig
ð1Þ

where Gf is the fracture energy (J/m2), Wf is the integral of P du,
P is the applied load (N), u is the average load-line displacement
(m) and Alig is the ligament area (m2).
2.2.3. Imaging technique
The fractured surfaces of ITS and SCB test specimens were fur-

ther examined for quantification of surface fracture by employing
two-dimensional Geospatial Imaging Technique. A geospatial soft-
ware named ArcGIS 10.4 was used to digitalise, classify and quan-
tify the surface features of a fractured mixture. Fig. 5 describes the
flow of the geospatial imaging technique used.

The image transformation process using supervised classifica-
tion of RGB principal components is illustrated in Fig. 6(a), 6(b)
and 6(c). Identifying the RGB principal components required the
use of the spatial analyst extension in ArcGIS 10.4. After the RGB
imagery was created, at least eight training samples were made
for each damage type to categorise cohesive, adhesive and broken
aggregate surfaces from the enhanced image. These samples were
known as region of interest (ROI). Under human supervision, the
software was guided to classify the processed RGB images accord-
ing to the ROI. Then, the supervised classification output was com-
pared with the original specimen surface. Any misclassified region
was rectified. The final procedure involved the use of classify raster
tool. Image classification was performed and the surface damages
were categorised into the three damage types. Corresponding col-
ours were subsequently assigned as illustrated in Fig. 6(c) where
black, yellowish-brown and white pixels were identified as cohe-
sive, adhesive and aggregate damages, respectively. The number
of pixels for each damage type was then quantified and compared.
3. Results and discussion

3.1. Indirect tensile strength

The ITS test results are shown in Fig. 7, while Table 6 presents
the ITS statistical classification resulted from Tukey’s range test.
From the Tukey’s range test, mixture types which do not share a
common alphabet such as group A, group B and group C are signif-
icantly different in means. For instance, Table 6 shows that N50
and N70 mixtures shared similar ITS when tested at 15℃, therefore
they are grouped under a common alphabet, C. Similar description
is applied to all Tukey’s range test in this paper.

Interestingly, the ITS trends resulted from two different temper-
atures do not correspond, instead two different trends were
observed for each test temperature. An ascending ITS trend was
observed when the mixtures were evaluated at 25℃, correspond-
ing with an increase in RAP content. The ITS decreased when RAP
content increased at a lower test temperature for rejuvenated
and non-rejuvenated mixtures. Furthermore, the rejuvenation
effects were found to be significant at both temperatures as the
rejuvenated mixtures performed comparably with the virgin mix-
ture as indicated in Table 6.

Temperature governs the mortar stiffness which in turn influ-
ences the asphalt mixture’s fracture potential. In the ITS test, mix-
tures experienced deformation prior to rupture when acted upon
by an applied load loaded at the two test temperatures. Under this
condition, it can be observed that the influence of mortar stiffness
outweighed the aggregate strength when rupture took place.
Therefore, mixtures with stiffer mortar like N70 experienced a



Fig. 2. Flowchart of asphalt mixing procedures.

Table 5
Test parameters for notched SCB test.

Parameter Mode I Mixed-mode I/II

Radius, R (mm) 75 75
Notch length, a (mm) 15 15
Notch width (mm) 5 5
Crack ratio, a/R 0.2 0.2
Offset, L (mm) 0 20.4
L/R 0 0.272
2S (mm) 120 120
Loading rate (mm/min) 50.8 50.8
Test temperature (�C) 10 10

Fig. 3. Notched SCB test loading configurations for pure tensile and tensile-shear
fractures.
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delayed rupture resulting in higher ITS than N50 at 25℃. When
compared, a similar scenario was also observed between R70 and
R50 mixtures, as well as between rejuvenated and non-
rejuvenated mixtures. At warm temperature, the mixture rupture
was highly stiffness-dependent. In relative terms, the fracture
potential was slightly less stiffness-dependent at a lower tempera-
ture as the dissimilarity in mortar stiffness is smaller. Hence,
aggregate strength would have a bigger role in resisting fracture.
Fig. 8 describes the typical load–displacement curves at 15℃ and
25℃.

Compensated with higher proportion of virgin aggregates, these
mixtures would result in higher ITS as fracture tends to split an
aggregate rather than bypassing it. Findings by Sun et al. [15]
suggested that at lower temperature, cracks would fracture
through aggregates, while at a higher temperature, it would bypass
the aggregates and result in smaller proportion of failed contacts
occurring in aggregates. Moreover, the author found that at low
temperature, fracture energy of the mixtures was in agreement
with the number of failed contacts and crack morphology. These



Fig. 4. Calculation of pre-peak slope and fracture energy.

Fig. 5. Flowchart of the geospatial imaging technique.

Fig. 6. Image classification with geospatial imaging technique.
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Fig. 7. ITS of asphalt mixtures at 15℃ and 25℃.

Table 6
Tukey’s range test for ITS at 15℃ and 25℃.

Mixture Type 15℃ 25℃

Control B A
R50 A, B A
R70 A A, B
N50 C B
N70 C C

Fig. 8. Typical load–displacement curves of ITS tests at 15℃ and 25℃: (a) 15℃ and
(b) 25℃.
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findings would be further supported by the quantification of sur-
face fracture characteristics as discussed in latter part of this paper.
Other researchers found that mixtures within certain RAP content
threshold would result in equal or higher ITS, else a decline would
occur [22,26–27].
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Fig. 11. Mode I and mixed-mode I/II fracture energy of the asphalt mixtures.

Table 7
Tukey’s range test for fracture energy.

Mixture Type Mode I Mixed-mode I/II

Control A A, B
R50 B A, B
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3.2. Fracture toughness

Fracture toughness is often evaluated with the simulation of a
vertical reflective crack. However, interesting observations
reported by previous study suggest that a combination of vertical
and sliding displacement was more likely to occur when the pave-
ment was loaded by a moving vehicle [15–16]. This would result in
an angled-crack. In this study, the digital image correlation tech-
nique enabled these fracture modes to be visualised clearly as
shown in Fig. 9. The configured notch position successfully resulted
in a tensile-shear fracture as the crack propagated at an angle
towards the applied load initially before the formation of a vertical
crack.This assessment approach presents a unique load–displace-
ment curve to study the RAP mixtures’ fracture mechanics. The
computed pre-peak slopes from these load–displacement curves
are presented in Fig. 10, while Fig. 11 and Table 7 compare the frac-
ture energy. When weakened by an artificial notch, the pre-peak
slopes gave an indication of the mortar flexibility during crack
propagation. Steep slope indicates that the mixture has low mortar
flexibility but it may not necessarily result in low fracture energy.
Therefore, both fracture energy and pre-peak slope were computed
to characterise the fracture toughness of the mixtures. For
instance, steep slope with low fracture energy as observed in
N70 mixture implied that the mixture exhibited brittle
characteristics.

In general, tensile-shear induced fractures yield higher fracture
energy than pure tensile fracture. The contrast between fracture
energy of RAP mixtures in mode I and mixed-mode I/II fractures
was apparent when compared with the control mixture. The con-
trol mixtures demonstrated versatile and consistent performance
when subjected to the identical evaluation. As such, fracture
Fig. 9. Fracture simulations visualised with digital image correlation technique: (a)
mode I and (b) mixed-mode I/II.

R70 A A
N50 B, C A, B
N70 C B
energy registered in fracturing control mixture with both modes
varied marginally. Meanwhile, brittle material with low mortar
flexibility such as N50 and N70 mixtures constituted low fracture
energy. Unlike N50 and N70 mixtures, the R50 and R70 mixtures
showed promising performance when the mixtures experienced
a tensile-shear fracture especially for R70 mixture. Nonetheless,
the relative improvement in resisting mode I fracture was unap-
parent for R50 mixture.

To be specific, the reduction in fracture toughness of non-
rejuvenated RAP mixtures was attributed to the mixtures’ quasi-
brittle characteristics, where narrow and sharp curves were devel-
oped as shown in Fig. 12(b). A typical compliant curve was devel-
oped from fracturing the control mixture as shown in Fig. 12(a).
Unlike the compliant curve shown in Fig. 12(a), curve pattern in
Fig. 12(b) shared identical characteristics with those generated
by conventional dense mix asphalt cracked at very low tempera-
ture as outlined by Artamendi and Khalid [28]. This implies that
the non-rejuvenated mixture was stiffer than the virgin mixture.
The strain tolerance prior to the occurrence of macro-crack was
minimal. An acute drop beyond the peak also shows that the for-
mation of macro-crack was instantaneous. As a result, non-
rejuvenated mixtures were considerably weaker than virgin mix-
tures in terms of fracture toughness.

Fig. 13 compares the typical load–displacement curves with
quasi-brittle and softened characteristics. What stands out in
Fig. 13(b) is the softening curve exhibited by the rejuvenated mix-
ture when experiencing tensile-shear fracture, resulting in a more
gradual pre-peak slope and larger area under the curves. The load
spikes shown in Fig. 13(a) clearly indicated that the non-
rejuvenated mixture’s ability in resisting shear was comparatively



Fig. 12. Typical load–displacement curves with compliant and quasi-brittle characteristics: (a) compliant curves, Control and (b) quasi-brittle curves, N70.

Fig. 13. Typical load–displacement curves with quasi-brittle and softened characteristics: (a) quasi-brittle curves, N50 and (b) softened curves, R50.
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weak. Similar finding was reported in previous research on 50%
RAP with rejuvenator [29].

Comparing the rejuvenated mixtures’ load–displacement
curves offered yet another noteworthy finding. Contrary with
the previous trends, rejuvenated mixture with higher RAP con-
tent, R70 exhibited a distinctly softened curves when compared
with R50 mixture. As shown in Fig. 14, the typical curve charac-
teristics indicated that more work was required to fracture R70
mixture in tensile-shear mode. The softening effects of rejuvena-
tion have skewed the peak of the compliant curve away from
peak load of mode I curve. Thus, crack propagation induced by
shear damage was delayed to a significant extent with the devel-
opment of a more gradual slope, resulting in a broader area
under the curve.

A higher rejuvenator mass used in R70 mixture to rejuvenate
more RAP content may be accounted for such behaviour.
Another possible explanation may be attributed to the composite
behaviour of asphalt material. Mixing 70% virgin material with
30% RAP content was known to produce a highly coherent mix-
ture with enhanced mechanical performance [1]. Likewise, inver-
sely proportional mixture composition where RAP material was
dominant may also reproduce such mechanical properties with
the aid of rejuvenator. The mixture would behave homoge-
neously and exhibit the characteristics of the predominant mate-
rial. In this case, the rejuvenated material is the predominant
material of the mixture as it incorporates a very high proportion
of similar materials.
3.3. Fracture surface characteristics

With the use of geospatial software, the surface damage charac-
teristics caused by fracture can be quantified and compared digi-
tally. Through careful interpretation, it was found that the
natural selection of crack path would always adhere to the least
cost path principle, where fracture would take place via the weak-
est plane of the mixture. These weak planes were attributed to the
mixture’s mechanical properties under the influence of material
behaviours in different conditions. For a well-mixed virgin mixture
with high quality aggregates, asphalt mortar would naturally form
the weakest plane when subjected to fracture in a warm environ-
ment. In other words, a comparatively high proportion of cohesive
damage would transpire in place of adhesive and aggregate dam-
ages as the softened mortar layer was said to have the least cost
(smallest friction factor or hindrance) for a fracture path.

In this study, the comprehension of the least cost path principle
is the key to interpret the fracture surface characteristics quanti-
fied by the geospatial software. The typical post-processed fracture
surfaces of 100-mm diameter ITS test specimens at 25℃ and 15℃
are presented in Figs. 15 and 16, respectively.

Even through mere visual inspection, it was possible to confirm
that cohesive damage was dominant for virgin and rejuvenated
mixtures at warm condition, while adhesive and aggregate dam-
ages were apparent for non-rejuvenated mixtures at both temper-
atures. Furthermore, it was found that the aggregate damage was
comparatively significant at lower temperature when comparison



Fig. 14. Typical load–displacement curves with marginally softened and distinctly softened characteristics: (a) marginally softened curves, R50 and (b) distinctly softened
curves, R70.

Fig. 15. Post-processed fracture surfaces of ITS test specimens at 25℃.

Fig. 16. Post-processed fracture surfaces of ITS test specimens at 15℃.
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Fig. 17. Fracture damage characteristics of ITS test at 25℃.
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Fig. 18. Fracture damage characteristics of ITS test at 15℃.

Table 8
Tukey’s range test for fracture surface characteristics of ITS test at 25℃.

Mixture Type Cohesive Adhesive Broken Aggregate

Control A A A
R50 A A A
R70 A A A, B
N50 B B A, B
N70 C B B

Table 9
Tukey’s range test for fracture surface characteristics of ITS test at 15℃.

Mixture Type Cohesive Adhesive Broken Aggregate

Control B, C B, C A, B
R50 A A A
R70 A, B A, B A
N50 C C A
N70 C C B
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was made within single mixture type between Figs. 15 and 16. The
trends were in line with the findings from the Indirect Tensile
Strength test.

To ensure unambiguous comparison, the geospatial software
allowed damage characteristics to be represented numerically
and compared statistically. Graphical representation of these
results are presented in Figs. 17 and 18. In additions, Tukey’s range
test was carried out to compare these fracture properties and
results are tabulated in Tables 8 and 9.

Several observations could be drawn from these results. Firstly,
the softening effects of the rejuvenator were found to be statisti-
cally significant. In terms of cohesive damage, the rejuvenated
mixtures performed comparably with virgin mixtures at warm
condition. The mortar layer was sufficiently softened that the frac-
ture would bypass the aggregate by meandering through the soft
mortar layer instead of a direct path, resulting in more cohesive
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Fig. 20. Fracture damage characteristics of mixed-mode I/II SCB fracture test at
10℃.
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damage. On the other hand, the mortar layer stiffened when eval-
uated at lower temperature. This resulted in higher aggregate dam-
age for all mixtures as it was more economical to fracture through
the aggregate via shorter crack path. Cohesive damage in rejuve-
nated mixtures only varied slightly than the results in warm con-
dition. On the contrary, the percentage in broken aggregates for
virgin mixture increased significantly when compared with rejuve-
nated mixtures at this temperature, indicating stiffer mortar. Other
non-rejuvenated mixtures also resulted in even higher percentage
of broken aggregates due to the combination of weak RAP aggre-
gates and stiff mortar. Therefore, the mortar stiffness with respect
to mixture type could potentially be graded through this system-
atic comparison.

For a non-rejuvenated mixture, other modes of fracture dam-
age took precedence as the mortar layer was no longer the
weakest plane in relative terms. Typical RAP aggregates tend to
be poorly coated or partially coated before mixing with virgin
binder [11]. Acting as an inhomogeneous composition, fracture
may tend to take place between the contact surfaces of the aged
and virgin mortar layers in non-rejuvenated mixtures. The frac-
ture would then propagate along the weak plane towards the
small contact surfaces between virgin mortar and RAP aggre-
gates, resulting in stripping. In other words, the high percentage
of adhesive damage could be an indication of poor blending
between RAP and virgin materials. On that account, non-
rejuvenated RAP mixtures mixed at low temperatures would
result in higher adhesive damage but the low adhesive damage
of rejuvenated mixtures indicate that the RAP-virgin materials
were comparatively well mixed.

Fig. 19 depicts the damage characteristics induced by pure
tensile fracture in notched SCB fracture test. Despite its apparent
resemblance with fracture surfaces of ITS test specimen frac-
tured at 15℃, there was no strong trend in terms of percentage
of broken aggregates. The lack of strong trend was likely to be
caused by the short fracture path between the notch and the
position of applied load. The contributing factor to this observa-
tion was crack distance. Crack distance is one of the vital param-
eters in the least cost path principle. At a low temperature and
short distance, crack would not meander through the weak mor-
tar layer but rather through the aggregates due to the increase
in mortar stiffness at low temperature. Therefore, the fracture
path of asphalt mixture was highly dependent on the stiffness
of the asphalt mortar and aggregate mechanical strength at
specific temperature. The tensile-shear damage characteristics
of SCB fracture test specimens is shown in Fig. 20. Overall, an
increase in adhesive damage was observed for all specimens
owing to the effects of shear. However, rejuvenated RAP mix-
tures exhibit lower adhesive damage. Without rejuvenator,
aggregate-mortar stripping is an issue for RAP mixtures with
very high RAP content such as N70 mixture.
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Fig. 19. Fracture damage characteristics of mode I SCB fracture test at 10℃.
4. Conclusion

Through the combination of conventional and innovative
approaches, the following conclusions can be drawn:

� When rejuvenated, the RAP mixtures performed comparably
with virgin mixtures in terms of ITS. Rejuvenated mixtures
and non-rejuvenated mixtures with higher RAP content per-
formed slightly poorer at lower temperature than their respec-
tive counterpart. Hence, it could be inferred that at warm
condition, the mixture rupture was highly stiffness-
dependent, while aggregate strength played a bigger role at
low temperature.

� Tensile-shear fracture simulation was made possible with an
offset notch configuration. The digital image correlations tech-
nique allowed the fracture path to be visualised clearly. Visual
observation showed that the crack propagated at an angle
towards the applied load initially before the formation of a ver-
tical crack.

� Notched SCB test, indicated that the R70 mixture outperformed
other mixtures when subjected to tensile-shear fracture. A dis-
tinctly softened curve and marginally softened curves were
observed in the load–displacement graphs of R70 and R50 mix-
tures, respectively. Non-rejuvenated mixtures showcased
quasi-brittle characteristics during the SCB test, resulting in
steeper pre-peak slope and lower fracture energy in general.

� Quantification of fracture properties from ITS and notched SCB
fracture using geospatial imaging technique showed that cohe-
sive damage was dominant in mixtures with softer mortar
layer, while aggregate damage was apparent when stiff mortar
layer was present during the fracture. Adhesive damage was
particularly apparent in non-rejuvenated mixtures due to poor
degree of blending between RAP and virgin materials. Fracture
path seemed to adhere to the least cost path principle and gov-
erned by mortar stiffness when investigated in terms of fracture
surface characteristics. This supported the trends in ITS test.
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