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Evaluation of cracking resistance of healed warmmix asphalt
based on air-void and binder content

TamMinh Phan , Tri Ho Minh Le and Dae-Wook Park

Department of Civil Engineering, Kunsan National University, Gunsan-si, Republic of Korea

ABSTRACT
This paper investigates the effects of air-void and binder content on the
cracking mechanism of asphalt concrete by using induction heating. Semi-
circular bending test was used to evaluate the cracking resistance of induc-
tion asphalt mixture, including fracture energy index, crack velocity, crack
resistance index, and flexibility index. Compaction energy index was com-
puted to evaluate the influence of the additive agents on the workability of
asphaltmixture. Even though thehealing level of asphaltmixture recovered
up to 80%, cracking resistance declined greatly after one damage-healing
treatment. It was observed that air void plays a major role in both heal-
ing capacity and cracking resistance, while the impact of asphalt content
is milder. Furthermore, analysis results from Matlab R© image processing
demonstrated that the crack shape of samples was retained after induc-
tion healing, the crack area expanded approximately 18% compared to the
virgin sample. The analysis also indicates that aggregate crack failure not
only causes low healing level but also deteriorates cracking resistance of
induction healed sample.
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1. Introduction

Asphalt mixture is one of the most popular types of pavement material used worldwide (Ayar et al.,
2016). This heterogeneousmaterial includes asphalt binder, coarse, fine aggregate, filler, andadditives.
Nowadays, alongwith rapid development, the lack ofmaterial sources is an urgent problem. There are
promising keys to solving this problem, such as utilising by-products as construction materials (Pham
et al., 2019; Xie et al., 2013; Zeng et al., 2016), using self-healing materials (Dinh et al., 2018a), and
expanding the service life (Grossegger & Garcia, 2019). Since rehabilitation consumes a high amount
of fossil fuels and produces a negative impact on the environment, using self-healing asphalt mixture
poses a promising solution. The investigation of the healingproperty of asphalt pavement has been an
environmentally sustainable approach, which decreases maintenance costs and reduces greenhouse
gas emissions.

Induction heating is the mainstream heating method for asphalt pavements. During the induction
heating process, asphalt mixture containing conductive particles is subjected to high frequency alter-
nating electromagnetic fields which creates an eddy current in the asphalt mixture that is electrically
and magnetically susceptible (García et al., 2012). Based on Joule’s law, the conductive particles in
the asphalt mixture are heated by the eddy currents which then diffuse heat into the asphalt mixture,
increasing the sample’s temperature (Tang et al., 2016). The increase of temperature in the asphalt
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mixture is key in the healing process since bitumen is temperature-sensitive in nature. When the bitu-
men binder attains sufficient temperature to reduce its viscosity and fill the micro-cracks that exist
within the asphalt mixture. The results of hot-mix asphalt healing by induction heating have been
proved in various studies. For instance, the healing level of asphalt concrete can recover up to 85%
(García et al., 2012; Hofko et al., 2015; Phan et al., 2018). This healing capacity is affected by several
factors such as air void, asphalt binder type (Sun et al., 2017), heating time (García et al., 2011), and
conductive particles (Phan et al., 2018). Furthermore, Dinh et al. proved that steel wool fibre (SWF)
plays a specific role in the induction heating process (Dinh et al., 2018b). In addition, Norambuena-
Contreras confirmed that the physical and mechanical properties of asphalt mixture containing SWF
have improved. The six percent (6%), by weight of asphalt binder, is taken as an adequate dosage to
archive the best healing performance andprevent clustering phenomenon (Norambuena-Contreras &
Garcia, 2016).

Because of the high energy consumption and excessive greenhouse gas emission in hot-mix
asphalt (HMA) production, many technologies have been developed to reduce production and con-
struction temperature. For example, warm-mix additive significantly reduces production and con-
struction temperature by 20–30°C. Because of the benefits of these additive agents such as binder
viscosity reduction and moisture resistance improvement, they have been widely used in asphalt
mixtures (Park et al., 2017). Also, Wang et al. confirmed that the viscosity of the asphalt binder
strongly affected to healing performance of asphalt mastic (Wang et al., 2020). Therefore, addi-
tive agent is considered as a factor that influences asphalt healing performance. Different meth-
ods have been suggested to quantify the healing properties of asphalt. The three-point bending
test is the most common method to determine the healing level because it is affordable and eas-
ily conducted in the laboratory (García et al., 2011). However, there is still inadequate research on
the cracking resistance and crack propagation of healed asphalt mixture. Due to the popularity of
the semi-circular bending (SCB) test, it is recommended to conduct an SCB test to resolve these
issues. This test can determine (a) fracture energy necessary to cause an asphaltic mixture to crack,
(b) crack velocity to evaluate a brittle or flexible mixture, (c) crack resistance index to indicate the
crack behaviour of asphalt mixture, and (d) flexibility index (Kaseer et al., 2018). Finally, the for-
mation and crack propagation have been analysed by Matlab R© image processing (Hasheminejad
et al., 2019).

Thepurpose of this research is to evaluate the impact of air-void andbinder content on the cracking
resistance of healedwarm-mix asphalt (WMA). Two types of additive agents are utilised in the series of
samples. One, warm-mix additive (D) is used to decrease mixing and compaction temperature. Two,
L additive (L) is employed to increase the penetration of asphalt binder. The effect of air voids and
asphalt content is also considered. Compaction energy index (CEI) is computed to evaluate the effect
of the two additives on the production and construction of asphalt mixture. The SCB test assesses the
healing properties of modified asphalt mixtures, then the cracking resistance of the healed sample
is examined, including fracture energy (GD), crack velocity (υ), and crack resistance index (CRI). The
crack formation and crack propagation are analysed using Matlab R© image processing. This research
investigates and provides a better understanding the properties of healed asphalt using induction
heating.

2. Materials andmethods

2.1. Materials

Table 1 shows the particle size gradation of the aggregate used in making the WMA samples. The
asphalt binder used in this research is PG 64-22. Steel wool fibres (SWF) were utilised as the conduc-
tive additive in the asphalt concrete mixture for induction heating (Vo et al., 2019). Also, two types of
additives were considered, including warm-mix additive (D) and L additive (L). The properties of the
aforementioned materials can be referred in Table 2.
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Table 1. Aggregate size gradation.

Sieve size (mm) 19 12.5 9.5 4.75 2.36 0.6 0.3 0.15 0.075

Percent passing (%) 100 98 86 60 45 23 14 8 3

Table 2. Material properties.

Materials Properties Values Specification

Bitumen Density (kg/m3) 1020 ASTM D70
Penetration (25°C, 5 s, 0.1mm) 70 ASTM D946
Softening point (°C) 48 ASTM D36

Steel wool fibre Density (kg/m3) 7800 –

Average length (mm) 4.25 –
Equivalent diameter (μm) 75–130 –
Thermal conductivity (W/m·K) 80 –

Warmmix additive (D) Density (kg/m3) 1000 ASTM D792
Viscosity at 135°C (Pa-s) 0.382 ASTM D4402
Penetration (25°C, 5 s, 0.1mm) 75 AASHTO T 49
Reducing temperature range(°C) 10–30 –

L additive (L) Density (kg/m3) 950 ASTM D792
Viscosity at 140°C (Pa-s) 0.2± 0.04 ASTM D4402
Penetration (25°C, 5 s, 0.1mm) 73 AASHTO T 49

2.2. Sample preparation

The research flowchart is displayed in Figure 1. According to the Superpave mix design method
(McGennis et al., 1995), all test specimens were prepared with three asphalt contents, varying at 0.5%
from the optimum, which were 4.9%, 5.4% (optimum asphalt content – OAC), and 5.9%, by weight of
the total mix. The specimens were also designed to attain three target air void values of 4%, 8%, and
12%. As for each additive, two contents of 1%and 2%, byweight of asphalt binder, were utilised. Based
on previous studies, mixtures containing six percent (6%) SWF, by weight of asphalt binder, are found
to accelerate the healing rate of asphalt concrete when subjected to induction heating (Dinh et al.,
2018a); the same amount of SWF is used in all sample mixtures. Before mixing, aggregates and SWF
are preheated in an oven for four (4) hours. Meanwhile, the binder-additivemixture is prepared for 3 h
before incorporating it with the aggregates. The binder-additive mixing process includes preheating
the asphalt binder for anhour.Oncepreheated, the additive agent is addedand stirred thoroughly into
the binder, then the asphalt-binder mixture is heated in the oven for two hours prior to compaction.
The cylindrical samples in this study are first compacted using the Superpave Gyratory Compactor
(Figure 2(a)) and have a diameter of 150mm and a height of 160mm, based on the semi-circular test
method (AASHTO TP 124-16, 2016). Next, each compacted specimen is cut into two cylindrical slices
of 50± 1mm thick. Thereafter, each slice is divided into two identical ‘halves’ resulting in four semi-
circular test specimens from each compacted cylinder. Lastly, each sample is sawed on the cut face
across the midpoint of the long direction, with a notch having a depth of 15mm and a breadth of
1.5mm, to guide the cracking of the sample. To investigate the effect of warm mix additive (D1, D2),
the mixing and compaction temperatures were reduced to 130°C and 110°C, respectively, compared
to the conventional 150°C and 130°C applied with the L additive (L1, L2) and control mixtures (C0)
(Panda et al., 2017). A total of 180 replicateswere prepared for this study (5 additive-modifiedmixtures
including control mix× 3 asphalt contents× 3 target air voids× 4 replicates for average).
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Figure 1. Research flowchart.

Figure 2. (a) Superpave Gyration Compactor and (b) Compaction Energy Index.

2.3. Tests andmethods

2.3.1. Healing performance
After the cutting process, semi-circular samples are air-dried for 48 h to remove moisture, then condi-
tioned in a temperature incubator at 25°C for 2 h± 10min before testing (AASHTO TP 124-16, 2016).
The SCB test is conducted in a servo-hydraulic dynamic testing system, set to equilibrate at 25°C
of chamber temperature, with a maximum load capacity of 30 kN (Figure 3(a)). Also, two LVDTs are
attached to the testing jig to record the load-displacement data (Figure 3(b)). The samples are sub-
jected to a loading rate of 50mm/min and set to terminate when load reading drops below 0.1 kN,
during which the sample has cracked. The cracked sample is then carefully removed from the jig to
maintain the shape of the crack and prepare for image analysis process. After which, the cracked sam-
ple is pressed together, by hand, to bring the sample back to its original shape. The damaged samples
are then let to rest for 3 h before conducting induction healing. The induction heater used in this study
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Figure 3. (a) DTS-30 machine, (b) SCB test set up, and (c) induction heating.

has a capacity of 50 kW and a maximum frequency of 35 kHz (Figure 3(c)). First, the rested damaged
sample is placed under the induction heating coil and is heated until 90°C. Next, the heated or healed
samples are allowed to rest for approximately 24 h to achieve ambient temperature. Then, the rested
and healed samples are again conditioned in the temperature incubator for 2 h for the SCB test. This
whole process equates to one damage-healing (DH) cycle.

The healing performance of the test samples was conducted until the 6th damage-healing cycle.
As can be seen in Equation (1), the healing performance (Hp) of a sample is calculated by the ratio of
the peak load of the healed sample at the nth cycle to the peak load of the virgin sample. (Phan et al.,
2018).

Hp = Pn
P0

(1)

where P0 is the peak load of virgin sample; Pn is peak load of healed sample at nth DH cycle

2.3.2. Compaction characteristics
Thenumber of gyrations is recorded to calculate the compaction energy index (CEI). This test considers
mixtures with three air-void content variations and optimumasphalt binder content (OAC). According
to previous researches (Delgadillo & Bahia, 2008; Kim & Kang, 2018), the CEI was developed to assess
compaction ability. The CEI is determined by the area under the gyration-Gmmcurve, from the density
at 8th gyration to 4% lower designed specific gravity in the curve (Figure 2(b)). It is found thatmixtures
with lower CEI values allow for easier compaction in the field. The compaction energy index can be
calculated using Equation (2).

CEI =
n0∑

8

(ni+1 − ni) × Pi + 0.5 × (ni+1 − ni) × (Pi+1 − Pi) (2)
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Figure 4. Load-displacement curve.

where Pi is the specific gravity corresponding to ith gyration; n0 is the gyration at 4% lower designed
specific gravity

2.3.3. Cracking resistance properties
The SCB test was also used to analyse the cracking resistance properties of modified asphalt mixtures.
Figure 4 shows the load-displacement curve which can be used to compute the fracture energy (GD),
crack velocity (υ), crack resistance index (CRI), and flexibility index (FI) (Batioja-Alvarez et al., 2019).
Fracture energy is one of the main cracking properties defined as the work required to initiate and
propagate the crack until the sample fails. Generally, a higher GD-value indicates better crack resis-
tance of the asphalt mixture (AASHTO TP 124-16, 2016). Crack velocity, defined as the distance the
crack travelled with respect to elapsed time, is determined by the ratio of crack length to the time
elapsed. A brittle asphalt mixture presents a higher υ-value than a flexible one. Crack resistance index,
taken as the total fracture energy divided by the peak load, is developed to compare two mixtures
with similar GD-values. Higher CRI magnitude indicates a better asphalt mixture in terms of resistance
to cracking. Meanwhile, the flexibility index is defined as the total fracture energy divided by the slope
(|m|) of the post-peak load at the inflection point of the load-displacement curve (Kaseer et al., 2018).
The cracking properties of asphalt concrete are calculated using Equations (3) to (6), as given in Table
3. Besides, the Tukey–Kramer (T-K) statistical analysis was employed to find the difference between
air voids content in terms of FI. The T-K produce is based on calculating confidence intervals for the
difference between each pair of averages (μ). Each confidence interval is examined to determine if it
includes zero. If the interval does not include zero, the two means are significant difference and vice
versa the including zeroof interval indicates the twomeans are not significant difference (Hess,Mason,
& Gurst, 2003).

2.3.4. Crack propagation
Image analysis was used to analyse the crack propagation of virgin samples and the samples that
underwent the first DH cycle. The fractured surfaces were captured using a digital camera (SONY R©

Cybershot DSC-HX90 V 18.1megapixels). The camerawas set on a tripod 30 cm above the target spec-
imen. By using the MATLAB R© software (Matlab R2019b, 2019), the image analysis programme was
employed to detect and measure the crack area. Based on previous researches (Le et al., 2019; Otsu,
1979), the image analysis process was developed by the following steps (Figure 5):

(1) calculate the histogram of an original image
(2) find out the maximum change of pixel number and convert to grey image
(3) remove noise and detect the crack area, count total pixels of crack area
(4) convert total pixels into square millimetre
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Table 3. Description of cracking properties.

Properties Equation Descriptions

Peak load (kN) Fmax –
Displacement at peak load (mm) ΔFmax –

Fracture Energy (J/mm2) GD = WD
h×l (3) WD =

n∑
i=1

(Δi+1 − Δi) × Fi + 0.5 × (Δi+1 − Δi) × (Fi+1 − Fi)

h = 50(mm): the height of the specimen
l = 60 (mm): the original ligament length of the specimen

Crack velocity (mm/s) υ = Δl
Δt (4) Δl(mm): the length of the crack

Δt(s): the time elapsed
Crack resistance index(J/kNmm2) CRI = GD

|Fmax| (5) GD (J/mm2): fracture energy
Fmax(kN): peak load

Flexibility index FI = GD
|m| × 0.01 (6) GD (J/mm2): fracture energy

|m|: slope at the inflection point of post-peak load versus
displacement curve

Figure 5. Image analysis process.

3. Results and discussion

3.1. Healing performance

Figure 6 illustrates the healing level of asphaltmixtures. For eachmixture, the bar graph shows healing
performance at the 1st, 3rd, and 6th DH cycles. Overall, the healing level gradually decreases with an
increase in DH cycle and eventually declines by 30% compared to the first cycle when it reaches the
sixth cycle. This may be due to the effect of the repeated damage-healing cycles that resulted in the
aging of the binder, leading to the deteriorating adhesion between the binder and aggregate (Dinh
et al., 2018b; Phan et al., 2018). Moreover, air void content strongly affected the healing level results
(Salih et al., 2018). The four percent (4%) AV mixture displayed the highest healing level among three
designed air voids. For every 4% additional air void on the asphalt mixture, the healing results are
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Figure 6. Healing performance of asphalt mixtures with (a) 4% air voids, (b) 8% air voids, and (c) 12% air voids.

reduced approximately by ten percent (10%). This is due to the discontinuities in the asphalt structure
which hinders heat transfer in the samples with bigger air void contents (Li et al., 2019).

As for the effect of asphalt content, the test results indicated that its effect is negligible. There
were three asphalt binder dosages developed to evaluate the effect of asphalt content on heal-
ing performance and the outcomes showed that there was not much difference among the three
asphalt contents. Increasing the binder by a margin of 0.5% helps improve healing results only by
approximately three percent (3%).

Among fivedifferentialmixtures, sampleswithwarm-mix additive (D) showed thebest healing level
in either air voids or asphalt content. In the first DH cycle, the healing levels of D-samples reached
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Figure 7. Compaction energy and gyration number of modified mixtures with optimum asphalt content.

higher than 80% and reduced to 65% and 60% after the third and sixth cycles, respectively. On the
other hand, the mixtures with L additive presented a 5% lower healing result than the warm mix
additive. Compared to other contents, two percent (2%) additive content helped the asphalt mix-
tures gain a higher healing level. The beneficial effect of warm-mix additive (D) to the healing level
can be explained by its primary purpose: reduction of mixing and compaction temperatures by 20°C.
Because of this, the samples with 2% of D additive (D2) yielded better healing performance since the
binder is more susceptible to lower temperatures. This caused the bitumen to increase its penetra-
tion and helped it to flow easily and fill cracks upon reaching 90°C of maximum induction heating.
The higher penetration helps bitumen to easily flow and fill the cracks (Lee et al., 2019), healing the
asphalt by recovering the lost bond between aggregate and binder. As a result, the D additive has
more effect on the healing performance of asphalt mixture than the L additive, and all samples with
additives out-performed the control samples.

3.2. Compaction characteristics

Figure 7 presents the compaction energy and gyration number of modified asphalt mixtures. Expect-
edly, the lower air void design mixtures required a higher number of gyrations to achieve the desired
air void. The D1mixtures with 4% air void required 127 gyrations compared to that of the 8% and 12%
air void mixtures, which needed 46 and 26 gyrations, respectively. Related studies have noted that
warmmix additive reduces the strong adhesion between aggregates during the compaction process
because it acts as a lubricant (Pereira et al., 2018). Consequently, the mixtures containing warm mix
additive reduced CEI even though mix and compact temperature were already reduced at 130°C and
110°C, respectively. Also, it can be observed that the CEI declined three times with each 4% increase
in air void.

On the other hand, the L additive slightly improved the penetration of bitumen with 73 (mm/10 s)
compared to 70 (mm/10 s) of the original binder. This slight difference causes insignificant change in
CEI values between the L mixtures and control mixtures. It was observed that mixtures with a higher
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Table 4. Cracking properties of virgin samples.

Mixture Fmax (kN) ΔFmax (mm) υ (mm/s) GD (J/mm2) CRI (J/kNmm2) FI

4% AV C0 3.02 1.13 5.87 1915.25 634.19 5.53
D1 3.63 1.31 5.13 2248.60 619.45 4.91
D2 3.35 1.29 5.73 2431.76 725.90 4.80
L1 3.26 1.08 5.35 1975.07 605.85 5.12
L2 3.39 1.17 5.93 2080.17 613.62 4.72

8% AV C0 3.06 1.04 6.76 1555.57 508.36 8.92
D1 3.11 1.01 6.35 1915.08 615.78 8.06
D2 3.02 1.13 6.48 2148.30 711.36 8.09
L1 2.92 1.63 6.47 1915.10 655.86 8.22
L2 3.03 1.49 6.41 2028.38 669.43 7.96

12% AV C0 2.45 1.26 7.22 1250.06 510.23 12.80
D1 2.78 1.39 7.69 1369.93 492.78 10.69
D2 2.61 1.45 7.15 1510.58 578.77 11.42
L1 2.42 1.43 7.86 1231.53 508.90 11.32
L2 2.40 1.64 7.10 1367.69 569.87 10.61

additive content would obtain lower CEI values. The higher additive content helps sufficient worka-
bility of asphalt mixture during the compaction process (Yu et al., 2018). For both additive types, the
CEI of mixtures with two percent additives (D2, L2) were around 7% lower than that of one percent
(D1, L1).

3.3. Cracking resistance properties

Since the varying binder content of 0.5% showed slight improvements in healing, Table 4 and Table
6 only present the cracking properties of asphalt mixture with optimum asphalt content. Noticeably,
the asphalt mixtures with lower air void gained higher peak loads. The peak load of 4% air void mix-
tures ranged from 3.3 to 3.6 kN, whereas the 8% and 12% air void mix attained 2.8 to 3.1 kN and
2.4 to 2.8 kN, respectively. Inversely, the fracture energy decreased with an increase in air void con-
tent. The 4% AV mixtures presented the best crack resistance, with GD values ranging from 1915 to
2431 J/mm2. Among the five additive mixture variations, the highest GD was recorded from the vir-
gin D2 mixture. Additionally, containing two percent of warm mix additive helped enhance fracture
energy by 456 J/mm2 compared to the control mixture. Moreover, the L additivemixtures had a slight
improvement in their cracking properties: a 12% increase in peak load and 5% in fracture energy. As
for the crack velocity, the results showed similar behaviour to previous studies where the υ –value is
increased with increasing air void content (Tarefder et al., 2009). The control mixture presented the
highest crack velocity which indicated a greater crack susceptibility compared to mixtures with addi-
tive. Also, the higher crack resistance index (CRI) would indicate a better asphalt mixture in terms of
resistance to cracking (flexible mixture). The D2 mixture archived the highest CRI, which was 725.90,
compared to 634.19 of the control mixtures. Moreover, mixtures with higher air void contents pre-
sented a greater flexibility indices (FI). This phenomenon can be explained by previous observations
where the increase in air voids leads to a decrease in the post-peak slope (|m|), resulting in higher
FI (Kaseer et al., 2018). Although, at the same air void content, mixtures containing D additive has a
slightly improved FI compared to L additive mixtures. The statistical results from the Tukey–Kramer
method show that there was a significant difference among the three air void contents in terms of
flexibility index (Table 5). In order words, the flexibility index is dependent on the air void content of
the sample.

Table 6 shows the cracking properties of the samples after one healing cycle. Generally, the crack-
ing resistance of damaged-healed samples is decreased by approximately 50% compared to virgin
samples. The 4% AV mixtures gained higher CRI values than the 8% and 12% AV mixtures. The sharp
decline in fracture energy indicates a weak crack resistance of the healedmixture although, its healing



ROADMATERIALS AND PAVEMENT DESIGN 11

Table 5. Flexibility Index multiple comparisons by T-K procedure (studentized q = 0.05).

T-K interval

Comparisons Lower value Higher value Conclusions

4% AV to 8% AV −4.304 −1.766 Significantly different
4% AV to 12% AV −7.421 −4.883 Significantly different
8% AV to 12% AV −4.386 −1.848 Significantly different

Table 6. Cracking properties of healed samples after one healing cycle.

Mixture Fmax (kN) ΔFmax (mm) υ (mm/s) GD (J/mm2) CRI (J/kNmm2) FI

4% AV C0 2.49 0.52 8.37 659.63 264.91 2.21
D1 2.63 0.68 7.23 821.60 312.40 2.19
D2 2.55 0.54 7.18 687.02 269.42 3.28
L1 2.48 0.53 7.12 796.80 321.29 3.01
L2 2.41 0.66 7.82 804.58 333.85 2.97

8% AV C0 0.85 0.43 11.65 201.08 236.56 4.92
D1 1.81 0.40 10.27 228.05 125.99 5.26
D2 1.87 0.37 10.18 356.84 190.82 6.09
L1 1.66 0.33 10.67 190.14 114.54 5.22
L2 1.31 0.31 10.32 143.79 109.76 6.96

12% AV C0 0.88 0.49 14.02 364.14 413.80 7.22
D1 1.16 0.47 13.14 463.51 399.58 6.76
D2 0.89 0.50 12.98 365.87 411.09 7.56
L1 1.29 0.52 13.03 499.52 387.22 8.87
L2 0.33 0.42 13.28 195.86 593.52 7.99

level reached 80%. This phenomenon may be explained by the presence of air cells in the crack line
of the sample that was caused by inadequate healing of the asphalt mastic. These air cells play a role
as ‘pre-cracks’ or discontinuities in the asphalt mixture, which are quickly extended when the load is
applied. The crack velocity reinforces this hypothesis. The crack velocity of the healed samples was
twice as high than that of the virgin samples. Consequently, the CRI and FI also declined after the first
damage-healing (DH) cycle.

3.4. Crack propagation

Figure 8 presents the crack areas of the asphalt mixtures at 0 and the 1st DH cycle. It can be observed
that the crack area increases with an increase in DH cycle. For example, the control (C0) mixture with
4% AV attained 323mm2 areas at 0 cycles which increased to 352mm2 after one DH cycle. The sam-
ples with higher air void content resulted with larger crack areas because of the lack of connection
between mixture particles. As mentioned in Section 3.3, the presence of these air voids causes the
particle discontinuity which deteriorates the cracking resistance of asphalt mixture. Among the five
mixtures, the D2 sample gained the lowest crack areas of 247, 278, and 305mm2 at 4%, 8%, and 12%
of air void, respectively.

As can be observed in Figure 9, the crack shape of the samples were retained, but the crack area
expanded up to 18% after one DH treatment. This phenomenon can be confirmed by the fact that a
crack-healed asphalt sample is weaker than its original asphalt base (Wang et al., 2013). This can also
be confirmed by the deteriorating cracking properties of the samples after the succeeding DH cycles.
Figure 10 illustrates two common crack failures that occur in asphalt concrete: aggregate crack and
base asphalt crack. In this research, most of the aggregate crack failures were recorded in the lower
air void mixtures. An aggregate crack failure would sharply deteriorate the cracking properties and
the healing level of asphalt mixture. Table 7 presents the decline of cracking properties of the asphalt
mixture after the 1st DH cycle, comparing the effects of aggregate crack and base asphalt crack failure.
The fracture energywas approximately four times lowerwith aggregate crack failure,while the velocity
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Figure 8. Crack area of asphalt mixtures at 0 at 1st DH cycle.

Figure 9. Crack expansion of (a) virgin sample and (b) healed sample.

Table 7. Deterioration of cracking properties based on crack failure of asphalt mixture.

Crack failure Fmax (kN) ΔFmax (mm) ΔR (mm) υ (mm/s) GD (J/mm2) CRI (J/kNmm2)

Aggregate crack 0.55 0.23 1.26 11.18 115.02 209.09
Base asphalt crack 2.55 0.54 2.00 7.18 687.02 269.42

crack nearly doubled compared to the base asphalt crack sample. This can be concluded that asphalt
mixtures having aggregate crack failure could not be recovered by induction heating. Figure 11 shows
the crack shape of two types of air void. With a 15mm notch, the 4% air void mixture exhibited a
straight-line crack, while the 12% air void sample attained a curve crack. This was expected to happen
since several weak spots in the asphalt mixture redirect the propagation of cracks (Zeng et al., 2016).
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Figure 10. Asphalt mixture (a) with aggregate crack failure and (b) without aggregate crack failure.

Figure 11. The crack shape of (a) 4% air voids sample and (b) 12% air voids sample.

4. Conclusions

In this research, the cracking resistance of healed warm mix asphalt based on air-void, and binder
contentswas investigated. TheSCB testwas employed to conduct a series of tests on sample replicates.
The cracking resistance properties before and after induction healing were analysed as well. By using
Matlab R© image analysis, the crack propagation of the asphalt mixtures was investigated. Conclusions
drawn from the study are summarised below:

• For every 4% increase in the air void, the healing level approximately decreases by 10%, whereas
the impact of asphalt content is milder. Increasing the binder content by a margin of 0.5% helps
improve healing results slightly by approximately 3%.

• Even though the healing level can be recovered up to 80%, the cracking resistance property of the
asphalt mixture strongly declines after one damage-healing (DH) cycle.

• The results from Tukey–Kramer show that AV content plays a major role in the cracking resistance
of asphalt mixture. The higher AV content leads to a greater flexibility index (FI).

• The crack shape of healed samples is retained after succeeding damage-healing (DH) cycles; mean-
while, the crack area expanded to approximately 18%. This phenomenon indicates that the crack
healed is weaker than the original base asphalt.

• Aggregate crack failure in asphalt mixture not only causes a decrease in the healing level, but also
sharply deteriorates the cracking properties of the asphalt mixture.

• The crack shape of high air void content (12%) is curved compared to the straight cracks in the 4%
air void mixture, due to the local weakness of the asphalt mixture.
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