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Keywords Abstract

Self-healing Very-thin asphalt overlay mixtures require a careful balance of competing demands, such
Fracture resistance as enhancing skid resistance, reducing noise, and improving rutting resistance, due to
Microwave heating their reduced thickness. Achieving this balance involves reducing the nominal maximum
Very-thin asphalt overlay aggregate size (NMAS) and incorporating coarser aggregate gradations. This design
SCB test complexity is particularly critical for semi-dense graded very-thin overlays, which are

more susceptible to cracking. In this context, investigating the healing potential of very-
thin asphalt overlays through microwave heating offers a promising opportunity to
extend pavement life while minimizing economic and environmental impacts. This study
investigates and compares the cracking resistance and self-healing capabilities of two
mixtures by applying Fracture-Healing-Fracture (FHF) cycles using Semi-Circular
Bending (SCB) testing under microwave heating. The mixtures examined include a semi-
dense aggregate gradation (BBTM8) designed for very-thin overlays, and a dense-graded
aggregate mixture (ACL 16+) intended for binder courses and containing 50% reclaimed
asphalt pavement (RAP). As a result, the ACL mixture exhibited a fracture toughness
(KIC) value of 37.1 N/mm?%2, attributed to its denser gradation, larger NMAS, higher
stiffness, and greater RAP content. In contrast, the initial KIC value of the BBTM8 mixture
was 18.4 N/mm?%*2. However, following microwave heating, the KIC value of the BBTM8
mixture increased significantly and approached that of the ACL mixture, aided by its
higher air void content. The FHF cycle results revealed that the BBTM8 mixture
demonstrated higher fracture resistance and more efficient recovery performance than
the ACL mixture.

MIKRODALGA ISITMA iLE GELISTIRILEN COK INCE ASFALT KAPLAMANIN KIRILMA DiRENCI
VE KENDI KENDINI iYILESTIRME POTANSIYELI

Anahtar Kelimeler 0z

Kendi kendini iyilestirme Cok ince asfalt kaplamalar, azaltilmis kalinliklart nedeniyle kayma direncinin
Kirilma direnci artirilmasi, giiriiltiiniin azaltilmasi ve tekerlek izi direncinin iyilestirilmesi gibi birbiriyle
Mikrodalga isitma celisen ihtiyaclarin dikkatli bir sekilde dengelenmesini gerektirir. Bu dengenin
Cok ince asfalt kaplama saglanmasi, nominal maksimum agrega boyutunun (NMAS) kiiciiltiilmesini ve daha
SCB testi kaba agrega derecelendirmelerinin kullanilmasini igerir. Bu tasarim karmasikligi,

catlamaya daha yatkin olan yari yogun dereceli ¢cok ince kaplamalar icin dzellikle kritik
dneme sahiptir. Bu baglamda, ¢ok ince asfalt kaplamalarin mikrodalga 1sitma yoluyla
iyilesme potansiyelinin aragtirilmasi, ekonomik ve gevresel etkileri en aza indirirken
kaplama émriinti uzatmak icin umut verici bir firsat sunmaktadir. Bu c¢alisma,
mikrodalga 1sitma altinda Yarim Dairesel Egilme (SCB) testi kullanilarak uygulanan
Kinlma-lyilesme-Kirilma (FHF) déngiileri araciligiyla iki farkli karisimin catlama
direnci ve kendi kendini iyilestirme yeteneklerini incelemekte ve karsilastirmaktadir.
Incelenen karisimlar; ¢ok ince kaplamalar icin tasarlanmis yart yogun agrega
derecelendirmesi (BBTM8) ve %50 geri kazanilmis asfalt kaplama (RAP) iceren,
baglayici tabaka icin kullanilan yogun dereceli agrega karisimidir (ACL 16+). Sonug
olarak, ACL karisimi daha yogun derecelendirme yapisi, daha biiyiik NMAS degeri, daha

hiikiimlerine gore acik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License

@ ® Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
(http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8129-8659
https://orcid.org/0000-0001-9155-1921
https://orcid.org/0000-0001-7794-2176
https://orcid.org/0000-0001-8348-5901

ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1739-1750

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1739-1750

yliksek sertligi ve daha fazla RAP igerigi sayesinde 37,1 N/mm

3/2 degerinde kirilma

toklugu (KIC) sergilemistir. Buna karsilik, BBTM8 karisiminin baslangigtaki KIC degeri
18,4 N/mm?%? olarak él¢iilmiistiir. Ancak mikrodalga 1sitma sonrasinda, daha yiiksek
hava boslugu iceriginin de katkistyla BBTM8 karisiminin KIC degeri onemli dlgtide
artarak ACL karistminin seviyesine yaklasmistir. FHF déngiisii sonuglari, BBTM8
karisiminin ACL karisimina kiyasla daha ytiksek kirilma direnci ve daha etkin bir iyilesme
performansi gésterdigini ortaya koymustur.
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1. Introduction

Concerns about climate change problems caused by
greenhouse gas (GHG) emissions have gained
importance as awareness about the impact of human
activities on the environment has grown. Research
conducted by the World Bank revealed that emissions
from the transportation sector account for 14% of the
global total, with 72% of these emissions generated by
road construction, maintenance, rehabilitation, and
operation (World Bank, 2010). Road construction,
production of raw materials, road operation,
maintenance during the service life, and rehabilitation
all result in significant GHG emissions, as noted by
(Fernandez-Sanchez et al., 2015). In the USA, road
construction, maintenance, and rehabilitation
contribute to 28% of GHG emissions (Melanta et al,,
2013). Maintenance is the second largest source of GHG
emissions (Stripple, 2001). Therefore, using more
sustainable techniques, such as microwave heating to
trigger asphalt mix self-healing ability, can reduce gas
emissions by  minimizing maintenance and
rehabilitation activities.

The self-healing mechanism needs activation energy to
wet the crack interface, with the energy provided, the
necessary molecular diffusion takes place to close the
cracks. The most widely recognized molecular diffusion
model for polymer materials was introduced by Wool
and O’connor (1981). Subsequently, based on this
model, researchers have further investigated the two-
stage self-healing process of bitumen (D. Sunetal., 2017;
G. Sun et al,, 2020):

e The first stage is wetting, that is, molecular
diffusion, which is expressed as the closure of the
microcrack formed in the asphalt pavement.

e The second stage is the recovery of asphalt
pavement strength due to diffusion and random
distribution of bitumen molecules from one crack
surface to the other.

The macroscopic healing observed at a specific
temperature T and time t includes the instantaneous

strength gain dependent on temperature and the rate of
strength recovery that varies with temperature. Healing
temperature is one of the most effective parameters on
the healing ability of asphalt. However, determining the
optimum healing temperature to ensure the healing
ability of bituminous binder and asphalt mixture is a
difficult and complex task (Tang et al., 2016).

To determine the best self-healing temperature for
bitumen, the viscosity-frequency scanning test was
performed in the Dynamic Shear Rheometer (DSR)
(Tangetal., 2016). The study found that the optimal self-
healing temperature was the softening point of the
bitumen, based on the results from a Fatigue-Healing-
Fatigue test. However, Xiang et al. (2019) conducted a
Fatigue-Healing-Fatigue test using the time sweep mode
of DSR and determined the optimal healing temperature
for PEN70 matrix base bitumen to be 47.6 °C, which is a
little higher than the softening point. D. Sun et al. (2018)
also found that the self-healing ability of bitumen was
higher at the phase transition temperature, where the
molecular diffusion rate and range were more
prominent. Based on the Fatigue-Healing-Fatigue and
Differential Scanning Calorimetry results of these
studies, the optimal healing temperature range is
between 40.3 °C and 48.7 °C. He et al. (2022) reported
that healing time decreases as temperature increases,
particularly when it comes closer the glass transition
temperature of 300 K (27 °C). For example, Xiang et al.
(2019) found that the optimal healing temperature for
base bitumen was 47.6 °C, while the optimal
temperature for 4.5% linear styrene-butadiene-styrene
(SBS) modified bitumen was 76.7 °C. Yoo et al. (2019)
investigated the effect of carbon-based materials on the
self-healing properties of asphalt pavement, and
determined the optimal heating temperatures for
carbon fiber, carbon nanotube, and graphite nanofiber
to be 108 °C, 105 °C, and 104 °C, respectively. Although
various  suggestions exist regarding healing
temperatures in studies on bituminous binders, there is
a general consensus on the optimal healing temperature
in research focused on the self-healing ability of asphalt
mixtures. The widely accepted view is that asphalt
mixtures exhibit the best healing performance at 85 °C
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(Liu, Schlangen, van de Ven, et al., 2012; Liu, Schlangen,
and Van De Ven, 2012; W. Liu et al,, 2024). Finally, we
should keep the heating temperature as low as possible
to prevent bitumen aging acceleration.

Self-healing studies on asphalt mixtures have gained
significant attention in recent years, particularly due to
their potential to enhance the service life and
performance of pavement structures. These studies
utilize various heating methods, such as induction
heating and microwave heating, based on the Fracture-
Healing-Fracture (FHF) test cycle and semi-circular
bending (SCB) tests. Research indicates that the fracture
resistance and recovery ability of asphalt mixtures can
vary significantly depending on the types and
gradations of aggregates used. This highlights the need
for a comprehensive understanding of how different
materials interact within the mixture. For instance,
Wang et al. (2022) investigated the microwave heating-
based self-healing ability of asphalt mixtures that
incorporated both basalt and limestone aggregates
using the FHF test. Their findings revealed that
microwave heating not only enhanced flexural strength
by at least 65% but also improved fatigue resistance by
23%. These improvements underscore the effectiveness
of microwave heating as a viable method for enhancing
the mechanical properties of asphalt mixtures.
Furthermore, the study indicated that both the type and
size of the aggregate significantly influenced the
microwave heating rate, suggesting that material
selection is crucial for optimizing healing performance.
In addition to aggregate properties, other factors such as
temperature and nominal maximum aggregate size
(NMAS) also play a critical role in the healing process.
Atakan and Yildiz (2024) observed that a higher degree
of aggregate damage during fracture corresponded with
a lower healing rate. They explained that the extent of
healing is influenced by the increase in cohesive damage
and a decrease in adhesive damage as the temperature
rises during fracture. Garcia-Gil et al. (2019) further
noted that a larger NMAS contributes to increased
aggregate damage, emphasizing the importance of
careful design in asphalt mixtures.

Very-thin overlay is widely used as a wearing course in
various regions, including the EU, China, and the USA,
either as a reinforcement layer or as a surface course to
mitigate noise. The layer thickness prescribed for the
very-thin overlay in the CSN 73 6121:2023 national
technical standard used in the Czech Republic is 20-30
mm. However, very-thin overlay presents unique
challenges; it requires a reduction in NMAS while
necessitating a coarser grading to enhance skid
resistance, noise reduction, and rutting resistance. This
conflicting requirement complicates the design process,
particularly since open-graded or semi-open-graded
very-thin overlays are more susceptible to cracking
compared to dense-graded overlays. Recent studies,
such as the work of Eren et al. (2024), have investigated
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the fracture resistance of waste steel fiber (WSF)
reinforced very thin overlay through SCB tests and
explored their healing ability via induction heating.
Their research highlighted that the healing potential,
measured in terms of fracture toughness, diminishes as
the stiffness modulus of WSF increases. Yu et al. (2024)
investigated the cracking resistance of the designed cold
asphalt mixture for basalt fiber reinforced ultra thin
overlay according to the SCB test. However, the
investigation of fracture resistance and microwave
healing ability of ultra-thin overlay is a new and current
topic in the literature and further research is needed in
this area (Guo et al., 2024).

The self-healing capabilities of asphalt mixtures have
been widely studied in the literature, focusing on factors
such as the type and content of modifiers, aggregate type
and gradation, and heating methods like microwave and
induction heating. Despite the advantages of very-thin
wearing courses, such as noise reduction and extending
the service life of asphalt roads, their limited durability
remains a significant challenge within the sustainability
framework. To address this, examining and enhancing
the self-healing capabilities of very-thin wearing
courses has become increasingly important. Developing
policies aimed at improving their performance and
durability is essential for overcoming these challenges
and maximizing their potential benefits. This study
investigates and compares the fracture resistance and
microwave healing ability of two asphalt mixtures: one
with a semi-dense aggregate gradation designed for thin
overlays and another with a dense aggregate gradation
containing 50% reclaimed asphalt (RA) material used as
binder layer in asphalt pavements. The findings aim to
provide valuable insights into how different aggregate
types and mixture designs especially very-thin-wearing
courses influence the self-healing capabilities of asphalt
pavements, contributing to more sustainable and
durable road infrastructure.

In the following section, a detailed explanation of the
materials and production processes utilized in the
asphalt mixtures developed for this study is provided.
Additionally, the FHF test procedure, which is based on
the SCB test used in this research, is outlined to clarify
the experimental framework. Experimental results from
the SCB tests and FHF cycles are then discussed in
relation to the fracture resistance and self-healing
potential of the asphalt mixtures, supported by relevant
literature. Consequently, the study's key findings are
clearly presented in the conclusion section.

2. Materials and Methods
2.1. Materials

In this study, two different hot mix asphalt (HMA) were
prepared according to the BBTM8 mixture type and
ACL16+50RA mixture type according to the CSN 73
6121:2023. To do so, the Marshall Design method
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specified in the EN 12697-30 standard was followed in
the preparation of asphalt mix samples. For each mix
type, 3 Marshall test specimens were prepared for the
Marshall Stability test, 6 for the Stiffness Modulus test
from which 3 (equivalent to 6 semi-circular specimens)
were used for the SCB test.

e BBTMS8: for the very-thin wearing layer, a
bituminous binder with a penetration grade of
50/70 was obtained from the Litvinov refinery in
the Czech Republic. The aggregates used in the
mixture were sourced from the Brant quarry, also
located in the Czech Republic.

e ACL16+50RA: for the binder layer, a bituminous
binder with a penetration grade of 70/100 was
sourced from the Litvinov refinery in the Czech
Republic. The aggregates used in this mixture were
obtained from the Bélice quarry, also in the Czech
Republic. Additionally, the binder layer contains
50% RAP.

Figures 1(a) and Figure 1(b) show the grading curves of
the mixtures BBTM8 and ACL16+50RA, respectively.
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2.2. Determination of volumetric and mechanical
properties by production of samples

In this study, asphalt mixtures were prepared by
compacting specimens with 2x50 blows according to EN
12697-30 standard. The volumetric and mechanical
properties of the prepared asphalt mixtures were
determined and are presented in Table 1.

Table 1. Detailed of the Volumetric and Mechanical
Properties of Asphalt Mixtures

?glﬁi& BBTMS Standard

Bitumen ~

CSN 73
content 4.2 5.2
(%) 6121:2023
Maximu
m density 2.549 2.544 EN 12697-5
(g/cm?3)
Bulk
density 2.400 2.178 EN 12697-6
(g/cm?) ]
Airvoid 5.8 14.4 CSN 73
(%) (3%-10%) (11%-15%) 6121:2023
Marshall
Stability 17.4 6.2 EN 12697-30
(kN)
Stiffness
modulus 16093 7974 EN 12697-26
(MPa)

2.3. Semi-circle bending (SCB) test

The SCB test, as standardized in EN 12697-44:2019, is
widely recognized for its effectiveness in evaluating the
fracture resistance of asphalt pavements under real-
world conditions. While the standard specifies
conducting the test on 150 mm specimens, previous
studies have proposed a modified SCB test suitable for
standard Marshall specimens. Based on the procedures
outlined in EN 12697-44:2019, this modified protocol is
designed to assess the resistance of asphalt mixtures to
crack propagation and evaluate their fracture behavior
under various conditions (Vackova and Valentin, 2022).
Details of the modified test method are provided in
Table 2. The principle of this method is the three-point
bending of a semi-circular test specimen with a 10 mm
notch at the bottom. As shown in Figure 2, a typical SCB
sample has a diameter of 100 mm, a notch width of 0.90
* 0.20 mm, and a notch length of 10 mm. The modified
SCB test can be performed at loading speeds of 2.5
mm/min at test temperatures of 0°C, 15°C, and 27°C. In
this study, samples were subjected to SCB testing at 15
°C in FHF test cycles and their cracking behavior and
healing abilities were investigated at medium
temperatures. Bui and Saleh (2021) performed SCB
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tests on mixtures including thin wear samples of 150
mm and 100 mm sizes with different loading conditions
and test temperatures and showed that the results were
consistent and convertible with each other.

Table 2. Modified SCB Test Procedure

Conditions Modified SCB test
Test temperature 0°C, 15°C and 27°C
Specimen dimensions 100x50x50 mm
Notch height 10 mm

Loading rate 2.5 mm/min

Figure 2. Typical SCB Specimen with 100 mm Length

After the SCB test, the load-deformation curve is
obtained. According to the obtained load-deformation
curve, the fracture parameters are determined. The
fracture parameters can be listed as fracture toughness
(Kic), fracture work (Wp), fracture energy (Gf) and
flexibility index (FI) and are calculated using the
equations given in Equations (1)-(5), respectively
(Vackova and Valentin, 2022).

Kic = OpaxiVvma €Y)

F,
Omax = P 2)
2rt

Y, = 4782 - 1219 (%) + 0,063 exp(7,045 () (3)

K is the fracture toughness (N/mm!5); omax is the
maximum applied stress (N/mm?2); Fnax is the maximum
applied load (N); a is the notch length (mm); r is the
radius of the sample; t is the sample thickness. Y1
represents the normalized K parameter.

4

FI=Ax-L (5)

The fracture work W} is defined as the area under the
load-deformation curve. The fracture energy Gy is

calculated by dividing the fracture work by the ligament
area A;;g4. The flexibility index (FI) is an index based on

the fracture energy G, divided by the absolute value |m|
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of the slope of a load-displacement curve at the
inflection point of crack propagation phase (post-peak,
after Fmax). 4 is a scaling factor.

2.4. Fracture Healing Fracture test procedure

Fracture-Healing-Fracture (FHF) test cycles represent a
series of testing processes designed to investigate the
self-healing capacity of asphalt mixture. The primary
objective of this method is to evaluate the effects of
repeated heating cycles during the service life and the
potential decline in self-healing capacity due to
repetitive cracking. To achieve this, a microwave healing
procedure is applied after the specimens are fractured
using the SCB test. If the nearly separated specimen
parts are in contact, the healing is considered successful.
Therefore, many studies use wooden, plastic, or steel
molds to hold the fractured parts together. Additionally,
plastic zip ties are a practical alternative due to their
resistance to microwave heating temperatures. In this
study, plastic zip ties were used to hold the specimens
together.

Based on preliminary laboratory testing, it was
determined that the samples needed to be heated for 30
seconds to reach a self-healing temperature 85°C.
Therefore, during the FHF test cycles, the samples were
heated in the microwave for 30 seconds to heal. Figure
3 shows the process of SCB testing of the FHF test cycle
and microwave heating. In this study, the FHF test cycle
was conducted five times to assess how aging or service-
related damage affects the self-healing capacity of road
pavements. Consequently, the microwave healing index
(HI) was determined for asphalt mixtures subjected to
repeated cracking and healing cycles. The results of the
first cycle included both the Hl_G¢ and HI;_K;; values,
while the subsequent evaluations focused on
Hl; cycie_Kjc over the course of all five cycles. The
evaluation parameters were defined Equation (6) and
(7) (Zhang et al., 2023).

Kic: )
Hli.cycle—KIC =%j1 (i=1,2,3,4,5) (6)

Where, K¢, is the fracture toughness K¢ value in the i-
th cycle, K;c, represents the fracture toughness K¢
value in the first cycle. HI; . the relative retention of
fracture toughness through each cycle, providing insight

into the healing efficiency of the asphalt mixtures over
multiple cycles. Additionally, HI;_G represents the

healing index of fracture energy in the first cycle, where
Gflthe initial fracture energy before the heating and

sz is second fracture energy after heating in the first
cycle.

_ Y
HL Gy =32 (7)
1
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Figure 3. Fracture-Healing-Fracture (FHF) Test Procedure Used in This Study

3. Results and Discussion

3.1. Effect of microwave heating on crack resistance
of asphalt mixtures

SCB test was performed to evaluate the crack resistance
of asphalt mixtures. An example of the load-
displacement curve obtained as a result of the SCB test
of ACL16+ and BBTM8 mixtures before and after healing
is given in Figure 4.

Before heating, the mixture with semi-dense aggregate
gradation and slightly higher bitumen content, designed
for the very-fine wearing course, had a significantly
lower Fmax. However, it was observed that this mixture
displaced slightly more under load compared to the
densely graded ACL16+ mixture with a high RAP
content. In addition, before reaching Fmax, the linear
region covering 40-80% of the Fmax. The linear region
represents the elastic deformation of the material. When
the slope starts to change, microcracks occur. After
Fmax, macrocrack is developed. For the ACL it is less or
nearly invisible because of high RAP content and thus,
high stiffness.
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350 ACL16+50RA —=—BBTMS- After Heating

\ ——ACL16+50RA- Before Hating
——ACL16+50RA- After Heating
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Figure 4. Load-Displacement Curves for Asphalt
Mixtures Before and After Microwave Heating

This result indicates the asphalt mixture's effective
ability to handle micro cracks. As observed, the ACL16+
mixture exhibits a much more brittle behavior than the
BBTMS8 mixtures, showing a steep deformation slope
under load before the formation of macrocracks. This
behavior was further illustrated by the sudden fracture
of the ACL16+ mixture blends after reaching Fmax.
Additionally, the ACL mixture reached its maximum
deformation capacity much sooner, emphasizing the key
difference between the ACL16+ and BBTM8 mixtures.
Unlike the ACL16+ mixture, the BBTM8 mixture
gradually and steadily reached its maximum
deformation capacity under load, despite the
propagation of macrocracks that continued to expand.
The primary reasons for these results are related to the
ACL16+ dense aggregate gradation and high RAP
content, enabling them to withstand greater loads but
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exhibiting more brittle behavior due to aged bitumen
and aggregates from the RAP content. Similarly, BBTM8
mixture contains slightly younger and more bitumen
than ACL16+ mixture, and their NMAS value is 8 mm,
significantly smaller than that of the ACL16+ mixture.
Altogether, these factors enable BBTM8 mixtures to
better manage the propagation of micro- and
macrocracks, as they have high deformation capacity
despite achieving lower maximum load.

According to the load-displacement curves for the
mixtures healed through microwave heating, the Fmax
values decreased in both the ACL and BBTM8 mixtures.
While the Fmax required for macrocrack formation
decreased for both mixtures, the maximum deformation
of BBTM8 mixtures approximately doubled after
healing. This indicates that BBTM8 blends exhibit a
higher recovery ability in fracture work and energy after
healing. In contrast, the deformation capacity of ACL16+
mixture decreased by approximately 50%, showing a
much more brittle behavior post-healing due to the
reduced deformation capacity. Since fracture toughness
is a fracture parameter influenced by Fmax and the
geometric properties of the specimen, a decrease in
fracture toughness values is expected in both mixture
types following healing as shown in Figure 5.

The pre-healing fracture toughness of the BBTMS8
mixture was determined to be 18.4 N/mm?3/2, while for
the ACL16+ mixture, it was measured at 37.1 N/mm3/2,
The dense gradation, high NMAS value, and the presence
of RAP in the ACL16+ mixture led to achieving a higher
Fmax, resulting in greater fracture toughness. On the
other hand, due to the high air void content of the
BBTMS8 mixture, the observed Fmax decreased, leading to
a decrease in fracture toughness. However, when
examining the HI_Kic values of samples self-healed by
microwave, the healing rate for BBTM8 mixtures was
found to be 50.63%, whereas, for ACL16+50RA
mixtures, it was 19.73%. It can be concluded that the
high air voids content in BBTM8 mixtures due to
gradation and higher binder content enhances the
healing capability. Gomez-Meijide et al. (2016) also
demonstrated that porous asphalt, characterized by a
higher air void content, exhibits significantly better
healing abilities compared to dense asphalt.

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1739-1750
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Figure 5. HI_Kic Values of Asphalt Mixtures

To determine the fracture energy, it is first necessary to
measure the fracture work. Fracture work represents
the area under the load-displacement curve and can be
defined as fracture work until Fmax and total fracture
work, measured in Joules (J). The fracture works up to
Fmax and the total fracture work of the BBTM8 mixture,
which has a high deformation capacity, are higher than
those of the ACL16+ mixture both before and after
healing, as clearly shown in Figure 6. As a result, it was
determined that the increase in the fracture work with
microwave heating after Fmax was greater than before
Fmax for both ACL16+ and BBTM8 mixtures.
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Figure 6. Fracture Work (Ws) of Asphalt Mixtures

Fracture energy results are illustrated in Figure 7 and
presented in detail in Figure 8. Fracture energy
represents the amount of energy required to create a
fracture surface per square meter (Bui and Saleh, 2021).
It was found that BBTM8 mixtures had three times the
fracture energy of ACL16+ mixture before healing.
Similarly, after healing, the recovery in fracture energy
was seven times higher in BBTM8 mixture.
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This accounts for the mixture’s increased resistance to
crack propagation. Therefore, it was concluded that with
microwave heating, the fracture energy recovery ability
of BBTM8 mixture was significantly higher than that of
ACL16+ mixture. As a result, it was determined that
more improvement could be observed if healing was
performed by microwave heating after the occurrence
of macro cracks in very-thin asphalt pavements with
semi-dense aggregate gradation.
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Figure 8. HI_Gf Values of Asphalt Mixtures

Another recently proposed fracture energy-based index
for evaluating the cracking resistance of asphalt
mixtures is the FI value. A high Fl value indicates greater
resistance to cracking, reflecting the mixture's fracture
behavior during crack propagation. Jiang et al. (2022)
demonstrated that FI offers a more effective approach
than fracture energy, especially for mixtures containing
RAP. They also highlighted that the post-peak FI is
strongly influenced by binder properties. As illustrated
in Figure 9, the FI value of the BBTM8 mixture increased
after healing, whereas it decreased for the ACL16+
mixture. Furthermore, the FI results revealed that the
BBTM8 mixture exhibited significantly higher
resistance to fracture propagation than the ACL16+
mixture, both before and after healing.
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3.2. Results of the Fracture-Heating-Fracture test
cycle

The FHF test is a test cycle consisting of the first fracture
with SCB, then self-healing with microwave heating, and
a second fracture with SCB. Figure 10 shows images of
ACL16+ and BBTM8 samples before and after healing.
Figure 11 illustrates the HI;_K; after the FHF test cycles.
In addition, error bars in the Figure 11 indicate the
standard error calculated from six independent
measurements of the same sample. In BBTM8 mixtures,
the healing capacity decreased by 8.94% after five
healing cycles. A primary factor contributing to this
decline in fracture toughness is the formation of
microcracks within the asphalt structure due to
repeated fracture cycles, as noted by Chen and
Solaimanian (2019). These microcracks weaken the
material, making it more susceptible to fracture under
mechanical stresses. Thus, it is generally expected that
the healing capacity will progressively decrease over
successive heating and healing cycles.
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However, in the ACL16+ mixture, an increase of 9.54%
in the healing rate of fracture toughness was observed
after repeated cycles. In a study by Yildiz et al. (2020),
the FHF test cycle was repeated three times, and
samples with significant crack damage showed an
increase in fracture toughness alongside aging. This
phenomenon was explained by the possible
enhancement of the mechanical strength of the asphalt
concrete due to changes in the distribution of air voids
within the asphalt samples during the microwave
heating and healing process. Additionally, it is thought
that the aged binder in the ACL16+ mixture may harden
further through FHF cycles, potentially providing a
marginal contribution to fracture toughness. On the
other hand, as the number of FHF test cycles increases,
a gradual decline in the healing index in fracture
toughness is projected. After the 5th cycle, significantly
pronounced reduction is anticipated. Similarly, Wan et
al. (2018) conducted four FHF cycles to investigate the
healing abilities of ultra-thin asphalt mixtures
containing steel slag and steel fibers. The AC-5 mixture,
which included steel slag and 3% steel fibers, achieved a
HI_Kic of 80% at the end of the first cycle. However, this
value decreased to approximately 35% by the end of the
fourth cycle.

During the repeated microwave heating process in FHF
cycles, the self-healing of asphalt pavements is
facilitated by reducing the viscosity of asphalt binders
and accelerating capillary flow and molecular diffusion
(Gallego et al,, 2013). In field applications, microwave
heating technology is preferred for both self-healing and
deicing processes due to its advantages over traditional
methods, including high efficiency, low pollution, energy

1747



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(1), 1739-1750

savings, and ease of control (Huang etal., 2021; Zhang et
al,, 2023). However, significant temperature differences
may occur within the pavement due to variations in the
microwave absorption capacity and heat transfer ability
of the aggregate and bitumen components (X. Liu et al.,
2024; Zhang et al.,, 2023). The healing of micro-cracks in
asphalt specimens during repeated cycles may vary as a
result of these temperature differences. This can be
attributed to the substantial influence of temperature on
the healing process.

Overall, the healing capacity of BBTM8 mixtures is, on
average, 24.28% higher than that of ACL16+ samples
across all test cycles. However, based on the
experimental work conducted during the FHF test
cycles, it is worth noting that the heating temperature of
85°C may be too high for mixtures produced for very-
thin wearing courses. In repeated tests, some of the
BBTMS8 samples heated to 85°C broke down and were
discarded. In contrast, this problem was not observed in
the ACL16+ samples.

4. Conclusion

Cracking behavior is a significant research topic in
fracture mechanics, with the SCB test playing a crucial
role in analyzing the fracture properties of asphalt
pavements. In this study, SCB test-based FHF test
procedure was applied in the scope of the study for the
comparative analysis of the fracture behavior and
microwave healing ability of very-thin asphalt overlay.
In asphalt pavements with increased crack damage over
time through FHF test cycles, the damage level of cracks
in asphalt pavement directly affects the pavement's
healing ability. As the damage level increases, cracks in
the asphalt expand and multiply, which can lead to
stripping and the formation of deep potholes under
repeated loading and adverse environmental
conditions. In very-thin asphalt pavements, where
stability issues are expected under repeated loading,
microwave heating of cracks has the potential to extend
pavement life and reduce the use of bituminous binder
in asphalt mixtures. This approach could enhance the
economic and environmental benefits of very-thin
asphalt pavements.

The key conclusions and overall assessment of the
research are summarized below.

e The pre-healing fracture toughness of the BBTM8
mixture was measured at 18.4 N/mm3/2, while the
ACL16+ mixture exhibited a significantly higher
value of 37.1 N/mm3/2,

e The ACL16+ mixture achieved a higher Fmax due to
its dense gradation, higher NMAS, and the presence
of RAP, resulting in increased fracture toughness
compared to the BBTM8 mixture.

] ESOGU Eng. Arch. Fac. 2025, 33(1), 1739-1750

e Microwave healing improved the HI_Kic of the
BBTM8 mixture by 50.63%, while the ACL16+
mixture resulted in only 19.73% improvement,
indicating higher healing efficiency in BBTM8.

e Due to its high air void content (14.4%), the BBTM8
mixture demonstrated greater healing potential, as
the voids enhance microwave heating's
effectiveness in healing cracks.

o Before and after healing, the fracture work for the
BBTM8 mixture, which has high deformation
capacity, was consistently higher than for the
ACL16+ mixture.

e The BBTM8 mixture had three times the fracture
energy of the ACL16+ mixture before healing and
achieved seven times the recovery after healing,
indicating greater crack propagation stability. Its
lower stiffness modulus, higher bitumen content
and air voids resulted in a HI_Gr of over 100%.

o The FI value, which measures cracking resistance,
increased for the BBTM8 mixture after healing but
decreased for the ACL16+ mixture, highlighting
BBTMS8'’s higher post-healing crack resistance.

e During FHF testing, BBTM8'’s healing capacity
decreased by 8.94% over five cycles due to
microcrack formation, while ACL16+ exhibited a
9.54% increase in fracture toughness, potentially
due to changes in air void distribution.

e The average healing capacity of BBTM8 mixtures
across FHF test cycles was 24.28% higher than that
of ACL16+ mixtures.

e Microwave heating to 85°C caused some BBTMS8
samples to break down, while no problems were
observed in ACL16+ samples, indicating potential
limitations for very-thin asphalt pavements.

Moreover, the results of the study indicate that
microwave heating can enhance the healing capacity of
asphalt mixtures. This finding highlights the potential
benefits of applying microwave heating methods to
repair cracks in pavement layers in field applications.
During the application of microwave heating, it is
essential to establish proper energy sources and
connections for microwave generators. Additionally, the
heating duration and energy intensity must be carefully
adjusted based on the surface type, damage level, and
desired temperature. Although this study observed that
very-thin asphalt pavements should not be subjected to
high temperatures for healing, further research is
necessary to better understand this limitation. Future
studies could explore topics such as the long-term
effects of microwave heating methods or the impact of
climate conditions on the performance and durability of
very-thin-wearing courses.
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