
J. GAO et al.: RESEARCH ON REFLECTION CRACKING CHARACTERISTICS OF WARM-MIX RECYCLED ASPHALT ...
517–527

RESEARCH ON REFLECTION CRACKING CHARACTERISTICS
OF WARM-MIX RECYCLED ASPHALT MORTAR UNDER THE

EFFECT OF FREEZE-THAW CYCLES

RAZISKAVE ZNA^ILNOSTI ODBOJNEGA POKANJA TOPLE
ME[ANICE RECIKLIRANE ASFALTNE MALTE V POGOJIH

CIKLI^NEGA SPREMINJANJA TEMPERATURE

Jian Gao1, Zhiqiang Liu2, Chao Li3,*, Lan Wang3,4, Yudong Ma5

1Inner Mongolia Transportation Group Mengtong Maintenance Co., Ltd, Hohhot 010051, China
2College of Science, Inner Mongolia University of Technology, Hohhot 010051, China

3School of Civil Engineering, Inner Mongolia University of Technology, Hohhot 010051, China
4Inner Mongolia Key Laboratory of Green Construction and Intelligent Operation and Maintenance of Civil Engineering,

Hohhot 010051, China
5China Construction Eighth Engineering Division Corp., Ltd Shanghai 200000, China

Prejem rokopisa – received: 2025-01-11; sprejem za objavo – accepted for publication: 2025-05-21

doi:10.17222/mit.2025.1369

The reflection cracking behavior of warm-mix recycled asphalt mortar (WRAM) under freeze-thaw cycles was investigated us-
ing a combination of the overlay test and digital image correlation (DIC) technology. Based on the crack images of specimens,
the average crack growth rate (V) was proposed as an index to characterize the macroscopic reflection cracking behavior of
WRAM. Additionally, the correlation between V and temperature, salt-solution concentration, and freeze-thaw cycles was ana-
lyzed. A meso-index cracking damage factor (DA) was proposed based on the vertical strain (Eyy), considering the effects of the
salt-solution concentration and freeze-thaw cycles. The results indicate that with the progression of freeze-thaw cycles, both V
and DA of WRAM specimens exhibit an increasing trend, and V increases as the temperature decreases. V is an effective index
for characterizing the macroscopic reflection cracking behavior of WRAM and is strongly correlated with temperature, salt-so-
lution concentration, and freeze-thaw cycles. DA effectively reflects the cracking damage due to WRAM reflection cracks after
freeze-thaw cycles. V and DA are recommended as comprehensive indices for evaluating the reflective cracking behavior of as-
phalt mortar from both macro and micro perspectives.
Keywords: warm-mix recycled asphalt mortar, freeze-thaw cycle, reflection cracking characteristics, digital image correlation
technology, cracking damage factor

V ~lanku avtorji opisujejo "refleksno" (odbojno) pokanje (angl.: reflection cracking) tople me{anice reciklirane asfaltne mase
(WRAM; angl.: warm mix recycled asphalt mortar) v pogojih cikli~nega spreminjanja temperature; zamrznitev-otoplitev (angl.:
freeze-thaw cycles). Raziskavo so izvajali s pomo~jo kombinacije dveh metod; i.e.: testa prekrivanja (angl.: Overlay Test) in
korelacijske tehnologije digitalnega skeniranja posnetkov (DIC; angl.: Digital Image Correlation Technology). Na osnovi
posnetkov razpok na vzorcih so avtorji predlagali vrednosti za povpre~no hitrost {irjenja razpok (V) kot indeks, ki karakterizira
makroskopsko refleksno pokanje WRAM. Dodatno so avtorji analizirali in dolo~ili povezavo med V in temperaturo,
koncentracijo soli v raztopini in cikli~nim spreminjanjem temperature. Dolo~ili so tudi mezo-indeks na osnovi vertikalne
deformacije (Eyy), ki dolo~a po{kodbe zaradi pokanja (DA), upo{tevajo~ slanost in cikli~no spreminjanje temperature. Rezultati
raziskav so pokazali, da s pove~evanjem amplitude cikli~nega spreminjanja temperature, nara{~ata tako V in DA preiskovane
tople me{anice asfaltne malte. S preizkusi so ugotovil, da se V preizku{ancev WRAM zmanj{uje z nara{~ajo~o temperaturo.
Indeks V je u~inkovit pokazatelj velikosti makroskopskega refleksnega pokanja WRAM, ki je mo~no odvisen od temperature,
koncentracije soli v raztopini in cikli~nega spreminjanja temperaturea. DA u~inkovito ka`e nivo refleksnih po{kodb na WRAM
po cikli~nem spreminjanju temperature. Avtorji v ~lanku poudarjajo, da se indeksa V in DA lahko u~inkovito uporablja za
evaluacijo oziroma oceno refleksnega pokanja asfaltnih malt, tako na makro kot tudi na mikroskopskem nivoju.
Klju~ne besede: topla me{anica reciklirane asfaltne malte, cikli~no spreminjanje temperature (zamrznitev-otoplitev), zna~ilnosti
pokanja, korelacijska tehnologija digitalnega slikanja, faktor po{kodbe zaradi refleksnega pokanja

1 INTRODUCTION

The design and technology development of green
low-carbon asphalt pavement functional materials ori-
ented toward carbon neutrality is a hot topic of concern
in the field of pavement engineering at present. The re-
claimed asphalt pavement (RAP) technology, as an ad-

vanced, green, and low-carbon regeneration means, has
received attention from scholars at home and abroad.1,2

The plant-mixed hot recycling construction process for
asphalt mixtures is common practice. Still, the high tem-
perature in the production of hot-mix reclaimed asphalt
mixtures can cause secondary RAP aging, thus affecting
road performance.3 Therefore, warm-mix recycled mix-
tures are increasingly popular with road workers; it is
generally accepted that the warm-mix technology is
more beneficial for integrating new and old asphalt in as-
phalt mixtures.2,4
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L. P. Ingrassia et al.5 monitored the structural proper-
ties and stiffness of hot-mix and warm-mix asphalt mix-
ture pavements using in-situ Falling Weight Deflecto-
meter (FWD) tests and laboratory Indirect Tensile
Stiffness Modulus (ITSM) tests. It was found that WMA
mixtures have higher stiffness and longer service life
than HMA mixtures. Asphalt mortar is the base material
in asphalt mixtures, and the variation in performance is
closely related to the properties of the asphalt mixture.
G. Nie et al.6 tested the shear deformation resistance and
high and low temperature performance of asphalt mor-
tars using the rotational viscosity test, cone penetration
test, and BBR test. They also evaluated the rutting resis-
tance and low-temperature cracking resistance of asphalt
mixtures using the rutting test and small-beam bending
test. They found that the performance of asphalt mortars
has a decisive role in the road performance of the mix-
tures using the correlation analysis. At the same time, the
repeated action of traffic loads and temperature changes
can induce reflection cracking in asphalt pavements. Al-
though initially it does not affect the load-bearing capac-
ity of a pavement structure, continuous infiltration of
moisture along the cracks, erosion and alternating cycles
of pavement temperature can lead to significant deterio-
ration. Under the constant action of traffic loads, the
cracks present in the subgrade may develop stress con-
centrations and gradually extend toward the surface layer
until cracks develop.7 Especially in seasonal freezing ar-
eas, asphalt pavements may undergo several freeze-thaw
cycles in a year so that the infiltrated water keeps freez-
ing and melting, further aggravating its damage, thus be-
ing an essential factor in pavement performance degrada-
tion.8,9 Therefore, considering the climatic conditions of
seasonal freezing areas, it is imperative to study the
anti-cracking properties of warm-mix recycled asphalt
mortar under freeze-thaw cycles.

Reflective cracks are one of the primary forms of
early damage in asphalt pavements. Their formation pro-
cess is more complex, mainly divided into two stages:
crack sprouting and crack expansion.10 Road workers use
relevant indexes to characterize the anti-cracking proper-
ties and reveal the reflection cracking mechanism
through the Hamburg wheel tracking test, fatigue loading
test, three-point bending test, direct tensile cracking test,
indirect tensile cracking test, reflection cracking based
on motion simulation system, and MMLS3 accelerated
loading reflection cracking simulation test.11–17 However,
these test methods have not effectively advanced the
study of the anti-reflective cracking ability of asphalt
pavements due to issues such as significant discrepancies
from actual traffic loads or high test costs.18

L. F. Walubita et al.19–21 investigated the reflection
cracking characteristics of HMA pavements using
monotonic loading OT tests and noted the promising po-
tential of this test method in evaluating the crack resis-
tance of HMA mixtures. T. M. Phan et al.22 accurately
estimated the anti-reflective cracking ability of

WMA-coated fiber, wax-coated fiber, and uncoated fiber
asphalt mixtures with OT tests, using the crack expan-
sion rate (Ci). The results showed that the asphalt mix-
ture containing WMA-coated fiber had the best cracking
resistance.

In summary, many scholars have researched the re-
flection cracking phenomenon of asphalt-based materials
through various macroscopic testing methods and
achieved remarkable results in promoting pavement per-
formance improvement. However, relying only on a sin-
gle macroscopic approach does not comprehensively de-
scribe the anti-reflective cracking ability of
asphalt-based materials. Therefore, this study investi-
gated the reflection cracking characteristics of warm-mix
recycled asphalt mortar (WRAM) under freeze-thaw cy-
cles using the overlay test (OT) combined with the digi-
tal image correlation (DIC) technique. Firstly, the
anti-reflective cracking ability of WRAM at different
numbers of freeze-thaw cycles was evaluated using the
crack progression rate (CPR). Secondly, the average
crack expansion rate (V) was used to characterize the ex-
pansion of WRAM reflective cracks at different tempera-
tures and freeze-thaw cycles. At the same time, a polyno-
mial equation was constructed for V versus temperature,
salt solution concentration, and the number of
freeze-thaw cycles. Finally, the cracking damage factor
(DA) was proposed based on the meso-scale vertical
strain (Eyy), revealing the reflective cracking resistance
of WRAM from the perspective of crack expansion and
damage accumulation. Study results provide a reference
for the promotion and application of warm-mix regenera-
tion technology in cold regions and a new means to char-
acterize the reflection cracking behavior of asphalt-based
materials.

2 EXPERIMENTAL MATERIALS AND DESIGN

2.1 Experimental materials

The base asphalt used in this study was Panjin 90#
asphalt. The selection of new aggregates and mineral
filler was based on the specifications for the expressways
outlined in the Technical Specifications for Construction
of Highway Asphalt Pavements (JTG F40-2004) to en-
sure proper gradation of the asphalt mixture.23 The new
aggregates were basalt with particle sizes of 0–3 mm and
3–5 mm, while the mineral filler was limestone powder.
The reclaimed asphalt pavement (RAP) aggregate, com-
posed of basalt with a particle size of 0–5 mm, was col-
lected from the G55 expressway in northern China after
ten years of service24. The warm-mix agent and regener-
ating agent used in the test were both SMC-type nor-
mal-temperature regenerating agents. The main compo-
nents included a 3 % dispersant (nonionic surfactant), a
1.75 % titanate coupling agent, and a 1.5 % reinforcing
agent (rubber-like polymer). The matrix asphalt and
SMC-related technical specifications are shown in Ta-
bles 1 and 2.
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In the preliminary research conducted by our team,
warm-mix recycled asphalt mortars with RAP contents
of 0, 30, 50, and 70 % were investigated. The asphalt
mortar with the 0 % RAP content was prepared using a
hot-mix method without the addition of the SMC rejuve-
nator. Among the tested formulations, the WRAM con-
taining 30 % RAP and 14 % SMC (by mass of old as-
phalt) exhibited the best overall performance. Therefore,
this study focuses on the WRAM with 30 % RAP con-
tent, specifically examining the effects of freeze-thaw
cycles on its resistance to reflective cracking.25

Table 1: Technical specifications of the matrix asphalt

Technical index Test
results

Technical re-
quirements

Test
methods

Penetration (25 °C, 100
g, 5 s, 0.1 mm) 93.6 80–100 JTG E20 T

0604

Softening point (°C) 47.6 �45 JTG E20 T
0606

Ductility (15 °C, cm) >100 100 JTG E20 T
0605

Table 2: Test results of base indexes for SMC normal-temperature re-
juvenating-agent

Test projects Test results Technical re-
quirements

Results deter-
mination

Appearance Light yellow
jelly shape

Light yellow
jelly shape

Conforms to
requirements

Density (25 °C,
g/cm3) 0.962 0.85–1.05 Conforms to

requirements

100 °C Rota-
tional viscosity
(Pa·s)

0.85 
1.2 Conforms to
requirements

Flash point
(°C) 155 140–160 Conforms to

requirements

Cui Kai et al.26 determined the mineral composition
design and asphalt dosage for asphalt mortar by remov-
ing the coarse aggregate from the asphalt mixture and
keeping the percentage of fine aggregate sieve residue
consistent with the original mix. In this study, the
WRAM mineral composition was designed using a
method based on the mineral gradation of an AC-20
warm-mix recycled asphalt mixture with 30 % RAP. The
final oil-to-sand ratio for 30 % WRAM was set at 6 %.
The final results of the WRAM mineral composition de-
sign are shown in Table 3 and Table 4.

2.2 Specimen formation

The mixing and compaction temperature of WRAM
was 145 °C. In accordance with the OT test procedure
(TEX-248-F), cylindrical specimens were formed (150
mm diameter ×170 mm height) using a Superpave
Gyratory Compactor. They were then cut into OT test
standard specimens (150 × 75 × 38 mm). The specific
preparation process and a test specimen are shown in
Figure 1.

For DIC image acquisition, the surface of the OT
standard specimen must be evenly coated with matte
white paint as the base layer to enhance the quality of
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Figure 1: OT specimen preparation and the OT specimen

Table 3: Mineral design gradation of 30 % RAP AC-20 warm-mix recycled asphalt mixture

Grading
Sieve size (mm) and passing rate (%)

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Upper limit of gradation 100 100 92 80 72 56 44 33 24 17 13 7
Lower limit of gradation 100 90 78 62 50 26 16 12 8 5 4 3
Median gradation 100 95 85 71 61 41 30 22.5 16 11 8.5 5
Synthetic gradation 100 100 90.1 68.4 46.5 36.2 28.8 21.9 15.2 10.0 7.3 5.1

Table 4: Mineral composition design of 30 % warm-mix recycled asphalt mortar

Sieve size (mm) 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Mineral
powder

WRAM percentage of sieve remainder
(%) 17 15.8 15.4 11.9 6.2 5.0 11.7 17

30%-WRAM passing rate (%) 83 67.2 51.8 39.9 33.7 28.7 17 0



surface data capture. Then, a paint roller is used to apply
matte black paint on the specimen’s surface, creating a
random speckle pattern. A schematic diagram illustrating
the creation of the OT specimen’s random speckle pat-
tern is shown in Figure 2.

2.3 Experimental design of the freeze-thaw cycle

In view of the large temperature difference between
day and night in northern China, asphalt pavement is
susceptible to freeze-thaw damage and high frequency of
snowfall in winter. Road workers often use the method of
spreading cloth-based de-icing salt to melt snow and ice
on the road. To simulate the icing and melting of asphalt
pavement in winter, the freeze-thaw cycle test was con-
ducted using indoor high- and low-temperature alternat-
ing chambers. Our team found that when the number of
freeze-thaw cycles was 20 and the salt concentration was
8 %, the trend of high- and low-temperature performance
of the asphalt mixtures was reflected more comprehen-
sively.27–29 Therefore, in this study, de-icing salt concen-
trations of 0 % and 8 % were selected, along with
freeze-thaw counts of 10 and 20. Before the freeze-thaw
cycle test, an OT specimen was immersed in water and
8-% salt solution for saturation. Then, it was kept under
a vacuum of 97.3 kPa for 15 min until the normal pres-
sure was restored. The specimen was then removed and

placed in a plastic test box containing either water or the
salt solution for 1 hour. Finally, the semicircular speci-
men in the plastic test box containing water or the salt
solution was put into a high-and-low temperature cycling
chamber. Each freeze-thaw cycle consisted of a –20 °C
freeze for 8 hours, and a 60 °C thaw for 16 h. (In this pa-
per, the notation a-b-c refers to a test condition with a °C
temperature, b % salt solution concentration, and c
freeze-thaw cycles.)

2.4 DIC-based overlay test experimental design

The overlay test is mainly used to characterize the re-
flection cracking characteristics of asphalt concrete
pavement, so this method was chosen to evaluate the re-
flection cracking characteristics of WRAM. Before the
test, the specimens were attached to a pair of steel plates
with gaps, using an appropriate amount of phenolic ep-
oxy resin. Each steel plate was fixed at one end and
could be moved horizontally at the other. The spacing
between the two plates was 2 mm, as shown in Figure 3.
The test temperature was 0 °C and 25 °C. The test load-
ing was controlled with triangular waveform displace-
ment. The maximum horizontal tensile displacement was
0.68 mm at 0 °C and 0.9 mm at 25 °C. A test loading cy-
cle took 4 s, 2 s for loading and 2 s for unloading. In this
test, in accordance with the OT test procedure
(TEX-248-F), the loading cycle count was set to 1000 as
the test endpoint.

The DIC method is mainly used to compare the loca-
tions and shapes of the scattered speckles on the surface
of a specimen before and after deformation. After the
specimen deforms, the movement of the speckles in a
specific area is tracked and recorded as a digital signal.
Finally, Vic-3D image processing software is used to an-
alyze and process the displacement and deformation
fields in the horizontal and vertical directions to obtain
the deformation information for the specimen surface. In
this study, a reflection cracking test was carried out on
WRAM using a DTS-30 tester, and the DIC image ac-
quisition system was used for real-time observation. The
testing process is illustrated in Figure 3.

3 RESULTS AND DISCUSSION

3.1 Analysis of reflection cracking characteristics of
warm-mix recycled asphalt mortar

V. Garcia et al.30 believe that the crack progression
rate (CPR) can characterize the flexibility of asphalt ma-
terials during the crack propagation process. The larger
the CPR value, the faster the crack development and the
lower the crack resistance of the material. Therefore, to
quantify the impact of freeze-thaw cycling on the anti-re-
flective cracking characteristics of WRAM, CPR was se-
lected to characterize the reflection cracking characteris-
tics of WRAM at the macro scale. The relationship
between the peak load of a specimen and the number of
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Figure 2: Schematic diagram showing the OT specimen’s speckle pat-
tern

Figure 3: OT test procedure



cycles is given in Figure 4. As can be seen, at the begin-
ning of the test loading, the peak load in each cycle
drops sharply, and when it drops to a certain degree,
cracks appear in the specimen. Then a stable decline
phase starts; at this point, the peak load decreases lin-
early and slowly with the increase in the number of cy-
cles. The CPR is obtained by fitting a normalized peak
load-cycle count curve using a power function regression
equation, defined as the absolute value of the power ex-
ponent. An example of calculation is shown in Figure 5.

Table 5 shows the crack progression rate (CPR) for
warm-mix recycled asphalt mortar (WRAM) specimens
subjected to different freeze-thaw cycles at 25 °C and
0 °C. As can be seen from the table, compared with the
original specimens, when the temperature was 25 °C, the
CPR of 0–10, 0–20, 8–10, and 8-20 WRAM specimens

increased by 2.7, 36.7, 42.7, and 98.0 %, respectively.
When the test temperature dropped to 0 °C, the CPR of
0–10, 0–20, 8–10 and 8–20 WRAM specimens increased
by 40.1, 47.0, 48.8, and 116.7 %, respectively. This indi-
cates that regardless of the temperature and salt solution
concentration, the CPR of the WRAM specimens
showed an increasing trend with the increase in the num-
ber of freeze-thaw cycles, while the anti-reflective crack-
ing ability of the specimens gradually decreased.

Further analysis revealed that the R2 values of the
CPR fitting results for 0–0, 0–10, 0–20, 8–10, and 8–20
at 25 °C and 0–0 WRAM specimens at 0 °C were small,
indicating a weak correlation. This may be attributed to
the significant heterogeneity of the asphalt mortar, which
makes it difficult to achieve complete internal uniformity
during specimen preparation. In addition, the crack prop-
agation behavior in some specimens was unstable during
loading. The presence of internal defects rendered the
crack propagation paths and rates unpredictable, leading
to considerable variability in the test data. Consequently,
the coefficient of determination (R2) was low, indicating
a weak correlation. At 0 °C, the CPR showed superiority
when evaluating the anti-reflective cracking ability after
the WRAM specimens were subjected to stronger
freeze-thaw cycles, with R2 values being greater than 0.8.
Therefore, there are limitations to using CPR to investi-
gate the resistance to reflection cracking of WRAM
specimens under different freeze-thaw cycling condi-
tions.

The impact of different freeze-thaw cycle conditions
on the specimens is inconsistent. The irregularity in the
shape of the fine aggregate also leads to significant dif-
ferences in the length of cracks produced at the end of
the test in the WRAM specimens under different
freeze-thaw conditions. Therefore, by studying the dif-
ferences in the crack length (L) of the specimens at the
end of the test, we can visually and more accurately elu-
cidate the cracking characteristics of reflected cracks in
WRAM specimens under different freeze-thaw condi-
tions. A calculation schematic is shown in Figure 6. At
the same time, to clarify the crack expansion pattern of
WRAM specimens under different freeze-thaw cycles,
the average crack expansion rate (V) is also calculated
and plotted as a column chart, shown in Figure 7. Spe-
cific calculation steps of L and V can be divided into 3
steps:

1) A high-speed CCD camera for DIC was used to
acquire crack images of the specimens at the end of the
test. Meanwhile, approximate locations of the cracks
were determined from the images obtained. The cracks
were divided into i segments according to the degree of
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Figure 5: Schematic diagram of the crack progression rate calculation

Figure 4: Relationship between the peak load and number of cycles

Table 5: Calculation results for the WRAM crack progression rate

Indicators/Specimens 25-0-0 25-20-10 25-0-20 25-8-10 25-8-20 0-0-0 0-0-10 0-0-20 0-8-10 0-8-20
CPR 0.2897 0.2976 0.3959 0.4134 0.5736 0.3048 0.4271 0.4481 0.4534 0.6603
R2 0.68 0.62 0.77 0.79 0.71 0.68 0.84 0.91 0.89 0.87



curvature of the cracks, and then the coordinates at the
nodes of each segment were obtained using the drawing
software and noted as (xi, yi). Since the development of a
crack was irregular, it was assumed that it was composed
of multiple ideal smooth line segments.

2) The coordinates at each small crack node on the
specimen surface were recorded and converted using the
proportional conversion factor k1. The critical crack ex-
tension length Li between nodes was calculated and the
total crack length L was obtained by summing all Li val-
ues, as shown in Equation (1). The calculation results for
L are shown in Table 6.

L k x x y y
i

n

i i i i= ⋅ − + −
=

− −∑ 1
1

1
2

1
2( ) ( ) (1)

3) The V of a specimen can be obtained from the ra-
tio of L to the loading period N, as shown in Equation
(2).

V
L

N
= (2)

Table 6: Crack length L of WRAM under different freeze-thaw cycles

Freeze-thaw
condition

Crack
length/mm

Freeze-thaw
condition

Crack
length/mm

25-0-0 15.58 0-0-0 16.11
25-0-10 19.69 0-0-10 21.01
25-0-20 21.34 0-0-20 22.66
25-8-10 28.71 0-8-10 29.92
25-8-20 32.34 0-8-20 34.21

Figure 7 shows warm-mix recycled asphalt mortar
(WRAM) specimens subjected to different freeze-thaw
cycles at 25 °C and 0 °C, illustrating how the change in
the temperature is reflected in the average crack expan-
sion rate (V). As can be seen from the figure, compared
with the original specimens, when the temperature was
25 °C, the V of 0–10, 0–20, 8–10, and 8–20 WRAM
specimens increased by 24.6, 36.9, 84, and 107.6 %, re-
spectively; and when the test temperature was 0 °C, the
V of 0–10, 0–20, 8–10, and 8–20 WRAM specimens in-
creased by (30.4, 40.7, 85.7 and 112.3) %, respectively.
This indicates that, regardless of the temperature and salt
solution concentration, with the freeze-thaw cycles in-
creasing, the more severe the freeze-thaw damage of the
WRAM specimens, the more significant the V change,
and the lower the anti-reflective ability. This is because,
during the freezing of a specimen, the decrease in the
temperature leads to the contraction of the pores inside
the WRAM specimen and its surface, making more
aqueous solution being squeezed into the interior of the
specimen and condensed into ice, producing a larger
frost swelling force. Under the action of the frozen ex-
pansion force, tiny cracks appear inside it. During the
thawing process, the ice condensed in the pores melts
and water enters the microcracks.31 Eventually, under the
effect of constant displacement, the peeling of asphalt
and aggregate is intensified, and the anti-reflective crack-
ing ability of the specimen deteriorates.

Further analysis revealed that the V of 0–10, 0–20,
8–10, and 8–20 WRAM specimens increased by (3.2,
6.6, 6.6, 4.2, and 5.9) %, respectively, when the test tem-
perature decreased from 25 °C to 0 °C, indicating that
the temperature decrease weakens the anti-reflective
cracking ability of WRAM specimens to some extent.
This is because WRAM is a temperature-sensitive mate-
rial. The asphalt gradually hardens during the tempera-
ture decrease, weakening the material’s deformation ca-
pacity and intensifying the generation and expansion of
cracks in the specimens.

At the same time, the V growth rate of WRAM speci-
mens after salt freeze-thaw cycles was higher than that
after water freeze-thaw cycles, regardless of the tempera-
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Figure 6: Schematic diagram of crack length calculation

Figure 7: Average crack expansion rate of WRAM under different freeze-thaw cycles



ture conditions, indicating that the salt freeze-thaw cy-
cles had a more significant effect on the anti-reflective
cracking ability of WRAM specimens. This is because
the WRAM specimens are not only subjected to freezing
and erosion damage from water during salt freeze-thaw
cycles, but also to the infiltration of de-icing salt, which
enters the specimen’s tiny pores with the aqueous solu-
tion. The salt solution’s Na+, OH–, and Cl– ions dissolve
the hydrophilic groups in the asphalt. The higher the
mass fraction of the salt solution, the more pronounced is
the chemical erosion effect. The salt solution generates
both swelling and crystallization pressures during the
freeze-thaw cycle compared to clear water, resulting in a
greater degree of damage to the internal structure of a
specimen, which in turn seriously affects the anti-reflec-
tive cracking ability of the specimen.32

By comparing the variations in CPR and V of the
WRAM specimens, it was found that the variation rate of
CPR fluctuated significantly under different freeze–thaw
cycles, and its results showed poor consistency with the
actual occurrence of reflective cracking in the speci-
mens. In contrast, the variation rate of V exhibited a
more consistent and predictable trend. Therefore, by em-
ploying the digital image correlation (DIC) technology
to obtain crack images of WRAM specimens at the end
of the test, and calculating the average crack propagation
rate based on the measured crack length (L), the index V
provides a more direct reflection of the overall time-de-
pendent crack propagation behavior during loading.
Compared to CPR, V offers a more stable characteriza-
tion of the reflective cracking resistance of WRAM spec-
imens. Particularly when the CRR value fluctuates sig-
nificantly, the V index demonstrates greater
representativeness in evaluating the overall crack resis-
tance performance.

3.2 Establishment of the WRAM reflection cracking
model

Figure 7 shows that different temperatures and
freeze-thaw cycling conditions significantly affect V of
the WRAM specimens. There is a correlation between
the variation in V and temperature and freeze-thaw cy-
cling conditions. Based on these factors, the functional
relationship was determined using the SPSS regression
analysis, as shown in Equation 3. The fitting results are
shown in Tables 7 and 8.

V v ax by cz= + + +0 (3)

Here, V is the average crack expansion rate; x is the
test temperature; y is the salt solution concentration; z is
the number of freeze-thaw cycles; v0, a, b, c are the fit-
ting parameters.

Tables 7 and 8 show that the relative error between
the actual and fitted values is within plus or minus 5 %.
There is a polynomial relationship between V and three
factors: temperature, salt solution concentration, and the
number of freeze-thaw cycles. The fitted correlation (R2)
is 0.99, indicating that the polynomial can effectively
predict the anti-reflective cracking characteristics of
WRAM under the coupling action of temperature and
freeze-thaw cycle. Meanwhile, it is feasible to use DIC
to obtain crack images of the specimens at the end of the
test and calculate their V values to analyze the anti-re-
flective cracking ability of WRAM. Therefore, V is rec-
ommended as a parameter to further characterize the re-
flection cracking properties of asphalt mortars under
freeze-thaw cycles.

3.3 Analysis of strain distribution in the reflection
fracture damaged area

During the loading process, a WRAM specimen ex-
hibits irregular cracks along the center on the left and
right sides. DIC is used to capture information before
and after the deformation of the specimen’s scattered
speckles. If only the strain value at a certain point is se-
lected to study the cracking damage of the specimen,
there are certain limitations. Therefore, the damaged area
must completely cover the crack extension path. At the
same time, strain values at multiple points should be se-
lected for the study. Based on the above factors, it is
found that a rectangular area of (38 × 20) mm can cover
the cracks generated on the entire specimen. Figure 8
shows cloud maps of vertical strain (Eyy) characteristics
of the damaged area of a WRAM specimen. Positive val-
ues in the graph indicate that the specimen is subjected
to tensile stress in the vertical direction; Negative values
indicate the action of compressive stress in the vertical
direction.

As shown in Figure 8, in the initial stage, the bottom
of the specimen is in tension under repeated loading, and
the strain between the two metal bottom plates appears to
be concentrated, but not significant. In the crack forma-

J. GAO et al.: RESEARCH ON REFLECTION CRACKING CHARACTERISTICS OF WARM-MIX RECYCLED ASPHALT ...

Materiali in tehnologije / Materials and technology 59 (2025) 4, 517–527 523

Table 7: Model fitting parameters

Specimen/fitting parameters v0 a b c R2

WRAM 0.016793 -5.1E-05 0.128183 0.000325 0.990

Table 8: Comparison of actual values and fitted values

V/Specimens 25-0-0 25-0-10 25-0-20 25-8-10 25-8-20 0-0-0 0-0-10 0-0-20 0-8-10 0-8-20
Actual values 0.0156 0.0197 0.0213 0.0287 0.0323 0.0161 0.0211 0.0227 0.0299 0.0342
Fitted values 0.0155 0.0188 0.0220 0.0290 0.0323 0.0168 0.0201 0.0233 0.0303 0.0336
Relative errors 0.351% 4.625% -3.249% -1.129% 0.161% -4.242% 4.989% -2.830% -1.277% 1.912%



tion stage, the strain concentration is more significant,
and microcracks start to form in the strain concentration
area. In the crack development stage, the strain concen-
tration area is further expanded and the microcracks are
gradually expanded into reflection cracks. In the failure
stage, the strain concentration phenomenon covers al-
most the entire damaged area; the specimen can no lon-
ger withstand the tensile stress, and eventually, failure
occurs.

3.4 Effect of freeze-thaw cycling on reflection cracking
damage characteristics

Figure 9: Schematic diagram of Eyy variation curve
Figure 9 shows the damage region’s vertical

strain-cycle number (Eyy-N) variation curves. As seen in
the figure, the Eyy-N curve of a WRAM specimen shows
a trend of increasing to a peak and then gradually de-
creasing. This is due to the presence of microcracks and
micropores within the WRAM. During the damage accu-
mulation phase, under constant displacement, the inter-
nal damage deformation of the specimen results in an ac-
cumulation phenomenon, causing the Eyy value to show
an increasing trend. In the crack propagation phase,
when the damage accumulates to a certain extent, macro-
scopic cracks begin to appear in the specimen, and these
cracks gradually expand. At this point, the energy accu-
mulated in the local defect regions of the specimen is re-
leased and transferred to other areas, resulting in a peak
in the Eyy value.

In the energy dissipation and stabilization phase, the
energy release and transfer after crack propagation lead
to a reestablishment of a relatively stable energy dissipa-
tion state within the specimen. At this stage, the Eyy
value of the specimen gradually decreases and tends to-
ward stability. Therefore, to further analyze the reflective
cracking characteristics of WRAM under different
freeze-thaw cycles, the cracking damage factor (DA) can
be introduced to characterize the damage development

inside the WRAM specimens from the damage accumu-
lation perspective. The specific calculation is shown in
Equations 4 and 5.

D Eyy i

i

( )� = ∑
1

(4)

D
D

DA = ( )

max

�
(5)

Here, DA is the cracking damage factor; Eyy i

i

1∑ is

the accumulated value of vertical strain for the i times;
Dmax is the maximum cumulative value of D(�), which is
the cumulative value of Eyy at the end of the test.

Figure 10 shows the damage factor-cycle number
(DA-N) variation curve corresponding to the damage
area’s vertical strain-cycle number (Eyy-N) curve. It can
be seen that the curve reflects the damage evolution pro-
cess of the WRAM specimens under different
freeze-thaw cycles. Most specimens show a two-stage
trend, whereas some curves show a three-stage trend. In
the first stage, as the number of cycles increases, the
DA-N curve of a WRAM specimen grows more slowly,
and the rate of damage accumulation is relatively low,
showing a better anti-reflective cracking ability. This is
because, in the initial stage, the internal structure of the
WRAM specimen is relatively uniform and dense, and
its ability to bear the load is stronger; hence, the speci-
men has strong resistance to deformation at this stage.

In the second stage, with the increasing number of
load cycles, the rate of damage accumulation of WRAM
specimens increases. This is due to the gradual stripping
of the asphalt from the fine aggregate interface during
the loading of the WRAM specimen, resulting in micro-
cracks on the specimen surface; when the microcracks
accumulate to a certain extent, they gradually expand
and form macroscopic cracks, thus increasing the rate of
curve growth. The DA-N curves of 8–20 at 25 °C, and
8–10 and 8–20 WRAM specimens at 0 °C show the third
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Figure 8: Eyy feature cloud map: a) initial; b) formation of cracks; c) development of cracks; d) failure



stage of the variation trend. This is because, in the sec-
ond stage of a specimen’s failure, the reflection crack
continues to spread upward as damage accumulates. By
the end of the second stage, the crack completely pene-
trates the entire specimen. At this time, the strength of
the specimen is deficient, the strain generated by the
specimen is low, and eventually, the DA-N curve changes.

Secondly, at both 25 °C or 0 °C, with a certain con-
centration of the salt solution, compared with the origi-
nal specimen, the slope of the DA-N curve of a WRAM
specimen gradually increases as the number of
freeze-thaw cycles increases, and the position of the
curve shifts upward, indicating that the anti-reflective
cracking ability of the WRAM specimen gradually de-
creases with the increase in the number of freeze-thaw
cycles. This is because water molecules progressively in-
filtrate the WRAM specimen’s pores during the
freeze-thaw processes. At low temperatures, the speci-
men is continuously subjected to frozen swelling caused
by the condensation of water into ice. Repeated freezing
and swelling forces cause microcracks to form in the
specimen, ultimately intensifying the accumulation rate
of freeze-thaw damage inside the specimen. In addition,
due to the large surface free energy of water, the water
continues to diffuse into the fine aggregate surface, re-
sulting in oil and stone debonding, thereby weakening
the anti-reflective cracking ability of the specimen.

On the other hand, compared with the original speci-
mens, at both 25 °C and 0 °C, the slope of the DA-N
curve of the WRAM specimens also shows an increasing
trend with the increase in the salt solution concentration
under a certain number of freeze-thaw cycles. The posi-
tion of the DA-N curve is relatively downward after the
action of clear-water freeze-thaw cycles. However, after
salt freeze-thaw cycles, the slope of the curve increases
rapidly, the curve rises upwards, and the anti-reflective
cracking ability decreases. This indicates that the anti-re-
flective cracking ability of the WRAM specimens gradu-
ally decreases with increasing salt solution concentra-

tion. The effect of salt freeze-thaw cycles on the reflec-
tion cracking characteristics of WRAM specimens is
more significant than that of clear-water freeze-thaw cy-
cles. This is because the internal voids of the WRAM
specimens are gradually enlarged due to repeated freez-
ing and swelling forces, the structure of the specimens is
damaged, and the salt solution continuously penetrates
the asphalt film, weakening the bonding between the as-
phalt film and the fine aggregates. Concurrently, the joint
action of the freezing and swelling forces of the water
and the erosion of de-icing salts exacerbates the rate of
damage accumulation within a specimen.

4 CONCLUSIONS

In this study, using macroscopic and mesoscopic
methods, we evaluated the anti-reflective cracking ability
of warm-mix recycled asphalt mortar (WRAM) under
freeze-thaw cycles; the conclusions are as follows:
1) Through the analysis of CPR, it is found that under

the same temperature and salt solution concentration,
the CPR of WRAM specimens shows an increasing
trend with the increase in freeze-thaw cycles. How-
ever, there are limitations to using CPR to study the
reflection cracking characteristics of WRAM under
different freeze-thaw cycles;

2) The V values calculated from crack images can accu-
rately describe the actual cracking of the reflected
cracks in the WRAM specimens. V shows an increas-
ing trend with the increase in freeze-thaw cycles.
Salt-water freeze-thaw has a more significant effect
on V than clear-water freeze-thaw. A decrease in the
temperature increases V. At the same time, there is a
good correlation between V and the following three
factors: temperature, salt solution concentration, and
number of freeze-thaw cycles;

3) The cracking damage factor DA, as defined by Eyy, ac-
curately reflects the reflection cracking characteris-
tics of WRAM under the effect of freeze-thaw cycles.
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Figure 10: Variation curves in WRAM damage factor DA under different freeze-thaw cycles: a) 25 °C, b) 0 °C



The DA-N curve for most WRAM specimens shows a
two-stage variation, whereas the DA-N curve for the
specimens under a stronger freeze-thaw cycle shows
a three-stage variation. Clear-water freeze-thaw cy-
cles and salt-water freeze-thaw cycles under the same
temperature exacerbate the growth rate of the DA-N
curve. The average crack expansion rate V and the
cracking damage factor DA are recommended to be
used for evaluating the reflection cracking character-
istics of asphalt mortars under freeze-thaw cycles.
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