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Freeze—Thaw damage
characteristics of composite
modified open graded friction
course
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Transportation and Geomatics Engineering, Shenyang Jianzhu University, Shenyang, China,
*Transportation Engineering College, Dalian Maritime University, Dalian, China

Toreasonably describe the damage characteristics of composite modified open
graded friction course (OGFC) after multiple freeze-thaw cycles, based on the
Able viscoelastic constitutive equation, a viscoelastic model of freeze-thaw
damage was constructed and analyzed using the Weibull distribution function,
damage mechanics, and fractional derivative theory. Under the conditions of
composite modified OGFC mixtures with different mixing ratios (12%, 0%), (12%,
1%), and (12%, 2%), and multiple freeze-thaw cycles (0-16), low-temperature
bending and creep tests of the mixtures were carried out. The stress-strain
curve data obtained were fitted to analyze the physical significance of the
model parameters. The results show that the model is suitable for
characterizing the viscoelastic stage of composite modified OGFC under
10 freeze-thaw cycles. The freeze-thaw damage model parameters of three
types of composite modified OGFC with different mixing ratios were compared
and analyzed. The order of the fractional derivative of the composite modified
OGFC model (12%, 1%) was 0.2223, the maximum damage threshold was 1.108,
and the maximum viscosity coefficient was 371.84. This composite modified
OGFC had the best low-temperature crack resistance.

KEYWORDS

freeze-thaw damage, viscoelasticity, fractional derivative, composite modification,
OGFC, mixing ratio

1 Introduction

Because of the dense structure of dense-graded asphalt mixtures, discharging surface
water is challenging and the water mist and reflected light produced by vehicles traveling
at high speed can seriously affect the safety of vehicles (Goetz and Schoch, 1995). Open
graded friction course (OGFC) asphalt mixtures have the potential to reduce splash and
water mist and improve road friction. Since the 1950s, OGFC has been widely used
globally. As a typical large-gap asphalt mixture, OGFC was initially used to reduce noise
pollution and improve road visibility by reducing the air pump effect between the tires and
the road (Meiarashi et al., 1996). Moreover, it was found that OGFC can eliminate road
surface water accumulation, resolve urban waterlogging, and has good anti-sliding
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performance, thus improving the safety of vehicles traveling on
rainy days (Elvik and Greibe, 2005; Rungruangvirojn and
kantipong, 2010; Donavan, 2011; Estakhri et al, 2012;
Poulikakos 2013). OGFC also has the
disadvantage of low strength. When the asphalt binder
between the aggregate particles breaks or the bond between

et al, However,

the asphalt binder and aggregate particles is lost, pavement
distress can result from loosening of the asphalt mixture.
Moreover, the large gaps expose more binder to the air and
increase the aging speed relative to that of the general dense-
graded structure; thus OGFC has relatively low durability and a
short service life (Allen Cooley et al., 2000; Alvarez et al., 2011;
Apostolidis et al., 2020). To enhance the cohesiveness and
improve the road performance of OGFC, fibers are usually
added to the mixture to reinforce it (Lou et al., 2021). Punith
and Veeraragavan. (2011) found that the OGFC mixture
containing recycled polyethylene fiber had a higher resistance
to permanent deformation, fatigue damage, and moisture
sensitivity compared to the mixture without fiber. Using
freeze-thaw splitting tests and economic analysis, Xu et al.
(2020) found that optimized modifiers could improve the low-
temperature performance and rutting resistance of the reactive
elastomeric terpolymer modified asphalt mixture (RETM) to
varying degrees; however, it had little effect on the economy
of RETM.

In the parts of coastal regions with middle to high latitudes,
rainfall is abundant in summer and thus, pavement structures are
susceptible to water damage. Further, these areas are in the
seasonal freezing zone; therefore, the pavement is susceptible
to low-temperature cracking from the combined effects of
freezing and swelling of snow, and traffic loads. At present,
existing research is aimed at material selection and the
structural design of OGFC in humid and rainy areas, whereas
research on the damage characteristics of OGFC permeable
asphalt mixture at low temperature is insufficient. The
damage mechanism and characteristics of the material should
be comprehensively considered when the permeable asphalt
mixture is subject to seasonal freezing. At present, research on
the damage mechanism of materials can be obtained using
macro- and microanalysis such as

experiments, image

processing and industrial computed tomography (CT)
scanning technology. An asphalt mixture was scanned after a
freeze-thaw cycle using X-ray CT technology, the meso-
(porosity,

number of voids, and average void diameter) were extracted,

characteristic ~ parameters connected  porosity,
and the freeze-thaw evolution of its internal structure was
quantified (Gong et al,, 2018; Ji et al, 2019; Xu et al.,, 2021).
The new and connected voids of the mixture after freeze-thaw
were found to be the direct factors influencing the amount of
damage to the mixture. Li et al. (2019a) obtained the internal
microstructure of AC-13 using X-ray CT technology and
simulated the critical crack stress in the process of freeze-thaw
damage, considering that the critical crack stress weakened with
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an increase in freeze-thaw cycles. Lovqvist et al. (2021)
established a comprehensive multi-scale model including
water permeability, temperature, and mechanical properties to
simulate the influence of freeze-thaw cycles, freezing time, etc. on
the asphalt mixture structure. Tarefder et al. (2018) conducted
fatigue and indirect tensile strength tests on asphalt mixtures
after freeze-thaw cycles and found that the low-temperature
crack resistance of the mixture decreased with an increase in
freeze-thaw cycles. Using splitting tensile strength and indirect
tensile stiffness modulus tests, Wang et al. (2018) found that a
basalt fiber-reinforced asphalt mixture had good mechanical
properties before and after freeze-thaw cycles. Guo et al.
(2020) (IDT)
temperatures and found that the addition of fibers enhanced

conducted indirect tensile tests at low
the ultimate tensile strain of the asphalt mixture and that the fiber
type made an important contribution to the low-temperature
ductility of the mixture. Li et al. (2019b) and Wei et al. (2021)
simulated the two-dimensional structure of asphalt mixture by
discrete element method and found that the numerical results of
asphalt mixture were in good agreement with the indoor test
results in terms of cracking distribution and statistical
probability. Further, it was found that the acoustic emission
(AE) parameters are relatively sensitive to the temperature-
influenced deformation damage of asphalt mixtures and that
the cumulative probabilities of AE ringing counts and microcrack
counts obey the Weibull distribution (Wei et al., 2021).
Theoretical models can also be used to analyze damage
(2019) developed a linear

viscoelastic function model of an asphalt mixture based on the

characteristics. Kassem et al
viscoelastic continuous damage model using complex modulus tests
to characterize its damage characteristics. Zhang et al. (2019)
combined the fatigue damage theory with viscoelastic mechanics
to establish a viscoelastic damage constitutive model of an asphalt
mixture under cyclic loading using the Burgers viscoelastic and
modified Chaboche damage models. They also analyzed the damage
development and fatigue life of the asphalt mixture using an indirect
tensile fatigue test. Cherif et al. (2021) studied the complex modulus
of recycled asphalt mixture and predicted the mechanical properties
of a recycled asphalt mixture based on the generalized self-consistent
scheme (GSCS). The predicted model concurred with the measured
results. Kuchiishi et al. (2019) conducted dynamic modulus tests on
a cold recycled asphalt mixture and analyzed its viscoelastic behavior
by establishing a principal curve that played an important role in the
construction and repair of the cold recycled asphalt pavement.
Several studies have been performed on the low-temperature
cracking behavior of asphalt mixtures using fine-scale analysis
methods such as CT scan, AE, and digital image correlation
(DIC). The research has gradually gone from macro-level
fracture to fine-scale crack sprouting. Moreover, research has
been carried out on the viscoelastic properties of asphalt mixtures
in characterizing their damage properties and fatigue life.
However, to date, there is limited research on the viscoelastic
model of asphalt mixtures after the freeze-thaw damage
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evolution, and the primary goal of related research on the
composite modified OGFC mixture is to develop a reasonable
freeze-thaw damage evolution model. In the road pavement field,
asphalt mixtures are generally considered to be a typical
viscoelastic material at normal temperature (Kumar and
2011);
performance becomes more elastic and the viscosity decreases

Veeraragavan, however, at low temperature, its
(Taherkhania, 2011). The static bending creep test is a simple
method to test the viscoelastic behavior of an asphalt mixture,
while maintaining the applied stress and obtaining the strain as
the response function changes with time (Jahangiri et al., 2021).
Therefore, an appropriate viscoelastic constitutive equation can
be selected to mathematically describe the viscoelastic behavior
of an asphalt mixture at low temperature, and in conjunction
with the freeze-thaw damage evolution model of the composite
modified OGFC mixture, the freeze-thaw damage characteristics
can be studied. Based on the fractional derivative Abel
viscoelastic and Weibull distribution damage models, this
study analyzes the mechanical behavior of a composite
modified OGFC asphalt mixture under multiple freeze-thaw
cycles to better understand its low-temperature failure

characteristics and provide a reference for further application.

2 Theoretical research

Based on the fractional derivative Abel viscoelastic and
Weibull distribution damage models, the optimization model
is the Weibull fractional derivative freeze-thaw damage
viscoelastic model, making it more suitable to describe the
damage characteristics of a composite modified OGFC asphalt
mixture under multiple freeze-thaw cycles.

2.1 Weibull fractional derivative
viscoelastic model of freeze—thaw
damage

A composite modified OGFC mixture deforms under the
action of the freeze-thaw cycle, and internal micro-cracks
develop and cause damage similar to that of cement concrete
materials (Li et al., 2021). The Weibull distribution function can
be used to describe the freeze-thaw damage behavior of a
composite modified OGFC mixture if the composite modified
OGFC mixture can meet the four basic hypotheses of the model:

Hypothesis 1: The composite modified OGFC mixture is
considered a continuous homogeneous body. The size of the
high-viscosity modifier and length of the chopped basalt fiber is
smaller than those of the test specimen. After the mixture is
mixed and molded, the high-viscosity modifier swells in the
asphalt, and the basalt fibers are uniformly and disorderedly
dispersed in all directions and positions of the specimen. The
aggregate, mortar, and void sizes meet the requirements of a
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small and disorderly distribution. Macroscopically, the mixture
specimen can be considered a statistical average of the
performance of each component.

Hypothesis 2: All boundaries of a composite modified OGFC
are subjected to the same freeze-thaw action, an equal damage
gradient caused by freeze-thaw develops from all sides toward the
interior of the asphalt mixture, and micro-element points with
identical short distances from the interior of the asphalt mixture
specimen all obey the same damage evolution law.

Hypothesis 3: Freeze-thaw damage of the mixture is caused by
the gradual accumulation of internal damage with freeze—thaw
cycles. The failure probability of each component in the mixture
increases with the damage and is positively correlated to the number
of freeze-thaw cycles. Therefore, the freeze-thaw damage of a
composite modified OGFC mixture gradually increases with an
increase in the number of cycles; this concurs with the Weibull
distribution (Shi et al., 2021), and the function expression is:

¢(b)=m/n exp[ —(b-N)"m/n] (b-A)"(m-1) (1)

where m is the shape factor, n is the material parameter, A is the
damage threshold parameter, and b is the number of freezing and
thawing cycles.

Hypothesis 4: All points inside the asphalt mixture are
affected by the same damage conditions, and the failure
curves have the same shape and factor m.

According to the theory of damage mechanics, the damage
factor (degree) is expressed by Eqn. 2. In this paper, the modulus
ratio of mixture under multiple freeze-thaw cycles is calculated as
EE_0(-1) in Eqn. 2.

D =1-EE.0"(-1) (2)

where D is the damage factor, E is the residual modulus of the

material, and E_0 is the initial modulus of the material.
Assuming that the derivative of damage factor to number of

freeze—thaw cycles is the Weibull distribution function:

dD/db = ¢ (b) 3)

The integral Eqn. 3 is used to obtain the relationship between
the damage factor and number of freeze-thaw cycles:

D= J-)\%q)(b) db=1-exp[- (b—\)"m/n] (4)
Then, the following equation results:
D=1-EE0"(-1)=1-exp[ - (b—\)"m/n] (5)

2.2 Constitutive relationship of the

fractional derivative viscoelastic model
Because viscoelastic solid materials have complex

constitutive relationships, they are easily influenced by

temperature, loading, vibration frequencies, and other factors
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Eta

FIGURE 1
Fractional derivative Abel dashpot element.

that change their mechanical properties (Kawada et al., 2013).
Therefore, scholars in China and abroad have completed much
exploration and research regarding the accuracy and applicability
of the constitutive model relationship under different conditions.
The constitutive relationship of viscoelastic materials can be
divided into integral and differential types. These models
mainly include the Maxwell, Kelvin, and Burgers models.
These models are intuitive, easy to understand, and the
physical meaning of the parameters is clear. However, to use
an element model to accurately describe the mechanical behavior
of complex viscoelastic materials, more elements need to be
combined. A complex viscoelastic model will acquire more
parameters after fitting, and is not easily applied in
engineering practice (Xu and Jiang, 2017; Luo et al., 2020).
Fractional derivative models are widely used because they
have fewer determinable parameters, can more accurately
describe the material stress—strain relationship, and can
describe the mechanical properties of viscoelastic solid
materials in a wide frequency range (Zhang et al.,, 2021). The
Abel dashpot element with fractional derivative describing the
viscoelastic behavior is shown in Figure 1.

The constitutive equation is as follows:

o(t) =E"(1-a)n*aD"ae(t) = E_coD"a e(t) (6)
where a is the order of fractional derivative, E_co = Eta, and 1 =
1IYE. When a = 0, the element has degenerated into Hooke spring
element. When a = 1, the element has degenerated into Newton’s
dashpot element. When the order of fractional derivative ranges
between 0 and 1, Eqn. 6 can characterize the mechanical
properties of the asphalt mixture from the solid to the fluid state.

2.3 Damage factor of the fractional
derivative viscoelastic model

A damage factor is introduced into the constitutive equation of

the fractional derivative Abel dashpot element to obtain the Weibull
fractional derivative freeze-thaw damage viscoelastic model, that is,
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TABLE 1 Technical index of matrix asphalt.

Index Unit Test result
25°C Penetration 0.1 mm 882
Softening point °C 49.2

15°C Ductility cm > 150

60°C Viscosity Pa-S 2285

35°C Viscosity Pa-S 0.334

Flash point ‘C 323

FIGURE 2
Basalt fiber.

Eqn. 5 is incorporated into Eqn. 6, and the damage model is obtained
after simplifying the coefficient as follows:

e(t) = (At'y)/ (1-D)o = (At'y)/exp[ - (b-N)"m/n] o
(7

where A is the viscosity coefficient, and vy is the order of fractional
derivative.

3 Materials and methods
3.1 Raw material index

In this study, basalt fiber, a high-viscosity modifier, and
LiaoHe 90# asphalt were used to prepare composite modified
asphalt. Table 1 lists the basic indexes of the asphalt. Basalt fiber
is produced by HaiNing AnJie Company, as shown in Figure 2,
and its basic technical indexes are listed in Table 2. The high-
viscosity modifier is domestic OLB-1, which is composed of a
variety of polymers. Its appearance is light yellow with
hemispherical translucent particles, as shown in Figure 3.

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1040349

Qi et al.

TABLE 2 Technical index of basalt fiber.

Index Unit Test Result
Relative density g/cm’ 2.64

Diameter um 7-15

Length mm 6

Tensile strength Mpa 2480
Elongation at break % 3.35

FIGURE 3
High-viscosity modifier.

Basalt was used as the coarse aggregate, and composed of
three ranges of graded materials, namely 9.5-13.2 mm,
4.75-9.5mm, and 2.36-4.75mm. The fine aggregate was
alkaline-manufactured sand in the range of 0.075-2.36 mm.
The mineral fines were made up of fine limestone.

3.2 Preparation of composite modified
asphalt

The composite modified asphalt was prepared by a high-
speed shearing machine. The basalt fiber content was taken as the
ratio of fiber mass to base asphalt mass, expressed by a mass
fraction of 0%, 1%, or 2%. The high-viscosity modifier content is
the ratio of modifier mass to matrix asphalt mass expressed as a
mass fraction. The softening point, ductility, taper and shear
strength tests of compound modified asphalt were performed at
0%, 4%, 8% and 12% doping ratios, and the test results are listed
in Table 3. We therefore used a 12% doping ratio as it produced
the best results. The technical indexes of the composite modified
asphalt with different mixing ratios of the high-viscosity modifier
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and basalt fiber were tested, namely (12%, 0), (12%, 1%), and
(12%, 2%), and the test results are listed in Table 4.

According to the softening point and 135°C viscosity data in
Table 4, the three types of composite modified asphalt have good
high-temperature performance. In addition, the low-temperature
grade temperature determined according to 5°C ductility and
bending beam rheometer (BBR) test data is lower than the daily
average minimum temperature of cities in the seasonal frozen
areas of northeast Liaoning Province, China. Therefore, all three
types of composite modified asphalt can be used in the seasonal
frozen areas of northeast Liaoning Province. The climatic
conditions and performance grade (PG) low temperature
classification in the northeast Liaoning Province are listed in
Table 5.

3.3 OGFC gradation design and sample
preparation

According to the technical specification for permeable
asphalt (CJJ/T190-2012,  2012)  (Technical
specification for permeable asphalt pavement, 2012), a range
of gradation curve was determined and composite gradation

pavement

curve was selected for the gradation studied in this paper, as
shown in Figure 4. The optimum asphalt-aggregate ratio of the
mixture was determined to be 5.1%. According to the standard
test methods of asphalt and asphalt mixtures for highway
engineering (JTG E20-2011, 2011) (Ministry of transport.
Standard test methods of bitumen and bituminous mixtures
for highway engineering, 2001), different mixing ratios of
high-viscosity modifier and basalt fiber were adopted, namely
(12%, 0), (12%, 1%), and (12%, 2%). The cutting size of the
composite modified OGFC permeable asphalt mixture with the
best asphalt-aggregate ratio of 5.1% was determined to be the
cuboid trabeculae with a length of 250 mm, width of 30 mm, and
height of 35 mm. The test sample is shown in Figure 5.

3.4 Determination of multiple freeze-thaw
cycle methods

During the seasonal shift from winter to spring the seasonal
frozen region of northeast Liaoning Province, the temperatures
are usually higher than 0°C during the day and lower than 0°C at
night. The pavement structures are often damaged by this
freezing and thawing because the asphalt mixture is a
viscoelastic material that is extremely sensitive to temperature.
Therefore, the asphalt mortar is greatly influenced by
temperature and water. The asphalt mixture may freeze and
crack, leading to a decline in the performance of the mixture (Ud
Din et al., 2020). For example, the daily minimum temperature in
Shenyang between April and October is higher than 0°C. In
contrast, the average daily maximum temperature in December,
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TABLE 3 Viscosity index and test results of asphalt with different high-viscosity modifiers.

Blending ratio (%)

Softening Point/°’C

5°C Ductility/cm

10.3389/fmats.2022.1040349

Cone penetration/0.1 mm

Shear strength/kPa

492 243 91.9 24.8

4 59.1 333 78.6 36.0

8 81.9 37.1 68.2 45.0

12 90.4 45.6 59.1 60.0

TABLE 4 Technical index of composite modified asphalt.

Blending Softening 135°C 5°C Cone Creep Creep Low Pg

ratio Point/’C  Viscosity/  Ductility/  penetration/ stiffness stiffness temperature grading
Pas cm 0.1 mm Modulus/ Rate Grade

MPa temperature/
‘C

(12%, 0%) 90.4 222 456 59.6 126 0.36 -243 28

(12%, 1%) 932 2.36 39.2 56 99 0.386 -25.6 28

(12%, 2%) 98.6 2.69 374 485 68 0.327 -24.9 28

Specification >80 <3.0 =30 - - - -

requirements

TABLE 5 Climate conditions in the seasonal frozen area of northeast.

City Latitude The average Average daily Average annual Pg low temperature
temperature of minimum temperature/’C precipitation/mm classification
the hottest
7 days/°’C

Shenyang 41.73 31.7 -17 716.7 28

Changchun 43.90 30.8 -20 587.0 28

Harbin 45.75 30.2 -24 536.6 28
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FIGURE 4

Gradation curve of permeable asphalt mixture.
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FIGURE 5
Trabecular specimen.
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FIGURE 6

Annual temperature curve in Shenyang.

January, and February is lower than 0°C, thus the road structure
is in a frozen state and less freezing and thawing occurs. In
November and March, the daily average maximum temperature
is higher than 0°C, whereas the daily average minimum
temperature is lower than 0°C. During these 2 months, the
pavement structure is repeatedly subjected to freeze-thaw
cycles. The annual temperature distribution in Shenyang is
shown in Figure 6. In this study, three groups of composite
modified OGFC Marshall specimens were drilled in the center,
and the temperature variation law of the specimens under freeze-
thaw cycles was observed using a TORRIE temperature sensor.
The results are shown in Figure 7.
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FIGURE 7
Internal temperature variation curve of a specimen.

In this study, the freeze-thaw method used in the test was
determined according to the analysis of the measured
temperature change inside the freeze-thaw Marshall specimen
and the city temperature in the northeast Liaoning Province. The
specific method is listed in Table 6

4 Results

4.1 Low-temperature bending test and
results of multiple freeze-thaw mixtures

In this study, the freeze-thaw cycle method in Table 6 was
used to freeze-thaw the composite modified OGFC trabecular
specimens with three different mixing ratios for 2, 4, 6, 8, 10, 12,
14, and 16 cycles. The first group of specimens was maintained at
20 + 5°C, and the remaining specimens were subjected to freeze-
thaw cycles. Thereafter, the specimens were placed into a 25°C
water bath at a constant temperature for 2 h and then subjected
to a low-temperature trabecula test. The SANS universal testing
machine was used to conduct a three-point low temperature
bending test on the composite modified OGFC rectangular beam
specimen, which was placed in a low temperature chamber at
(-10 + 0.5) °C for 1.5 h before the test, and then the mechanical
properties of the bending damage of the mixture were measured
at the specified temperature of (-10 £ 0.5) °C at a loading rate of
50 mm/min. The test results are shown in Figure 8.

Figure 8 shows that with an increase in the number of freeze-
thaw cycles, the trabecula stiffness modulus of the composite
modified OGFC with the mixing ratio of (12%, 0%) decreased the
most, and dropped to approximately 30% after 16 freeze—thaw
cycles. However, the trabecula stiffness modulus of the composite
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TABLE 6 Method of freeze-thaw in this paper.

10.3389/fmats.2022.1040349

Research contents Grading Specimen size Freeze-thaw cycle conditions  Freeze-thaw
type cycles

Bending stiffness modulus and creep test of the ~ OGFC-13 250 mm X 30 mm X 35 mm Saturate water in vacuum for 15 min, and 2,4, 6, 8, 10,12, 14, 16

mixture under freeze-thaw cycles trabecular specimen soak in water for 0.5 h

Freeze at—18°C for 6 h, and water bath at 60°C

for 2h
Freeze at—18 °C for 6 h, and water bath at 60°C
for 2 h
Freeze at—18°C for 6 h, and water bath at 60°C
for 2 h
Freeze at—30°C for 6 h, and water bath at 60°C
for 2 h
1.0 —m— (12%, 0%) Composite modified OGFC
—e— (12%, 1%) Composite modified OGFC
0.9 —a— (12%, 2%) Composite modified OGFC
S
2
g 0.8
w
=
= 4
g 0.7
g
% 0 6 -
E X
@ 0.5
g
b=}
g 0.4+
0.3
0.2 T T T T T T T T T
0 2 4 6 8 10 12 14 16
Freeze thaw cycles / times
FIGURE 8
Variation diagram of trabecula stiffness modulus ratio of
different blending ratio specimens.

modified OGFC with the mixing ratio of (12%, 1%) and (12%,
2%) decreased to approximately 40%. This indicates that with the
increase in number of freeze-thaw cycles, the basalt fiber provides
more obvious resistance to trabecula and stretching.

4.2 Low-temperature bending creep test
and results of multiple freeze-thaw
mixtures

To analyze the low-temperature viscoelasticity of
composite modified OGFC under freeze-thaw cycles, the
failure load of composite modified OGFC specimens
without freeze-thaw cycles with three mixing ratios was
measured, and the creep stress level was determined. The
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FIGURE 11
Freeze-thaw creep curves of composite modified OGFC at
mixing ratios of (12%,2%).

bending test was conducted on the mixture at 0°C, and the
failure loads of the small beams of the mixture determined for
the mixing ratios of (12%, 0), (12%, 1%), and (12%, 2%) were
598, 632, and 614N, respectively. Theoretically, the
recommended load of the bending creep test of small
beams is 0.1 times the failure stress [34]. Therefore, under
the condition of 0°C, a load of 60 N and loading time of 3,600 s
were selected to conduct the low-temperature bending creep
test of the composite modified OGFC trabecula. The time-
strain curves of the mixture after repeated freezing and
thawing are shown in Figures 9-11.

Figures 9-11 show that when the freeze-thaw cycles of the
mixture are less than 10, the three types of composite modified
OGEFC creep tests are still in the transition and stable periods
within 3,600 s. When the freeze-thaw cycles reaches 12, 14, and
16, the three types of composite modified OGFC creep tests are
all destroyed within 3,600 s. Comparing the strain changes of the
three mixtures subject to freeze-thaw cycles, we found that when
2% basalt fiber was added, the strain increased minimally with
the freeze-thaw cycles. However, when the basalt fiber content
was 0%, the initial strain value was greater at 3,600 s, indicating
that the addition of basalt fiber improves the low-temperature
crack resistance of OGFC.

4.3 Model analysis

According to Eqn. 5, the modulus ratio data of the freeze-
thaw bending stiffness in Figure 8 was fitted by MATLAB, in
which the Weibull probability distribution has a nonlinear
fitting and the data is logarithmic in the fitting process. Three
types of modulus ratio performance attenuation models of the
freeze-thaw bending stiffness of OGFC with mixed ratio were
obtained:
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TABLE 7 Results of fitting parameters.

Blending ratio n m A A y R?
(12%, 0%) 7.489 0.711 0.7041 344.08 0.3744 0.936
(12%, 1%) 25.62 1.373 1.108 371.84 0.2223 0.943
(12%, 2%) 10.18 0.214 0.8281 428.98 0.2771 0.951
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FIGURE 12
Creep fitting curve of composite modified OGFC freeze-
thaw damage at mixing ratios of (12%,0%).

(12%, 0) Composite modified OGFC: D

=1-exp[ - (b-0.711)"0.704/7.489] R"2 = 0.987  (8)
(12%, 1%) Composite modified OGFC: D

=1-exp[ - (b-1373)"1.108/25.62] R"2 = 0.983  (9)
(12%, 2%) Composite modified OGFC: D

=1-exp[ - (b-0214)"0.828/10.18] R"2 = 0.972 (10)

The modulus ratio of freeze-thaw bending stiffness was
taken as the damage factor of the attenuation model, and the
fractional derivative Abel dashpot component constitutive
equation was introduced to form three Weibull fractional
derivative freeze-thaw damage viscoelastic models of OGFC
with mixed ratios:

(12%, 0) Composite modified OGFC: € (t)
= (At"y)/exp[ - (b-0.711)"0.704/7.489] ¢ (11)
(12%, 1%) Composite modified OGFC: € (t)
= At'y)/ exp[ - (b - 1.373)"1.108/25.62] ¢ (12)
(12%, 2%) Composite modified OGFC: € (t)
= (At'y)/ exp[ - (b - 0.214)"0.828/10.18] ¢ (13)

The original data in Figures 9-11 were substituted into Eqs.
11-13 to fit the creep data of three types of OGFC mixtures with
mixed proportions using the Weibull fractional derivative freeze-
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Creep fitting curve of composite modified OGFC freeze-
thaw damage at mixing ratios of (12%,2%).

thaw damage viscoelastic model. The fitting parameter results are
listed in Table 7, and the fitting strain—time curves are shown in
Figures 12-14.

Figures 12-14 show that after 12, 14, and 16 freeze-thaw
cycles, the three types of composite modified OGFC were all
destroyed in the creep test within 3,600 s. During this process, the
specimens first went through the viscoelastic migration and
stability periods, then entered the plastic deformation stage,
and were finally destroyed. In this study, the viscoelastic
model was only suitable for describing the viscoelastic stage of
the mixture and could not characterize the plastic deformation
stage of the specimen. Therefore, when fitting the model, the
creep data of the three types of composite modified OGFC with
freeze-thaw cycles less than or equal to 10 were fitted. The fitting
results of the Weibull fractional derivative freeze-thaw damage
viscoelastic model are similar to the experimental results, and the
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fitting correlation is greater than 0.9, indicating that the model
can characterize the low-temperature viscoelasticity of composite
modified OGFC after freeze-thaw cycles. After substituting the
creep data of 12, 14, and 16 freeze-thaw cycles into the model
fitting, the fitting accuracy of the model was found to be poor,
and the model lost its characterization function, further proving
that the viscoelastic model is not applicable to the plastic
deformation of an asphalt mixture.

According to the analysis in Table 7, the viscosity coefficients
of (12%, 0), (12%, 1%), and (12%, 2%) composite modified
OGEFC were 344.08, 371.84, and 428.98, respectively, and the
were 0.3744, 0.2223, and 0.2771,
respectively. The viscosity coefficient increases with the

fractional derivatives
increase in basalt fiber content, and the viscosity performance
of the composite modified asphalt or asphalt binder also
increased. Because the order of fractional derivative represents
the creep rate of the mixture, the order of fractional derivative of
(12%, 1%) composite modified OGFC model was 0.2223 at the
minimum and the damage threshold was 1.108 at the maximum.
This proves that the low-temperature crack resistance of (12%,
1%) composite modified OGFC was the best after the mixture
was subjected to multiple freeze-thaw cycles.

5 Discussion

1) Adding an appropriate amount of basalt fiber can improve the
water stability and low-temperature deformation resistance of
an OGFC mixture. Basalt fiber can provide more obvious
resistance to bending and stretching when the number of
freeze-thaw cycles is increased.

2) Based on the Weibull distribution model, the modulus ratio of

~

the freeze-thaw bending stiffness of composite modified
OGFC mixture is nonlinearly fitted, and the performance
attenuation models of the three types of mixed mixtures
under freeze-thaw cycles are established.
3) Based on the fractional derivative Abel dashpot constitutive
equation and freeze-thaw bending stiffness modulus ratio
a Weibull fractional
derivative freeze-thaw damage viscoelastic model suitable
for composite modified OGFC mixture with less than
established. The
coefficient of 371.84, fractional derivative is 0.223, and
low-temperature 1%)
composite modified OGFC show that it has the superior

performance attenuation model,

10  freeze-thaw cycles is viscosity

crack resistance of the (12%,

mixing ratio.
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