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Abstract: The main distresses of asphalt pavements in seasonally frozen regions are due to the effects
of water action, freeze-thaw cycles, and so on. Basalt fiber, as an eco-friendly mineral fiber with
high mechanical performance, has been adopted to reinforce asphalt mixture in order to improve
its mechanical properties. This study investigated the freeze-thaw damage characteristics of asphalt
mixtures reinforced with eco-friendly basalt fiber by volume and mechanical properties—air voids,
splitting tensile strength, and indirect tensile stiffness modulus tests. Test results indicated that
asphalt mixtures reinforced with eco-friendly basalt fiber had better mechanical properties (i.e.,
splitting tensile strength and indirect tensile stiffness modulus) before and after freeze-thaw cycles.
Furthermore, this study developed logistic damage models of asphalt mixtures in terms of the damage
characteristics, and found that adding basalt fiber could significantly reduce the damage degree
by about 25%, and slow down the damage grow rate by about 45% compared with control group
without basalt fiber. Moreover, multi-variable grey models (GM) (1,N) were established for modelling
the damage characteristics of asphalt mixtures under the effect of freeze-thaw cycles. GM (1,3)

was proven as an effective prediction model to perform better in prediction accuracy compared to
GM (1,2).

Keywords: asphalt mixture; basalt fiber; freeze-thaw cycle; logistic damage model; grey model

1. Introduction

Asphalt pavement has been widely used in flexible pavement constructions in a rapidly growing
trend [1-4]. Asphalt mixtures are generally considered complex porous materials including asphalt,
aggregates, and filler, as well as voids [5-7]. However, due to some environmental factors, there are
many distresses in asphalt pavements such as spalling, crumbling, pavement potholes, etc., especially
in seasonally frozen regions [8-10]. Therefore, researchers have been trying to modify asphalt mixture
and explore its freeze-thaw damage.

Experiments about freeze-thaw cycle effects on asphalt mixtures have been investigated by many
researchers recently [11-13]. Xu et al. [14] employed X-ray computed tomography technology (CT
technology) to obtain and analyze internal images of asphalt mixture under different freeze-thaw cycles
and investigated the influences of freeze-thaw cycles on the evolution of internal air voids. Moreover,
Xu et al. [15] investigated the effects of freeze-thaw cycles on the thermodynamic characteristics of
asphalt mixtures, based on the information entropy theory, CT, and digital image processing (DIP)
technologies. Moreover, the influence of freeze-thaw cycles on permeability of asphalt mixtures were
also evaluated by the means of flow state, as well as water conductivity, of asphalt mixtures [16].
Yan et al. [17] investigated stone matrix asphalt (SMA) mixtures under the effect of freeze-thaw
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cycles and evaluated the freeze-thaw resistance based on Marshall design indicators and water
stability. Badeli et al. [18] conducted a rapid freeze-thaw cycle test for an asphalt mixture using
thermomechanical tests.

Many researchers have also made efforts regarding freeze-thaw damage models of asphalt
mixtures [19-21]. Tan et al. [22] investigated a freeze-thaw damage model and residual life prediction
of asphalt mixture, based on damage theory, and they considered the compressive modulus as the index
to evaluate freeze-thaw resistance and residual life prediction of an asphalt mixture under freeze-thaw
cycles. Yi et al. [23] established generalized Maxwell and Drucker-Prager models to evaluate the
viscoelastic-plastic damage under the condition of freeze-thaw cycles. A uniaxial compressive strength
test was carried out to investigate the mechanisms of freeze-thaw failure in asphalt mixtures. Zhang [24]
established a series of logistic damage models for different kinds of asphalt mixtures under the effects of
water, temperature, and radiation to quantificationally analyze the damage degree of asphalt mixtures.

Fibers additives, such as cellulose fiber, polyester fiber, mineral fiber, etc., have been added into
bitumen and proven as effective reinforcement materials for asphalt mixtures [25-28]. Imaninasab [29]
investigated the effect of granular polymers on the rutting performance of stone matrix asphalt (SMA)
compared with styrene-butadiene-styrene (SBS) modified and unmodified mixtures. Wang et al. [30]
carried out many tests including indirect tensile strength, indirect tensile stiffness modulus,
and dynamic shear rheological for polymer modified asphalt, in order to examine if the polymer
modified asphalt has not been severely degraded. Hajikarimi et al. [31] used a dynamic shear
rheometer to investigate the effect of polyphosphoric acid (PPA) and styrene-butadiene-styrene (SBS)
modifications on the rheological and mechanical behavior of asphalt binders and asphalt mastics.
Hajikarimi et al. [32] adopted a biphasic finite-element method to simulate an asphalt mastic as a
heterogeneous medium consisting of aggregate particles, as inclusions within the asphalt binder, as the
matrix for PPA and SBS. Basalt fiber, as a novel kind of eco-friendly mineral fiber, was produced
from basalt rocks with high mechanical properties, low water absorption, and its by-products can
be degraded directly in the environment without any harm [33]. Wang et al. [34,35] added basalt
fiber into asphalt materials and evaluated their fatigue resistance by using direct tension, as well as
fatigue tests. By means of X-ray tomography technology (i.e., CT technology) and the finite-element
method, basalt fiber can release stress concentrations in critical areas and reduce fatigue damage.
Gu et al. [36] compared and discussed basalt fiber and commonly used fibers and found that basalt
fiber has a superior reinforcement effect on the high-temperature anti-rutting ability of bitumen mastic.
Qin et al. [37] tested the reinforcement effects of basalt fibers with lengths of 3 mm, 6 mm, and 9 mm
for asphalt mastics, with respect to lignin fiber and polyester fiber. Through leakage, penetration,
strip-tensile, and dynamic shear rheometer (DSR) tests, basalt fiber, especially with length of 6 mm,
has excellent comprehensive performances, due to a steady 3D networking structure in bitumen
mastics. Zhang et al. [38] carried out repeated and multi-stress creep tests and used Abaqus software for
analyzing the high-temperature performance of an asphalt mastic. Then Zhang et al. [39,40] conducted
numerical simulations in Abaqus for compressive creep and bending creep tests, for the purpose of
analyzing the distribution effect and reinforcement mechanism of basalt fiber. Wang et al. [41] explored
the optimization design of SBS modified asphalt mixtures containing basalt fiber with the assistance
of the central composite design method. Test results indicated that asphalt mixtures with a basalt
fiber content of 0.34% and a length of 6 mm exhibited superior Marshall properties. Previous studies
indicated that basalt fiber was effective in improving the mechanical properties of asphalt materials.
Nevertheless, efforts undertaken for asphalt mixtures with basalt fiber under freeze-thaw cycles are
still limited in this area.

In this present paper, freeze-thaw cycles were performed for asphalt mixtures reinforced with
eco-friendly basalt fiber. The volume and mechanical properties (i.e., air voids, splitting tensile strength
and indirect tensile stiffness modulus) of asphalt mixtures were adopted for freeze-thaw damage
analysis. Furthermore, this study developed the logistic damage models of asphalt mixtures. in terms
of the damage characteristics of the volume and mechanical properties. in order to quantificationally
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analyze the damage degree and damage grow rate. Subsequently, multi-variable grey models (GM)
(1,N) were established for modelling the damage characteristics of the asphalt mixtures under the
action of freeze-thaw cycles.

2. Raw Materials, Experimental Methods and Theory Background
2.1. Raw Materials and Specimen Preparation

2.1.1. Raw Materials

In this study, asphalt of AH-90 produced from PetroChina Liaohe Petrochemical Company
(Panjin, China) in Liaoning Province was selected, and the corresponding basic physical performances
are presented in Table 1. Then, andesite mineral aggregates from a local quarry in Changchun,
Jilin Province and limestone powder were chosen for the asphalt mixture. Additionally, basalt fiber
was obtained from Jiuxin Basalt Industry Co., Ltd. (Changchun, China). The detailed physical
properties of the aggregates and basalt fiber have been given in the previous study [5].

Table 1. Physical properties of asphalt AH-90 in this study.

Properties Measurement Technical Criterion
Penetration @ 25 °C, 100 g, 5 s (0.1 mm) 88 80~100
Softening point (°C) 47 >44
Ductility @ 10 °C, 5 cm/min (cm) 43.5 >30
Solubility (trichloroethylene, %) 99.8 >995
Density @ 15 °C (g/cm?) 1.05 -
RTFOT
Mass loss (%) 0.22 +0.8
Penetration ratio @ 25 °C (%) 66 >57
Ductility @ 10 °C, 5 cm/min (cm) 28 >8

2.1.2. Specimen Preparation

Traditional dense-graded asphalt mixture is a well-graded asphalt mixture and is applied
extensively in asphalt pavement construction in China [42]. In this study, the median gradation
of asphalt mixture (AC-13) was selected, as shown in Figure 1, and the upper and lower limits of
AC-13 are also illustrated. Asphalt mixtures reinforced with eco-friendly basalt fiber were made by a
standard Marshall design method [43,44] approximately 0.4% basalt fiber with a length of 6 mm was
added into asphalt mixtures. In accordance to JTG E20-2011 [45], the detailed preparation procedures
are presented as follows:

e  Step (1): the pre-heated aggregates and basalt fiber were mixed together in a mixing pot for 90 s
in order to make basalt fiber uniformly dispersed in aggregates.

e  Step (2): the pre-heated asphalt AH-90 was weighted and poured into the mixing pot and the
mixture was blended for 90 s.

o  Step (3): the pre-weighted limestone powder was added into the mixing pot and then blended
for 90 s.

e  Step (4): Marshall specimens of AC-13 with a diameter of 101.6 mm and a height of 63.5 mm were
prepared by compacting 75 blows on each side.
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Figure 1. Gradation of asphalt mixture used in this study [5].

2.2. Freeze-Thaw Cycle Procedure

Figure 2 gives a detailed description of the freeze-thaw cycles in this study, in which the real
simulation is shown in Figure 2a, and the one-time freeze-thaw cycle in the laboratory is shown in
Figure 2b. Before the freeze-thaw cycle test, specimens were immersed into water and under vacuum
(98.0 kPa) for 15 min, and soaked under atmospheric pressure for 30 min. Then, a one-time freeze-thaw
cycle was carried out on specimens, in which the freezing condition of the refrigerator was set as
—18 °C for 16 h, and the thaw condition of the thermostatic waterbath was in water at 60 °C for 8 h.
A number of 84 specimens were treated for the freeze-thaw cycle test, in which each freeze-thaw cycle

had 3 replicates. After 0,1, 3, 6,9, 12, and 15 freeze-thaw cycles, the experimental tests were carried
out for asphalt mixtures.

O Water conditioned by
'l | vacuum saturation

o
[}
l' with 98 kPa for 13 min E.
WA /Y
Water permeated into Freezing caused .. k.
asphalt pavement volume expansion T g
at-18°C for 16 h o
N
Uppetlayer. . . . . . . . . A
- Asphatt pavementt © Intermediate layer - -
. . . L] L] L] L] L] . Bottom laya- . . . Ll L]
Thawing in water g.?
at 60 °C for 8 h s
@
.
(a) (b)

Figure 2. Freeze-thaw cycle in this study (a) schematic diagram; (b) experimental procedure.

2.3. Damage Characteristics Indicators

2.3.1. Air Voids

Air voids are one of the key indicators for characterizing the quality of asphalt pavement.
Almost all performances of asphalt pavement, like cracking resistance, anti-rutting, fatigue resistance,
etc., are closely related to air voids. Asphalt pavement with higher air voids would incur many
distresses, such as spalling, crumbling, pumping, and so on. However, lower air voids may lead to
rutting and extensive oil, etc. Thus, an air voids indicator was selected to characterize the freeze-thaw
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damage in this study. In accordance to T0709 JTG E20-2011 [45], air voids (VA) can be determined
through weighting asphalt mixture specimens in air and water at room temperature, following the
Equations (1) and (2):

Yf=ma/ (Mg — my), 1

VA =[1 — v¢/vrmp] x 100, 2

where m,, my, and my represent the mass of specimens in air, water, and the saturated surface dry mass,
respectively. 7y is the bulk specific gravity and yryp is the theoretical maximum specific density which
can be measured by vacuum sealing method.

2.3.2. Splitting Tensile Strength

A splitting test reflects mechanical performance at the moment of splitting, failure under specific
temperature, and loading rate. Splitting tensile strength (STS) is considered as an effective indicator
for asphalt mixture, and it is also widely used in many studies [46,47]. According to T0716 in
JTG E20-2011 [45], the splitting tensile strength test shown in Figure 3 was performed at 15 °C
by the Marshall apparatus, with a load of speed of 50 mm/min until the specimen was broken.
The deformation was measured by linear variable differential transformers (LVDT). Then, the splitting
tensile strength was calculated by the following equation:

RTl =0.006287 x PTl /hl, (3)

where Ry is the splitting tensile strength, Pr; is the maximum load, and k is the specimen height.

Recorder

Figure 3. Splitting tensile strength test in this paper.

2.3.3. Indirect Tensile Stiffness Modulus

The indirect tensile stiffness modulus (ITSM) is an important indicator for evaluating mechanical
performance. In this study, the ITSM test at 10 °C was adopted and conducted according to the standard
AASHTO TP-31 for evaluating the anti-crack ability of the asphalt mixture [48]. A servo-pneumatic
universal testing machine, shown in Figure 4, was used for the ITSM test. Firstly, Marshall specimens
were put into the environmental chamber at 10 °C for at least 5 hours. Then, three replicate specimens
were measured for ITSM. Then, ITSM (S;;) values could be calculated as follows:

Sw=F x (u+027)/(h x Z), @)

where F is the peak load (N), y is the Poisson ratio and y = 0.25 at 10 °C, I is the specimen height (mm),
and Z is the horizontal deformation (mm).



Appl. Sci. 2019, 9, 60 6 of 16

Figure 4. Indirect tensile stiffness modulus test in this study.

2.4. Theory Background of Damage Model and Prediction Model

2.4.1. Logistic Damage Model

A logistic model is a widely used non-linear statistical model, which is mainly used to discuss
and quantify the relationship between the “damage” parameters and the independent variables for
the calculation of damage probabilities [24]. The logistic model was developed from Malthus model
expressed by Equation (5):

dN/dt x 1/N =, (5)

where N is the dependent variable. t is the independent variable, and r is a constant.
Then the analytical solution of Equation (5) is given by

N(t) = Ny x e, (6)
on the basis of Malthus model, assuming that the model is linearly constrained gives
dN/dt x 1/N=—-r/Q x N+, @)

where Q is the saturation factor and r is the growth rate factor.
Rewriting Equation (7) in the expression of logistic model gives

dN/dt=rN x (1 — N/Q), )
the analytical solution of logistic model can be solved as
N(t) = Q/[1+(Q — No)/(No x e")], ©)
Equation (9) can be rewritten as
N(t) =Q/[1+¢07)], (10)
and the damage degree can be defined as
D= (1 —1;/I) x 100, (11)

where D is the damage degree, I is the initial index, and ; is the index of the ith freeze-thaw cycle.
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Therefore, the damage degree in Equation (12), based on the logistic model, was established in
order to analyze the freeze-thaw damage degree of asphalt mixtures.

D= (A1 — Ay)/[1+ (x/x0)P]1 + Ay, (12)

where A; is the minimum value of regression curve, A, is the maximum value of regression curve,
which reflects the degree of damage, and xy is the x-coordinate value when D = 0.5A;, which reflects
the damage grow rate.

2.4.2. Multi-Variable Grey Model Represented by GM (1,N)

The grey system is a widely known mathematical theory in various fields such as economics,
engineering, etc., which can be used for cases with partially known information or lacking adequate
experimental data [49-51]. In general, grey system theory is mainly utilized for two aspects, i.e.,
grey relational degree analysis (GRA) and grey prediction models (GM). GRA is usually applied for
measuring the uncertain relationships between factors. Grey prediction models reveal long-term
processes for the development of various factors, and it could be used a priori to predict a property’s
development with less priori data. In this study, a multi-variable grey model, GM (1,N), was adopted
and established to predict the freeze-thaw damage of an asphalt mixture.

Considering that the grey model has N variables, which is denoted by y; (i=1, 2, ..., N) with m
initial sequences:

i = {000 @,y )} =12, N), 13

through 1-accumulated generating operation (1-AGO), the 1-AGO sequence of initial sequence can
be obtained

u = {0V @)y )} (=12, N) 14
t

0=y ()G =12..m) (15)
j=1

the whitening differential equation of the grey model could be determined by

(1)
dyy (k) 1 é 1
1dt + ﬂyg (k) = 1; biyf (k) (16)

then the grey differential equation is written as follows:

n
O k) + a2V (k) = Y by (%), (17)
i=2
@ W1
zgl)(k): 1 ( )+Z1 ( ) (8)
In GM (1,N), the grey parameter Py can be obtained according to the least square method:

Py =(B'B) 'Yy, (19)

@ @

_7l(3 3) ... 3

o | A@ e e | o)

—m) ym) oy om)

-1
= W@ e - W | 1)
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substituting Py in the Equation (19) into the Equation (16) gives

=1 byD (k41 =l by (k+ 1

i=2 i=2

therefore, the (k + 1)-th predictive value can be obtained by an inverse accumulated generating operation.
.0 (1 (1
7 k+1) =917 (k+1) - 91" (), (23)
3. Results and Discussion

3.1. Logistic Damage Model of Asphalt Mixtures under Freeze-Thaw Cycles

To illustrate the effects of eco-friendly basalt fiber on the performance of an asphalt mixture,
a series of experiments was carried out for two kinds of asphalt mixtures, i.e., the control group
(AM, asphalt mixtures without basalt fiber) and test group (BFAM, asphalt mixture with basalt
fiber). The freeze-thaw damage can be characterized by air voids (VA) for the volume parameter,
splitting tensile strength (STS), and indirect tensile stiffness modulus (ITSM) for mechanical parameters.
Therefore, the damage degrees of VA, STS, and ITSM were adopted as the evaluating indicators of
asphalt mixture under various freeze-thaw cycles.

The VA, STS, and ITSM of AM and BFAM varying with freeze-thaw cycles are plotted in
Figure 5a,c,e, and the corresponding damage degree results are shown in Figure 5b,d f, in which
the logistic models are expressed in curves with uncertain data. Based on the logistic damage model
theory in the Section 2.4.1, the logistic damage models of VA, STS, and ITSM for AM and BFAM could
be established and listed in Table 2. These logistic damage models could be proven effective, due to
the higher correlation coefficients R? above 0.97 and Adj. R-Squared values in Table 2 represent the
fitting parameter accuracy. As plotted in Figure 5a,c,e, it can be clearly seen that the VA results of
asphalt mixtures gradually increased with the increasing of the freeze-thaw cycles, whereas the STS
and ITSM results presented a decreasing trend. Simultaneously, Figure 5b,d f illustrate that asphalt
mixtures were gradually damaged with freeze-thaw cycles. Furthermore, the variation trend of the
damage degree of the asphalt mixtures increased rapidly at first and then more slowly. Under the
action of freeze-thaw cycles, the internal structure of asphalt mixtures was damaged due to volume
expansion and temperature stress. The adhesion capability between asphalt and aggregates became
weaker and weaker under the continuous action of freeze-thaw cycles. Before 9 freeze-thaw cycles,
the air voids in asphalt mixture first extended and then, adjacent air voids were coalesced, leading to
the significant variation trend. However, the expansion and formation of air voids became slow after 9
freeze-thaw cycles.

In addition, by comparative analysis of control and test groups, the addition of basalt fiber can
significantly improve the STS and ITSM, and decline the VA of asphalt mixture. Meanwhile, the damage
degree of eco-friendly basalt fiber modified asphalt mixture has been as well greatly reduced. This may
be owing to the fact that the basalt fiber formed a spatial networking structure, playing the role of
reinforcement and toughening. Due to the poor absorption of water, but good adhesiveness with
asphalt for basalt fiber, basalt fiber can also limit shrinkage cracking due to temperature stress under
freeze-thaw cycles. From Table 2, by comparative analysis of the damage characteristics (i.e., VA,
STS, and ITSM) of two kinds of asphalt mixtures, i.e., ordinary asphalt mixture (AM) and basalt fiber
modified asphalt mixture (BFAM), it clearly shows that the model parameter “A,” values of the logistic
damage model of AM are always more than those of BFAM. Furthermore, the model parameter “x(”
values of AM are higher than those of BFAM at all times. The variations of the model parameters
between those asphalt mixtures quantificationally demonstrate that the addition of basalt fiber into an
asphalt mixture can significantly reduce the damage degree of asphalt mixtures and slow down the
damage grow rate.



Appl. Sci. 2019, 9, 60

1.5

1.2

0.9

STS (MPa)

0.6

0.3

0.0-

5000
4500 +
4000 -
3500
©
% 3000 -
= 2500
E 2000 -
1500 4
1000 4
500
04

<,

<4

>3_
24
14
(jE_SUE SN SN SN SN SN S

[ AM (control)
[ BFAM

il

Freeze thaw cycles

(@)

[ AM (control)
[ BFAM

Freeze-thaw cycles
(©)

[ AM (control)
[ BFAM

Freeze-thaw cycles

(e)

Damage degree of STS (%) Damage degree of VA (%)

Damage degree of ITSM (%)

9of 16

404 = AM (control)
35] © BFAM
—— Model for AM
309" Model for BEAM
2.5
2.0 .
1.54
1.0
0.5
0.0 T T T T T 1
0 3 6 9 12 15 18
Freeze-thaw cycles
(b)
809 =AM (control)
70] ¢ BFAM
—— Model for AM
601 Model for BEAM =
50 4
40
30
20
104
0+ ; ; ; ; ; .
0 3 6 9 12 15 18
Freeze-thaw cycles
(d)
604 = AM (control)
* BFAM
50— Model for AM -
—— Model for BEAM
40+ °
. /
30 /
20 '
104
0 T T T T T 1
0 3 6 9 12 15 18

Freeze-thaw cycles

()

Figure 5. The relationships between damage characteristics of asphalt mixture and freeze-thaw cycles:
(a) air voids (VA); (b) Damage degree of VA; (c) splitting tensile strength (STS); (d) Damage degree of
STS; (e) indirect tensile stiffness modulus (ITSM); (f) Damage degree of ITSM.

Table 2. Logistic damage model of asphalt mixtures under freeze-thaw cycles.

Damage Mixture Logistic Damage Model Adj.
Characteristics Type (D = (A1 — A1 + (x/xp)P] + Ap) R-Squared

A AM =(0.08 — 4.55)/[1 + (x/6.37)1%] + 4.55 0.9824

BFAM D =(0.07 — 2.68)/[1 + (x/5.87)158] + 2.68 0.9834

TS AM =(0.23 — 395.54)/[1 + (x/360.86)*50] + 395.54 0.9721

BFAM D =(0.35 — 271.72) /1 + (x/92.51)065] + 271.72 0.9717

TSM AM =(1.02 — 97.95)/[1 + (x/11.67)1-99] + 97.95 0.9714

BFAM = (1.63 — 54.53)/[1 + (x/6.96)170] + 54.53 0.9746
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3.2. Freeze-Thaw Damage Prediction Model Based on Grey Model by GM (1,N)

In order to illustrate the multi-variable grey model GM (1,N) in this study, the cases for damage
characteristics of asphalt mixtures under the actions of 0~15 freeze-thaw cycles have been investigated
to validate the feasibility and accuracy of GM (1,N), based on the experimental data of damage
characteristics under limited freeze-thaw cycles. Through different combinations of the damage
degrees of VA, STS, and ITSM, three GM (1,2) could be established, at the same time, the GM (1,3)
could be established according to the damage degrees of VA, STS, and ITSM.

3.2.1. Two-Variable Grey Model GM (1,2)

Based on the damage degrees of VA, STS, and ITSM, three two-variable grey models could be
established, i.e., GM (1,2) of VA and STS (as show in Figure 6), VA and ITSM (as show in Figure 7),
STS and ITSM (as show in Figure 8). Ren found that the more samples do not necessarily mean the
more accurate prediction of a grey model [50,51]. Accordingly, these GM (1,2) were established in
terms of the experimental data under 0~9 freeze-thaw cycles, and the experimental data under 12 and
15 freeze-thaw cycles were used to verify the established GM (1,2).
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Figure 6. Comparison between predictive and experimental values for asphalt mixtures without basalt
fiber (AM) and asphalt mixtures with basalt fiber (BFAM) based on GM (1,2) of VA and STS tests:
(a) Damage degree of VA for AM; (b) Damage degree of VA for BFAM; (c) Damage degree of STS for
AM; (d) Damage degree of STS for BFAM.
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Figure 8. Comparison between predictive and experimental values for AM and BFAM based on GM
(1,2) of STS and ITSM tests: (a) Damage degree of STS for AM; (b) Damage degree of STS for BFAM;
(c) Damage degree of ITSM for AM; (d) Damage degree of ITSM for BFAM.

The predictive values of VA and STS compared with the experimental results are presented in
Figure 6, based on the grey model GM (1,2) of VA and STS tests. It is apparent that the relative errors for
VA of AM and BFAM are within 6%, and the relative errors of STS of AM and BFAM are around 10%.

The predictive values of VA and ITSM compared with the experimental results are presented
in Figure 7, based on the grey model GM (1,2) of VA and ITSM tests. It is apparent that the relative
errors for VA of AM and BFAM are around 6%, and the relative errors of ITSM of AM and BFAM are
within 17%.

The predictive values of STS and ITSM compared with the experimental results are presented
in Figure 8, based on the grey model GM (1,2) of STS and ITSM tests. It is apparent that the relative
errors for STS of AM and BFAM are within 9%, and the relative errors of ITSM of AM and BFAM are
around 13%.

3.2.2. Three-Variable Grey Model GM (1,3)

To study the number of independent variables for the prediction accuracy of GM (1,N),
the three-variable grey model GM (1,3) was also built according to the experimental data under
0~9 freeze-thaw cycles, to predict the damage characteristics under 12 and 15 freeze-thaw cycles
for verification.

The predictive values of VA, STS, and ITSM compared with the experimental results are presented
in Figure 9 based on the three-variable grey model GM (1,3) of VA, STS, and ITSM tests. It is apparent
that the relative errors for VA of AM and BFAM are within 3%, the relative errors for STS of AM and
BFAM are within 6%, and the relative errors of ITSM of AM and BFAM are around 8%. Compared with
two-variable GM (1,2) in Section 3.2.1, the results revealed that the relative error of three-variable GM
(1,3) is smaller than that of GM (1,2) for the aspect of prediction accuracy. Thus, to some degree, it could
be indicated that GM (1,3) has the better prediction accuracy than GM (1,2) under the conditions of the
same data.

Through overall consideration, the three-variable grey model GM (1,3) based on VA, STS,
and ITSM tests is an effective prediction model for asphalt mixtures under the action of freeze-thaw
cycles, which can reflect the evolution of freeze-thaw damage for asphalt mixtures more accurately.
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Figure 9. Comparison between predictive and experimental values for AM and BFAM based on GM
(1,3) of VA, STS, and ITSM tests: (a) Damage degree of VA for AM; (b) Damage degree of VA for BFAM;
(c) Damage degree of STS for AM; (d) Damage degree of STS for BFAM; (e) Damage degree of ITSM
for AM; (f) Damage degree of ITSM for BFAM.

4. Conclusions

This study further explored the freeze-thaw damage characteristics of asphalt mixtures reinforced
with eco-friendly basalt fiber through air voids, splitting tensile strength, and indirect tensile stiffness
modulus tests. Based on the damage characteristics, a logistic damage model was established to
quantificationally analyze the damage degree and damage grow rate of asphalt mixtures. Additionally,
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multi-variable grey models were established for modelling the freeze-thaw damage characteristics of
asphalt mixtures. Thus, the following conclusions can be drawn:

o  Freeze-thaw cycles habr a negative effect on the volume and mechanical properties of an
asphalt mixture. From air voids, splitting tensile strength, and indirect tensile stiffness modulus,
the addition of basalt fiber can significantly improve the freeze-thaw resistance and mechanical
performance of an asphalt mixture, leading to a reinforcement mechanism.

e The logistic damage model can quantificationally demonstrate that adding basalt fiber could
significantly reduce the damage degree of asphalt mixtures by about 25%, and slow down the
damage grow rate by about 45% compared to a control group.

e  The ninth freeze-thaw cycle may be the turning point of damage variation of an asphalt mixture,
after which the expansion and formation of air voids became slower.

e Results demonstrated that the established multi-variable grey models can accurately predict the
variation trend of damage characteristics of asphalt mixtures. GM (1,3) was proven to perform
better in prediction accuracy compared to GM (1,2) under the same data. GM (1,3) is an effective
prediction model for reflecting the evolution of freeze-thaw damage for asphalt mixtures.

e  Appropriate basalt fiber content is recommended for modifying an asphalt mixture. It is necessary
to check the dispersion of basalt fibers in an asphalt mixture to ensure the dispersion of basalt fiber.
Compared to ordinary asphalt mixtures, the predicted cost is mainly reliant on the basalt fibers.
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