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As an eco-friendly pavement material, waste tires rubber-modified asphalt mixtures (WRMs) have been applied in pavement
engineering widely. To further improve the performance and adaptability of WRM, diatomite and basalt fibers are, respectively,
added to WRM. Subsequently, the Marshall tests, the rutting tests, the low-temperature splitting tests, the freeze-thaw splitting
tests, and the vibration attenuation tests are conducted to study the effect of diatomite and basalt fibers on pavement properties of
WRM. Furthermore, the correlation degree between the content of diatomite, basalt fibers, asphalt, and the pavement properties
of WRM is analysed by the grey correlation grade analysis (GCGA). +e results show that the addition of diatomite and basalt
fibers can significantly improve the pavement and vibration attenuation properties of WRM. +e improvement of high-tem-
perature permanent deformation resistance, low-temperature cracking resistance, and water damage resistance ofWRM is mainly
attributed to diatomite, basalt fibers, and asphalt-aggregate ratio, respectively. +e improvement of the vibration attenuation of
WRM by diatomite and basalt fibers is mainly attributed to the increase of waste tires rubber-modified asphalt (WRA) content
caused by adding diatomite and basalt fibers.

1. Introduction

With the increase of global car ownership, a large number of
waste tires have been produced, which seriously pollutes the
natural environment and occupies a large number of land
resources. Recycling these waste tires is an urgent problem to
be solved. Notably, it has become an effective method to deal
with waste tires by using them in road engineering materials
[1–4]. Using waste tires rubber (WR) in road engineering
materials can not only protect the environment and save
resources but also improve the mechanical properties of
pavement materials and reduce vibration and noise on the
road [2, 5–9]. Some studies pointed out that the addition of
WR to the asphalt mixtures could improve the performance
of antideformation at high temperature and anticrack at low

temperature [6, 10–12]. And WR also enhanced the high-
temperature performance of desulphurization gypsum res-
idues modified asphalt mixtures [12]. In addition, the fatigue
performance of WR modified asphalt mixtures (WRM) had
been studied by using the semicircular bending tests and
flexure beam tests, and the results showed that the WRM
exhibited better fatigue performance compared to the
nonreinforced mixtures [7, 13–15]. Moreover, WRM
exhibited more excellent recoverable strain than the styrene-
butadiene-styrene modified asphalt mixtures [16].

+e application of WR in road engineering materials not
only improves the engineering performance of asphalt
mixtures but also has good environmental and economic
benefits. In order to further improve the performance and
adaptability of WRM and WR modified asphalt (WRA),
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many researchers had proposed some feasible solutions.
Chen et al. [9] applied the reacted and activated WR to
enhance the engineering performance of asphalt mixtures,
and the results showed that, compared to the polymer
modified asphalt mixtures, the reacted and activated WRM
exhibited excellent low-temperature cracking resistance,
high-temperature rutting resistance, fatigue cracking resis-
tance, moisture susceptibility, and noise reduction. Gong
et al. [17] reported that cement coated rubber aggregate had
better bonding performance with asphalt and higher me-
chanical strength than untreated rubber aggregate. Liu et al.
[18] introduced that the diatomite and WR compound
modified asphalt exhibited better performance in short-term
aging resistance than the diatomite modified asphalt and
WRA. Maharaj et al. [19] claimed that the WR and poly-
ethylene terephthalate compound modified asphalt pre-
sented excellent mechanical properties. Zhang et al. [5]
pointed out that the WR and plastic compound modified
asphalt mixtures had excellent fatigue resistance and rutting
resistance. It can be concluded that, at present, many studies
focused on adding organic and inorganic materials to en-
hance the performance of WRA and WRM. However, the
addition of some organic modifiers raises the mixing and
compaction temperature of WRM, thereby increasing the
release of toxic gases such as xylene and toluene [20].

+erefore, in this paper, the diatomite and basalt fibers,
two inorganic and eco-friendly reinforced materials, were
used to enhance the performance of WRM. Subsequently,
the effects of diatomite and basalt fibers’ contents on the
high-temperature permanent deformation resistance, low-
temperature cracking resistance, and water damage resis-
tance of WRM were studied. Considering that rubber is an
excellent damping material, it can be used to improve the
vibration attenuation of asphalt mixtures. Accordingly, the
effects of diatomite and basalt fibers’ contents on the vi-
bration attenuation of WRM were also studied and analysed
by the vibration attenuation tests of the rutting plates and the
tire.

In addition, the accelerometer was widely used to
evaluate the performance of asphalt mixtures. Polaczyk et al.
[21] used accelerometers to study the Marshall compaction
process of asphalt mixtures. Real et al. [22] used the impact
hammer excitation technology to evaluate the damping
characteristics of asphalt mixtures. Biligiri [23] analysed the
damping characteristics of asphalt mixture based on the data
collected by accelerometer based on vibroacoustic tech-
nology and evaluated the noise reduction performance of
asphalt mixture.

Furthermore, to analyse the internal cause of the effect of
diatomite and basalt fibers on the pavement performance
and vibration attenuation of WRM, the grey correlation
degree analysis (GCGA) was performed to quantitatively
calculate the correlation degree between the diatomite
content, basalt fibers content, as well as asphalt-aggregate
ratio (ratio of asphalt to mineral aggregate) and volume of
air voids (VV), voids in the mineral aggregate (VMA), voids
filled with asphalt (VFA), the pavement performance, and
the vibration attenuation of WRM. +is work can provide

some references for the practical application and perfor-
mance enhancement of WRM, and it can also help protect
the natural environment and promote the development of
sustainable technology.

2. Materials and Methods

2.1.Materials. In this paper, WRA was used as the binder to
fabricate the asphalt mixtures.+eWRAwas prepared as the
following processes. Firstly, the base asphalt A-90# supplied
by Panjin Petrochemical Industry was heated to 150–160°C.
Subsequently, the tire rubber powders with 40mesh (particle
size: 0.4mm) and 20 wt.% (weight ratio) of asphalt were
added to the base asphalt at the temperature of 180°C for
30min at a shear speed of 5000 rpm [24–26]. +e physical
properties of the base asphalt and WRA were tested, and the
test results are shown in Table 1.+e diatomite and the basalt
fibers originated from Changbai Mountain and the Jiuxin
Basalt Industry Co., Ltd., respectively. +eir properties are
shown in Tables 2 and 3. +e basalt aggregate with nominal
maximum aggregate size 13.2mm, as shown in Table 4, was
used to fabricate WRM, diatomite reinforced WRM
(DWRM), and basalt fibers reinforced WRM (BWRM)
according to Standard Test Methods of Bitumen and Bi-
tuminous Mixtures for Highway Engineering (JTG E20-
2011) [27].

2.2. Experimental Methods

2.2.1. Asphalt Mixtures Preparation. In this study, three
types of asphalt mixtures were prepared, namely, WRM,
DWRM, and BWRM. +e three types of asphalt mixtures
were divided into seven groups: WRM, DWRM with 5 wt.%
diatomite, 7.5 wt.% diatomite, and 10 wt.% diatomite,
BWRMwith 0.2 wt.% basalt fibers, 0.3 wt.% basalt fibers, and
0.4 wt.% basalt fibers, and the specific preparation scheme is
shown in Table 5. +e content of diatomite and basalt fibers
is determined by the previous research [28–30]. According
to Table 5, the diatomite (added in substitution to mineral
filler), basalt fiber (relative to mineral mass ratio), WRA, and
aggregate were mixed to prepare the standard Marshall
specimens (ϕ101.6mm× 63.5mm) and the rutting speci-
mens (300mm× 300mm× 50mm) for subsequent testing.
All the samples were formed under the asphalt-aggregate
ratio in the research. All the samples were fabricated with the
optimum asphalt-aggregate ratio in the research [28].

2.2.2. Volume and Mechanical Properties Tests.
According to JTG E20-2011, VV, VMA, VFA, Marshall
stability (MS), flow value (FL), and pavement properties
indexes of 7 groups of asphalt mixtures were tested and
calculated [31]. +e test processes are shown in Figure 1. +e
pavement properties of asphalt mixtures mainly include
permanent deformation resistance at high temperature,
crack resistance at low temperature, and water damage
resistance. +e high-temperature permanent deformation
resistance is usually characterized by the value of dynamic
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stability (DS), and the higher the value, the better the re-
sistance permanent deformation at high temperature. +e
DS can be calculated according to equation (1) [27]. +e
resistance cracking at low temperature is usually reflected by
the splitting tensile strain at −10°C (εT). A greater εT means
that there is a better resistance cracking at low temperature.
εT can be calculated by equation (2) [27]. And equations (3)
and (4) show the calculated method of splitting tensile
strength (RT) and failure stiffness modulus (ST) at low
temperature, respectively. +e water damage resistance is
usually characterized by the tensile strength ratio (TSR). A
greater TSR means better water damage resistance. +e TSR
can be calculated by equation (5) [27]:

DS �
t2 − t1(  × N

d2 − d1
, (1)

where N is wheel moving speed, 42 times/min, and d1 and d2
are the tracking depth at t1 (45min) and t2 (60min), re-
spectively, mm:

εT �
YT ×(0.0307 + 0.0936 × μ)

(17.94 − 0.314 × μ)
,

RT �
0.006287 × PT

h
,

ST �
PT ×(3.588 − 0.0628 × μ)

h × YT

.

(2)

where YT (mm) is the total vertical deformation corre-
sponding to the maximum breaking load PT (N); μ is
Poisson’s ratio, which is 0.25; and h is the height of Marshall
specimens, mm:

TSR �
RT2

RT1
× 100, (3)

where RT1 and RT2 are the average tensile strength of frozen-
thawed specimens and original specimens respectively, MPa.

2.2.3. Vibration Attenuation Tests of the Rutting Plates.
+e vibration attenuation tests of the rutting plates
(300mm× 300mm× 50mm) made of WRM, DWRM, and
BWRM are shown in Figure 2. +e test processes are as
follows [22]. Firstly, the acceleration sensor was bonded to
the center of the back of the rutting plate with the epoxy
resin, and the other end of the acceleration sensor was well
connected to DH5922 dynamic signal test and analysis
system. Subsequently, the rutting plate with the acceleration
sensor was bonded on two concrete blocks with the epoxy

Table 1: Physical properties of asphalt.

Properties
A-90# asphalt WRA

Standard Value Standard Value
Density (15°C, g/cm3) — 1.016 — 1.025
Penetration (25°C, 0.1mm) 80–100 91.6 60–100 62.6
Softening point TR＆B (°C) ≥45 46.9 >50 66.5
Ductility (cm) ≥100 (25°C) >150 (25°C) ≥10 (5°C) 20.9 (5°C)
Elastic recovery (%) — — ≥50 74.3

Table 2: Properties of basalt fibers.

Properties Diameter
(μm)

Length
(mm)

Water
content (%)

Combustible
content (%)

Tensile
strength (MPa)

Tensile modulus of
elasticity (GPa)

Elongation
at break (%)

Value 10–13 6 0.030 0.56 2320 86.3 2.84

Table 3: Properties of diatomite.

Properties Particle size Density Bulk density Color pH
Value <0.075mm 2.34 g/cm3 0.34–0.41 g/cm3 White 9.0

Table 4: Aggregate gradation of AC-13.

Sieve size (mm) 0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
Percent passing 4.8 8.3 12.2 18.6 25.8 33.9 54.8 80.9 94.8 100

Table 5: +e mix proportion scheme of seven groups of asphalt
mixtures.

Mixtures WRM DWRM BWRM
Diatomite content (%) 0 5 7.5 10 0 0 0
Basalt fibers
content (%) 0 0 0 0 0.2 0.3 0.4

Asphalt-aggregate
ratio (%) 5.10 5.25 5.35 5.45 5.27 5.38 5.50
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resin and the movement of the rutting plate in the x, y, and z
directions restricted. Finally, the knock hammer with rubber
head shown in Figure 2 was used to hit the center position of
the front of the rutting plate, and the vibration attenuation
signal of the rutting plate was collected by the acceleration
sensor with a frequency of 2 kHz and analysed by the
DH5922 dynamic signal test and analysis system.

2.2.4. Free Vibration Attenuation Tests of Tire. +e tire free
vibration attenuation tests are shown in Figure 3. +e vi-
bration attenuation of tire on the asphalt mixtures was tested
as the following processes [23]. Firstly, the acceleration
sensor was connected with DH5922 dynamic signal test and
analysis system, and the sensor was fixed on theMichelin tire
(250 kPa, 195/60R14) so that the sensor could measure the
vertical acceleration of the tire. Subsequently, the tire with

the acceleration sensor was placed 3 cm above the center of
the standard rutting plate specimens bonded tightly with the
rigid ground. Finally, the tire fell freely and vertically onto
the rutting plate, and the vibration attenuation signal of the
tire was collected by the acceleration sensor and analysed by
the DH5922 dynamic signal test and analysis system.

2.3. Vibration Attenuation Model. To evaluate the vibration
attenuation properties of the asphalt specimen and the tire
on the asphalt specimen, the pavement and the tire are
simplified as the tire-pavement vibration model as shown in
Figure 4. When the impact load is applied on the asphalt
pavement and the tire, displacement x, velocity _x, and ac-
celeration €x of vibration of the asphalt pavement and the tire
conform to the relationship as shown in the following
equation [22, 23, 32, 33]:

(a) (b) (c)

(d) (e) (f )

Figure 1: WRM performance tests: (a) bulk volume density tests; (b) theoretical maximum density tests; (c) Marshall stability tests;
(d) rutting plate compaction; (e) rutting tests; (f ) splitting strength tests.
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Figure 2: Vibration attenuation tests of the rutting plate: (a) factual picture and (b) schematic diagram.

4 Mathematical Problems in Engineering



m €x + c _x + kx � 0, (4)

wherem, c, and k are the equivalent vibration mass, stiffness,
and viscosity coefficient of the asphalt pavement or the tire,
respectively. Let ω2

n � k/m and ξ2 � c2/4mk, equation (4) can
be written as the following equation:

€x + 2ξωn _x + ω2
nx � 0, (5)

where ωn is the circular frequency of system vibration and ξ
is the damping ratio of system vibration. It can be seen that
the previous equation is the second-order linear homoge-
neous differential equation, and its characteristic roots are
shown in equation (4).

s � ωn −ξ ±
�����

ξ2 − 1


 . (6)

Since the vibration attenuation of the tire and pavement
is underdamped, 0< ξ < 1 can be obtained. Letting

ωd � ωn

�����

1 − ξ2


, equation (6) can be further expressed as the
following equation:

s � −ξωn ± iωd. (7)

+erefore, the solution of equation (5) is expressed as the
following equation:

x(t) � G1e
− ξωnt+iωdt

+ G2e
− ξωnt− iωdt

� e
− ξωnt

G1e
iωdt

+ G2e
− iωdt

 .
(8)

According to the Euler equation (equation (9)), equation
(8) can be written as equation (10):

e
±iωt

� cosωt ± i sinωt, (9)

x(t) � e
− ξωnt

A1 sinωdt + A2 cosωdt( 

� Ae
− εt cos ωdt + φ( ,

(10)

where A and φ are the parameters determined by the initial
conditions and ε is the exponential decay rate. It can be
found that the envelope of vibration attenuation of the
pavement and tire conform to the relationship as shown in
equation (11). +e vibration attenuation equation for the
pavement and tire is in the form of exponential decay. By
calculating the second derivative of equation (11), the en-
velope of acceleration attenuation of the tire and pavement
vibration can be obtained as shown in the following equation
[22]:

x(t) � Ae
− εt

, (11)

a � €x (t) � Aε2e− εt
. (12)

2.4. GCGAMethod. In order to study the effect of diatomite
content, basalt fibers content, andWRA content on the basic
volume indexes, the pavement performance, and the vi-
bration attenuation performance of WRM, the GCGA, a
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Figure 3: Tire free vibration attenuation test of asphalt mixtures: (a) factual picture and (b) schematic diagram.
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mathematical analysis method, is used to quantitatively
analyse these experimental data [34–37]. Since different
physical indicators have different physical meanings, it is
necessary for all physical indicators to perform normali-
zation processing before the GCGA. +e normalization
method is as the following equation:

xi �
fi − min f1, f2, . . . , f7( 

max f1, f2, . . . , f7(  − min f1, f2, . . . , f7( 
, (13)

where xi is the normalization results of the experimental
data (i� 1, 2, . . ., 7) and fi is the experimental data of the
group i asphalt mixture. A grey correlation coefficient be-
tween the reference sequence x0 � (x0 (1), x0 (2), . . ., x0 (7))
and comparative sequences xj � (xj (1), xj (2), . . ., xj (7)), cj, is
defined as the following equation:

cj �
1
N



N

k�1
λj(k), (14)

where N � 7 and λj(k) can be calculated with the following
equation:

λj(k) �

min
j

min
k

x0(k) − xj(k)


 + 0.5max
j

max
k

x0(k) − xj(k)




x0(k) − xj(k)


 + 0.5max
j

max
k

x0(k) − xj(k)



.

(15)

3. Results and Discussion

3.1. Marshall Indexes of the >ree Types of Asphalt Mixtures.
According to JTG E20-2011, the VV, VMA, VFA, MS, and
FL of seven groups of asphalt mixtures were tested and
calculated. +e calculated test results are shown in Table 6. It
can be seen from Table 6 that the addition of diatomite can
reduce the VV of asphalt mixture, while the addition of basalt
fiber increases the VV of asphalt mixture. And the VMA, VFA,
and MS of asphalt mixture can be increased by adding diat-
omite and basalt fiber. In addition, with the increase of diat-
omite content, VV of DWRM decreases gradually, and, with
the increase of basalt fibers content, VV of BWRM increases
gradually. +e addition of diatomite increases the content of
WRA, thus the colloid composed of asphalt and diatomite can
occupy more space between the aggregates, which raises VFA
of asphalt mixtures, thus reducing VV of asphalt mixtures.
Different from this, the addition of basalt fibers increases the
WRA content but hinders the compaction of the aggregate
[38, 39], which raises VMA of asphalt mixtures; thus it can
increase VV of asphalt mixtures. Furthermore, the addition of
diatomite and basalt fibers can improve theMarshall stability of
WRM, but the excessive basalt fibers content can have a
negative impact on the stability of WRM.

3.2. Pavement Performance of Asphalt Mixtures. Table 7
shows the test results of the permanent deformation resis-
tance at high temperature, cracking resistance at low tem-
perature, and water damage resistance of the seven groups of
asphalt mixtures, and three samples from each group were
tested. It can be concluded and calculated from Table 7 that the

values of the DS, εT, and TSR of DWRM and BWRM is larger
than those of WRM. For DWRM, DS, εT, and TSR have in-
creased by 53.84%, 33.02%, and 5.31% inmaximal, respectively.
And the basalt fibers maximally increase those indexes by
17.65%, 28.15%, and 8.93%, respectively, which means that
diatomite and basalt fibers can significantly improve the high-
and low-temperature performance and moisture susceptibility
of WRM. In addition, it can be inferred that diatomite is
superior to basalt fibers in improving high- and low-tem-
perature performance of WRM; however, basalt fibers are
superior to diatomite in improving moisture susceptibility of
WRM. Moreover, it can be also found that the excessive di-
atomite content has a negative effect on the high- and low-
temperature performance of WRM, and the excessive basalt
fibers content has a negative impact on the high-temperature
performance and moisture susceptibility of WRM.

3.3. Vibration Attenuation Analysis of WRM. According to
the method described in Section 2.2.3, the vibration at-
tenuation properties of the rutting plate specimens made of
seven groups of asphalt mixtures were tested. Figure 5 shows
the vibration acceleration reduction curves of these rutting
plate specimens after impact loading. It can be seen from
Figure 5 that the amplitude of the vibration acceleration of
these rutting plates is continuously decreasing with the
increase of time after the impact load is applied. +is is
because the asphalt mixture is a viscoelastic material. After
the impact loading, the amplitude of the vibration accel-
eration of these rutting plates continuously reduces due to
the viscous damping of these asphalt mixtures.

Further, equation (12) is used to fit the envelope curves
of vibration acceleration attenuation. +e fitting results are
also shown in Figure 5, and Figure 5(h) shows the variation
of the exponential decay rate (damping coefficient εr) with
the content of diatomite and basalt fibers. As can be seen
from Figure 5, the correlation coefficients R2 of exponential
equation (12) for fitting the envelopes of vibration accel-
eration attenuation of seven groups ofWRM are greater than
0.97, which shows that the exponential equation can well
characterize the vibration attenuation of these asphalt
mixtures. According to the fitting results of the damping
coefficients εr, it can be calculated that, compared with
WRM, the damping coefficient εr of DWRMwith 5 wt.%, 7.5
wt.%, and 10 wt.% diatomite and BWRM with 0.2 wt.%, 0.3
wt.%, and 0.4 wt.% basalt fibers increases by 40.22%,
104.37%, 152.01%, 101.21%, 183.14%, and 216.02%, re-
spectively. It can be found that the addition of diatomite and
basalt fibers can significantly improve the vibration atten-
uation properties of WRM, and with the increase of the
content of diatomite and basalt fibers, the improvement is
more significant. In addition, it can be also concluded that
the basalt fibers are superior to diatomite in improving the
vibration attenuation properties of WRM.

3.4. Vibration Attenuation Analysis of Tires on WRM.
According to the method described in Section 2.2.4, the
vibration attenuation properties of the tire on the rutting
plate specimens made of these asphalt mixtures were tested.
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Table 6: Test results of Marshall indexes for seven groups of asphalt mixtures.

Mixtures Content (%) VV (%) VMA (%) VFA (%) MS (kN) FL (mm)
WRM 0 3.6 14.1 75.0 14.28 3.26

DWRM
5 3.6 14.7 75.5 14.49 3.1
7.5 3.2 14.2 77.4 14.98 3.98
10 2.5 13.9 82.4 16.50 3.32

BWRM
0.2 3.1 14.2 78.6 15.23 3.1
0.3 3.6 14.5 75.2 15.41 3.69
0.4 3.8 15.2 75.0 14.79 3.12

Table 7: Test results of pavement properties for seven groups of asphalt mixtures.

Mixtures Content (%)
High-temperature performance Low-temperature performance Moisture susceptibility

d1 (mm) d2 (mm) DS (times/min) RT (MPa) εT(με) ST (MPa) RT1 (MPa) RT2 (MPa) TSR (%)

WRM 0 2.810 3.010 3150 3.8 2732 2376 14.34 12.69 88.5

DWRM
5 2.300 2.440 4500 4.1 3478 2537 14.49 13.07 90.2
7.5 2.670 2.800 4846 4.0 3634 2133 14.98 13.65 91.1
10 2.040 2.180 4500 4.0 2804 2673 15.96 14.88 93.2

BWRM
0.2 2.460 2.630 3706 3.9 3436 2348 15.23 14.40 94.6
0.3 2.540 2.710 3706 4.4 3490 2199 15.41 14.86 96.4
0.4 2.640 2.830 3316 4.1 3501 2110 14.79 14.05 95.0
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Figure 5: Vibration attenuation curves and damping coefficient of the rutting plates: (a) WRM; (b) DWRM with 5 wt.% diatomite;
(c) DWRM with 7.5 wt.% diatomite; (d) DWRM with 10 wt.% diatomite; (e) BWRM with 0.2 wt.% basalt fibers; (f ) BWRM with 0.3
wt.% basalt fibers; (g) BWRM with 0.4 wt.% basalt fibers; and (h) damping coefficient of the rutting plates.
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Figure 6: Continued.
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Figures 6(a)–6(g) show the vibration attenuation curves of the
tire on these rutting plate specimens after impact loading. Just
as the vibration attenuation variation of the rutting plates, it
can be seen from Figures 6(a)–6(g) that the amplitude of the
vibration acceleration of the tire on these rutting plates is
continuously decreasing with the increase of time after loading
due to the damping of the tire and these asphalt mixtures.

Again, equation (12) is used to fit the envelope curves of
the vibration acceleration attenuation of the tire. +e fitting
results are also shown in Figure 6, and Figure 6(h) shows the
trend of the exponential decay rate (damping coefficient εt)
with the content of diatomite and basalt fibers. It can be also
found from Figure 6 that exponential equation (12) can well
reflect the vibration attenuation characteristics of the tire on
these asphalt mixtures.

According to the fitting results, it can be found that the
damping coefficient εt of the asphalt mixture can be in-
creased by adding diatomite and basalt fiber. 10% diatomite
and 20% basalt fiber can increase the damping coefficient εt

of asphalt mixture by 21.97% and 31.27%, respectively. It can
be concluded that the addition of diatomite and basalt fibers
can significantly improve the vibration attenuation prop-
erties of the tire on WRM. And with the increase of the
content of diatomite and basalt fibers, the damping coeffi-
cient increases continuously, and the vibration attenuation
properties of the tire on the WRM are also continuously
enhanced. In addition, it can be also seen that the basalt
fibers are superior to diatomite in improving vibration at-
tenuation properties of the tire on the WRM. +is means
that the vehicle will be more comfortable on the road made
of DWRM and BWRM and will produce less road noise.

3.5. Correlation Analysis. It can be seen from the above that
the addition of diatomite and basalt fibers can significantly
improve the high-temperature stability, low-temperature

cracking resistance, water damage resistance, and vibration
damping performance of WRM. However, whether these
improvements in road performance and vibration atten-
uation of WRM are caused by the addition of diatomite and
basalt fibers or by the changes of asphalt-aggregate ratio
remains to be further studied. +e correlation degree be-
tween the basalt fibers content, diatomite content, as well as
asphalt-aggregate ratio and the volume indexes, the
pavement performance, and the vibration attenuation of
WRM also needs to be further calculated and analysed.
+erefore, the GCGA method is used to quantitatively
calculate the correlation degree between them and analyse
the internal cause of improvement of the pavement per-
formance and the vibration attenuation for DWRM and
BWRM. +e dimensionless processing of these indexes is
needed before GCGA. +e dimensionless results of all
indicators are shown in Table 8 according to equation (13).
Subsequently, according to equation (14) and equation (15),
the grey correlation degree cj is calculated as shown in
Table 9.

From Table 9, it can be seen that there is a large dif-
ference in the correlation degree between the basalt fibers
content, diatomite content, as well as asphalt-aggregate ratio
and the volume indexes, the pavement performance, and the
vibration attenuation of WRM. Compared with diatomite
content and asphalt-aggregate ratio, basalt fiber content has
a higher correlation with the VV and VMA of WRM.
However, the correlation between diatomite content and
VFA is higher than that between basalt fiber content and
asphalt-aggregate ratio and VFA. +is means that the VV
and VMA of WRM are closely related to the basalt fibers
content, and the addition of basalt fibers can hinder the
compaction movement of aggregate in WRM and then
increase VV and VMA of WRM. And the increase of the
VFA of WRM is mainly caused by the increase of diatomite
content and WRA content. +e colloid formed by the fine
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Figure 6: Vibration attenuation and damping coefficient of tire on the rutting plates: (a) WRM; (b) DWRM with 5 wt.% diatomite;
(c) DWRM with 7.5 wt.% diatomite; (d) DWRM with 10 wt.% diatomite; (e) BWRM with 0.2 wt.% basalt fibers; (f ) BWRM with 0.3
wt.% basalt fibers; (g) BWRM with 0.4 wt.% basalt fibers; and (h) damping coefficient of the tire.
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diatomite adsorbing a large amount of freeWRA fills the gap
between the aggregates and increases VFA of WRM.

For the engineering properties of WRM, the correlation
degree with MS of WRM: asphalt-aggregate
ratio> diatomite content> basalt fibers content. Compared
with the asphalt-aggregate ratio or basalt fibers content,
diatomite content has a higher correlation with the DS of
WRM. However, the correlation between basalt fibers
content and εT is higher than that between diatomite content
or asphalt-aggregate ratio and εT. +e asphalt-aggregate
ratio has the highest correlation with the TSR of WRM
compared to diatomite content or basalt fibers content and
the TSR of WRM. +is indicates that the high-temperature
performance of WRM is mainly related to the asphalt-ag-
gregate ratio and diatomite content, and the addition of
diatomite increases the relative content of the structural
asphalt in WRM and thus improves the resistance to per-
manent deformation at high temperature; the basalt fibers
content mainly affects the low-temperature performance of
WRM, and the reinforcement effect of basalt fibers can
significantly improve the anticracking ability of WRM at low
temperature; the water damage resistance of WRM is mainly
related to the asphalt-aggregate ratio, and a higher asphalt-
aggregate ratio means more WRA to wrap aggregates, which
makes it more difficult for external water to penetrate the
interface between WRA and aggregates, thus improving the
water damage resistance.

For the vibration attenuation of WRM, the correlation
degree with εr and εt of WRM: asphalt-aggregate
ratio> basalt fibers content> diatomite content. +is reveals
that the main material for attenuating vibration in WRM is
WRA, followed by basalt fibers and finally diatomite. +e
improvement of the vibration damping performance of
WRM by diatomite and basalt fibers is mainly attributed to
the increase of asphalt-aggregate ratio caused by the addition
of the two, which enhances the vibration damping perfor-
mance of WRM. Besides, basalt fibers, as a reinforcement
and toughening material, can rapidly spread the internal

stress of the asphalt mixtures, which further improves the
vibration attenuation performance of the WRM.

4. Conclusions

In this paper, the pavement performance and vibration
attenuation of WRM were reinforced by the diatomite and
basalt fibers. +e effect of diatomite and basalt fibers content
on the pavement performance and vibration attenuation of
WRMwere analysed by the tests and the GCGAmethod.+e
following conclusions can be achieved:

(1) VMA, VFA, and MS of WRM increase with the
addition of diatomite and basalt fibers. While VV of
WRM decreases with the increase of diatomite
content and increases with the increase of basalt
fibers content. Besides, the variety of VV and VMA
of WRM are closely related to basalt fiber content,
while the variety of VFA ofWRM is mainly related to
diatomite content and WRA content.

(2) Diatomite and basalt fibers can significantly improve
the high- and low-temperature performance and
water damage resistance of WRM. And the im-
provement of high-temperature permanent defor-
mation resistance, low-temperature cracking
resistance, and water damage resistance of WRM is
mainly attributed to diatomite, basalt fibers, and
asphalt-aggregate ratio, respectively.

(3) +e addition of diatomite and basalt fibers can
significantly reinforce the vibration attenuation
properties of WRM, and with the increase of the
content of diatomite and basalt fibers, the rein-
forcement is gradually significant. In addition, the
basalt fibers are superior to diatomite in improving
the vibration attenuation properties ofWRM and the
tire on the WRM.

(4) +e improvement of the vibration damping per-
formance of WRM by diatomite and basalt fibers is

Table 8: +e dimensionless results of the test indexes.

Groups D B A VV VMA VFA MS DS εT TSR εr εt

1 0 0 0 0.846 0.154 0 0 0 0 0 0 0
2 0.5 0 0.375 0.846 0.615 0.068 0.095 0.796 0.827 0.215 0.186 0.087
3 0.75 0 0.625 0.538 0.231 0.324 0.315 1 1 0.329 0.483 0.401
4 1 0 0.875 0 0 1 1 0.796 0.08 0.595 0.704 0.703
5 0 0.5 0.425 0.462 0.231 0.486 0.428 0.328 0.78 0.772 0.469 0.378
6 0 0.75 0.7 0.846 0.462 0.027 0.509 0.328 0.84 1 0.848 0.488
7 0 1 1 1 1 0 0.23 0.098 0.853 0.823 1 1
Note. D: diatomite content; B: basalt fibers content; A: asphalt-aggregate ratio.

Table 9: +e grey correlation degree of the test indexes.

Factors VV VMA VFA MS DS εT TSR εr εt

D 0.460 0.563 0.790 0.687 0.721 0.537 0.548 0.588 0.596
B 0.713 0.740 0.648 0.676 0.535 0.690 0.687 0.776 0.755
A 0.687 0.680 0.671 0.739 0.678 0.660 0.712 0.849 0.812
Note. D: diatomite content; B: basalt fibers content; A: asphalt-aggregate ratio.
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mainly attributed to the increase of WRA content
caused by adding diatomite and basalt fibers. And
the reinforcement and toughening effect of basalt
fibers can further improve the vibration attenuation
performance of WRM.
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