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Abstract: Layered double hydroxides (LDHs) can shield polymeric materials from UV light, which
allows reducing material aging and erosion damage of bituminous pavement under physical and
chemical action. In this study, the physicochemical properties, aging resistance, and erosion resistance
to the aqueous solution of LDHs modified bitumen mastic (BM) were characterized by Fourier-
transform infrared spectroscopy, basic physical tests, viscosity tests, a dynamic shear rheometer, and
a bending beam rheometer. The results show that few chemical reactions occurred between LDHs
and BM, indicating that a physical mechanism underlay the modification of BM by LDHs. Moreover,
LDHs could increase the flow activation energy of BM by 0.12%, increase the high failure temperature
from 69.07 ◦C to 71.07 ◦C, and decrease the low failure temperature from −10.50 ◦C to −12.39 ◦C.
Therefore, LDHs could slightly reduce the temperature sensitivity of BM, while slightly enhancing
the high and low-temperature rheological properties of BM. Compared with short-term aging and
long-term aging, LDHs could significantly improve the UV aging resistance of BM. The above results
are consistent with previous studies of LDHs-modified bitumen. Furthermore, water and pH 3
acidic solutions had the greatest degree of erosion to BM, and LDHs could improve the resistance to
aqueous solutions. Overall, this study can help to investigate the effects of various environmental
factors on the performance of LDHs modified bitumen pavements during long-term use.

Keywords: bitumen mastic; layered double hydroxides; aging conditions; water erosion; physicochemical
properties; antiaging properties

1. Introduction

Bituminous pavement is used in the natural environment, subjected to the physical
and chemical action of heat, light, oxygen, and water and the load of vehicles [1,2]. Thus,
the light components of bitumen are easy to volatilize, oxidize, and dissolve, whereby the
technical indicators and the rheological properties can deteriorate [3,4]. The properties of
bitumen, such as adhesion and fatigue resistance, deteriorate after aging; thus, the water
damage resistance and crack resistance of the bitumen mixture are weakened [5,6]. This
leads to a series of pavement diseases such as cracking and potholes, which greatly reduce
the service life of the bituminous pavement and increase traffic risks [7,8]. The antiaging
property is the ability to resist the above reaction, maintain the ratio of light and heavy
components in bitumen, and maintain the pavement performance while preventing easy
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decay. Therefore, modifying and enhancing the antiaging performance of bituminous
pavement can increase its service life, while reducing the maintenance cost of highways
and the pollution of solid waste. Bitumen undergoes thermal oxygen aging when it is
mixed in a blender [9]. The UV aging of bituminous pavement is easily affected by solar
ultraviolet rays during service [10]. In recent years, the focus of highway construction
in China has shifted to the western plateau region, where the ozone layer has thinned,
exacerbating the UV aging of bituminous pavement. In developed industrial areas, acid
rain is frequent, and the bituminous pavement is often corroded by acid rain [11]. The
seawater in the southeast coastal area and the saline soil in the northwest area contain a
large amount of sodium and sulfate salt, which can cause varying degrees of damage to the
bituminous pavement [12,13].

In order to extend the service life of bituminous pavement, antiaging modifiers can be
added to bitumen to enhance its aging resistance, which is the most efficient and mature
method of bitumen modification [14,15]. Among these, layered double hydroxides (LDHs)
can enhance the aging resistance through the physical shield to UV rays [16]. As a layered
nanomaterial with a structure similar to brucite, LDHs prolong the penetration distance
of oxygen into the bitumen binder to reduce the diffusion of oxygen [17]. The multilayer
structure of LDHs can reflect and absorb UV light, making them a good UV shielding
material. Thus, LDHs have excellent heat-, light-, and oxygen-blocking abilities and are
used as antiaging additives. In recent years, research on LDHs as bitumen antiaging modi-
fiers has also received much attention. He et al. found that LDHs improved the resistance
of bitumen to deformation at high temperatures and protected its physicochemical prop-
erties, rheological properties, and chemical composition under UV aging [18]. Cao et al.
investigated the effect of different particle sizes of LDHs on the UV aging resistance of
asphalt using viscosity tests, dynamic shear rheometer (DSR) tests and Fourier-transform
infrared spectroscopy (FTIR) tests [19]. Comparing the LDHs with particle sizes of 75 nm,
115 nm and 300 nm, the best modification on the temperature susceptibility and UV-aging
resistance of asphalt was achieved with the particle size of 180 nm. Li et al. investigated the
effect of dosage of LDHs on the pavement performance and aging resistance of asphalt [20].
They observed that LDHs can improve the high-temperature performance, resistance to
thermal oxidative aging and UV aging of bitumen without significantly weakening the
other properties of bitumen. They concluded that the dosage of LDHs should be less than
4%. The effect of LDHs on the antiaging performance of bitumen has been thoroughly
investigated, and the technology of modifying bitumen with LDHs has gradually matured.
However, bituminous concrete is formed by bonding various aggregates with bitumen
mastic (BM), which are then condensed together; hence, the antiaging performance of
BM directly affects the service life of the bituminous pavement. There are few studies on
the physicochemical properties and antiaging performance of LDHs-modified bitumen
mastic (MBM).

Therefore, in this study, LDHs MBM was prepared using the melt blending method
to evaluate the physicochemical properties and aging resistance of MBM. The effect of
LDHs on the properties of BM was investigated, including the chemical structure, physical
properties, and rheological properties. Under different aging conditions and different
aqueous solutions, the antiaging behavior and anti-solution erosion behavior of LDHs
MBM are discussed. The methodological framework was illustrated in Figure 1.
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Figure 1. Research program.

2. Materials and Experiment
2.1. Materials
2.1.1. Bitumen

The PEN 80/100 base bitumen used in this study was produced by Yongte Petro-
chemical Co., Ltd., Yingkou, Liaoning Province, China. The basic physical performance of
the base bitumen was characterized according to relevant specifications, as displayed in
Table 1.

Table 1. Physical performance of 80/100 base bitumen.

Physical Performance Units Result Standards

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 85.3 ASTM D-5 [21]
Softening point ◦C 45.2 ASTM D-36 [22]
Ductility (10 ◦C) cm 392 ASTM D-113 [23]
Solubility (trichloroethylene) % 99.8 ASTM D-2042 [24]

2.1.2. LDHs

As a material with UV aging resistance, LDHs can effectively physically shield and
chemically absorb ultraviolet rays, in addition to having good antiaging properties. As the
commonly used type of LDHs, the Mg–Al LDH containing interlayer carbonate anions was
utilized to modify BM. The basic physical parameters of the Mg–Al LDHs are illustrated in
Table 2.
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Table 2. Basic physical parameters of Mg–Al LDHs [20].

Parameters Units LHDs

Ratio of MgO/Al2O3 / 4.2
Content of LDHs % ≥99.5
Mass loss (105 ◦C) % ≤0.5
Specific surface area m2/g 1.34
Average particle size µm 5.267

2.1.3. Filler

Limestone mineral powder was selected to be the filler, and its technical performance
is illustrated in Table 3.

Table 3. Technical performance of filler.

Technical Performance Result Requirement [25]

Apparent density/g·cm−3 2.671 ≥2.5

Gradation/wt.%
<0.6 mm 100 100
<0.15 mm 94.2 90~100
<0.075 mm 81.4 75~100

Hydrophilic coefficient 0.62 <1

2.2. Characterization of LDHs

The surface morphology was characterized by scanning electron microscopy (SEM,
139 S3500N type, Hitachi Corp., Tokyo, Japan) with a voltage of 20 kV. Fourier-transform
infrared spectroscopy (FTIR, VERTEX 70, Bruker Co., Ltd., Heidelberg, Germany) was
utilized to observe the chemical structure within the wave number range of 4000–400 cm−1

and 64 scans. The crystal structure of LDHs was analyzed by X-ray diffraction (XRD,
Bruker AXS D8-Focus, Heidelberg, Germany) with the positive pressure method. The test
parameters were a 2θ range of 5◦–50◦ and a scanning rate of 0.25◦/s. The diffraction angle
in the presence of characteristic peaks could be employed to calculate the interlayer spacing
of LDHs using the Bragg equation, as shown in Equation (1) [26].

λ = 2d sin θ, (1)

where λ expresses the wavelength of the CuKα ray (equal to 0.15418 nm), d is the basal
spacing between the sheets of LDHs (nm), and θ is half of the diffraction angle (◦).

UV spectrophotometry (UV/Vis, 750 S 141 PerkinElmer Lambda, Waltham, MA, USA)
was carried out to obtain the UV absorbance and reflectance spectra of LDHs within
200–800 nm.

2.3. Preparation of BM

The 80 wt.% filler was added to the base bitumen at 150 ◦C and mixed at 200 rpm
for 10 min to obtain the base bitumen mastic (BBM). Additionally, 3 wt.% LDHs were
gradually added to the base bitumen in the molten state at 150 ◦C, and the mixture was
stirred at 200 rpm for 30 min. Then, it was sheared at 4000 rpm for 60 min to obtain the
LDHs modified bitumen using the melt blending method. Finally, the LDHs-modified
bitumen mastic (MBM) was prepared by mixing 80 wt.% filler at 200 rpm for 10 min.

2.4. Aging Simulation of BM

The thin-film oven test (TFOT) at 163 ◦C for 5 h was used to obtain aged BBM and
LDHs MBM. Then, the samples were subjected to a pressure aging vessel (PAV) test at
100 ◦C and 2.1 MPa for 24 h. Additionally, the samples aged by TFOT were placed in the
UV aging oven at 40 W/m2 and 60 ◦C for 168 h. The unaged BM samples were immersed
in five different aqueous solutions, namely, distilled water, pH 3 solution, pH 11 solution,



Sustainability 2023, 15, 1546 5 of 18

10 wt.% NaCl solution, and 10 wt.% Na2SO4 solution. The aqueous solution was replaced
every other day, and the test was continued for 14 days.

2.5. Characterization of BM

Before and after the aging simulation, the chemical structure of BBM and LDHs MBM
was characterized by the FTIR spectrum. The bitumen was dissolved in carbon disulfide to
form a mixture, which was dripped onto a potassium bromide chip as a test carrier. After
the carbon disulfide was completely evaporated, the sample was tested 64 times with a
scanning range of 4000–400 cm−1. After aging, the indices of the carbonyl group (IC=O) and
sulfoxide group (IS=O) were compared to discuss the aging degree of bitumen, calculated
using Equations (2) and (3) [27].

IC=O =
Aaround 1700cm−1

∑ A 2000–600cm−1
, (2)

IS=O =
Aaround 1030cm−1

∑ A 2000–600cm−1
, (3)

where Aaround 1700cm−1 and Aaround 1030cm−1 represent the 1700 cm−1 areas centered around
C=O and the 1030 cm−1 areas centered around S=O; ∑ A 2000–600cm−1 is the sum of areas
from 2000 cm−1 to 600 cm−1.

According to the relevant standards, the penetration, softening point, ductility, and vis-
cosity tests were carried out to analyze the physical properties of BM before
aging [21–23,28]. The parameters of the penetration test were a temperature of 25 ◦C,
a weight mass of 100 g, and a test time of 5 s. The ductility test was undertaken at 10 ◦C.
The viscosity test of BM was conducted at 90 ◦C, 105 ◦C, 120 ◦C, 135 ◦C, and 150 ◦C. On the
basis of the viscosity data, the flow activation energy was obtained through the Arrhenius
equation, as shown in Equations (4) and (5) [29].

η = A·e−Eη/RT, (4)

lnη = lnA−
Eη

R
× 1

T
, (5)

where η represents the viscosity of BM (Pa·s), A expresses the regression coefficient, Eη

is the flow activation energy (kJ/mol, R expresses the universal gas constant (equal to
8.314 J/(mol·K)), and T represents the test temperature (K). A higher flow activation energy
of bitumen mastic indicates a higher viscosity/temperature dependence.

The high-temperature rheological properties of BM were studied using a dynamic
shear rheometer (DSR, SmartPave102, Anton Paar Co., Ltd., Berlin, Germany) at 52–76 ◦C.
A rotor diameter of 25 mm and a gap thickness of 1 mm were selected, and the frequency
and strain were 10 rad/s and 0.5%, respectively. To discuss the influence of LDHs on
antiaging properties, the G* aging index (GAI) was defined as the ratio of the G* of aged
BM to that of unaged BM, calculated using Equation (6) [30].

GAI =G∗aged/G∗unaged (6)

where G∗aged and G∗unaged are the G* of aged and unaged BM respectively, kPa.
The low-temperature rheological properties of BM were characterized using a bending

beam rheometer (BBR) test at −6, −12, and −18 ◦C. The sample was poured with hot
bitumen in the mold, forming a rectangular bitumen strip of 127 mm × 12.7 mm ×
6.35 mm [31]. The different samples were compared according to the parameters of cracking
resistance such as the creep stiffness modulus (S) and creep rate (m-value), calculated using
Equations (7) and (8) [32].

S(t) =
PL3

4bh3∆(t)
, (7)
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m(t) = B + 2C[lg(t)] 2, (8)

where S(t) is the creep stiffness at 60 s (MPa), b, h, and L express the width, depth, and
span length of the sample (mm), ∆(t) expresses the deflection of samples at 60 s, P is the
load (mN), and B and C express the regression coefficients between lg[S(t)] and lg[m(t)]. A
lower value of S indicates better low-temperature ductility [33]. The m-value represents
the change rate of S, and a larger m-value indicates a bigger relaxation rate and better
low-temperature performance.

3. Results and Discussion
3.1. Characterization of LDHs
3.1.1. Morphology

The surface morphology of LDHs was observed using SEM, and the SEM images at
5000× and 10,000× magnification are shown in Figure 2a,b, respectively. The surface of
LDHs was irregular and uneven in size, and the smooth particles were tightly arranged.
The thickness of the thin sheet marked in bule arrow was about 100 nm, whereas the sheet
marked in red arrow showed a width of 1.67 µm. The results were similar to previous
studies [27].
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3.1.2. Chemical and Crystal Structures

The chemical structure of LDHs was tested using FTIR, as shown in Figure 3. There
were eight characteristic absorption peaks on the infrared spectrum, among which the
absorption band at 3461 cm−1 corresponded to the stretching vibration of –OH of the
interlayer water. The stretching vibration of the hydrogen bond of H2O and CO2−

3 in the
interlamellar channels appeared at 3069 cm−1. Additionally, the bending vibration of H2O
and asymmetric stretching vibration of CO2−

3 were present at 1605 cm−1 and 1359 cm−1,
respectively. The absorption peaks of 780 cm−1, 686 cm−1, 550 cm−1, and 449 cm−1 were
caused by the presence of the metal hydroxide sheets in the magnesium–aluminum lattice,
i.e., Al–O, Mg–O, O–Mg–O, and O–Al–O. Figure 4 displays the XRD pattern of LDHs,
revealing five characteristic peaks of LDHs: 003, 006, 012, 015, and 018. The first three
sharp peaks were characteristic of hydrotalcite compounds with diffraction peaks at 34,946,
14,430, and 3488 a.u. This indicated that the LDHs had good preferred orientation and
crystal quality [34]. The peaks 003, 006, and 012 corresponded to 2θ = 11.60◦, 23.38◦, and
34.84◦, respectively. Their base spacing could be calculated from Equation (1) as 0.76, 0.38,
and 0.26 nm, respectively. The characteristic peaks on the FTIR spectra and the crystal
structures were recognized in previous studies [20].
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3.1.3. UV Barrier Property

The multilayer structure of LDHs enables them to have a UV barrier property, which
is the key to their application in bitumen modification. The absorbance and reflectance
of LDHs in the UV wavelength range are displayed in Figure 5. The UV reflectance of
LDHs increased to 69.41% in the range of 200–230 nm and decreased to a minimum value
of 60.74% in the range of 230–256 nm. After 256 nm, the reflectance increased with the
increase in wavelength, reaching a peak value of 80.19% in the range of 400 nm. The UV
absorbance was opposite to the reflectance and reached the minimum of 0.0916 a.u. at
400 nm. Due to the absorption of UV by the atmosphere, relatively high energy UV can be
almost absorbed, and bituminous pavement is mainly affected by UVB (280–315 nm) and
UVC (315–400 nm) [35]. LDHs in UV reflection in the range of 280–400 nm was higher than
72.08%, achieving their shielding function. This is close to the UV shielding performance of
88% in a previous study [19]. Therefore, LDHs with UV barrier properties can be utilized
as an anti-UV aging additive to enhance the aging resistance of bitumen.
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Figure 5. UV absorbance and reflectance spectra of LDHs.

3.2. Effect of LDHs on Physicochemical Properties of BM
3.2.1. Chemical Structure

To investigate the influence of LDHs on the chemical structure of BM, the FTIR spectra
of BM before and after the addition of LDHs are shown in Figure 6. The corresponding
characteristic peaks in the BM spectra are 2924 cm−1, 2853 cm−1, and 1458 cm−1, corre-
sponding to C–H. In addition, the peaks at 1601, 1377, and 733 cm−1 correspond to an
asymmetrically substituted benzene ring, methyl group, and aromatic branch chain. Eight
characteristic absorption peaks of LDHs could be observed on the spectrum of LDHs MBM,
and no new characteristic peaks appeared on LDHs MBM. This suggested that there was
no chemical reaction between LDHs and BM, and that the modification of BM by LDHs
was a physical method, just like the modification of bitumen by LDHs [36].
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3.2.2. Physical Properties

The physical properties of BM are related to the machining and road performance
of bituminous concrete [37]. Table 4 compares the physical properties of BBM and LDHs
MBM. After modification, the softening point of LDHs MBM increased by 4.81%, while
the penetration and ductility decreased by 5.23% and 3.17%, respectively. This manifests
that LDHs hardened the BM and improved the high-temperature performance, while they
weakened the low-temperature performance. This is because inorganic nanomaterial LDHs
block the free movement of bitumen molecule chains in the BM [38].

Table 4. Physical properties of BBM and LDHs MBM.

Physical Properties Units BBM LDHs MBM Variation (%)

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 59.3 56.2 −5.23
Softening point ◦C 49.9 52.3 4.81
Ductility (10 ◦C) cm 221 214 −3.17

The viscosity of BM can reflect the deformation of BM from a viscoelastic to a viscous–
fluid state over a wide temperature region, which indirectly characterizes the temperature
sensitivity of bitumen and the workability of bituminous concrete [39]. Figure 7 illustrates
the viscosity of BBM and LDHs MBM at 90 ◦C, 105 ◦C, 120 ◦C, 135 ◦C, and 150 ◦C. It can be
seen that the viscosity of BBM and LDHs MBM decreased with the increase in temperature.
The addition of LDHs increased the viscosity of BM by 13.68%, 16.57%, 17.24%, 17.07%,
and 12.50% at 90 ◦C, 105 ◦C, 120 ◦C, 135 ◦C, and 150 ◦C, respectively.
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Figure 7. Viscosity–temperature curve of BBM and LDHs MBM.

The viscosity–temperature curves for all samples were fitted to the Arrhenius
Equations (2) and (3), as displayed in Figure 8. The fitted parameters are shown in
Table 5. The fitting results showed that the correlation coefficients (R2) of BBM and LDHs
MBM were 0.9955 and 0.9968, respectively, both reaching 0.99. Therefore, the Arrhenius
equation could better describe the viscosity–temperature relationship of LDHs MBM. The
addition of LDHs increased η by 0.12% compared to the base BM, and the activation energy
required for the conversion of BM to the viscoelastic state increased slightly. This indicates
that the addition of 3% LDHs had little effect on temperature sensitivity. The effect of LDHs
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on bitumen mastic was smaller than the effect of LDHs on the temperature sensitivity of
bitumen [19]. The fitted viscosity–temperature relationship could provide a reliable basis
for the determination of mixing and compaction temperatures of bitumen mixture [29].
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Figure 8. Arrhenius fitting lines of BBM and LDHs MBM.

Table 5. The fitting parameters of samples.

Mastic Fitting Line R2 Slope (−Eη/R) |Eη| (kJ/mol)

BBM y = 4166.2x − 10.395 0.9955 4166.2 34.6378
LDHs MBM y = 4171.3x − 10.346 0.9970 4171.3 34.6802

3.2.3. High-Temperature Rheological Properties

G* and δ are considered parameters characterizing the rheological properties at high
temperatures. A larger G* indicates a higher shear resistance, and vice versa [40]. The value
of δ can be used to calculate the ratio of the elastic component to the viscous component. A
larger δ indicates a more viscous component. On the contrary, a smaller δ indicates a more
elastic component. It can be seen from Figure 9 that the addition of LDHs increased the
G* and decreased the δ of BM, indicating that LDHs could improve the shear deformation
resistance of BM and increase the elastic component of BM. The rutting resistance factor is
usually characterized by G*/sinδ [40]. A higher value denotes better rutting resistance. As
can be seen from Figure 10, the rutting factor of LDHs MBM was greater than that of BBM,
indicating that the rutting resistance was improved. The SHRP program specifies that the
failure temperature was determined by the temperature at G*/sinδ = 1 kPa. According to
Figure 10, the failure temperature of BBM was 69.07 ◦C and the failure temperature of MBM
with LDHs was 71.07 ◦C. LDHs could improve the high-temperature rheological properties
of BM, consistent with the physical property test results. The effect of LDHs on the high-
temperature rheological properties of BM was less than that on the high-temperature
rheological properties of bitumen [18]. This might be due to the addition of fillers that
weakened the effect.
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3.2.4. Low-Temperature Rheological Properties

The low-temperature rheological properties of BBM and LDHs-BBM were character-
ized by the S and m values obtained from the BBR test, as shown in Figure 11. As the test
temperature decreased, the S value gradually increased, and the m value gradually de-
creased. The results show that the ductility and relaxation rate of BM gradually decreased
at low temperatures, and BM became stiff and brittle. The addition of LDHs decreased the
S of BM at −6 ◦C and −12 ◦C and increased the S at −18 ◦C. The m value increased at three
different temperatures after modification. In general, a lower S value indicates better ductil-
ity at low temperature [33]. A higher m value indicates a higher relaxation rate and better
low-temperature properties. The data suggest that LDHs improved the low-temperature
properties of BM at −6 ◦C and −12 ◦C. While the regularities of S and m values were
not inconsistent at −18 ◦C, a new index k = m/S was introduced to uniformly evaluate
the low-temperature properties of BM [41]. A higher k denotes better low-temperature
properties of BM; the results are shown in Figure 12. Compared with BBM, the k values of
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LDHs MBM at −6 ◦C, −12 ◦C, and −18 ◦C were improved by 1.33, 1.18, and 1.42 times, re-
spectively. This manifests that LDHs could improve the low-temperature properties of BM.
To study the low-temperature properties of BM, it was also necessary to study the failure
temperature of BM at low temperatures. According to BBR test results, S and m values at
different temperatures were fitted linearly as shown in Figure 11 [32]. The R2 value was
close to or greater than 0.9, indicating that the fitting data could offer a reliable reliability
of low-temperature failure. According to the fitting formula, the failure temperature of
BBM and LDHs MBM was −10.50 ◦C and −12.39 ◦C, respectively. Therefore, LDHs could
improve the low-temperature rheological properties of BM.
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3.3. Effect of LDHs on Antiaging Properties of BM
3.3.1. Effect of LDHs on GAI of BM

BM is a viscoelastic mixture that is plastic at high temperatures and prone to irrecov-
erable deformation [42]. To explore the influence of different aging conditions on the
rheological properties of LDHs MBM, Figure 13a compares the G* of BBM and LDHs MBM
with different aging degrees. Aging increased the G* of BM in the order of TFOT < PAV <
UV. The addition of LDHs increased the G* of the unaged BM and BM aged by TFOT and
PAV, while the G* of UV-aged samples was smaller than that of UV-aged BBM. Figure 13b
illustrates the GAI of BM under different aging conditions. Compared to the BBM, the GAI
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of LDHs MBM was greater after TFOT and PAV aging, while it was smaller after UV aging.
This suggests that the addition of LDHs increased the G* of BM and hardened BM, making
it more susceptible to TFOT and PAV. However, the UV barrier property of LDHs and the
UV aging resistance of BM were successfully enhanced. This was the same result as for
LDHs-modified bitumen [43].
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Figure 13. G* (a) and GAI (b) of BBM and LDHs MBM with different aging degrees.

The G* of BM after immersion in different solutions is displayed in Figure 14a. The
reduction in G* of BBM after immersion was in the order of H2O < pH 3 < NaCl < Na2SO4 <
pH 11. The G* of LDHs MBM was pH 3 < H2O < NaCl < Na2SO4 < pH 11. For LDHs MBM,
the reduction in G* after immersion was less than that of BBM. Figure 14b compares the
GAI of BBM and LDHs MBM after immersion in different solutions. Because the solution
erosion reduced the G* of BM, the GAI was less than 1. Thus, a smaller GAI indicated
a greater degree of erosion at this time. It can be seen from the figure that the GAI of
LDHs MBM was larger than that of BBM after immersion in different aqueous solutions,
indicating that the addition of LDHs improved the resistance of BM to the aqueous solution.
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It might be that the layered structure of LDHs led to a longer penetration distance of the
aqueous solution, which acted as a shielding effect.
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3.3.2. Effect of LDHs on IC=O and IS=O of BM

The effects of different aging conditions on BBM and LDHs MBM were further inves-
tigated using IC=O and IS=O as aging indicators. Figure 15 shows the effect of TFOT, PAV,
and UV aging on the chemical structure of BBM and LDHs MBM. According to the figure,
the IC=O of BBM and LDHs MBM gradually increased under various aging conditions.
Furthermore, the IS=O gradually increased after TFOT and PAV aging, while the IS=O after
UV aging was smaller than that after PAV aging. The IC=O and IS=O of LDHs MBM were
smaller than those of BBM under various ageing conditions, especially for UV aging. Com-
pared with BBM after UV aging, the IC=O and IS=O of LDHs MBM were reduced by 57.12%
and 35.10%, respectively. This shows that LDHs could effectively improve the resistance of
BM to TFOT, PAV, and UV aging, and the improvement effect of resistance to UV aging
was the most significant. Previous studies showed a similar effect of LDHs on IC=O and
IS=O of bitumen after aging [27].
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Figure 15. IC=O (a) and IS=O (b) of BBM and LDHs MBM under different ageing conditions.

The influence of different aqueous solutions on the IC=O and IS=O is illustrated in
Figure 16, and the change rate based on BM without immersion was calculated (Table 6).
The IC=O of BBM increased after erosion in water and pH 3, but decreased after immersion
in pH 11, NaCl, and Na2SO4. The rate of change was the largest after water erosion, which
increased by 10.41 times. The change degree of IC=O was greatly reduced by 0.14 after water
erosion. After the addition of LDHs, the change degree of IC=O after immersion in aqueous
solutions other than NaCl solution was also reduced. The IS=O increased after erosion by
different aqueous solutions, and the maximum change rate increased by 1.52 times after
erosion by an alkali solution. The erosion degree of water and Na2SO4 was unchanged after
the addition of LDHs. At the same time, the erosion degree of pH 3 and pH 11 was reduced,
and the erosion degree of NaCl was doubled. This shows that LDHs could improve the
resistance to water, pH 3, pH 11, and Na2SO4, but weaken the resistance to NaCl erosion.
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Table 6. Change rate of IC=O and IS=O based on BM without immersion (times).

Sample
IC=O IS=O

BBM LDHs MBM 90 M LDHs MBM

Water 10.41 0.14 0.84 0.85
pH 3 3.29 1.88 1.27 0.36

pH 11 −0.34 −0.03 1.52 1.47
NaCl −0.24 −0.76 0.43 1.09

Na2SO4 −0.15 −0.14 1.45 1.47

4. Conclusions

LDHs -MBM was characterized by FTIR, physical properties test, viscosity test, DSR,
and BBR to discuss the physicochemical properties. The antiaging properties of LDHs-
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MBM were evaluated by GAI, IC=O and IS=O, TFOT, PAV, UV aging, and immersion in
aqueous solution. The following conclusions can be drawn:

• There were few chemical reactions between the LDHs and BM; thus, the modification
of BM by LDHs is a physical method.

• In terms of physical properties, LDHs could improve the high-temperature perfor-
mance and weaken the low-temperature performance. Additionally, LDHs could
increase the viscosity of BM, increasing η by 0.12%, indicating that LDHs could slightly
reduce the temperature sensitivity of BM.

• LDHs enhanced the high failure temperature of BM from 69.07 ◦C to 71.07 ◦C and
reduce the low failure temperature from−8.83 ◦C to−13.61 ◦C. Therefore, LDHs could
improve the high-temperature and low-temperature rheological properties of BM.

• The addition of LDHs increased the G* of BM and hardened BM, making the rheologi-
cal properties more susceptible to the effects of TFOT and PAV aging. Nevertheless,
LDHs could slow the formation of carbonyl and sulfoxide groups during TFOT and
PAV aging. This shows that LDHs could improve the resistance of BM to TFOT and
PAV aging to a certain extent. Due to the UV barrier property of LDHs, the UV aging
resistance of BM was successfully enhanced.

• The GAI of BBM decreased after immersion in the order of H2O < pH 3 < NaCl <
Na2SO4 < pH 11. The addition of LDHs can enhance the GAI of BM immersed in
various aqueous solutions. The erosion of different aqueous solutions on BM decreased
in the order of erosion degree as follows: H2O > pH 3 > pH 11 > NaCl > Na2SO4. After
the addition of LDHs, the change degree of IC=O and IS=O was greatly reduced after
immersion in an aqueous solution except for NaCl solution. Combining the results of
GAI, IC=O, and IS=O indicates that water and pH 3 had the greatest degree of erosion
to BM, and LDHs could improve the resistance to five kinds of an aqueous solution.

This study is conducive to investigating the performance degradation of LDHs-
modified bituminous pavement under various environmental factors during long-term
service, and it is committed to the promotion of LDHs in pavement engineering. In the
FTIR test, the addition of LDHs increased the IC=O and IS=O of BM after immersion in NaCl
solution. In future research, the erosion behavior of NaCl on LDHs -modified bitumen will
be further investigated.
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