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Editorial

Polymeric Composites in Road and Bridge Engineering:
Characterization, Production and Application

Wensheng Wang 1,*, Yongchun Cheng 1, Heping Chen 2 and Guojin Tan 1

1 College of Transportation, Jilin University, Changchun 130022, China
2 Ingram School of Engineering, Texas State University, San Marcos, TX 78666, USA
* Correspondence: wangws@jlu.edu.cn

As a result of their rapid development, polymer composites are seeing wider use in
transportation infrastructure in China and worldwide. Styrene–butadiene–styrene (SBS),
epoxy resin (ER), polyethylene (PE), expanded polyethylene (EP), polyurethane (PU),
crumb rubber and other polymer materials can be used to modify asphalt and improve
the performance of asphalt mix. Meanwhile, the application of polymer admixtures such
as PE fiber, polyvinyl alcohol (PVA) fiber, polypropylene (PP) fiber, etc., in bituminous,
cementitious or soil materials also improves their strength and durability. Polymer materials
are also widely used in pavement maintenance and treatment; they can quickly restore
road function and extend the road’s service life.

This Special Issue contains sixteen research papers and one systematic review. The
low-temperature properties of SBS-modified asphalt are not satisfactory; thus, Chen et al.
analyzed the main factors for improving the low-temperature performance of SBS-modified
asphalt base on the orthogonal tests [1]. To solve the insufficient anti-aging performance of
modified asphalt with high SBS content, Han et al. added nanomaterials and polyphos-
phoric acid (PPA) to high SBS content linear-modified asphalt as anti-aging agents [2].
Zhang et al. adopted the mechanochemical method to prepare desulfurized crumb rubber-
modified asphalt and analyzed the effects of desulfurization process variables [3]. Further-
more, Xu et al. investigated the modification mechanism, rheological, and aging properties
of SBS/desulfurized crumb rubber composite-modified bitumen [4]. Zhao et al. explored
the influence of composite modification of activated crumb rubber powder and SBS on
asphalt [5]. Gong et al. utilized SBS and rubber crumb to modify the asphalt-based sealants
to overcome the poor high-temperature and rheological properties of sealant [6]. SBS in
crumb rubber-modified asphalt formed a three-dimensional network structure to improve
the performance. Meanwhile, Zhu et al. investigated the fatigue performance of fiber
composite modified asphalt mixture [7].

Some research studies are devoted directly to the polymer materials applied in bitu-
minous, cementitious or soil materials. Ren et al. studied the fatigue life and the material
design of polymer concrete including ER and PU [8]. Ji et al. analyzed the influence
of failure modes of PVA fiber on fiber-reinforced recycled brick powder cementitious
composites [9]. Gong et al. investigated the mechanical parameters of basalt fiber polymer-
modified active powder concrete (RPC) for the design of structural reinforcement [10].
Due to the high thermal stability, superior mechanical properties, corrosion and chemical
resistance of polymer materials, they show great potential for application in road bases,
subgrade and embankment slopes, etc. Gong et al. proposed value coefficients to evaluate
the cost-effectiveness of PE fiber-reinforced roadbeds and analyzed the effects [11]. Luo
et al. used cement, PP fiber and soil curing agent for loess subgrade improvement of
a high-speed railway [12]. Wang et al. investigated the improvement effect of PP fiber
modified lime-treated soil and fly ash-modified lime-treated soil [13]. Meanwhile, Wang
et al. used PP fiber and nano clay to modify lime-treated soil and evaluated the static
and dynamic properties of modified lime-treated soil [14]. Jiang et al. used PP fiber and
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cement to modify iron-ore tailing in road engineering as an effective reuse strategy [15]. Lv
et al. adopted waterborne polyurethane (WPU) to reinforce the road demolition waste as a
promising new polymer reinforcement material [16].

The Special Issue concludes with a review on fiber-reinforced geopolymers and
highlights the difficult aspects of current research, in addition to assessing the literature
records [17].
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Study on Anti-Aging Performance Enhancement of Polymer
Modified Asphalt with High Linear SBS Content

Daqian Han, Guosheng Hu * and Jingting Zhang

School of Materials Science and Engineering, North University of China, Taiyuan 030051, China
* Correspondence: huguosheng@nuc.edu.cn

Abstract: Modified asphalt with high content SBS is widely used in asphalt pavement due to its
excellent high and low temperature performance. However, its anti-aging performance is insufficient.
In order to improve the anti-aging performance of SBS modified asphalt, nano-ZnO, nano-TiO2,
nano-SiO2 and polyphosphoric acid (PPA) were added to high content (6.5 wt%) linear SBS modified
asphalt as anti-aging agents in this study. Moreover, Dynamic Shear Rheometer (DSR), Fluorescence
Microscope, and Fourier Transform Infrared Spectroscopy were employed to reveal the mechanism,
through the investigation of the rheological and microscopic properties of modified asphalt before
and after aging. The results showed that the influence of nanoparticles on the rutting resistance
and fatigue resistance of high content SBS modified asphalt is weak, mainly because there is only
weak physical interaction between nanoparticles and the SBS modifier, but no obvious chemical
reaction. The significant cross-networking structure of high content SBS modified asphalt even has an
adverse effect on the anti-aging performance of nano-modifiers. However, PPA obviously makes the
cross-linked network structure of SBS modified asphalt more compact, and significantly improves
the performance after short-term aging and long-term aging, mainly due to the chemical reaction
between PPA and the active groups in SBS modified asphalt.

Keywords: modified asphalt with high linear SBS content; nanoparticles; PPA; anti-aging properties;
fatigue properties; infrared spectroscopy test

1. Introduction

Polymer modified asphalt with high content SBS (HCPMA) is a promising asphalt
binder in the open-graded friction course (OGFC) pavement due to excellent high tempera-
ture shear resistance and adhesion characteristics [1–3]. However, the potential weak aging
effect of HCPMA hinders the widespread application [4]. Studies have shown that HCPMA
has active chemical properties, which are sensitive to oxygen, and could be degraded
easily in high-temperature environments. Moreover, light components volatilize, and the
active groups in asphalt react with oxygen during aging, leading to the content increase of
carbonyl and sulfoxide functional groups. The average molecular weight of asphalt after
aging increases due to intermolecular condensation and polycondensation, the content
of heavy components increases, and the elasticity of asphalt decreases. Asphalt becomes
brittle and hard, resulting in low-temperature cracking of the pavement [5,6]. Recent
studies also showed that after long-term aging, the asphalts were sharply deteriorated
and the stripping potential per unit area became overly high, resulting in a remarkable
reduction in moisture resistance [7]. As a result, its overall pavement life is only 60~70%
of the ordinary dense-graded pavements [8]. Therefore, it is very important to further
improve the anti-aging performance of HCPMA.

In recent years, researchers have devoted themselves to improving the anti-aging
performance of modified asphalt by adding anti-aging agents [9–11]. Nano materials form
stable structures with other atoms due to interfacial effects. Liu selected modified nano-TiO2
as an anti-aging agent to study the influence of the sunlight and oxygen aging of modified

Polymers 2023, 15, 256. https://doi.org/10.3390/polym15020256 https://www.mdpi.com/journal/polymers19
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asphalt [12]. The study found that the (colloidal index) of modified nano-TiO2/modified
asphalt decreased after UV aging. In addition, compared with the unmodified nano-TiO2,
the modified nano-TiO2 had a superior anti-aging effect. Zhang found that nano-ZnO could
significantly promote the anti-ultraviolet light aging ability of modified asphalt, but the
improvement effect of its thermal oxygen aging resistance was slight [13]. Eillie’s research
presented how nano-SiO2 effectively enhanced storage modulus capability and elastic
behavior, thereby enhancing rutting resistance [14]. Meanwhile, the variation in rheological
properties and the infrared spectrum aging index of aged nano-SiO2/modified asphalt
became slow. Furthermore, many researchers have discussed the anti-aging mechanism
of nanoparticles for SBS modified asphalt. Zhang considered how nanoparticles with
high surface energy and large active specific surface area have a strong bonding ability to
both asphalt and polymer particles. The addition of nanoparticles can form an oriented
film between the polymer and asphalt, thus reducing the interfacial tension between the
polymer and asphalt and improving the dispersion of polymer particles [15]. However,
Guo pointed out that the influence of nano materials on the properties of SBS modified
asphalt is not only related to physical changes, but also related to chemical reactions [16].
Besides, in the past 30 years, PPA has attracted much attention from researchers due to
its low price and excellent anti-aging performance [17–19]. Ramasamy B.S. has studied
the rheological and aging properties of unmodified and modified asphalt [20]. The results
showed that PPA enhanced the mechanical and anti-aging properties of modified asphalt.
However, PPA was unfriendly to low-temperature and the fatigue properties of modified
asphalt. As for the mechanism of the influence of PPA on the performance of SBS modified
asphalt, most researchers believed that it is a chemical reaction between PPA and active
groups (such as sulfoxide group) in SBS modified asphalt [21,22].

Based on the above analysis, nanoparticles and PPA can enhance the anti-aging
performance of low content linear SBS modified asphalt. However, the influence and
mechanism of anti-aging agents on the performance of high content linear SBS modified
asphalt is almost blank. Therefore, in this study, nano-ZnO, nano-TiO2, nano-SiO2 and
PPA with 115% orthophosphoric acid were selected as anti-aging modifiers to prepare
modified asphalt with a high content of linear SBS. Then, the anti-aging properties were
comprehensively evaluated by DSR rheometer, fluorescence microscope and infrared
spectrometer. The influencing mechanism of nanoparticles and PPA on the anti-aging
properties of high content SBS modified asphalt was revealed.

2. Materials and Methods

2.1. Experiment Materials

Zhonghai 70# (PG64-16) acted as the base asphalt. Linear SBS 791-H was produced by
Sinopec. The solubilizer was selected from rubber oil with 3.0 wt% of base binder produced
in Iran. The sulfur was employed as a stabilizing agent with 0.1 wt% of Zhonghai 70#. The
content of SBS was 6.5 wt% of Zhonghai 70#. Nano-ZnO, nano-TiO2 and nano-SiO2 were
chemically surface-modified to reduce the specific surface area and promote dispersion.
PPA was used with a mass fraction of H3PO4 of 115%.

There were main three steps involved in the preparation of composite modified asphalt
with a high content of linear SBS (6.5 wt%). Firstly, the SBS and rubber oil were blended to
Zhonghai 70# and sheared for 35 min at the rate of 5000 r·min−1 and 185 ◦C with a high-speed
disperser. Secondly, weighed inorganic nanoparticles, such as nano-ZnO or PPA, were added
to the asphalt and sheared continuously for 30 min. The content of all anti-aging agents
in this paper was 2.0% of the total amount of base asphalt. Thirdly, the sulfur was added
to the mixture and stirred for 120 min at the rate of 2000 r·min−1. The final samples were
represented by SBS, ZnO/SBS, TiO2/SBS, SiO2/SBS or PPA/SBS, respectively.

2.2. Binder Test Descriptions

According to the AASHTO standard, the short-term aging (rotating film oven aging
(RTOT)) and long-term aging (pressure aging (PAV)) were carried out for the original

20
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asphalt in this paper, respectively. Then, the rheological properties of the asphalt were
analyzed by DSR. The anti-aging mechanism of the high content SBS polymer composite
modified asphalt was expounded from a microscopic perspective through fluorescence
microscopic images and Fourier transform infrared spectroscopy.

2.2.1. Dynamic Shear Rheological Test

The rheological properties of the modified asphalt were investigated by the HR10 DSR
rheometer (TA Instruments, New Castle DE, United States). The dynamic shear modulus
G* and phase angle δ are taken as the basic parameters to characterize the rheological
properties of asphalt. The G*/sinδ and G*·sinδ characterize the rutting resistance and
fatigue resistance of asphalt, respectively. At the same time, the high temperature PG of the
original asphalt and short-term aging asphalt were based on the rutting factor.

The high-temperature rutting resistance of modified asphalt was characterized by the
multiple stress creep recovery (MSCR) test. The method was performed continuously at
0.1 kPa and 3.2 kPa, respectively. Every pressure condition was carried out for ten cycles,
and each process was 10 s. Deformation recovery rate (R) and non-recoverable compliance
(Jnr) are the main parameters. The test temperature was 82 ◦C, 88 ◦C and 94 ◦C.

According to the AASHTO standard, the linear amplitude sweep (LAS) test was
conducted by DSR. The test temperature was 25 ◦C.

2.2.2. Fluorescence Microscopy Image Acquisition

Fluorescence microscopy can obtain reproducible microstructure images without
destroying the internal structure of modified asphalt. The different preparation methods
can significantly affect its microstructure under fluorescence microscopy. The molding
method and steps of the observation sample in this paper are as follows. Firstly, place a
metal container with a diameter of 5~10 mm and a height of 15~20 mm on a horizontal
table top. Then, pour different SBS composite modified asphalt samples evenly into metal
containers and store them at room temperature for 0.5 h. Finally, absorb the water on
the surface of the asphalt sample with absorbent paper for observation; this prevents the
distortion of the observed image of the sample caused by the reflection of water. This
method can avoid the interference of the surface and internal morphology of the sample in
conventional ways.

2.2.3. Infrared Spectroscopy Test

The infrared spectroscopy test was conducted by Bruker Tensor 27 (Thermo Fisher Sci-
entific, Waltham, United States) infrared spectrometer equipped with the full scattering ATR
accessory. The test was scanned 32 times in the wavenumber range of 4000 cm−1~400 cm−1.
Each test was repeated 3 times, and the average value was the result. All raw spectra were
normalized and baseline corrected.

The semi-quantitative analysis was used to explore the variation in functional groups
of the modified asphalt during aging. The carbonyl index (ICA) and a new characteristic
index were selected to analyze the effect of long-term aging (PAV) on the chemical com-
position of modified asphalt by calculating. The new characteristic index was the SBS
degradation index (IB/S), which uses the polybutadiene peak as the characteristic peak and
the polystyrene peak as the reference peak [23]. The study showed that the IB/S is reasonable
for presenting the degradation degree of SBS under an ATR scanning environment [24–26].
The different characteristic indices were calculated as follows [23]:

ICA = A1700/ ∑ AR × 100% (1)

where A1700 is the infrared absorption peak belonging to the 1700 cm−1; the ΣAR are the
peak areas of the asphalt functional groups in the range of 680~3600 cm−1.

IB/S = A965/A700 × 100% (2)
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where the A965 is the absorption peak belonging to the 965 cm−1; and where the A700 is the
absorption peak belonging to the 700 cm−1.

3. Results

3.1. Effects of Aging on Rheological Properties of Different High Content SBS Polymer Composite
Modified Asphalts
3.1.1. Rheological Analysis

The mechanical and deformation properties of the high content SBS polymer modified
asphalt with various anti-aging agents after RTFO aging at 82 ◦C are shown in Table 1.
As we can see from Table 1, the addition of nanoparticles has a slight effect on the failure
temperature and rutting factor of modified asphalt, and the PG of each nanocomposite
modified asphalt is 82 ◦C. However, it is worth mentioning that the failure temperature of
the PPA/SBS composite modified asphalt is as high as 125.7 ◦C after adding polyphosphoric
acid, which is 46.0% higher than that of SBS modified asphalt. This shows that it possesses
extremely outstanding high temperature and aging resistance.

Table 1. Rheological properties of all asphalt samples in RFTO aging state.

Samples δ/◦ G*/Kpa G*/Sin δ/Kpa
Failure

Temperature/◦C

SBS 63.10 2.74 3.07 86.1
ZnO/SBS 64.31 2.39 2.65 84.4
TiO2/SBS 56.80 2.32 2.78 85.6
SiO2/SBS 57.20 2.41 2.87 85.9
PPA/SBS 40.20 16.05 24.86 125.7

Within the two indicators, phase angle and complex modulus, the complex shear mod-
ulus G* characterizes the deformation resistance of asphalt under continuous shear load.
The lower the G*, the weaker the deformation resistance. The phase angle δ characterizes
the viscoelastic properties of modified asphalt. The δ is 0◦ for pure elastomers and 90◦ for
pure viscous materials. Table 1 shows that various nanomaterial anti-aging agents, such as
nano-ZnO, have no noticeable effect on the G* and δ of SBS modified asphalt. However,
adding PPA can significantly reduce the δ and improve G*. Therefore, the elasticity and
shear deformation resistance of modified asphalt are enhanced considerably, which means
that it will improve the permanent deformation and aging resistance remarkably. The rea-
son is that, PPA can react with small molecules in asphalt and generate a macromolecular
structure, which makes the asphalt more elastic [18].

3.1.2. Analysis of MSCR Test Results

(1) R Analysis of deformation recovery

To further evaluate the asphalt binder actual rutting resistance level and rheological
properties at high-temperature, this study used the R and Jnr of the MSCR test. Modified
asphalt samples after RTFO aging were selected to test. Furthermore, three different
temperature gradients of 82 ◦C, 88 ◦C and 94 ◦C were selected in the test to study the
dependence of modified asphalt on temperature. The results are presented in Figure 1.

The higher the R is, the stronger the proportion of the recoverable strain of the asphalt
will be, and the smaller the ratio of the residual strain will be. When no anti-aging agent
is added at the 0.1% stress level, the R of SBS modified asphalt is relatively low, and the
value reduces remarkably with the increase in temperature, as depicted in Figure 1. After
adding nanomaterials, such as nano-ZnO or PPA, the R has been significantly increased,
indicating that anti-aging agents can promote the elastic deformation ability of the modified
asphalt, thereby improving the resistance to rutting deformation, which is identical to the
result of PG. It is noteworthy that the R of composite modified asphalt with the addition of
PPA is highest, and the rutting deformation resistance is strongest. The R variation trend
of modified asphalt at 3.2 kPa is consistent with 0.1 kPa. When anti-aging agents were
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added into the modified asphalt, its deformation recovery ability was improved to varying
degrees. Moreover, with the increase in temperature, the effect of different anti-aging effects
is more obvious. In addition, the R of PPA/SBS modified asphalt at three temperatures
is much higher than that of nanoparticles, which will provide it with the strongest elastic
deformation ability and show excellent anti-rutting performance.

(a) (b)

Figure 1. The deformation recovery rate of modified asphalt under different conditions after RTFO
aging: (a) R0.1; (b) R3.2.

The above analysis means that under the same temperature and stress conditions,
adding PPA can provide SBS modified asphalt with improved elastic deformation ability
and more resistance to rutting deformation. The reason why PPA can increase the recovery
rate R of modified asphalt is that PPA can promote the transformation of resin in asphalt to
asphaltene, which is conducive to enhancing the content of asphaltene [21]. Therefore, the
high-temperature deformation resistance of modified asphalt increases.

To explore the temperature sensitivity of R to stress, the recovery rate difference index
Rdiff was introduced. The lower the Rdiff is, the more weakly sensitive the recovery rate
is to stress. The calculation results of Rdiff are shown in Table 2. Compared with the SBS
modified asphalt, the Rdiff difference slightly increases after adding nano-ZnO, indicating
that the stress sensitivity rises, as shown in Table 2. However, Rdiff decreases slightly
with the addition of nano-TiO2 or nano-SiO2. This phenomenon is because nano-ZnO
mainly focuses on improving the anti-ultraviolet aging properties, while it is weaker than
other nanomaterials in reducing stress sensitivity. The lowest value is PPA/SBS composite
modified asphalt. Rdiff difference at three temperatures is much lower than that of other
modified asphalts, which indicates that adding PPA can effectively reduce the asphalt
binder sensitivity of the recovery rate to stress, and will help to delay the rapid permanent
deformation trend of asphalt caused by increased stress.

Table 2. Recovery rate difference Rdiff of various modified asphalts at different temperatures.

Samples
Rdiff (%)

82 ◦C 88 ◦C 94 ◦C

SBS 44.1 72.49 94.04
ZnO/SBS 49.87 83.76 97.70
TiO2/SBS 35.70 68.60 92.62
SiO2/SBS 37.31 66.37 90.30
PPA/SBS 10.10 21.93 41.73

(2) Jnr Analysis of Non-recoverable Compliance

Figure 2 shows the Jnr of the MSCR test under different stress and temperature condi-
tions after RTFO aging of different modified asphalts. The lower the Jnr of the asphalt is,
the less strain will be generated under stress, and the stronger the deformation resistance
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the asphalt will have. Compared with SBS modified asphalt, adding various anti-aging
materials can reduce the irrecoverable creep compliance Jnr of asphalt to varying degrees
under the same stress or temperature conditions, as shown in Figure 2. This means that
adding different anti-aging materials will improve the ability of modified asphalt to resist
rutting deformation. It is worth noting that under the same conditions, the Jnr of the
PPA/SBS modified asphalt is two orders of magnitude lower than that of other modified
asphalt. Its resistance to rutting deformation is highly excellent, which is consistent with
the above analysis of the recovery rate R.

(a) (b)

Figure 2. Irreversible creep compliance of asphalt at different stress levels and temperatures after
RTFO aging: (a) Jnr0.1; (b) Jnr3.2.

Studies have shown that the MSCR test results at higher stress correlate more with the
resistance rutting test of asphalt mixtures than the standard stress required by ASTM D7405.
Therefore, in order to analyze the asphalt binder’s stress dependence, the MSCR test was
supplemented; it was conducted at 10 kPa and 70 ◦C. The results are shown in Figure 3.
After increasing the stress level, there is no clear difference in the R of various asphalts
added to anti-aging agents. Furthermore, compared with the SBS modified asphalt, it has
a certain degree of improvement, indicating that the resistance deformation ability of the
asphalt has been promoted. In addition, the non-recoverable compliance Jnr10 index of
different asphalts is quite different, and the anti-aging properties of asphalts are signifi-
cantly decreased, which will greatly improve their rutting resistance. PPA/SBS composite
modified asphalt has the strongest rutting resistance among different modified asphalts.

Figure 3. R10 and Jnr10 of asphalt at 10 KPa and 70 ◦C after RTFO aging.
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3.2. Effects of PAV Aging on Medium Temperature Fatigue Properties of Different High Content
SBS Polymer Composite Modified Asphalts

G*·sinδ is the loss shear modulus, representing the energy dissipated by the internal
friction of asphalt during deformation. The higher the G*·sinδ, the greater the energy
loss rate. Therefore, the lower G*·sinδ indicates better fatigue resistance. In the DSR test,
the modified asphalt has fatigue failure when the fatigue factor value exceeds 5000 kPa.
Figure 4 shows the fatigue factor and failure temperature of modified asphalt after PAV
aging. It can be seen, from Figure 4, that the fatigue factor and the failure temperature of
various anti-aging composite modified asphalts at the same temperature are significantly
reduced due to the addition of anti-aging agents. Among them, PPA has the strongest
fatigue resistance. Its failure temperature is as low as 10.9 ◦C, which is 33.9% lower than
that of asphalt without any anti-aging agent, and fatigue resistance is greatly improved.

(a) (b)

Figure 4. Fatigue factor (a) and failure temperature (b) of different SBS composite modified asphalts
after PAV aging.

Since the fatigue factor is a linear viscoelastic index, its essence belongs to the linear
viscoelastic dissipation energy. This index only uses the dissipated energy information of
the specimen obtained in 10 loadings of the DSR test; however, it is hard to fully show the
material state of the asphalt after tens of thousands of loading processes. So, this study
introduced a DSR-based LAS. This method characterizes the fatigue life of pavement as
a function of strain and uses progressively increasing pressure for periodic loading to
accelerate the fatigue failure of asphalts. The test results of various modified asphalts after
PAV aging are depicted in Table 3.

Table 3. LAS test results of different asphalts after long-term aging.

Samples A B α 2.5%Nf 5%Nf 10%Nf

SBS 8.341 × 106 3.648 1.824 294,850 23,522 1877
ZnO/SBS 2.524 × 107 3.775 1.888 793,882 57,976 4234
TiO2/SBS 9.978 × 106 3.588 1.794 372,679 30,997 2578
SiO2/SBS 1.385 × 107 3.483 1.741 569,319 50,919 4554
PPA/SBS 1.252 × 1010 5.423 2.712 87,004,865 2,027,422 47,244

As shown in Table 3, the fatigue performance parameter Nf of composite modified
asphalt at three strain levels of 2.5%, 5% and 10% increases due to the addition of anti-aging
agents, meaning that their resistance fatigue performance has been improved to some
extent. In addition, the Nf of PPA/SBS modified asphalt is clearly higher than that of
other modified asphalts by two orders of magnitude, and the fatigue resistance is excellent.
The reason is that, adding PPA to asphalt increases the content of asphaltenes, which is
conducive to enhance its mechanical properties, and thus improves the fatigue resistance.
The fatigue resistance of different modified asphalts is ranked as follows: PPA/SBS >
ZnO/SBS > SiO2/SBS > TiO2/SBS > SBS modified asphalt.
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3.3. Micromorphological Analysis of Different Polymer Modified Asphalts with a High Content
of Linear SBS

The micro-morphology of different modified asphalts was observed by fluorescence
microscope to evaluate the influence of different anti-aging agents on the dispersion state
of SBS. The results are shown in Figure 5. The fluorescent region represents the SBS phase.
Different modified asphalts have apparent differences in particle size and distribution
as shown in Figure 5. Figure 5a presents how the SBS dispersion in modified asphalt
with a high content of linear SBS is relatively poor. In addition, there are large particle
sizes and significant particle size differences, meaning that the stability of the asphalt is
low. After adding nanoparticles, such as nano-ZnO, the large size particles of SBS in the
composite modified asphalt decreased, indicating that these nanomaterials play a certain
role in promoting dispersion after special surface modification. Among all of the modified
asphalts, the PPA/SBS composite modified asphalt has the most uniform SBS distribution
and the tiniest particles, forming an apparent cross-network structure, meaning that PPA
reacts with SBS modified asphalt. This structure encapsulates the asphalt in the network
to create a single-phase microstructure, within which SBS and asphalt are used as the
continuous and dispersed phase, respectively.

   
   

  

 

Figure 5. Fluorescence microscopy results of different polymer modified asphalts with a high content
of linear SBS.

In summary, SBS dispersed into finer particles and was more evenly distributed in
asphalt due to the addition of anti-aging agents. Among the antioxidants, PPA has the
most potent dispersing effect on SBS particles, which can significantly enhance the swelling
effect of SBS. Furthermore, PPA can also improve the spatial network structure, thereby
improving the storage and anti-aging performance of SBS modified asphalt.

3.4. Analysis of Infrared Spectroscopy of Different High Content SBS Polymer Composite
Modified Asphalts

The infrared spectra of the samples were qualitatively compared at first, to research
the influence of the different anti-aging agents on the chemical components of modified
asphalt with a high content of linear SBS and the anti-aging effect. Considering that there
is no significant difference in spectra before and after short-term aging, the samples before
aging and after long-term aging are drawn here. Figures 6 and 7 present the results of the
infrared spectrum, and the characteristic peaks commonly used in the asphalt have also
been marked in the figures.
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Figure 6. Infrared spectra of original high content SBS composite modified asphalt.

Figure 7. Infrared spectra of different high content SBS composite modified asphalts under a PAV
aging state.

Figure 6a shows the infrared spectrum corresponding to the original high content
SBS polymer modified asphalt. In the figure, the peaks of 2923 cm−1 and 2853 cm−1

correspond to the asymmetric stretching characteristic peak of -CH3 and the symmetrical
stretching characteristic peak of -CH2-, respectively. The peak at 1700 cm−1 belongs to the
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characteristic peak of the carbonyl C=O stretching vibration, and the peak at 1600 cm−1

belongs to the C=C stretching vibration, while two characteristic peaks near 1460 cm−1 and
1376 cm−1 originate from the asymmetric vibration of -CH3- and the symmetrical vibration
of -CH2-, respectively. At the same time, there is an evident vibration characteristic peak
at 1030 cm−1 belonging to the sulfoxide group S=O. The characteristic peaks at 966 cm−1

and 700 cm−1 originate from the bending vibration of polybutadiene PB and polystyrene
PS, respectively.

Figure 6b–d correspond to the infrared spectra of nanoparticles/SBS modified asphalt.
Compared with Figure 6a, it is easy to notice that the infrared spectrum basically overlaps
between high content SBS modified asphalt with and without nano materials. There are no
new characteristic peaks generated in their spectra, and the intensities of the existing charac-
teristic peaks do not change significantly, which indicates that the addition of nanoparticles
does not generate new substances in modified asphalt, and they are simply physically
blended with the asphalt. Therefore, the enhancement of the anti-aging performance of
modified asphalt after adding nanoparticles may be due to the synergistic effect of sur-
face effect, volume effect, quantum size effect, and macroscopic quantum tunneling effect
of nanoparticles.

Figure 6e depicts that the mid-infrared absorption peak of the PPA/SBS composite
modified asphalt has an -OH vibration at 3900~3400 cm−1, which is the strong vibration
region of PPA. In addition, most of the absorption peaks are in agreement with SBS
modified asphalt, indicating a physical modification phenomenon. The intensity of the
peak at 1100~1000 cm−1 corresponded to an -OH change, and the relative intensity of the
two peaks changed with the addition of PPA, which indicated the existence of physical
modification and partial chemical modification. It is mainly the out-of-plane bending
vibration absorption peak of unsaturated C-H (=C-H) at less than 1000 cm−1 and the S=O
vibration in the sulfoxide group near 1030 cm−1. There are relatively great and weak
changes in the intensity of these regions, and their peak types are unchanged. However,
the contents are different, indicating that the addition of PPA forms chemical cross-links.
Therefore, after adding PPA to SBS modified asphalt, physical and chemical modifications
are caused. The IR spectrum of asphalt show slight absorption at the strong absorption
of SBS and PPA due to physical modification; it is a pity that the change is insignificant.
The chemical modification is reflected in that the relative absorption intensity of the peak
changes after adding PPA.

Figure 7 shows the infrared spectra of different composite modified asphalts under a
PAV aging state. Compared with the original modified asphalt with a high content linear
SBS, the absorption peak intensity of C=O (1700 cm−1) and S=O (1030 cm261) increases,
which corresponds to the hardening of the asphalt phase. It is also reflected in the reduction
of the polystyrene (700 cm−1) and polybutadiene peaks (966 cm−1) due to the degradation
of the polymer phase. By comparison, it is found that when the modified asphalt was aged
by PAV, the SBS is seriously degraded, leading to insufficient anti-aging ability.

At the same time, comparing different nanoparticle composite modified asphalts, it
can be found that although the area of the polybutadiene peak (966 cm−1) decreased after
aging, it was slightly higher than that of modified asphalt without nanoparticles, indicating
that the SBS degradation degree becomes slow due to the addition of nanoparticles. In
addition, the peak area of different asphalts decreased to a similar extent, indicating that
nanoparticles, such as nano-ZnO, have no obvious difference in anti-aging property. The
degree of reduction in the peak area of different pitches is relatively close, indicating that
the anti-aging ability is not much different. All of them can slightly enhance the anti-
aging ability, but the effect is insignificant. It should be pointed out that their polystyrene
characteristic peak (700 cm−1) does not change significantly. This is mainly because the first
hydrogen atom (alpha hydrogen) connected to the carbon–carbon double bond functional
group on the polybutadiene segment is chemically active and easily attacked by oxygen to
generate oxides, which results in the bond breaking. In contrast, polystyrene is relatively
stable in thermal-oxidative aging.
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The previous research proved that the anti-aging performance of low content SBS
(<5.0 wt%) modified asphalt is effectively improved by nanoparticles. This is because
nanoparticles with a high surface energy and large active specific surface area have a
strong bonding ability to both asphalt and polymer particles. The addition of nanoparticles
can form an oriented film between the polymer and asphalt, thus reducing the interfa-
cial tension between the polymer and asphalt and improving the dispersion of polymer
particles, which is consistent with the results of the fluorescence microscopy test in this
paper [15]. However, for high content SBS modified asphalt with a strong network cross-
link structure, SBS as a continuous phase, and asphalt as a dispersed phase, the movement
of SBS molecules is blocked, and the adsorption effect of the nano materials is weakened.
Therefore, nanoparticles slightly improve the performance of high content SBS modified
asphalt. Interestingly, compared with the original modified asphalt, after PAV aging, the
infrared spectrum difference of SBS modified asphalt with nano materials is reduced, which
indicates that nano materials have no significant impact on aging resistance. This result is
consistent with the fatigue resistance of modified asphalt with or without nano materials
after PAV aging, as shown in Table 3.

By comparing the spectra of PPA/SBS composite modified asphalt before and after
aging, it can be seen that the infrared spectrum of the aged asphalt almost coincides with
the original one. Its carbonyl characteristic peaks, polystyrene peaks and polybutadiene
peaks hardly change, and its macroscopic performance is far superior to other modified
asphalts. Combined with the fluorescence microscope results and infrared results, it is not
difficult to find that the mechanism of PPA within high content SBS modified asphalt is
that PPA reacts with the S=O in asphaltene, which enhances the cross-linking effect of the
SBS in the asphalt.

To further evaluate the influence of anti-aging agents on the anti-aging performance
of modified asphalt, the aging behavior of samples were semi-quantitatively analyzed by
calculating the carbonyl index and the IB/S index. The results are depicted in Figure 8.
During the aging process, asphalt undergoes an oxygen absorption reaction, producing
oxygen-containing components such as aldehydes and ketones, which manifest the -OH (at
1700 cm−1) content increases. It is also accompanied by the degradation of SBS, reflected in
the reduction of the polystyrene and polybutadiene peaks However, the decline of the peak
at 700 cm−1 is much lower than that of 966 cm−1 due to the lower sensitivity of polystyrene
to aging. Therefore, the smaller the carbonyl index and the larger the IB/S index, the lower
the oxidation degree of the asphalt and the higher the integrity of the SBS. According to the
test results in Figure 8, the addition of nanomaterials, such as nano-ZnO, can appropriately
reduce the carbonyl index and increase the IB/S index, and the anti-aging performance of
the asphalt is slightly improved. The carbonyl index of the PPA/SBS modified asphalt
is the lowest, and the IB/S index is clearly higher than that of others. SBS content is the
highest after aging, and its anti-aging ability is exceptionally outstanding. This is because
adding PPA will produce a chemical cross-linking reaction, which can effectively prevent
the oxidation of the asphalt and the decomposition of the SBS.

The above qualitative analysis of the infrared spectra of modified asphalts suggests
that there is only a simple physical blending of nanoparticles and SBS modified asphalt,
while PPA can play a role in physical and chemical modification at the same time. The
addition of PPA can effectively reduce the influence of thermal-oxidative aging on asphalt
properties and significantly improve the anti-aging properties.
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Figure 8. Quantitative analysis results of infrared spectra of different high content SBS composite
modified asphalts under PAV aging state.

4. Conclusions

In this paper, from the perspective of rheology and microchemical analysis, the in-
fluence of nano-ZnO, nano-TiO2 and nano-SiO2 and PPA on the anti-aging properties of
modified asphalt with a high content of linear SBS were evaluated, and the modification
mechanism was explained. The major conclusions were drawn as follows:

(1) No matter whether nanoparticles are added or not, the PG temperature of high
content SBS modified asphalt after short-term aging is 82 ◦C, which implies that the
nanoparticles have no significant effect on high-temperature rutting resistance. After PAV
aging, the anti-fatigue factor is in the same order of magnitude. However, PPA significantly
improved PG temperature (124 ◦C) and high-temperature rutting resistance. Compared
with other SBS modified asphalts, the fatigue property parameter Nf was improved by
two orders of magnitude. In other words, nano materials cannot significantly improve the
anti-aging performance of high content SBS modified asphalt. On the contrary, PPA has
excellent anti-aging performance.

(2) The infrared spectrum of high content SBS modified asphalt with and without
nanoparticles basically overlaps after aging, indicating that nanoparticles have hardly any
anti-aging performance. The reason is that the nanoparticles and high content SBS modified
asphalt are simply mixing physically; the movement of the SBS molecules is blocked by the
strong network cross-linking structure, which leads to a reduction of the adsorption effect
of the nanoparticles.

(3) By comparing the spectra of the PPA/SBS composite modified asphalt before and
after aging, it can be found that the carbonyl characteristic peaks, polystyrene peaks and
polybutadiene peaks have little change, and its macroscopic mechanical performance is
far superior to other modified asphalts, meaning that PPA has outstanding anti-aging
performance. This is because PPA reacts with the S=O in asphaltene, which enhances the
cross-linking effect of the SBS in asphalt.
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Abstract: A large number of waste tires are in urgent need of effective treatment, and breaking
waste tires into crumb rubber powder for modifying asphalt has been proved as a good idea to
solve waste tires. Crumb rubber modified asphalt not only has good high and low temperature
performance, durability, and aging resistance but can also reduce pavement noise and diseases,
which has wide application prospects. In this study, crumb rubber powder was desulfurized by
mechanochemical method to prepare desulfurized crumb rubber modified asphalt. During the
desulfurization process of crumb rubber, the effects of desulfurization process variables including
desulfurizer type, desulfurizer content, and desulfurization mixing temperature and time were
considered, and then the physical properties of modified asphalt were tested. The test results showed
that after mixing crumb rubber powder with desulfurizer, the viscosity of crumb rubber powder
modified asphalt can be reduced. Moreover, the storage stability of crumb rubber powder modified
asphalt could also be improved by mixing crumb rubber with desulfurizer. Based on the physical
properties of crumb rubber powder modified asphalt, the desulfurization process of selected organic
disulfide (OD) desulfurizer was optimized as follows: the OD desulfurizer content was 3%, the
desulfurization mixing temperature was 160 ◦C, and the mixing time was 30 min. In addition, Fourier
infrared spectroscopy analysis was carried out to explore the modification mechanism of desulfurized
crumb rubber powder modified asphalt. There is no fracture and formation of chemical bonds, and
the modification of asphalt by crumb rubber powder is mainly physical modification.

Keywords: asphalt; waste crumb rubber; desulfurization process; mechanochemical method

1. Introduction

With the rapid development of the rubber industry and automobile industry, a large
number of waste rubber tire products have piled up [1–4]. In China, the amount of waste
tires has reached 13.07 million tons by 2016, and it is still growing rapidly every year. It
is expected that the accumulation of waste tires in China will rank first in the world [5–7].
The accumulation of waste tires is not only a waste of rubber resources but also a serious
harm to the environment [8–10]. Therefore, the recycling of waste rubber has important
social significance and economic value.

It has been found that adding crumb rubber powder as a modifier into asphalt for
modification can effectively improve the technical properties of bitumen, thus that the road
performance and service quality of the modified asphalt mixture can meet the requirements
of road traffic operations [11–13]. Crumb rubber modified asphalt mixture has excellent
high and low temperature performance, weatherability, elasticity, and anti-aging properties,
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can reduce pavement thickness, reduce traffic noise, and effectively prevent freezing in cold
areas, and prolong the service life of the pavement [14–16]. On the other hand, there is excel-
lent field performance exhibited by the dry process rubber modification of asphalt mixtures,
which is equivalent to polymer-modified mixtures [17]. Picado-Santos et al. studied the
functional characteristics, including roughness, skid resistance, texture, and a quality index
for a crumb rubber asphalt pavement produced by the dry process, that had been open
to traffic for eight years after rehabilitation. The comparison results showed that crumb
rubber asphalt pavement produced by the dry process behaved in a very robust way [18].
Rodriguez-Fernandez et al. analyzed the dry process for the incorporation of crumb rubber
from waste tires and found that mixtures with crumb rubber have adequate performance,
being less susceptible to aging than a conventional polymer-modified mixture [19]. Rath
et al. investigated the effects of a chemically engineered dry-process ground tire rubber
modification in bitumen and mixtures, and the cracking and rutting performance of all
the field sections was good-to-excellent [20,21]. However, for wet-process modified rubber
asphalt, because the crumb rubber powder used in ordinary crumb rubber modified asphalt
was treated by a vulcanization process, it had a relatively solid three-dimensional network
structure and low activity, which makes the crumb rubber powder difficult to be compatible
in asphalt and often accompanied by a large number of crumb rubber particles [22–24].
The ordinary crumb rubber modified asphalt prepared from vulcanized crumb rubber
powder has a series of shortcomings, such as poor high temperature storage stability, easy
segregation, high viscosity, and difficult construction, which limits its development and
application [25–27]. Relevant research shows that rubber powder with high surface activity
can be obtained by using desulfurization technology, leading to the reduction of viscos-
ity of vulcanized crumb rubber powder modified asphalt [23]. The desulfurized crumb
rubber modified asphalt has been proved to have good storage stability, low-temperature
performance, and workability. In addition, the harmful gas emission of desulfurized crumb
rubber modified asphalt is lower, thus it is more environmentally friendly [24,28]. There-
fore, it is necessary to desulfurize and activate the vulcanized crumb rubber powder to
improve the stability of crumb rubber modified asphalt.

In view of the shortcomings of ordinary crumb rubber modified asphalt, researchers
carried out desulfurization activation treatment on crumb rubber powder to a certain
extent, and then prepared desulfurized crumb rubber modified asphalt [28,29]. The earliest
desulfurized crumb rubber modified asphalt can be traced back to the 1970s, which was
tested and prepared in America. Later, a large number of studies were involved in this
aspect; Ye et al. observed the microstructure of ordinary crumb rubber powder, dynamic
desulfurized crumb rubber powder, and high-speed shear desulfurized crumb rubber
powder in asphalt through fluorescence microscope, and detected the properties of three
modified asphalt [30]. The results showed that dynamic desulfurization could destroy the
internal vulcanization structure of crumb rubber and improve the compatibility between
crumb rubber powder and asphalt, but its performance is lower than that of ordinary
crumb rubber modified asphalt. High-speed shear desulfurization can not only improve the
swelling capacity of asphalt crumb rubber powder but also avoid agglomeration. Therefore,
the performance of asphalt can be improved by high-speed shear desulfurized crumb
rubber powder. Ibrahim et al. used the waste rubber treated by gamma rays to produce
crumb rubber asphalt [31]. Through comparison, it was found that the properties of crumb
rubber modified asphalt made by gamma radiation treated waste rubber was increased
significantly at a higher temperature, lower temperature, and aging resistance than that
of untreated crumb rubber. Lin et al. studied the effect of the dissolution of crumb rubber
on the physical properties of asphalt under the reaction conditions of high temperature
and high shear rate [32]. The results showed that under the condition of high temperature
reaction, crumb rubber molecules dissolved rapidly, degraded, and depolymerized, thus
as to reduce its average molecular weight. It is speculated that ordinary crumb rubber
powder may produce desulfurization reaction under high temperature, but when the
temperature is too high, it will lead to the aging of crumb rubber modified asphalt. Ma

34



Polymers 2022, 14, 1365

et al. studied the modification mechanism of desulfurized crumb rubber modified asphalt
by using scanning electron microscope, component analysis, and infrared spectroscopy,
and tested the road performance of its modified asphalt and mixture [33]. The results
showed that the modification mechanism of desulfurized crumb rubber modified asphalt
was different from that of ordinary crumb rubber modified asphalt, and the desulfurized
crumb rubber powder can have an obvious chemical reaction with asphalt, which makes
the performance of the two have significant differences. Compared with ordinary crumb
rubber modified asphalt, desulfurized crumb rubber modified asphalt has a lower viscosity
and better storage stability and is suitable for dense mixtures. Juganaru et al. modified
asphalt with partially desulfurized crumb rubber [34]. Through fluorescence microscope
observation, the distribution of desulfurized crumb rubber in asphalt was more uniform.
Compared with vulcanized crumb rubber modified asphalt, the adhesion of desulfurized
crumb rubber powder modified asphalt was significantly increased, which can improve
the workability of rubber asphalt.

Many scholars have studied the desulfurization methods and desulfurization con-
ditions of waste tire rubber powder, covering the desulfurization process and common
desulfurization methods. The research indicated that high temperature, high-speed shear,
gamma radiation, and other conditions could make the desulfurization of ordinary crumb
rubber powder. After desulfurization, the spatial structure of crumb rubber powder was
changed, and the molecular weight was reduced, which can increase the reaction degree
with asphalt, significantly improve the compatibility between crumb rubber powder and
asphalt, and effectively improve the defects of crumb rubber modified asphalt, such as
easy segregation and poor high temperature storage stability. However, there are few
studies on the production process of desulfurized crumb rubber powder modified asphalt
and the road performance of modified asphalt mixture. At present, the commonly used
rubber desulfurization activation methods include heat treatment based on the thermal en-
vironment, a chemical method using chemical adjuvants, and a mechanochemical method
using chemical adjuvants combined with mechanical force to accelerate the chemical
reaction [27,35,36]. The mechanochemical method can effectively play the role of desulfur-
ization activation of additives through rubber broken to increase the surface roughness and
activity of rubber powder. Moreover, the mechanochemical method has the advantages
of simple equipment, high production efficiency, low cost, and small smell, and is very
suitable for large factory production. Therefore, in this study, the crumb rubber powder
was desulfurized by the mechanochemical method, and the desulfurized crumb rubber
powder modified asphalt was prepared. The effects of the desulfurization process on the
physical properties and micro characterization of crumb rubber powder modified asphalt
were systematically studied.

2. Materials and Methods

2.1. Raw Materials

In this study, Maoming 70# road petroleum asphalt (Guangdong, China) was adopted,
with a penetration of 72 (0.1 mm), softening point of 46.0 ◦C, ductility at 15 ◦C more than
100 cm, and density of 1.08 g/cm3. The crumb rubber powder was 30 mesh made of
the waste tire of wheels, in which rubber hydrocarbon content was 48.9%, total organic
content was 54.5%, sulfur content was 1.896%, and its density was 1.33 g/cm3. The original
appearance and scanning electron microscope (SEM) of crumb rubber used in this study
are shown in Figure 1 to better describe the macro and micromorphology of crumb rubber.
The desulfurizer used in this study (Hebei Richway Technology Co. Ltd., Shijiazhuang,
China) includes adjuvant (organometallic complexes) labeled as OMC, adjuvant (organic
disulfide) labeled as OD, and self-made desulfurizer (deep eutectic solvents) labeled as
DES, which have the advantages of better desulfurization effect, stable desulfurizer source,
and simple desulfurization process [37,38].
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(a) (b) 

Figure 1. Crumb rubber used in this study: (a) original appearance; (b) SEM.

2.2. Sample Preparation

The modified crumb rubber powder by mechanochemical method was prepared
using an internal mixer according to previous studies [37,38]. After adding crumb rubber
powder into the internal mixing chamber, appropriately increasing the temperature and
maintaining low-speed rotation, the desulfurizer was also added into the internal mixing
chamber until it was mixed evenly. Then, the mixing temperature and mixing time was set,
and the desulfurized crumb rubber powder could be prepared at a higher rotation speed
after the internal mixer stopped.

In order to prepare desulfurized crumb rubber modified asphalt, the following steps
were adopted:

1. Place the base asphalt in an oven of 140 ◦C and heat it to the flowing state, and slowly
add the weighed desulfurized crumb rubber powder (25% of asphalt by mass) with a
mixing speed of 300 r/min. During the addition process, the temperature was raised
to 170 ◦C and maintained for 10 min;

2. Put the mixed asphalt an oven of 170 ◦C and swell for 40 min;
3. The swelled rubber asphalt was placed to a high-speed shear equipment, the shear

rate was gradually increased to about 4500 r/min, and the temperature was controlled
at 185 ◦C, and then taken it out after shearing for 1 h;

4. Put the prepared crumb rubber modified asphalt into an oven of 175 ◦C for 30 min,
and then the crumb rubber modified asphalt samples could be used for test according
to the specification requirements.

2.3. Experimental Methods

In this study, according to the Chinese standard “Standard Test Methods of Bitumen
and Bituminous Mixtures for Highway Engineering” (JTG E20-2011), the penetration,
softening point, ductility at 5 ◦C, and rotational viscosity at 180 ◦C was tested for crumb
rubber powder modified asphalt [39]. In addition, the Fourier infrared spectrum of these
materials was also tested [40].

3. Results and Discussion

3.1. Comparison and Selection of Desulfurizer Type Based on Physical Properties of Crumb Rubber
Modified Asphalt

Referring to the recommended process in the desulfurizer product manual, the mixing
time of crumb rubber modified asphalt was 60 min, the mixing temperature was 120 ◦C,
and the desulfurizer content was 3%. The penetration, ductility, softening point, rotational
viscosity at 180 ◦C, elastic recovery, and softening point difference (Δ) of the crumb rubber
modified asphalt were tested according to the “Standard Test Methods of Bitumen and
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Bituminous Mixtures for Highway Engineering” (JTG E20-2011), and the effect of desulfur-
izer types on the physical properties of crumb rubber modified asphalt could be studied to
compare and select a better adjuvant for in-depth and detailed process variable analysis.
The results are shown in Table 1.

Table 1. The physical properties of asphalt modified by crumb rubber treated with different desulfur-
izer types.

Types
Penetration

(0.1 mm)
Softening
Point (◦C)

Ductility at
5 ◦C (cm)

Viscosity at
180 ◦C (Pa·s)

Elastic
Recovery (%)

Softening
Point Δ (◦C)

Non-desulfurized crumb
rubber modified asphalt 42.0 70.0 9.0 2.75 84.5 1.6

Crumb rubber modified asphalt
(Desulfurized by OMC) 43.5 71.2 7.3 2.11 84.5 0.6

Crumb rubber modified asphalt
(Desulfurized by OD) 44.5 66.3 11.5 1.83 82.0 1.0

Crumb rubber modified asphalt
(Desulfurized by OMC + OD) 38.0 68.4 10.0 2.24 86.0 2.0

Crumb rubber modified asphalt
(Desulfurized by DES) 37.0 69.0 6.5 2.27 80.0 1.6

It can be seen from Table 1 that the viscosity results at 180 ◦C of modified asphalt
prepared by desulfurized crumb rubber powder treated with OMC, OD, and DES were
reduced. The penetration values of modified asphalt with desulfurized crumb rubber
powder treated with OMC and OD were higher than that of ordinary non-desulfurized
crumb rubber modified asphalt, while the desulfurizer (OMC + OD or DES) could reduce
the penetration of modified asphalt. Except that the softening point value of modified
asphalt with desulfurized crumb rubber powder treated with OMC increased, the other
softening point results of modified asphalt were all reduced. Besides, crumb rubber powder
treated with desulfurizers OMC and DES could reduce the ductility at 5 ◦C of modified
asphalt. The segregation softening point difference of desulfurized crumb rubber powder
modified asphalt using OMC and OD alone were decreased after 48 h of storage. Thus, the
purpose of improving the compatibility between crumb rubber powder and asphalt and
reducing the viscosity of crumb rubber modified asphalt through crumb rubber powder
desulfurization technology can be achieved. According to the comparison results in the
radar chart (Figure 2), OMC increased the penetration and softening point of desulfurized
crumb rubber modified asphalt, while the ductility, viscosity at 180 ◦C, and softening
point Δ were greatly reduced. For desulfurized crumb rubber modified asphalt by OD,
except for the penetration and ductility, other physical properties decreased. However,
for desulfurized crumb rubber modified asphalt by OMC + OD, the improvement effect
of modified asphalt properties was not a simple superposition of modified asphalt using
OMC and OD alone. DES reduced the overall physical properties of crumb rubber modified
asphalt to varying degrees. Considering the two indexes of ductility at 5 ◦C and viscosity at
180 ◦C, the desulfurizer OD was selected as the desulfurizer used for the follow-up study.

3.2. Effect of Desulfurizer Content on the Properties of Crumb Rubber Modified Asphalt

The desulfurized crumb rubber powder modified asphalt prepared by crumb rubber
treated with different OD desulfurizer content (i.e., 1.5%, 3%, 4.5%, 6%) were prepared
with the mixing time of 60 min and mixing temperature of 120 ◦C. The changes of physical
properties of desulfurized crumb rubber powder modified asphalt were compared and
analyzed. The comparison results are shown in Figure 3.
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Figure 2. Radar chart for of desulfurizer type comparison based on physical properties of crumb
rubber modified asphalt.

  
(a) (b) 

  
(c) (d) 

Figure 3. The physical properties of asphalt modified by crumb rubber treated with different OD
desulfurizer contents: (a) viscosity at 180 ◦C; (b) softening point; (c) penetration; (d) ductility at 5 ◦C.
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From Figure 3a,b, it can be seen that with the increase of OD desulfurizer content, the
viscosity at 180 ◦C, and softening point of desulfurized crumb rubber powder modified
asphalt had similar change laws; these two physical properties first decreased and then
increased. When the OD desulfurizer content was 3%, the viscosity at 180 ◦C and softening
point of desulfurized crumb rubber powder modified asphalt reached the minimum. On
the other hand, with the increase of OD desulfurizer content, the penetration and ductility
at 5 ◦C of desulfurized crumb rubber powder modified asphalt had similar change laws.
In Figure 3c,d, the values of penetration and ductility increased first and then decreased.
It was also found that the penetration and ductility at 5 ◦C of desulfurized crumb rubber
powder modified asphalt reached the maximum at the OD desulfurizer content of 3%.

The reason for the above phenomena is that the OD desulfurizer can promote the
desulfurization and activation of crumb rubber powder by opening the S-S and C-S keys
in the cross-linked network, and partially restore the properties of raw rubber to improve
the compatibility with asphalt [41]. The greater the amount of OD desulfurizer content,
the more obvious the desulfurization effect of crumb rubber [42]. When the content of OD
desulfurizer is too high, some OD desulfurizer will not participate in the desulfurization
reaction with crumb rubber and have a surplus of OD desulfurizer. This surplus part of
OD desulfurizer would interact with asphalt during the modification process of asphalt,
resulting in a poor modification effect of crumb rubber modified asphalt, i.e., the too low
penetration and ductility as well as too high viscosity as shown in Figure 3. Therefore, the
content of OD desulfurizer needs to be controlled within a reasonable range. According to
the above analysis results of the physical properties of crumb rubber modified asphalt, the
recommended content of OD desulfurizer was set as 3%.

3.3. Effect of Mixing Temperature on the Properties of Crumb Rubber Modified Asphalt

Based on the selected desulfurizer type of OD desulfurizer and its content of 3% of
crumb rubber powder by mass, the effects of mixing process on the performances of crumb
rubber modified asphalt were also studied. In order to ensure the reaction between crumb
rubber powder and the OD desulfurizer at a lower temperature, the mixing time of crumb
rubber powder was fixed for 90 min, the asphalt modified by crumb rubber powder treated
with OD desulfurizer were prepared at different desulfurization temperatures (i.e., 60 ◦C,
80 ◦C, 100 ◦C, 120 ◦C, 140 ◦C, and 160 ◦C). The changes of properties of desulfurized crumb
rubber powder modified asphalt were compared and analyzed, and the comparison results
are shown in Figure 4.

In Figure 4a,b, it can be seen that with the increase of mixing temperature, the viscosity
at 180 ◦C and softening point of desulfurized crumb rubber powder modified asphalt
have similar change trends, and the viscosity at 180 ◦C and softening point of modified
asphalt gradually decrease. For the mixing temperature between 60 ◦C and 120 ◦C, the
decline of viscosity at 180 ◦C and softening point were moderate. While the mixing
temperature reached 120 ◦C, the viscosity at 180 ◦C and softening point of desulfurized
rubber powder modified asphalt were significantly reduced. This is because under the
action of OD desulfurizer and mechanical force, the crumb rubber powder was desulfurized
and activated, resulting in some properties of raw crumb rubber being restored to improve
the compatibility with asphalt, and the particle core of crumb rubber powder became
smaller [43]. Therefore, the high temperature performance of desulfurized crumb rubber
powder modified asphalt became worse, and the corresponding viscosity decreased to a
certain extent.

As shown in Figure 4c,d, there were also some similar variation trends of the penetra-
tion and ductility at 5 ◦C for desulfurized crumb rubber powder modified asphalt. When
the mixing temperature was lower than 120 ◦C, the penetration of desulfurized crumb rub-
ber powder modified asphalt gradually increased with the increase of mixing time. While
the mixing temperature was higher than 120 ◦C, the penetration of desulfurized crumb
rubber powder modified asphalt sharply increased. With the increase of mixing time, the
ductility at 5 ◦C of desulfurized crumb rubber powder modified asphalt increased gradually.
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Through analysis, it can be known that under the action of OD desulfurizer and mechanical
force, crumb rubber powder was desulfurized and activated with restored properties of
raw crumb rubber to improve the compatibility with asphalt. After the desulfurized crumb
rubber powder was used for modifying base asphalt, the consistency of desulfurized crumb
rubber powder modified asphalt would be reduced and the corresponding ductility could
be enhanced [44].

  
(a) (b) 

  
(c) (d) 

Figure 4. The physical properties of asphalt modified by crumb rubber treated with different
mixing temperatures (i.e., 60, 80, 100, 120, 140, 160 ◦C): (a) viscosity at 180 ◦C; (b) softening point;
(c) penetration; (d) ductility at 5 ◦C.

To sum up, when the mixing temperature was low, the desulfurization effect of crumb
rubber powder was not obvious, and the viscosity reduction of desulfurized crumb rubber
powder modified asphalt was too small. At the same time, the mixing temperature needs
to be higher than 120 ◦C. Therefore, the mixing temperatures of 140 ◦C and 160 ◦C were
selected as the mixing temperature for subsequent tests. Subsequently, desulfurized crumb
rubber powder was prepared and modified base asphalt under the test conditions of mixing
temperature of 140 ◦C and mixing time of 120 min. It was found that the viscosity of the
modified asphalt decreased significantly, but the softening point also decreased significantly.
At the same time, considering that the mixing time was too long, it was not suitable for
large-scale production [45]. Therefore, the mixing temperature of 160 ◦C was selected as
the preferred mixing temperature.
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3.4. Effect of Mixing Time on the Properties of Crumb Rubber Modified Asphalt

According to the above analysis results, the desulfurizer type was selected as OD
desulfurizer, and its content was determined as 3% of crumb rubber powder by mass, the
effects of mixing process on the performances of crumb rubber modified asphalt were
further studied. The mixing temperature for desulfurized crumb rubber powder was
preferably 160 ◦C, and the desulfurized crumb rubber powder modified asphalt under
different desulfurization mixing times (i.e., 10 min, 20 min, 30 min, 60 min, and 90 min)
were prepared. The changes of properties of desulfurized crumb rubber powder modified
asphalt were compared and analyzed, and the corresponding comparison results are shown
in Figure 5.

  
(a) (b) 

 
(c) (d) 

Figure 5. The physical properties of asphalt modified by crumb rubber treated with different mixing
time (i.e., 0, 10, 20, 30, 60, 90 min): (a) viscosity at 180 ◦C; (b) softening point; (c) penetration;
(d) ductility at 5 ◦C.

It can be seen from Figure 5a,b that with the increase of mixing time, the viscosity at
180 ◦C and softening point of desulfurized crumb rubber powder modified asphalt first
increased and then decreased. However, when the mixing time was 30 min, the viscosity at
180 ◦C of desulfurized crumb rubber powder modified asphalt decreased greatly, while
the softening point decreased only slightly. Therefore, the desulfurization mixing time of
crumb rubber powder was determined as 30 min. The corresponding analysis shows that
the existence of mechanical force can promote the chemical reaction between crumb rubber
powder and the selected OD desulfurizer, and the crumb rubber powder was activated by
OD desulfurization, partially restoring the properties of raw crumb rubber to improve the
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compatibility with asphalt [45]. When the mixing time was too short, the reaction between
the OD desulfurizer and crumb rubber powder was insufficient, and some OD desulfurizer
remained in desulfurized crumb rubber powder, which will react with asphalt, resulting
in a poor modification effect of asphalt. However, when the mixing time is too long, the
crumb rubber powder will be excessively reduced under the action of mechanical force,
and the core of crumb rubber powder particles will lose strength, which will also lead to
the deterioration of high temperature performance of modified asphalt [46].

As illustrated in Figure 5c,d, the penetration of desulfurized crumb rubber powder
modified asphalt gradually increased with the increase of mixing time. The ductility at
5 ◦C of desulfurized crumb rubber powder modified asphalt first decreased and then
increased. Through analysis, under the action of the OD desulfurizer and mechanical
force, crumb rubber powder was desulfurized and activated, and some properties of raw
rubber were restored to improve the compatibility with asphalt. After being used for the
modification of asphalt, the consistency of desulfurized crumb rubber powder modified
asphalt decreased and the ductility was enhanced. With the increase of mixing time, the
degree of desulfurized activation of crumb rubber powder increased. After the modification
of asphalt, the changes of the properties of desulfurized crumb rubber powder modified
asphalt became more and more obvious with mixing time [47].

Combined with the analysis results of deterioration mixing temperature and mixing
time, when the mixing temperature was 160 ◦C and the mixing time was 30 min, the overall
properties of desulfurized crumb rubber powder modified asphalt could be regarded as the
best, its viscosity decreased significantly, and the reduction of softening point was limited.
Therefore, the preferred mixing process is a mixing temperature of 160 ◦C and mixing time
of 30 min.

3.5. Micro Characterization of Desulfurized Crumb Rubber Modified Asphalt

In order to explore the modification mechanism of desulfurized crumb rubber powder
modified asphalt, Fourier infrared spectroscopy analysis was carried out on desulfurized
crumb rubber powder modified asphalt under different mixing temperatures and mixing
times. The Fourier infrared spectroscopy results are shown in Figure 6.

 
(a) (b) 

Figure 6. Fourier infrared spectroscopy of desulfurized crumb rubber powder modified asphalt:
(a) with different mixing time; (b) with different mixing temperature.

From Figure 6, it can be seen that the Fourier infrared spectrum of crumb rubber
powder modified asphalt mainly shows three concentrated strong absorption peaks [29],
of which the absorption peaks at 1925 cm−1 and 2843 cm−1 were mainly caused by the
stretching vibration of “-CH2-“ in cycloalkanes and alkanes of asphalt. The absorption
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peak at 1350~1470 cm−1 was caused by the bending vibration in the “C-H” bond plane,
which was the shear vibration absorption peak of the “-CH3” alkane group in asphalt. The
absorption peak at 1611 cm−1 was caused by the “C=C” bond and “C=O” bond, which
is a typical characteristic peak of aromatic components in asphalt. The C-S bond was
destroyed in the desulfurization process, and the “S=O” bond at 1082 cm−1 and the “C=O”
bond at 1710 cm−1 were changed in the spectrum in varying degrees shown in Figure 6.
However, the “S=O” bond and “C=O” bond do not exist in the spectrum of modified
asphalt, which shows that some functional groups in the rubber reacted with asphalt,
making their combination more stable. In addition, compared with different mixing time
and mixing temperature, the position and peak of the characteristic peaks of the Fourier
infrared spectrum of the desulfurized crumb rubber powder modified asphalt did not
change significantly, which indicates that the fracture and formation of chemical bonds
were not found in the modification process of desulfurized crumb rubber powder modified
asphalt, and the modification process of asphalt by desulfurized crumb rubber powder
was mainly physical blending, which is also consist with previous studies [4,48,49].

4. Conclusions

In this study, crumb rubber powder was desulfurized by mechanochemical method to
prepare desulfurized crumb rubber modified asphalt. During the desulfurization process
of crumb rubber, the effects of the desulfurization process variables including desulfur-
izer type, desulfurizer content, and desulfurization mixing temperature and time were
considered, and then the physical properties of modified asphalt were tested.

(1) Two commercial regenerant labeled as OMC, activators labeled as OD, as well
as self-made desulfurizer labeled as DES and crumb rubber powder were selected for
mixing the desulfurization treatment. The three desulfurizers can reduce the viscosity of
desulfurized crumb rubber powder modified asphalt, among which OD and OMC can
reduce the softening point at the same time;

(2) The desulfurization process of selected OD desulfurizer is optimized as follows:
the OD desulfurizer content is 3%, the desulfurization mixing temperature is 160 ◦C and
the mixing time is 30 min;

(3) Based on the Fourier infrared spectrum analysis, the desulfurization treatment
did not change the functional groups of crumb rubber powder modified asphalt, and the
modification of asphalt by crumb rubber powder was mainly physical modification.

Future research on the performing and defining grade of each modified asphalt binder
as well as the effects of desulfurization agents on rubber is highly warranted.
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Abstract: Taking advantage of crumb rubber from waste tires to modify bitumen is widely for the envi-
ronmentally friendly and sustainable development of pavement. This study investigated the modifica-
tion mechanism, rheological, and aging properties of styrene–butadiene–styrene (SBS)/desulfurized
crumb rubber (DCR) composite modified bitumen (SBS/DCRMB). Morphological features and
chemical characteristics were assessed by fluorescence intensity measurement and gel permeation
chromatography (GPC), respectively, and results demonstrated that the DCR and SBS modifier in
SBS/DCRMB had been vulcanized and formed a three-dimensional network structure. Moreover, a
comparison of the GPC elution curve showed the residual bitumen hardly changed due to carbon
black released from DCR of SBS/DCRMB during the aging process of SBS/DCRMB, and the polymer
molecules condensed to larger units. However, the remaining bitumen in SBSMB had changed
evidently and the polymer degraded to smaller molecules. Meanwhile the rheological testing results,
including multiple stress creep recovery, linear amplitude sweep and bending beam rheometer,
declared that the SBS/DCRMB is superior to SBSMB before and after aging.

Keywords: desulfurized crumb rubber; styrene–butadiene–styrene; composite modified bitumen;
rheological properties; aging process

1. Introduction

Nowadays, the noticeable increase in traffic volume and the dramatic increase in heavy
vehicle axle load has led to the necessity to attention focus on pavement performance. At
the same time, base bitumen cannot meet the requirements of the structure and function
of bitumen concrete pavement [1,2]. To address this issue, more and more modified
bitumens, such as styrene–butadiene–styrene (SBS) modified bitumen (SBSMB), have
been applied to high-grade pavement, which significantly enhances the performance
of bitumen pavement [3,4]. However, the high cost of SBSMB indicates its incapability
to achieve resource conservation and environmental friendliness. Therefore, bitumen
modified with crumb rubber (CR) prepared from waste tires has been considered by many
researchers due to its advantages of energy thriftiness, environmental protection, and
economic significance [5,6]. Currently, CR modified bitumen (CRMB) has been utilized
as a binder of asphalt mixtures on many roads, both in China and internationally, which
achieves promising performance and effectively reduced pollution of the tire. However, due
to the three-dimensional structure of rubber molecules and vulcanization, it is difficult to
swell during processing. Furthermore, crumb rubber rarely reacts with bitumen, resulting
in rubber and bitumen prone to natural segregation, poor storage stability under high
temperature, and other defects [7–9]. These issues restrict the further development of
CRMB in road-building technology. Hence, researchers have been pre-treating the crumb
rubber to improve the performance of CRMB.
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It has been investigated that the desulfurization of crumb rubber could significantly
improve the performance of CRMB. Desulphurization promotes the activity of crumb
rubber, which can substantially improve the performance of rubber bitumen and its mix-
ture [10–12]. As indicated by the literature, desulfurized rubber particles have a low
crosslinking degree and more active chemical bonds, enabling more apparent chemical
effects between the rubber particles and bitumen. Furthermore, the high-temperature vis-
cosity is noticeably decreased, and the preparation temperature also decreased slightly. In
addition, it is more environmentally friendly, as less odor exhausts during the preparation
process [13]. Moreover, the solvents and other reactive agents are added in the preparation
process of CRMB, which can ameliorate the phase dissolution rate of rubber and bitumen,
as well as improve the stability of CRMB. Desulfurized crumb rubber modified bitumen
(DCRMB) and reactive rubber modified bitumen exhibits high elastic response, which
can reduce non-recoverable deformation, thus yielding a better low-temperature crack
resistance and fatigue resistance [14–17].

Additionally, CRMB has increased flexibility and better resistance to heat and oxy-
gen aging, and features many other beneficial properties compared with base bitumen.
However, it has been proven that the rutting resistance and storage stability of bitumen
modified by desulfurized rubber still remain poor. In this regard, it can be concluded
that bitumen single modifier is hard to satisfy the multiple performance requirements of
bitumen pavement [12,18–20]. Consequently, researchers began to combine two or more
kinds of modifiers and methods for modifying bitumen, to combine the advantages differ-
ent modifiers offer. For example, tire crumb rubber combined with recycled polyethylene
extruded melt blend as a composite additive was conducted to enhance the performance
of binder and results found recycled polyethylene played a key role to improving the
high-temperature performance of composite modified bitumen [21].

SBS copolymers are widely used for bitumen modification. However, the main draw-
backs of SBSMB are high cost and poor aging resistance. Hence, researchers began to
examine the application of SBS/DCRMB, as not only can it unite the performance advan-
tages of DCR and SBS, but it can also reduce the SBS modifier dosage to reduce construction
costs as well as the environmental pollution caused by the utilization of crumb tires in
bitumen [22–24]. According to the results of morphology observation, the addition of SBS
to CRMB leads to the formation of a staggered polymer network. At the same time, vulcan-
ization or aging would improve the compatibility between polymer and bitumen, enhances
their interaction and increases the storage stability of SBS/DCRMB [25,26]. The results
also indicate that carbon black will be released during the process, which can improve the
flexibility of network structures and boosts their anti-aging property. Furthermore, black
carbon increases the adhesion of bitumen, so as to improve the general performance of bitu-
men mixture [27–29]. In summary, the performance of the SBS/DCRMB has been improved
over a wide temperature range, as the SBS in the bitumen enhances the high-temperature
properties, DCR improves the fatigue and low-temperature cracking resistance due to its
excellent elasticity. However, current studies on SBS/DCRMB were merely the simple
addition of two single modifiers by different orders, where there is no further pretreatment
of the two types of modifiers. In addition, detailed descriptions about the morphology and
the systematic discussion of the combined modification mechanism of the two modifiers
are still unclear.

In this sense, this research proposes a type of SBS/DCRMB by SBS/DCR composite
additive, which was prepared by force-chemical reactor. The modification mechanism of
SBS/DCRMB was characterized by fluorescence intensity measurement and gel permeation
chromatography (GPC). The rheological properties, including rutting, fatigue, and low-
temperature performance of SBS/DCR and SBS modified bitumen were analyzed and
compared before and after thin film oven test (TFOT) and pressurized aging vessel (PAV)
aging. Based on the results of GPC, the relationship between the molecular distribution
and macroscopic properties was explored. Then, their ability to resist aging was compared
between SBS/DCRMB and SBSMB.
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2. Methods

2.1. Materials and Preparation

Pen70 was selected as the neat binder for modified bitumen, and the physical prop-
erties are shown in Table 1. Two conventional polymers were selected, including SBS
and desulfurized crumb rubber (DCR). The average molecule weight of linear SBS was
80,000 g/mol, and the weight percentage of styrene was 30%. The DCR modifier was
devulcanized by twin-strew extruder and the principle of desulphurization is shown in
Figure 1. Meanwhile, rubber processing oil, which is rich in aromatics and saturates, was
utilized to achieve sufficient DCR and SBS swelling in bitumen. The content of rubber
processing oil was 4% by mass of base bitumen. Sulfur powder acted as crosslinking agent,
and an amount of 5% of the modifiers weight was applied.

Table 1. Basic properties of bitumen.

Properties Unit
Test Results

Test Method
Neat SBS SBS/DCR

Penetration (25 ◦C, 100g, 5 s) (0.1 mm) 68.9 58.9 72.4 ASTM D5 [30]
Softening point (ring and ball method) ◦C 47.2 66.5 85.8 ASTM D36 [31]

Ductility (15 ◦C, 5 cm/s) Cm >100 – – ASTM D113 [32]
Ductility (5 ◦C, 5 cm/s) Cm – 20.4 44.5 ASTM D113 [32]
Change in mass TFOT % −0.2 −0.11 −0.08 ASTM D2872 [33]

Flashpoint, Cleveland open cup ◦C 289 291 310 ASTM D92 [34]

 

Figure 1. The principle of desulphurization by twin-strew extruder.

DCR/SBSMB was prepared in a laboratory at 180 ◦C. Firstly, the DCR/SBS composite
modifier was added to the base asphalt and the blend was sheared at a speed of 6000 r/min
for 1.5 h. The speed was then reduced to 1500 r/min for 1h until fully swelled. The
preparation process of the DCR/SBSMB is illustrated in Figure 2. Conventional CR/SBS
composite modified asphalt with 20% CR and 4% SBS was prepared using the same method.
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Figure 2. Flowchart of material preparation.

As mentioned above, there was a type of bitumen considered as references for the
comparison of SBS/DCRMB, namely SBSMB with 4% SBS (of the weight of base bitumen).
It should be noted that the afore-mentioned preparation conditions were also used for
preparation of SBSMB.

2.2. Aging Method

The bitumen samples were assessed using TFOT aging at 163 ◦C for 5 h according to
ASTM D1754 to simulate the short-term aging of bitumen during mixing, transportation,
and paving [35]. Furthermore, long-term aged bitumen was obtained by conducting TFOT
(for 5 h at 163 ◦C), followed by a PAV test. ASTM D6531 recommends imitating the age of
the road’s service life [36]. The aging temperature in the PAV test was 100 ◦C. The pressure
was set to 2.1 MPa and the aging time was 20 h.

2.3. Fluorescence Intensity Measurement

Fluorescence microscopy is a standard method to observe the state of asphalt binders
during their modification with polymers [37,38]. The polymer-rich phase that is swelled by
the oily aromatic part of the asphalt appears to be yellow-colored, while the asphaltene
phase is dark [39,40]. A Nikon Y-IDP Japan fluorescence microscope (Nikon, Tokyo, Japan)
was employed to measure the fluorescence intensity of the modified bitumen, which
supports up to 400× g. Under fluorescence, when excited by short-wave light, the polymer
phase, formed by the swelling of the polymer, will emit a longer wavelength of light, while
the asphalt phase emits no light. Therefore, it is easy to distinguish the yellow polymer
phase from the black asphalt phase under a fluorescence microscope, and the distribution
of modifiers in the asphalt can be clearly seen.

2.4. Molecular Distribution Analysis Using Gel Permeation Chromatography

GPC (HLC-8320, Tosoh, Tokyo, Japan) was employed to characterize changes of the
molecular dimension. A total of five columns (TSK gel Super HM-M W0054, TSK gel Super
HM-M W0055, TSK gel Super HM-M W0056 TSK gel Super H-RC W0109, and TSK Guard
Column Super HH W0114, Tosoh, Tokyo, Japan) are required for GPC to separate asphalt
binders based on their molecular size. Before the test, tetrahydrofuran was used to dissolve

50



Polymers 2021, 13, 3037

a small amount of asphalt to prepare a 0.5–5 mg/mL solution. The THF flow rate was
controlled at 0.2 mL/min. After the test, software configured by a GPC device was used
to calculate the number average molecular weight (Mn) and weight average molecular
weight (Mw). Then, their ratio was used to represent the molecular distribution length and
investigate the molecular distribution of modified asphalt before and after aging [29,41,42].

2.5. Multiple Stress Creep Recovery Test

The multiple stress creep recovery (MSCR) test was conducted by a dynamic shear
rheometer (DSR) device ( Anton-paar, Graz, Austria) based on AASHTO T350 [43]. The
diameter of samples used for testing was 25 mm, the thickness was 1 mm and the testing
temperature was 64 ◦C, which can simulate the anti-rutting performance. The results of the
MSCR test were obtained based on two replicates. The MSCR test consisted of 20 cycles, a
1 s creep period, and a 9 s recovery period at a stress level of 0.1 kPa. This was followed by
another 10 cycles of creep and recovery at 3.2 kPa according to AASHTO T350. The three
main parameters obtained in the experiment mainly used the following Equations (1)–(3).

Recovery% at 100Pa or 3200Pa =
1
10

[
10

∑
i=1

γ(r)i

γ(t)i

]
× 100 (1)

Jnr at 100Pa(1/KPa) =
1
10

[
10

∑
i=1

γ(nr)i

0.1

]
(2)

Jnr at 3200Pa(1/KPa) =
1

10

[
10

∑
i=1

γ(nr)i

3.2

]
(3)

where γ(r)i is recoverable strain, γ(nr)i is non-recoverable strain at the end of 9 s rest, and
γ(t)i is total creep strain at the end of the loading time of 1 s in each cycle.

2.6. Linear Amplitude Scanning Test

Current asphalt binder specifications lack the ability to characterize the damage
resistance of asphalt binder to fatigue loading. Multiple accelerated testing procedures are
currently being investigated in an attempt to describe the contribution of asphalt binders
to mixture fatigue efficiently and accurately [17,40]. One of these tests, which has received
acceptance by experts and has been submitted as a draft AASHTO standard, is the linear
amplitude sweep (LAS) test. The LAS test was conducted at 25 ◦C. According to AASHTO
TP 101-14, the asphalt samples (8 mm in diameter and with a 2-mm thickness) were tested
in two stages [44]. In the first stage, a frequency sweep test with a strain level of 0.1%
was performed at different frequencies (0.2 to 30 Hz). This test was used to obtain the
undamaged material parameter (α). At the second stage, the oscillating shear was used at a
frequency of 10 Hz in strain control mode at the selected temperature. The scanning time
was 300 s, and the loading amplitude increased linearly from 0.1% to 30%.

2.7. Bending Beam Rheometer Test

The bending beam rheometer (BBR) test was employed to characterize the low-
temperature performance of SBSMB and SBS/DCRMB before and after aging. The test
temperatures were −12, −18, and −24 ◦C, and the average results of three replicates were
used as the testing results. The two key parameters of bitumen at low temperature, as
obtained by Equations (4) and (5), respectively, are creep stiffness modulus (S) and creep
rate (m).

S(t) =
PL3

4bh3δ(t)
(4)

m = a + 2blg(t) (5)
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where S(t)(MPa) is flexural creep stiffness and P(N) is constant load. h, L, and b (mm) are
thickness, length, and width of a thin beam sample, respectively. δ(t)(mm) is deformation
at the mid-span of a thin beam sample.

Using the interpolation method according to ASTM D7643-16 can determine the low
service temperature (TL) of asphalt binders from BBR test in multiple testing tempera-
tures [45]. The critical temperature TL,s and TL,m corresponding to stiffness = 300 MPa and
m value = 0.3 were obtained by the regression Equations (6) and (7), respectively. The low
service temperature (TL) was defined as Equation (8).

log10(s) = a1 + b1T (6)

m = a2 + b2T (7)

TL = max(TL,s, TL,m)− 10 (8)

where a1, a2, b1, and b2 are the regression coefficients; T is the test temperature (◦C); TL,s
is the critical temperature when S = 300 MPa (◦C); TL,m is the critical temperature when
m = 0.3 (◦C); and TL is the low service temperature (◦C).

3. Results and Discussion

3.1. Fluorescence Microscopy (FM) Analysis of SBS and DCR in Bitumen

The fluorescence micrographs of SBSMB and SBS/DCRMB are shown in Figure 3.
Figure 3a shows that under the excitation of violet light, the yellow spots are SBS compo-
nents, and the orange parts are asphaltenes. The dot interface of SBS is clear and has a
poor affinity with asphalt, resulting in poor compatibility. However, Figure 3c presents
more black carbon components, and an irregular distribution shape of SBS. The interface
is fuzzy and the interaction with asphalt is enhanced, thereby increasing the stability of
the interface.

  
(a) SBSMB in Blue violet light (b) SBSMB in white light 

  
(c) SBS/DCRMB in Blue violet light (d) SBS/DCRMB in white light 

Figure 3. Micrography of SBSMB (a,c)and SBS/DCRMB (b,d) with different magnifications and
different light sources in Fluorescence.
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The fluorescence microscopic images of SBSMB and SBS/DCRMB are different under
white light. As illustrated in Figure 3b, a few black spots (which might be impurities
in the bitumen) were scattered in the white setting (base bitumen), while in Figure 3d,
clear white dots are either surrounded by or connected to black patches. Comparing
Figure 3b,d indicates that the aromatic component of bitumen or rubber processing oil
is absorbed by DCR and the border of black patches are blurred and thick. Due to the
addition of crosslinking agents during the preparation, SBS and DCR are crosslinked by
non-directional vulcanization. In the process of DCR swelling, SBS is wrapped up between
the DCR, and the polymer network structure of SBS/DCR forms [46].

These results indicate that during the preparation of SBS/DCRMB, aromatic com-
ponents and rubber processing oil are absorbed during swelling, depolymerization, and
dispersion. Under the interaction with sulfur, SBS, DCR, and the SBS–DCR polymer net-
work, i.e., the cohesive forces between polymer, as shown in Figure 4, which briefly present
the mechanism of composite modified bitumen.

Figure 4. Modification mechanism of SBS/DCRMB.

3.2. Molecular Distribution Analysis with GPC

GPC analysis can effectively characterize the molecular structure and the decomposi-
tion of polymers during the aging process [42]. According to Figure 4, two regions can be
observed from the GPC chromatogram of SBS/DCRMB and SBSMB. These are the residual
matrix bitumen region on the left (with smaller molecular weight) and the polymer region
on the right (with larger molecular weight). The appearance of the two molecular weight
regions in SBS/DCRMB indicates that a mixed crosslinking system formed between SBS
and DCR. The existence of a crosslinking system is verified via fluorescence microscopic
images under white light.

Focusing on the left region, Figure 5a shows that the aging effect leads to significant
differences among the three peaks of the molecular weight distribution of residual asphalt.
In contrast, the SBS/DCRMB residual bitumen molecular weight distribution curve shown
in Figure 5b approximates an overlap and with good consistency. This may be ascribed
to the following two reasons: On the one hand, the aromatics component is absorbed by
the swelling of polymer components during the preparation of SBS/DCRMB. On the other
hand, the residual bitumen is protected by the black carbon released during the preparation
of DCR from thermo-oxidative aging.
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(a) Molecular weight distribution of SBS/MB before and after aging. 

 
 

(b) Molecular weight distribution of SBS/DCRMB before and after aging. 

Figure 5. Molecular distribution of SBSMB and SBS/DCRMB in different aging conditions.

Furthermore, focusing on the right region, the results of GPC also show the significant
variation trend of the polymer region during the aging process. In SBSMB, the polybutadi-
ene chains in SBS were destroyed, and the polymer molecular weight decreased, which
leads to a left shift of the molecular weight distribution curve and damages the crosslinking
structure. Dissimilarly in the polymer area of SBS/DCRMB, in response to aging, causes the
curve to move to the right, indicating that some chemical reactions (such as condensation)
are caused between the two polymers (SBS and DCR). Condensation is another variation
of the reaction of bitumen aging that will generate larger molecules.
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Ultimately, Mn can be used to characterize the variation of small molecules, while Mw
reflects the macromolecule. Table 2 presents the detailed values of Mn, Mw, and Mn/Mw
obtained by GPC test. Given the amount of macromolecular component, it is conflicting
that the value of Mw would decrease in response to the dissociation of polymer modifier.
The value of Mw would increase by the condensation of polymer and the conversion of
aromatic components. As the indicator of Mn is free from such conflict, Mn can adequately
reflect the aging resistance of modified bitumen. According to the variation of Mn, the
Mn value of SBS/DCRMB is higher than that of SBSMB before aging, while SBSMB is
higher than SBS/DCRMB after PAV aging. This implies that SBS/DCRMB has a better
anti-aging ability.

Table 2. Molecular weight calculation of SBSMB and SBS/DCRMB before and after aging.

Binder Type
Aging

Conditions
Mn Mw Mn/Mw

SBSMB
Virgin 850 2270 2.67
TFOT 885 2303 2.60

PAV-20 h 928 2354 2.54

SBS/DCRMB
Virgin 860 2577 3.00
TFOT 884 2664 3.01

PAV-20 h 910 2790 3.07

In addition, the ratio of Mn to Mw in Table 2 shows that the ratio of SBS becomes
smaller. This corresponds to the polymer distribution in Figure 5a, where the dispersion
of the molecular distribution becomes smaller due to degradation. However, the ratio
of SBS/DCRMB follows an increasing trend, and there is a significant increase between
short-term aging and PAV. This corresponds to the molecular weight distribution of the
polymer part, which increases due to shown polycondensation in Figure 5b.

3.3. Multiple Stress Creep Recovery Results

Figure 6a shows the time–strain curve of un-aged SBSMB and SBS/DCRMB in a
MSCR test. With increasing test time, the original bitumen strain also increased, and
the strain of SBSMB became significantly larger than that of SBS/DCRMB. Additionally,
the unrecoverable creep compliance (Jnr) of SBS/DCRMB is much smaller than that of
SBSMB. This illustrates that SBS/DCRMB possesses much higher resilience and resistance
to the high-temperature deformation than SBSMB under the same loading conditions.
The remarkable anti-rutting performance of SBS/DCRMB benefits from the high elastic
property of DCR and the strong three-dimensional network structure developed by DCR
and SBS.

Non-recoverable compliance (Jnr), stress sensitivity (Jnr−di f f ), and the creep recovery
rate are the main parameters for evaluating the high-temperature properties of bitumen
binders in MSCR testing [19,47]. Figure 6b–d present the results of the MSCR test for
different aging conditions. All obtained results show differences between the two modified
types of bitumen. These results show that the rate of creep recovery of SBSMB decreased
significantly with increasing loading stress and aging, but the rate of creep recovery of
SBS/DCRMB varies slightly. This might be related to the three-dimensional network
structure formed by SBS and DCR during the modification process (as shown in the
fluorescence micrographs). The complete three-dimensional network structure can be
gradually recovered with the superior elastic properties provided from DCR when the
stress diminishes. In contrast, the polymer network structure in SBSMB is difficult to
rebuild due to a lack of elastic recovery and sensitivity to stress (as shown in Figure 3a).
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(a) Original curve of original bitumen (b) Percent recovery 

  
(c) Jnr (d) Jnr-diff 

ε

ε

ε

ε

ε

Figure 6. MSCR test result in different aging conditions of two modified bitumen.

However, the Jnr of the two modified bitumens contrasts with the rate of creep recovery
before and after aging. As shown in Figure 6c, Jnr increases with increasing unrecoverable
deformation at a higher stress level and with the degree of aging. This contrasts with
the conclusion by Zhou et al., who claimed that the stiffness of base bitumen is enhanced
after adding RAP, which resulted in a reduction in Jnr [48]. After short-term and long-term
aging, the modifiers decomposed as indicated by the GPC test. The decomposition of
modifiers leads to the weakening of the polymer network structure and the interaction
between the modifiers, thus reducing the resistance to deformation. Figure 6d shows the
stress sensitivity of two types of bitumen under different aging conditions through Jnr-diff.
To a certain extent, the stress sensitivity of the modified bitumen is reduced by aging and
all values were less than 75%. The GPC testing results of SBSMB indicate that in the process
of thermo-oxidative aging, the aromatic component of SBSMB is reduced, and the stiffness
is improved, thus, bitumen became insensitive to stress.

Based on the non-recoverable compliance, stress sensitivity, and the rate of creep
recovery obtained by the MSCR test, the elastic properties of bitumen improved effec-
tively by adding DCR. Additionally, as the polymer network formation by the DCR and
SBS and the black carbon release by the DCR during the preparation process, the high-
temperature performance of the bitumen was significantly improved, resulting in excellent
road performance of the SBSMB.

3.4. Linear Amplitude Scanning Test Results

Table 3 displays the fatigue damage values obtained by LAS test based on the VECD
model. Figure 7a,b present the rapid fatigue damage curve and the relationship between
damage intensity (D) and integrity parameters (C), respectively. Table 3 shows that the C1
and C2 of SBSMB bitumen increase with aging, while the values of SBS/DCRMB show a
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completely different variation. Here, C1 decreases while C2 increases. The lower C1 and C2
values, the better the fatigue performance of bitumen will become [47]. During the aging
process, the magnitude of the bitumen modulus, the increase in the polymer content, and
the strength of the network will increase C1 and decrease C2. Combined with the results
of GPC testing, the decomposition of the polymer and network structure during aging
increases C2. For C1 parameters, in SBSMB, the positive effect from the increasing modulus
is not counteracted by the weak or negative impact caused by the decomposition of the
polymer. However, with the addition of DCR, the polymer proportion in SBS/DCRBM
increases and the condition is improved. The impact of the damage intensity and the
integrity parameter combined with C1 and C2 should be comprehensively considered.

Table 3. Linear amplitude sweep test results of all tested binders based on viscoelastic continuum damage analysis.

Binder Type Aging Conditions C1 C2 A B α τmax

SBS
Virgin 0.050 0.473 3,142,334 2.894 1.447 0.236
TFOT 0.059 0.496 1,856,421 2.888 1.444 0.258

PAV-20 h 0.066 0.521 1,533,497 2.922 1.461 0.318

SBS/DCR
Virgin 0.058 0.490 8,010,102 2.978 1.489 0.199
TFOT 0.054 0.504 5,165,232 3.026 1.513 0.210

PAV-20 h 0.050 0.513 3,456,893 3.042 1.521 0.249

As shown in Figure 7a, during the aging process, SBSMB is more sensitive to ag-
ing compared with SBS/DCRMB. During aging, the D–C curves of SBSMB indicated a
large difference between before and after the same short-term aging, which is similar to
SBS/DCRMB. Additionally, the loss rate of the integrity parameter increased sharply after
PAV aging. The reason for this change may also be consistent with the result of the GPC
test. In the aging process of SBSMB, a number of aromatic compounds are converted into
asphaltenes, which play a dominant role in fatigue performance. Moreover, the degra-
dation of modifier and the damage of the polymer network also accelerated the loss of
fatigue performance. Therefore, aging severely impacts the fatigue performance of asphalt.
SBS/DCRMB offers an advantage in resisting short-term aging. After PAV aging, the
fatigue performance of asphalt cementation material decreases sharply. Therefore, the
fatigue performance of asphalt is severely affected by aging and SBS/DCRMB offers an
advantage in resisting short-term aging.

Figure 7b demonstrates that the loss rate of asphalt sensitivity decreases gradually
with increase in strain level and aging degree. Comparing the loss of the fatigue life before
and after aging shows that the fatigue life of SBS/DCR modified bitumen is longer than
that of SBSMB bitumen regardless of the underlying aging conditions. This is caused by
the addition of DCR, which can improve the fatigue resistance. It can also be found that
aging conditions affect the bitumen fatigue life, and its effect is the same than that of the
loss rate of the integrity parameter.

In conclusion, the effect of aging on the fatigue life of SBSMB is mainly the result of
the hardening of bitumen. In contrast, the fatigue performance loss of SBS/DCRMB is
primarily caused by polymer condensation and the disintegration of the structure of the
polymer network.
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(a) Integrity Parameter VS. Damage Intensity. 

 
(b) Number of cycles for loading to failure. 

Figure 7. Results Linear Amplitude Scanning Test in Different aging conditions. (a): Integrity
Parameter VS. Damage Intensity; (b): Number of cycles for loading to failure.

3.5. Low-Temperature Performance

The change in stiffness modulus and the creep rate of SBSMB and SBS/DCRMB are
presented in Figure 8a,b and the low service temperature (TL) of SBSMB, and SBS/DCRMB
were compared in Figure 8c. The depicted results indicate that the stiffness modulus
increased, and the creep rate decreased, after long-term aging at low temperature. Existing
research indicates that low stiffness modulus and high creep rate are conducive to crack
resistance, implying that the binder has better low-temperature performance. A comparison
of the stiffness modulus and creep rate with temperature changes for different aging
conditions shows that the degree of aging will increase the sensitivity of stiffness modulus
and creep rate. Furthermore, regardless of the aging state, the S value of SBS/DCRMB is
smaller than that of SBSMB at the same temperature, while the m value is larger. According
to the AASHTO T313 standard, the minimum S value and the maximum m-value for
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PAV-aged asphalt binders should be 300 MPa and 0.3, respectively. From Figure 6, the
stiffness values of SBSMB-PAV at 18 ◦C is larger than 300 MPa and m-value is smaller than
0.3, but SBSMB-PAV can meet the S value and m-value requirement at 12 ◦C. Therefore,
the low-temperature grade of SBSMB is PG-22 and the low-temperature continuous grade
is −23.64 ◦C. Following the same analysis, the low-temperature grade of SBS/DCRMB is
PG-28 and the low-temperature continuous grade is −28.59 ◦C. The main reason for this is
that the SBS and DCR formed a three-dimensional network; when the strain reached the
limit, the fracture stress can be rapidly concentrated on the surface of DCR. Then, DCR
absorbs and consumes the energy, which prevents the formation and expansion of cracks,
increasing low-temperature creep deformation. After thermal-oxygen aging and pressure
aging, the original bitumen developed brittle and rigid characteristics and the polymer
network broke down with the degradation and condensation. These effects further increase
the S value and decrease the m-value. Comparing the decay laws of low-temperature
properties for different aging conditions shows that the growth of the stiffness modulus and
the creep rate of SBSMB before and after pressure aging both exceed that of SBS/DCRMB.

  
(a) Stiffness VS. Temperature in different aging  

conditions. 
(b) Creep rate VS. the temperature in different aging  

conditions. 

 
(c) Low service temperature TL 

Figure 8. Low-temperature performance in bending beam Rheometer.
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3.6. Analysis of and Anti-aging Properties

To some extent, the sensitivity of the asphalt binder’s performance affected by ag-
ing is revealed by the variation amplitude of the rheological performance and chemical
composition indices of asphalt binder before and after aging, which are also important to
evaluate the anti-aging performance of asphalt binder. These aging indices were presented
in Equations (9)–(12) [49,50].

MAI =

∣∣∣Unaged Mn
Mw − Aged Mn

Mw

∣∣∣
Unaged Mn

Mw
× 100% (9)

JDAI =

∣∣∣Unaged Jnr−di f f − Aged Jnr−di f f

∣∣∣
Unaged Jnr−di f f

× 100% (10)

Nf AI =

∣∣∣Unaged Nf − Aged Nf

∣∣∣
Unaged Nf

× 100% (11)

TL AI =
|Unaged TL − Aged TL|

Unaged TL
× 100% (12)

According to the above definition of the aging index, the sensitivity of the SBSMB and
SBS/DCRMB to aging in different aspects of various temperature rheological performance
and chemical composition is listed in Table 4. It can be seen that aging sensitivity of SBSMB
and SBS/DCRMB is different in the total temperature domain.

Table 4. Aging sensitivity of two modified bitumen.

Modified Asphalt MAI, % JDAI, % TLAI, % NfAI, % (Strain = 1%)

SBSMB-TFOT 2.63 12.13 11.67 45.7
SBS/DCRMB-TFOT 0.33 6.75 5.72 14.0

SBSMB-PAV 4.87 32.67 56.63 80.6
SBS/DCRMB-PAV 2.33 20.47 28.4 63.0

According to the above definition of the aging index, the sensitivity of the SBSMB and
SBS/DCRMB to aging in different aspects of various temperature rheological performance
and chemical composition are listed in Table 4. It can be seen that aging sensitivity of
SBSMB and SBS/DCRMB is different in the total temperature domain, but all aging indexes
of SBSMB are larger than that of SBS/DCRMB in both short-aging and long-aging at the
macro and micro levels, SBSMB is approximately twice that of SBS/DCRMB. It indicated
that SBS/DCRMB possesses a better anti-aging ability due to absorption of lightweight
components by composite modifiers (SBS and DCR) and release of carbon black from DCR.

4. Conclusions

The objective of this study was to evaluate the modification mechanism of SBS/DCRMB
and investigate the evolution of the resulting rheological properties before and after TFOT
and PAV aging by using fluorescence microscopy, GPC, DSR, and BBR. These experimental
methods provide multi-scale data identifying the relationship between microstructure and
macroscopic rheological properties. The specific benefits of these testing methods are listed
in the following.

(1) The fluorescence micrographs confirmed that the DCR and SBS modifiers in SBS/DCRMB
had been vulcanized and produced a three-dimensional network structure under
the action of sulfur. Moreover, using GPC to analyze the molecular distribution of
SBS/DCRMB shows only two regions (residual asphalt and polymer), which further
indicates that a crosslinking reaction occurred between the polymers of SBS/DCRMB.
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(2) GPC testing results indicated that the introduction of DCR in SBS/DCRMB signifi-
cantly improved the thermal oxygen anti-aging ability, and the results of the LAS and
MSCR test also indicated the same pattern.

(3) The MSCR testing results illustrated that DCR could effectively improve the elas-
tic properties and decrease the viscous parts of asphalt. Furthermore, the three-
dimensional polymer network structure formed by DCR and SBS plays a significant
role in the high-temperature properties.

(4) DCR enhanced the resistance to fatigue cracking of SBS/DCRMB and combination
with the GPC test results, shows that the influence of aging on the fatigue life of
SBSMB was mainly the result of the hardening of residual asphalt. In contrast, the
fatigue performance loss of SBS/DCRMB was primarily caused by the condensation
of the polymer part and the disintegration of the polymer network structure.

(5) According to the stiffness modulus and creep rate results of the BBR test, the tempera-
ture sensitivity and anti-aging properties of SBS/DCRMB were significantly better
than those of SBSMB.

Author Contributions: Conceptualization, X.C. and G.X.; methodology, G.X.; validation, G.X., Y.Y.
and P.K.; formal analysis, J.Y.; investigation, J.Y.; resources, X.C.; data curation, T.W.; writing—
original draft preparation, P.K.; writing—review and editing, G.X.; visualization, Y.Y.; supervision,
X.C.; project administration, X.C.; funding acquisition, X.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 51778136
and No. 51778140, Beijing, China), Technology Research and Development Program of China
State Railway Group Co., Ltd. (P2019G030, Beijing, China). And the APC was funded by Science
Foundation of China (No. 51778136 Beijing, China). The authors also wish to thank the reviewers for
their valuable comments and suggestions concerning this manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yilmaz, M.; Yalcin, E. The effects of using different bitumen modifiers and hydrated lime together on the properties of hot mix
asphalts. Road Mater. Pavement Des. 2016, 17, 499–511. [CrossRef]

2. Chen, J.S.; Liao, M.C.; Shiah, M.S. Asphalt modified by styrene-butadiene-styrene triblock copolymer: Morphology and model. J.
Mater. Civ. Eng. 2002, 14, 224–229. [CrossRef]

3. Wu, S.-p.; Pang, L.; Mo, L.-t.; Chen, Y.-c.; Zhu, G.-j. Influence of aging on the evolution of structure, morphology and rheology of
base and SBS modified bitumen. Constr. Build. Mater. 2009, 23, 1005–1010. [CrossRef]

4. Dong, F.; Fan, W.; Yang, G.; Wei, J.; Luo, H.; Wu, M.; Zhang, Y. Dispersion of SBS and its Influence on the Performance of SBS
Modified Asphalt. J. Test. Eval. 2014, 42, 1073–1080. [CrossRef]

5. Dong, Z.J.; Zhou, T.; Luan, H.; Williams, R.C.; Wang, P.; Leng, Z. Composite modification mechanism of blended bio-asphalt
combining styrene-butadiene-styrene with crumb rubber: A sustainable and environmental-friendly solution for wastes. J. Clean
Prod. 2019, 214, 593–605. [CrossRef]

6. Lee, S.-J.; Akisetty, C.K.; Amirkhanian, S.N. The effect of crumb rubber modifier (CRM) on the performance properties of
rubberized binders in HMA pavements. Constr. Build. Mater. 2008, 22, 1368–1376. [CrossRef]

7. Wang, H.; Liu, X.; Apostolidis, P.; Scarpas, T. Review of warm mix rubberized asphalt concrete: Towards a sustainable paving
technology. J. Clean Prod. 2018, 177, 302–314. [CrossRef]

8. Lo Presti, D. Recycled Tyre Rubber Modified Bitumens for road asphalt mixtures: A literature review. Constr. Build. Mater. 2013,
49, 863–881. [CrossRef]

9. Lundy, J.R.; Hicks, R.G.; Zhou, H. Ground Rubber Tires in Asphalt-Concrete Mixtures—Three Case Histories. In Use of Waste
Materials in Hot-Mix Asphalt; Waller, H.F., Ed.; ASTM International: West Conshohocken, PA, USA, 1993; Volume 1193, pp.
262–275.

10. Mull, M.A.; Stuart, K.; Yehia, A. Fracture resistance characterization of chemically modified crumb rubber asphalt pavement. J.
Mater. Sci. 2002, 37, 557–566. [CrossRef]

11. Ye, Z.G.; Zhang, Y.Z.; Kong, X.M. Modification of bitumen with desulfurized crumb rubber in the present of reactive additives. J.
Wuhan Univ. Technol. Mater. Sci. Ed. 2005, 20, 95–97.

61



Polymers 2021, 13, 3037

12. He, L.; Ma, Y.; Huang, X.; Ma, T. Research on Performance and Microstructure of Desulfurized Rubber Asphalt. J. Build. Mater.
2012, 15, 227–231.

13. Subhy, A.; Lo Presti, D.; Airey, G. An investigation on using pre-treated tyre rubber as a replacement of synthetic polymers for
bitumen modification. Road Mater. Pavement Des. 2015, 16, 245–264. [CrossRef]

14. Singh, B.; Kumar, L.; Gupta, M.; Chauhan, M.; Chauhan, G.S. Effect of activated crumb rubber on the properties of crumb
rubber-modified bitumen. J. Appl. Polym. Sci. 2013, 129, 2821–2831. [CrossRef]

15. Liang, M.; Xin, X.; Fan, W.; Ren, S.; Shi, J.; Luo, H. Thermo-stability and aging performance of modified asphalt with crumb
rubber activated by microwave and TOR. Mater. Des. 2017, 127, 84–96. [CrossRef]

16. Li, B.; Zhou, J.; Zhang, Z.; Yang, X.; Wu, Y. Effect of Short-Term Aging on Asphalt Modified Using Microwave Activation Crumb
Rubber. Mater 2019, 12, 1039. [CrossRef] [PubMed]

17. Cao, D.; Zhang, H. Study on the Mechanism and Properties of Activated Crumb Rubber Modified Asphalt. Advan Mater Resear.
2011, 239, 191–196. [CrossRef]

18. Wang, H.; You, Z.; Mills-Beale, J.; Hao, P. Laboratory evaluation on high temperature viscosity and low temperature stiffness of
asphalt binder with high percent scrap tire rubber. Constr. Build. Mater. 2012, 26, 583–590. [CrossRef]

19. Navarro, F.J.; Partal, P.; Martinez-Boza, F.; Gallegos, C. Influence of crumb rubber concentration on the rheological behavior of a
crumb rubber modified bitumen. Energy Fuels 2005, 19, 1984–1990. [CrossRef]

20. Nejad, F.M.; Aghajani, P.; Modarres, A.; Firoozifar, H. Investigating the properties of crumb rubber modified bitumen using
classic and SHRP testing methods. Constr. Build. Mater. 2012, 26, 481–489. [CrossRef]

21. Liang, M.; Ren, S.S.; Sun, C.J.; Zhang, J.Z.; Jiang, H.G.; Yao, Z.Y. Extruded Tire Crumb-Rubber Recycled Polyethylene Melt Blend
as Asphalt Composite Additive for Enhancing the Performance of Binder. J. Mater. Civ. Eng. 2020, 32, 10. [CrossRef]

22. Yidirim, Y. Polymer modified asphalt binders. Constr. Build. Mater. 2007, 21, 66–72. [CrossRef]
23. Kodrat, I.; Sohn, D.; Hesp, S.A.M. Comparison of polyphosphoric acid-modified asphalt binders with straight and polymer-

modified materials. Transp. Res. Rec. 2007, 1998, 47–55. [CrossRef]
24. Tan, Y.Q.; Guo, M.; Cao, L.P.; Zhang, L. Performance optimization of composite modified asphalt sealant based on rheological

behavior. Constr. Build. Mater. 2013, 47, 799–805. [CrossRef]
25. Xiang, L.; Cheng, J.; Kang, S. Thermal oxidative aging mechanism of crumb rubber/SBS composite modified asphalt. Constr.

Build. Mater. 2015, 75, 169–175. [CrossRef]
26. Javier Lopez-Moro, F.; Candelas Moro, M.; Hernandez-Olivares, F.; Witoszek-Schultz, B.; Alonso-Fernandez, M. Microscopic

analysis of the interaction between crumb rubber and bitumen in asphalt mixtures using the dry process. Constr. Build. Mater.
2013, 48, 691–699. [CrossRef]

27. Zhang, F.; Hu, C. The research for structural characteristics and modification mechanism of crumb rubber compound modified
asphalts. Constr. Build. Mater. 2015, 76, 330–342. [CrossRef]

28. Fu, Q.; Xu, G.; Chen, X.; Zhou, J.; Sun, F. Rheological properties of SBS/CR-C composite modified asphalt binders in different
aging conditions. Constr. Build. Mater. 2019, 215, 1–8. [CrossRef]

29. Wang, S.; Zhao, X.; Wang, Q. Rheological and Structural Evolution of Rubberized Asphalts under Weathering. J. Mater. Civ. Eng.
2017, 29, 04017180. [CrossRef]

30. ASTM D5/D5M-20. Standard Test Method for Penetration of Bituminous Materials; ASTM International: West Conshohocken, PA,
USA, 2020; Available online: www.astm.org (accessed on 5 September 2021).

31. ASTM D36-06. Standard Test Method for Softening Point of Bitumen (Ring-and-Ball Apparatus); ASTM International: West Con-
shohocken, PA, USA, 2006; Available online: www.astm.org (accessed on 5 September 2021).

32. ASTM D113-17. Standard Test Method for Ductility of Asphalt Materials; ASTM International: West Conshohocken, PA, USA, 2017;
Available online: www.astm.org (accessed on 5 September 2021).

33. ASTM D2872-97. Standard Test Method for Effect of Heat and Air on a Moving Film of Asphalt (Rolling Thin-Film Oven Test); ASTM
International: West Conshohocken, PA, USA, 1997; Available online: www.astm.org (accessed on 5 September 2021).

34. ASTM D92-16. Standard Test Method for Flash and Fire Points by Cleveland Open Cup Tester; ASTM International: West Conshohocken,
PA, USA, 2016; Available online: www.astm.org (accessed on 5 September 2021).

35. ASTM D1754/D1754M-09. Standard Test Method for Effect of Heat and Air on Asphaltic Materials (Thin-Film Oven Test); ASTM
International: West Conshohocken, PA, USA, 2009; Available online: www.astm.org (accessed on 5 September 2021).

36. ASTM D6531-00. Standard Test Method for Relative Tinting Strength of Aqueous Ink Systems by Instrumental Measurement; ASTM
International: West Conshohocken, PA, USA, 2019; Available online: www.astm.org (accessed on 5 September 2021).

37. Buisine, J.; Buisine, J.M.; Joly, G.; Eladlani, A.; Such, C.; FARCAS, F.; Ramond, G.; Claudy, P.; Letoffe, J.M.; King, G.N.; et al.
Thermodynamic behavior and physicochemical analysis of eight SHRP bitumens. Transp. Res. Rec. 1993, 1386, 1–9.

38. Daly, W.H.; Qui Chiu, Z.; Negulescu, I. Preparation and characterization of asphalt-modified polyethylene blends. Transp. Res.
Rec. 1993, 1391, 56.

39. D’Angelo, J.; Dongre, R. Practical Use of Multiple Stress Creep and Recovery Test Characterization of Styrene-Butadiene-Styrene
Dispersion and Other Additives in Polymer-Modified Asphalt Binders. Transp. Res. Rec. 2009, 2126, 73–82. [CrossRef]

40. Hao, G.R.; Huang, W.D.; Yuan, J.; Tang, N.P.; Xiao, F.P. Effect of aging on chemical and rheological properties of SBS modified
asphalt with different compositions. Constr. Build. Mater. 2017, 156, 902–910. [CrossRef]

62



Polymers 2021, 13, 3037

41. Themeli, A.; Chailleux, E.; Farcas, F.; Chazallon, C.; Migault, B. Molecular weight distribution of asphaltic paving binders from
phase-angle measurements. Road Mater. Pavement Des. 2015, 16, 228–244. [CrossRef]

42. Wang, H.; Liu, X.; Apostolidis, P.; Scarpas, T. Rheological Behavior and Its Chemical Interpretation of Crumb Rubber Modified
Asphalt Containing Warm-Mix Additives. Transp. Res. Rec. 2018, 2672, 337–348. [CrossRef]

43. AASHTO T350. Multiple Stress Creep Recovery(MSCR) Test of Asphalt Binder Using a Dynamic Shear Rheometer (DSR); AASHTO:
Washington, DC, USA, 2016.

44. AASHTO TP101. Standard Method of Test for Estimating Fatigue Resistance of Asphalt Binders Using the Linear Amplitude Sweep;
AASHTO: Washington, DC, USA, 2012.

45. ASTM D7643-16. Standard Practice for Determining the Continuous Grading Temperatures and Continuous Grades for PG Graded Asphalt
Binders; ASTM International: West Conshohocken, PA, USA, 2016; Available online: www.astm.org (accessed on 5 September
2021).

46. Wekumbura, C.; Stastna, J.; Zanzotto, L. Destruction and recovery of internal structure in polymer-modified asphalts. J. Mater.
Civ. Eng. 2007, 19, 227–232. [CrossRef]

47. Golalipour, A.; Bahia, H.U.; Tabatabaee, H.A. Critical Considerations toward Better Implementation of the Multiple Stress Creep
and Recovery Test. J. Mater. Civ. Eng. 2017, 29, 7. [CrossRef]

48. Zhou, Z.; Gu, X.Y.; Dong, Q.; Ni, F.J.; Jiang, Y.X. Rutting and fatigue cracking performance of SBS-RAP blended binders with a
rejuvenator. Constr. Build. Mater. 2019, 203, 294–303. [CrossRef]

49. Ren, S.S.; Liu, X.Y.; Fan, W.Y.; Qian, C.D.; Nan, G.Z.; Erkens, S. Investigating the effects of waste oil and styrene-butadiene rubber
on restoring and improving the viscoelastic, compatibility, and aging properties of aged asphalt. Constr. Build. Mater. 2021, 269,
19. [CrossRef]

50. Wang, R.; Xu, G.; Chen, X.H.; Zhou, W.B.; Zhang, H.Y. Evaluation of aging resistance for high-performance crumb tire rubber
compound modified asphalt. Constr. Build. Mater. 2019, 218, 497–505. [CrossRef]

63





Citation: Zhao, Z.; Wang, L.;

Wang, W.; Shangguan, X.

Experimental Investigation of the

High-Temperature Rheological and

Aging Resistance Properties of

Activated Crumb Rubber

Powder/SBS Composite-Modified

Asphalt. Polymers 2022, 14, 1905.

https://doi.org/10.3390/

polym14091905

Academic Editor: Enzo Martinelli

Received: 7 April 2022

Accepted: 5 May 2022

Published: 6 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Experimental Investigation of the High-Temperature
Rheological and Aging Resistance Properties of Activated
Crumb Rubber Powder/SBS Composite-Modified Asphalt

Zhizhong Zhao 1,†, Longlin Wang 2,3,*,†, Wensheng Wang 4,* and Xuanhao Shangguan 4

1 Guangxi Hetian Expressway Co., Ltd., Nanning 530029, China; liuzyjlu2019@163.com
2 School of Civil Engineering, Southeast University, Nanjing 211189, China
3 Bridge Engineering Research Institute, Guangxi Transportation Science and Technology Group Co., Ltd.,

Nanning 530007, China
4 Department of Road and Bridge, College of Transportation, Jilin University, Changchun 130025, China;

sgxh1719@mails.jlu.edu.cn
* Correspondence: wll955@163.com (L.W.); wangws@jlu.edu.cn (W.W.)
† These authors contributed equally to this work.

Abstract: Crumb rubber could form the active groups on the surface by interrupting the crosslinking
bond to improve the compatibility with asphalt. While styrene-butadiene-styrene block copolymer
(SBS)-modified asphalt has excellent comprehensive properties, it has poor anti-aging performance
and a high cost. To explore the influence of composite modification of activated crumb rubber powder
(ACR) and SBS on asphalt, modified asphalt samples with different modifiers and SBS contents
were prepared. Conventional physical properties tests, a dynamic shear rheometer (DSR), and the
thin-film oven test (TFOT) were used to study the conventional physical properties, high-temperature
rheological properties, and aging resistance of asphalt. In addition, the action forms and distribution
of modifiers in asphalt were observed by an optical microscope to characterize the micro-morphology
of ACR/SBS composite-modified asphalt. Test results showed that after adding SBS, the softening
point, ductility, and elastic recovery of ACR/SBS asphalt could be significantly improved, but the
viscosity and softening point difference were also larger. At the same time, according to the complex
shear modulus, phase angle, and rutting factor, SBS can effectively improve the high-temperature
deformation resistance of ACR/SBS asphalt. The modified asphalt (ACR/SBS-2) had good high-
and low- temperature performances, as well as an appropriate viscosity and low softening point
difference, as a research object of aging. After short-term aging, the changes in the high- and low-
temperature performances and workability of ACR/SBS asphalt were reduced. Taking the softening
point as the target performance, the softening point of ACR/SBS asphalt was less affected by aging
time and temperature, indicating that ACR/SBS asphalt was not sensitive to aging temperature and
had good stability and aging resistance. From the micrograph by microscope, it was found that
ACR/SBS asphalt could maintain a relatively stable polyphase structure for aging resistance.

Keywords: asphalt; activated crumb rubber; SBS; short-term aging; physical properties;
rheological property

1. Introduction

With the rapid development of new solid waste utilization technology in the road in-
dustry, renewable materials-modified asphalts represented by waste crumb rubber powder
have been widely used in the field of civil engineering [1–3]. Scholars have systematically
studied the modification process, road performance, and application of waste crumb rubber
powder-modified asphalt in hot mix asphalt mixtures [4–8]. In order to further improve the
utilization efficiency of waste crumb rubber and improve the road performance of crumb
rubber-modified asphalt, many scholars have studied the activation process of crumb
rubber powder.
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The commonly used crumb rubber powder activation methods include physical ac-
tivation methods such as the microwave method based on the thermal environment and
ultrasonic method [9], chemical activation methods using chemical adjuvants [9], and
biological methods [10]. In addition to the above activation methods, the mechanochemical
methods using chemical adjuvants combined with mechanical force are also applied to
the activation of crumb rubber powder [11]. The mechanochemical method can effectively
play the role of desulfurization activation of additives through rubber broken to increase
the surface roughness and activity of rubber powder. The mechanochemical method has
the advantages of simple equipment, high production efficiency, low cost, and weak smell,
and is very suitable for large factory production, which was chosen in this study. Many
researchers believe that the storage stability and workability of crumb rubber-modified
asphalt prepared from rubber powder significantly improve after desulfurization activa-
tion [12,13]. Juganaru et al. observed that according to the micro-morphology of activated
crumb rubber powder (ACR)-modified asphalt, the ACR was more evenly distributed in as-
phalt, and the viscosity of ACR-modified asphalt was significantly reduced [14]. Shatanawi
et al. pointed out that the water stability and rutting resistance of the ACR-modified asphalt
mixture were better than those of the ordinary crumb rubber-modified asphalt mixture [15].
Liu et al. used a wet process to prepare crumb rubber-modified asphalt with different ACR
contents and optimized the preparation parameters of ACR based on viscosity and the
softening point difference. The asphalt mixture containing a 60% content of ACR possessed
optimal comprehensive properties in terms of high-temperature rutting resistance, cracking
resistance, and moisture resistance [16]. Chen et al. studied a new treatment method
of crumb rubber impact on the high-temperature rheological performances and found
that ACR-modified asphalt had better rheological performances at high temperatures and
short-term aging performances [17]. The above studies showed that ACR can improve
some properties of crumb rubber-modified asphalt, but ACR-modified asphalt still has
problems such as difficult construction and poor aging resistance.

As a widely used asphalt modifier, styrene-butadiene-styrene block copolymer (SBS)
can be used with crumb rubber powder to combine the advantages of two kinds of asphalt
modifier through composite modification to meet the higher performance requirements
of asphalt pavement [18–21]. Zhang et al. found that adding SBS with the content of
3% (mass fraction) into crumb rubber-modified asphalt with a rubber content of 15% can
improve the high- and low-temperature performance, and the toughness of composite-
modified asphalt could be enhanced. Adding sulfur with the content of 0.2% to moderate
the vulcanization of composite-modified asphalt can further improve its storage stability
and flexibility [19]. Huang et al. studied the low-temperature properties of soluble rubber
powder/SBS composite-modified asphalt by the low-temperature ductility test and bending
beam rheological test. The results showed that when the SBS content is 2%, the low-
temperature plastic deformation capacity and low-temperature rheological properties
of composite-modified asphalt are improved. However, the higher addition of SBS or
crumb rubber may weaken the improvement effect of low-temperature properties of crumb
rubber-modified asphalt. When the SBS content is too high, the aromatic content in
asphalt is excessively reduced, resulting in the decline in the low-temperature rheological
properties of composite-modified asphalt [22,23]. Liang et al. prepared crumb rubber
powder/SBS composite-modified asphalt by the high-speed shear process, and studied its
linear viscoelasticity and storage stability. The results showed that compared with base
asphalt, adding SBS and crumb rubber powder to asphalt can significantly improve its
viscoelasticity and viscosity. When the SBS content exceeds 1%, it is feasible to use crumb
rubber powder instead of some SBS as a modifier, and its modulus and viscoelasticity are
significantly improved. However, the phase separation of composite-modified asphalt
will occur during storage, and the storage stability still needs to be further improved [16].
Therefore, under the compound modification of crumb rubber powder and SBS, the high-
temperature stability and aging resistance of composite-modified asphalt are significantly
improved compared with SBS-modified asphalt. The relevant indexes of low-temperature

66



Polymers 2022, 14, 1905

crack resistance, viscosity toughness, and storage stability of composite-modified asphalt
are higher than those of ordinary crumb rubber asphalt.

Crumb rubber powder/SBS composite-modified asphalt has been proven to improve
the road performance of crumb rubber-modified asphalt and have good aging resistance.
However, due to the change in physical and chemical properties before and after rub-
ber powder activation, it is different from original crumb-rubber modified asphalt in the
modification system, which will have an impact on the composite modification technol-
ogy. Therefore, using ACR prepared by the mechanochemical method instead of original
crumb rubber powder as a modifier, this study prepared modified asphalt samples with
different modifiers and SBS contents. Conventional physical properties tests, a dynamic
shear rheometer (DSR), and the thin-film oven test (TFOT) were used to study the conven-
tional physical properties, high-temperature rheological properties, and aging resistance
of asphalt. In addition, the action forms and distribution of modifiers in asphalt were
observed by an optical microscope to characterize the micro-morphology of ACR/SBS
composite-modified asphalt. The innovation of this study was to compare and analyze
the influence of crumb rubber powder activation and the effect of SBS on crumb rubber
powder-modified asphalt.

2. Materials and Methods

2.1. Experimental Raw Materials

The raw materials in this study included Maoming 70# road petroleum asphalt, ACR,
and SBS, in which the ACR was obtained from crumb rubber powder with a size of 30
mesh by the mechanochemical method using a chemical adjuvant (organic disulfide, i.e.,
OD) combined with the mechanical force to accelerate the chemical reaction. Based on
the previous studies [11,24,25], the activation process parameters of the mechanochemical
method using the OD adjuvant (3% of crumb rubber powder by mass) were optimized as
follows: the OD adjuvant content was 3%, the mixing temperature was 160 ◦C, and the
mixing time was 30 min. A commercially available linear SBS was selected, and its main
physical indexes are shown in Table 1.

Table 1. The basic physical properties of SBS.

Structure Type Block Ratio Tensile Rate (%)
Tensile Strength

(MPa)
Melt Index
(g/10 min)

Density
(g/cm3)

Linear 30/70 800 25 0.6 0.93

2.2. Preparation of ACR/SBS Composite-Modified Asphalt

Based on the existing literature [11], the asphalt modified by untreated or activated
crumb rubber powder (25% of base asphalt by mass) could be prepared, which are labeled
as UCR asphalt or ACR asphalt, respectively. According to the previous process exploration,
the following steps were adopted to prepare ACR/SBS composite-modified asphalt (as
shown in Figure 1):

1. Place the base asphalt in an oven at 140 ◦C and heat it to the flowing state, and slowly
add the weighed SBS (1%, 2%, 3%, and 3.5% of base asphalt by mass) with a mixing
speed of 300 r/min. During the addition process, raise the temperature to 170 ◦C and
maintain it for 20 min.

2. Put the mixed asphalt in an oven at 175 ◦C and swell for 30 min.
3. Place the swelled SBS asphalt into high-speed shear equipment, gradually increase

the shear rate to about 4500 r/min, control the temperature at 170–180 ◦C, and then
take it out after shearing for 1 h.

4. Put the modified asphalt in an oven at 175 ◦C and develop for 40 min.
5. Heat the developed SBS asphalt to the flowing state and slowly add the weighed ACR

(25% of base asphalt by mass) with a mixing speed of 300 r/min. During the addition
process, raise the temperature to 175 ◦C and maintain it for 30 min.
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6. Place the blended asphalt into high-speed shear equipment, gradually increase the
shear rate to about 4500 r/min, control the temperature at 185 ◦C, and then take it out
after shearing for 1 h.

7. Put the prepared ACR/SBS asphalt into an oven at 175 ◦C for 30 min.

Figure 1. The preparation process of ACR/SBS-modified asphalt.

2.3. Experimental Scheme and Methods

The asphalt samples were first prepared including seven asphalt codes, i.e., base,
UCR, ACR, and ACR/SBS-1/2/3/3.5. Then, the asphalt samples could be used for the
conventional physical properties test, high-temperature rheological test, thin-film oven test,
and micro-characterization test including a stereoscopic microscope and Fourier infrared
spectroscopy. The flow chart of this study is shown in Figure 2.

 
Figure 2. The flow chart of this study.

2.3.1. Conventional Physical Properties Test

In this study, according to the Chinese standard “Standard Test Methods of Bitumen
and Bituminous Mixtures for Highway Engineering” (JTG E20-2011) and previous stud-
ies [26,27], the penetration, softening point, ductility at 5 ◦C, viscosity, elastic recovery, and
softening point difference (Δ) were tested for base asphalt, UCR asphalt, ACR asphalt, and
ACR/SBS-1/2/3/3.5 asphalt.

2.3.2. High-Temperature Rheological Test

The high-temperature rheological test of base asphalt, UCR asphalt, ACR asphalt,
and ACR/SBS-1/2/3/3.5 asphalt was carried out by using a dynamic shear rheome-
ter (DSR) [28]. In this study, the temperature scanning test in the temperature range of
52–82 ◦C was performed under the strain control mode with the strain value of γ = 12%
and frequency of ω = 10 rad/s, and the frequency scanning test in the frequency range of
0.1 rad/s~100 rad/s was carried out under the strain control mode with the strain value of
γ = 2% and temperature of 60 ◦C. By comparing and analyzing the rutting factor, complex
shear modulus, and phase angle, the high-temperature properties of composite-modified
asphalt could be characterized for different asphalt samples. Temperature scanning at the
same frequency and different temperatures, and frequency scanning at the same tempera-
ture and different frequencies were conducted to explore the changes in asphalt viscoelastic
parameters under two modes for the high-temperature performance from the perspective
of temperature dependence and time dependence, respectively.
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2.3.3. Thin-Film Oven Test

In this study, the thin-film oven test (TFOT) was used to simulate the short-term
aging behavior of asphalt in the process of storage, transportation, mixing, and paving.
The prepared UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt were insulated for 5 h
in a film oven at 163 ◦C for the short-term aging test. Then, the physical properties of
asphalt samples before and after aging were tested to characterize the corresponding aging
resistance by comparison and analysis.

In addition, the prepared UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt were
insulated for different aging durations (5 h, 10 h, 15 h, and 20 h) in a film oven at different
aging temperatures (150 ◦C, 163 ◦C, and 180 ◦C) for the short-term aging test. By comparing
the variation in softening point of modified asphalt before and after aging, the effects of
short-term aging factors (i.e., aging time and temperature) on the aging resistance of asphalt
were studied with the softening point as the target performance.

3. Results and Discussion

3.1. Effect of ACR/SBS on the Conventional Physical Properties of Asphalt

According to the above experimental scheme, the prepared base asphalt, UCR asphalt,
ACR asphalt, and ACR/SBS-1/2/3/3.5 asphalt were tested to obtain the conventional
physical properties, and the comparison results are shown in Figure 3.

From Figure 3a, it can be seen that the penetration of asphalt decreases by adding
crumb rubber powder and SBS, and the penetration of ACR/SBS asphalt decreases with the
increase in SBS content. Except for the SBS content being 3.5% (i.e., ACR/SBS-3.5 asphalt),
the penetration of ACR/SBS asphalt is greater than that of UCR asphalt. In Figure 3b,
the values of the softening point of asphalt modified by crumb rubber powder and SBS
increase in comparison with base asphalt. It could also be found that with the increase in
SBS content, the softening point of ACR/SBS asphalt gradually increases, and the softening
point of ACR/SBS asphalt is higher than that of crumb rubber-modified asphalt.

In Figure 3c, it can be seen that with the addition of crumb rubber and SBS, the ductility
of modified asphalt gradually increases, and the ductility of ACR/SBS asphalt increases
with the SBS content. When the SBS content is 3.5%, the ductility of ACR/SBS-3.5 asphalt
reaches more than 15 cm. As shown in Figure 3d, with the increase in SBS content, the
viscosity of ACR/SBS asphalt increases gradually. When the SBS content is 2.0%, the
viscosity of ACR/SBS-2 asphalt is basically the same as that of UCR asphalt.

It can be seen from Figure 3e that with the increase in SBS content, the elastic recovery
rate of ACR/SBS asphalt gradually increases. When the SBS content is 3.5%, the elastic
recovery rate of ACR/SBS-3.5 asphalt can reach 96%. At the same time, in Figure 3f, with
the increase in SBS content, the softening point difference (Δ) of ACR/SBS asphalt also
increases gradually, but it still meets the specification requirements. When the SBS content
is less than 3%, the softening point difference (Δ) of ACR/SBS asphalt is less than that of
UCR asphalt. According to the softening point difference (Δ) of UCR, it can be seen that
one of the risks of using crumb rubber is the poor storage stability. Compared with UCR,
the storage stability of ACR or ACR/SBS composite-modified asphalt improves due to the
smaller softening point difference (Δ). However, when the SBS content is too high, the
storage stability of ACR/SBS asphalt becomes worse.

The reason for the above phenomena is that the modification process of asphalt
containing crumb rubber powder and SBS is mainly physical blending, which is also
consistent with previous studies [13,29,30]. The addition of crumb rubber powder or SBS
is equivalent to the increase in the reinforcing phase in the modified asphalt system. The
performance variation trend of ACR/SBS asphalt is equivalent to the superposition of the
performance trends of ACR-modified asphalt and SBS-modified asphalt. Thus, when the
SBS content is less than 3%, the softening point and ductility of ACR/SBS asphalt improve
at the same time, and the viscosity and penetration are more appropriate, enhancing the
high-temperature performance. In addition, the elastic recovery performance of modified
asphalt is also enhanced. However, when the SBS content is too high, the storage stability
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of modified asphalt becomes worse. Therefore, it is necessary to control the contents of
ACR and SBS to reduce the segregation of modified asphalt.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 3. The conventional physical properties of different asphalt types: (a) penetration; (b) softening
point; (c) ductility at 5 ◦C; (d) viscosity at 135 ◦C; (e) elastic recovery; (f) softening point Δ.

3.2. Effect of ACR/SBS on the High-Temperature Rheological Properties of Asphalt
3.2.1. Temperature Scanning Test

The temperature scanning test was performed in the temperature range of 52–82 ◦C un-
der the strain control mode with the strain value of γ = 12% and frequency of ω = 10 rad/s,
and the comparison results of complex shear modulus and phase angle are shown in
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Figure 4. The complex shear modulus G* is used to characterize the deformation resistance,
and the phase angle δ indicates the proportion and corresponding influence degree of
elastic and viscous components of materials.

 
(a) (b) 

Figure 4. The temperature scanning test results of different asphalt types: (a) complex shear modulus;
(b) phase angle.

Figure 4a shows the relationship between the complex shear modulus of asphalt and
temperature. It can be seen from Figure 4a that for the same asphalt type, the higher the
test temperature, the smaller the complex shear modulus of asphalt. The complex shear
modulus of asphalt modified by ACR or ACR/SBS is significantly higher than that of base
asphalt, but lower than that of UCR asphalt. At the same temperature, with the increase in
SBS content, the complex shear modulus of ACR/SBS asphalt gradually increases, but the
difference between the complex shear modulus gradually decreases with the temperature.
When the temperature is too high, the complex shear modulus of ACR/SBS asphalt is close
to or higher than that of UCR asphalt. The addition of SBS greatly improves the complex
shear modulus of ACR/SBS asphalt.

The relationship between the phase angle of asphalt and temperature is shown in
Figure 4b. It can be seen that with the increase in temperature, the phase angle of ACR/SBS-
2/3/3.5 asphalt decreases first and then increases. When the temperature is about 63 ◦C,
the phase angle of these three ACR/SBS asphalt samples appears with the lowest value.
However, the phase angle of other asphalt samples increases with the temperature. At the
same temperature, the greater the SBS content, the smaller the phase angle of the corre-
sponding ACR/SBS asphalt, and the better the high-temperature deformation resistance of
ACR/SBS asphalt. When the test temperature reaches 80 ◦C, the phase angle of ACR/SBS
asphalt is still less than 65◦, which shows that the three types of asphalt have excellent
high-temperature performance, and the presence of SBS has a significant effect on the phase
angle of modified asphalt.

In general, the rheological properties of asphalt cannot be fully reflected only by a
single basic index of rheological properties (i.e., G* or δ). The rutting factor (G*/sin δ) is a
new index derived from the basic index of rheological properties, which can characterize the
ability of asphalt materials to resist permanent deformation at high temperature. Figure 5
shows the relationship between the rutting factor and temperature for asphalt samples. It
can be seen from Figure 5 that the variation trends of the rutting factor with temperature
and SBS content are consistent with the complex shear modulus for different asphalt
types. Compared with ACR asphalt, the addition of SBS greatly improves the rutting
factor of ACR/SBS asphalt. As an elastomer, SBS will form a network structure in asphalt,
limiting the movement of crumb rubber powder particles. Thus, SBS plays the role of fixing
crumb rubber powder particles, to significantly improve the high-temperature stability of
modified asphalt.
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Figure 5. The rutting factor results of different asphalt types in the temperature scanning test.

3.2.2. Frequency Scanning Test

The frequency scanning test was carried out in the frequency range of 0.1 rad/s~100 rad/s
under the strain control mode with the strain value of γ = 2% and temperature of 60 ◦C.
The comparison results of complex shear modulus and phase angle for different asphalt
samples in the frequency scanning test are shown in Figure 6.

 
(a) (b) 

Figure 6. The frequency scanning test results of different asphalt types: (a) complex shear modulus;
(b) phase angle.

In Figure 6a, there are linear relationships between the complex shear modulus and
frequency for different asphalt samples in double logarithmic coordinates. It can be seen
from Figure 6a that compared with ACR asphalt, the complex shear modulus of ACR/SBS
asphalt is greatly improved, and the complex shear modulus of ACR/SBS asphalt increases
with the frequency. At the same frequency, with the increase in SBS content, the complex
shear modulus of ACR/SBS asphalt gradually increases. The complex shear modulus of
asphalt modified by ACR or ACR/SBS is also significantly higher than that of base asphalt.
When the SBS content increases, the complex shear modulus of ACR/SBS asphalt is close
to or higher than that of UCR asphalt.

The relationship between the phase angle and frequency for different asphalt samples
in single-logarithmic coordinates is shown in Figure 6b. It can be seen that when the
temperature is 60 ◦C, the phase angle of different asphalt samples presents a certain plateau
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period under low-frequency loading. With the increase in frequency, the phase angle of base
asphalt and asphalt-modified crumb rubber particles decreases; however, the phase angle
of ACR/SBS composite-modified asphalt first decreases and then increases. At the same
frequency, the greater the SBS content, the smaller the phase angle of the corresponding
ACR/SBS asphalt, and the better the high-temperature deformation resistance of ACR/SBS
asphalt. When the test frequency reaches 10 Hz, the phase angle of ACR/SBS asphalt is less
than 60◦, which shows that ACR/SBS asphalt has excellent high-temperature performance.
As a typical elastomer, SBS can effectively fill the lack of elastic components caused by
desulfurization activation, and the phase angle of ACR/SBS composite-modified asphalt is
greatly reduced. Thus, the presence of SBS has a significant effect on the phase angle of
modified asphalt.

The relationship results between the rutting factor and frequency for asphalt samples
in the frequency scanning test are shown in Figure 7. As seen in Figure 7, similar to the
complex shear modulus, the variation trend of the rutting factor with frequency and SBS
content is consistent with that of the complex shear modulus for various asphalt types,
and the variation relationship between the complex shear modulus and frequency is also
linear in double logarithmic coordinates. The rutting factor of different asphalt samples
increases with the frequency. The addition of SBS greatly improves the rutting factor of
ACR/SBS asphalt compared with ACR asphalt, which could be beneficial to improve its
high-temperature performance.

Figure 7. The rutting factor results of different asphalt types in the frequency scanning test.

3.3. Effect of ACR/SBS on the Aging Resistance of Asphalt

According to the comparison results including penetration, softening point, ductility
at 5 ◦C, viscosity at 135 ◦C, elastic recovery, softening point Δ, and rutting factor in the radar
chart (Figure 8), the addition of SBS improves the high- and low-temperature performances
and elastic recovery performance of modified asphalt. However, when the SBS content is
higher, the viscosity and storage stability of ACR/SBS asphalt become worse. Consider-
ing the indexes of high- and low-temperature performances, viscosity, and construction
workability, ACR/SBS-2 asphalt has the best comprehensive performance, which not only
has good high- and low-temperature performance, but also appropriate viscosity and low
softening point difference. Then, the ACR (25% of base asphalt by mass) and SBS (2% of
base asphalt by mass) composite-modified asphalt was selected as the research object used
for the follow-up study.
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Figure 8. Radar chart based on conventional physical properties and high-temperature rheological
properties of different asphalt types.

3.3.1. Conventional Physical Properties of Modified Asphalt under Short-Term Aging

According to the penetration test of modified asphalt (i.e., UCR asphalt, ACR asphalt,
and ACR/SBS-2 asphalt) before and after short-term aging, the effect of short-term aging
on the viscosity of modified asphalt was analyzed, as shown in Figure 9a. It can be seen
from Figure 9a that the penetration of the three modified asphalt samples after the TFOT
decreases, among which the penetration reduction of ACR/SBS-2 asphalt is the least, and
the penetration reduction of ACR asphalt is the most. This may be because under the action
of thermal oxygen aging, the light components in asphalt volatilize, oxidize, and harden
the intermolecular structure, which leads to the hardening of asphalt. Thus, the addition of
SBS can reduce the hardening degree of modified asphalt.

The softening point variation of modified asphalt before and after short-term aging is
used to analyze the effect of short-term aging on the high-temperature stability of modified
asphalt, and Figure 9b shows the softening point test results. It can be seen that the
softening point of the three modified asphalt samples increases in varying degrees after
the TFOT, among which the softening point of ACR asphalt increases the most, and the
softening point of ACR/SBS asphalt increases the least. After thermal oxygen aging, the
light components in asphalt volatilize, oxidize, and harden the intermolecular structure,
leading to a larger softening point value of asphalt. However, the aging process of crumb
rubber-modified asphalt is more complex, in which, in addition to the aging of asphalt
and crumb rubber powder, the interaction between crumb rubber powder and asphalt in
the process of thermal oxygen aging should also be considered. The particle structure of
ordinary crumb rubber powder is complete, so the light components that enter the internal
network structure are not easy to volatilize, indicating that the thermal stability of ordinary
crumb rubber-modified asphalt (i.e., UCR asphalt) is good. After desulfurization and
activation of crumb rubber powder, the internal network structure of crumb rubber powder
is destroyed. In the process of short-term aging, the light components of asphalt are easier
to volatilize, resulting in a large increase in the softening point of ACR asphalt. On the other
hand, the addition of SBS into ACR asphalt can more fully absorb the light components
and reconstruct the network structure. Therefore, the thermal stability of ACR/SBS asphalt
significantly improves.
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Figure 9. The conventional physical properties of different asphalt types: (a) penetration; (b) softening
point; (c) viscosity; (d) elastic recovery; (e) peak force; (f) tensile length.

The rotary viscosity test of modified asphalt before and after short-term aging was
carried out to analyze the effect of short-term aging on the construction workability of
modified asphalt, as shown in Figure 9c. As seen in Figure 9c, the viscosity of the three
modified asphalts increases in varying degrees after the TFOT, in which the increase
variation in viscosity of ACR asphalt is the least, and the increase variation in viscosity of
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ACR/SBS asphalt is larger. The viscosity values of three kinds of modified asphalt after the
TFOT are still less than 3.5 Pa·s, which meets the specification requirements. Similarly, the
light components in asphalt volatilize, oxidize, and harden the intermolecular structure,
leading to the viscosity increasing of modified asphalt. Through the viscosity between
UCR asphalt and ACR asphalt, the internal network structure of crumb rubber powder is
damaged after activation treatment, resulting in the viscosity of ACR asphalt being lower
than that of UCR asphalt. With the progression of short-term aging, the viscosity of ACR
asphalt still increases slightly. In addition, due to the larger average particle size of the SBS
modifier and smaller average particle size of ACR, the viscosity of ACR asphalt before and
after aging is smaller, while the viscosity of ACR/SBS asphalt is larger.

The elastic recovery test of modified asphalt before and after short-term aging was
conducted to analyze the effect of short-term aging on the elastic recovery performance
of modified asphalt, as shown in Figure 9d. The elastic recovery rate of ACR asphalt
is lower than that of UCR asphalt, but the addition of SBS greatly improves the elastic
recovery rate of modified asphalt. After short-term aging, the elastic recovery rate of
modified asphalt decreases in varying degrees, among which the elastic recovery rate
of ACR asphalt decreases the most, and the elastic recovery rate of ACR/SBS asphalt
decreases the least. The elastic recovery ability of crumb rubber-modified asphalt mainly
depends on the elasticity of crumb rubber powder particles. Therefore, the swelling and
degradation degree of crumb rubber powder in asphalt play a major role in its elastic
recovery ability. After desulfurization and activation, the internal network structure of
crumb rubber powder is damaged and becomes smaller, and crumb rubber powder further
loses elasticity and reduces its elastic recovery rate. After adding SBS, the internal network
structure of modified asphalt is reconstructed, and the elastic recovery performance of
ACR/SBS asphalt improves.

The force ductility test of modified asphalt before and after short-term aging was
performed to analyze the effect of short-term aging on the low-temperature crack resistance
of modified asphalt, as shown in Figure 9e,f. The peak force of the three modified asphalts
increases after short-term aging. The light components in crumb rubber-modified asphalt
volatilize, resulting in the hardening of modified asphalt and the increase in peak force.
The tensile length of UCR asphalt and ACR asphalt decreases, and the tensile length of
ACR/SBS asphalt increases slightly. During short-term aging, asphalt hardens by oxidation,
and the modifier continues to swell and crack slowly. The pyrolysis products of crumb
rubber powder and SBS can effectively make up for the adverse effects caused by the
volatilization and oxidation of light components in asphalt. Therefore, the tensile length
and toughness of ACR/SBS asphalt improve.

3.3.2. Short-Term Aging Factors with Softening Point as Target Performance

The short-term aging test was carried out under different aging durations (5 h, 10 h,
15 h, and 20 h) in a film oven at different aging temperatures (150 ◦C, 163 ◦C, and 180 ◦C)
for UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt. By comparing the variation in
softening point of modified asphalt under different aging conditions, the effect of aging
time and temperature on the aging resistance of modified asphalt was studied with the
softening point as the target performance, as shown in Figure 10.

It can be seen that the softening points of modified asphalt increase linearly with
aging time at different aging temperatures. Meanwhile, at the same aging temperature, the
growth range of the softening point of different modified asphalt samples is significantly
different. When the aging temperature is 150 ◦C, the linear curve slope of the softening
point versus aging time for ACR/SBS-2 asphalt is the smallest, and the slope of ACR
asphalt is the largest, indicating that ACR/SBS-2 asphalt has the best aging resistance at
the aging temperature of 150 ◦C. At the same time, there is a small difference between the
curve slopes of these three modified asphalts at the aging temperature of 150 ◦C.
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Figure 10. The softening point results of different asphalt types under different aging conditions:
(a) 150 ◦C; (b) 163 ◦C; (c) 180 ◦C.

For the same modified asphalt, the growth range of the softening point versus aging
time is different at different aging temperatures. The linear curve slope of the softening
point versus aging time for ACR/SBS-2 asphalt changes little with the aging temperature,
while the slope of ACR asphalt changes the most, indicating that ACR/SBS-2 asphalt is
not sensitive to the aging temperature and has good short-term aging resistance. When the
aging temperature is lower, crumb rubber powder and SBS in modified asphalt basically
do not change, while the light components in base asphalt volatilize and oxidize. Therefore,
the softening point of modified asphalt increases with the aging time, and the growth range
difference of the softening point is less for these three kinds of modified asphalt. When the
aging temperature is higher, the modifier in modified asphalt degrades and desulfurizes.
These depolymerized and desulfurized components can make up for the adverse effects of
asphalt aging, and the degradation of SBS is more obvious. Therefore, the softening point
of ACR/SBS-2 asphalt increases slightly with aging time, and its aging resistance is better.

3.4. Micro-Characterization of ACR/SBS Composite-Modified Asphalt

The asphalt sample sections of ACR asphalt and ACR/SBS-2 asphalt before and after
short-term aging were magnified by 80 times with an optical microscope, and are shown in
Figure 11.
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Figure 11. The 80× micrograph of ACR asphalt and ACR/SBS-12 asphalt before and after TFOT:
(a) ACR asphalt before TFOT; (b) ACR asphalt after TFOT; (c) ACR/SBS-12 asphalt before TFOT;
(d) ACR/SBS-12 asphalt after TFOT.

It can be seen from Figure 11a that the particle sizes of ACR are different, which
are more evenly dispersed in asphalt, and there is an obvious boundary between ACR
and asphalt. ACR particles with smaller particle size could form a discontinuous network
structure with asphalt, and ACR particles with larger particle size would disperse in asphalt
and play a filling role. It can be seen from Figure 11b that after short-term aging of ACR
asphalt, the boundary between ACR particles and asphalt becomes blurred, and the ACR
particle size becomes smaller, in which their dispersion is more uniform, and discontinuous
network structures would be formed in asphalt. During the short-term aging process, ACR
particles are partially degraded, and the degradation products are distributed in asphalt in
the form close to the original components of asphalt such as resin and asphaltene, making
them easier for ACR and asphalt to form a network structure.

In Figure 11c, after the composite modification of ACR and SBS, SBS particles and
ACR with smaller particle size could form an interpenetrating network, and ACR with
larger particle size are filled in the network. A network filling structure composed of
asphalt, SBS, and ACR with different particle sizes is formed inside ACR/SBS-2 asphalt,
and the existence of the network structure improves the compatibility and stability of the
heterogeneous structure. As can be seen from Figure 11d, the structure of ACR/SBS-2
asphalt remains relatively complete, and the boundary between ACR and asphalt becomes
blurred. However, due to the network structure formed by SBS, some ACR with large
particle size does not undergo desulfurization and degradation, and their dispersion in the
network structure would play a filling role. During the short-term aging process, the light
components in base asphalt undergo condensation reaction to form resin and asphaltene.
The activity of resin and asphaltene obtained by condensation reaction is higher than
that of the original components. Because ACR and SBS will undergo desulfurization and
degradation reaction under heating and oxygen conditions, the desulfurization degradation
products could react with resin and asphaltene with strong activity to produce resin,
asphaltene, and toluene-insoluble substances different from the original components of
asphalt. Therefore, ACR/SBS-2 asphalt has excellent anti-aging properties, and ACR and
SBS could play an anti-aging role.
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4. Conclusions

In this study, the conventional physical properties, high-temperature rheological
properties, and aging resistance of ACR/SBS composite-modified asphalt were investigated
based on conventional physical properties tests, DSR, and TFOT. In addition, the action
forms and distribution of modifiers in asphalt were observed by an optical microscope to
characterize the micro-morphology. From the test results, the following conclusion could
be drawn:

(1) After adding SBS, the softening point, ductility, and elastic recovery of ACR/SBS
asphalt could be significantly improved, but the viscosity and softening point difference
were also larger with the increase in SBS content. The complex shear modulus and
rutting factor of ACR/SBS asphalt were greatly improved, while the phase angle was
significantly reduced, indicating that SBS can effectively improve the high-temperature
deformation resistance.

(2) The changes in high- and low-temperature performances and workability of
ACR/SBS asphalt were reduced after short-term aging, and the addition of SBS could
improve the aging resistance of modified asphalt. The softening point as the target perfor-
mance of ACR/SBS asphalt was less affected by aging time and temperature, indicating
that ACR/SBS asphalt was not sensitive to aging temperature with good stability and
aging resistance.

(3) From the micrograph by microscope, ACR/SBS asphalt could maintain a relatively
stable polyphase structure in the short-term aging process, which helped the degradation
products of crumb rubber powder and SBS supplement the components in asphalt for
aging resistance.
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Abstract: Crack sealing is an important measure for pavement maintenance. Hot-poured crack
sealant is the most utilized material for crack sealing. However, its poor high-temperature and
rheological properties seriously weaken the mechanical properties of repaired pavement. Thus,
to overcome the disadvantage of the poor high-temperature and rheological properties of sealant,
styrene–butadiene–styrene (SBS) and rubber crumb (CR) were utilized for modifying the asphalt-
based sealants. Softening point tests, temperature tests, frequency scan tests, and multiple stress
creep recovery tests (MSCR) were conducted to evaluate the high-temperature and rheological
properties of the modified sealant. Additionally, the influence of SBS and CR on the high-temperature
performance of the modified sealant was quantitatively analyzed by the grey relational analysis
method. The results reveal that the SBS has a greater enhancement effect on the high-temperature
performance of sealant than CR. Increasing the SBS and CR content in the sealant could enhance
the sealant’s high-temperature performance, stiffness, and elasticity. Compared with asphalt-based
sealant and one-component modified asphalt-based sealant, SBS/CR-modified asphalt sealant has
greater viscosity and higher temperature deformation resistance. Additionally, SBS can increase the
stress level of the sealant, thereby enhancing the resistance of the sealant to permanent deformation.

Keywords: sealant; SBS; rubber crumb; high-temperature performance; permanent deformation
resistance

1. Introduction

Asphalt pavement is widely used in road engineering for its advantageous properties,
which include short construction period, low noise, safety, comfortable driving, recyclabil-
ity, etc. In recent years, with the rapid increase in traffic volume and vehicle load, serious
asphalt pavement damage has occurred, and road maintenance measures have gradually
become key to guaranteeing service performance [1,2]. Among many types of pavement
damage, pavement cracking is one of the most common forms of damage, not only destroy-
ing the integrity of the pavement, but also leading to the infiltration of water, softening the
base, weakening the bearing capacity of the base, and causing structural damage to the
road [3–5]. Most of the pollution caused by asphalt pavement is secondary environmental
pollution caused by pavement damage resulting from poor asphalt durability. Using asphalt
to cover the earth as a road surface was once considered to be contrary to environmental
friendliness. However, the environmental pollution caused by refurbishment due to road
damage will undoubtedly lead to more serious environmental degradation. Engineering
practice shows that crack sealing is an effective way of dealing with cracking-type damage
to pavement [6,7]. Therefore, increasing attention is being paid to research into sealing
materials, and various types of sealants have emerged in accordance with the requirements
of the times [8]. Among these, heated asphalt-based sealant has been widely used in road
maintenance projects for its outstanding crack sealing effect and low price [9,10].
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However, the sealant material left on the surface after filling the road cracks will be
directly exposed to the natural environment and constantly exposed to sunlight. On-site
investigations have shown that the maximum temperature of asphalt pavement exposed to
direct sunlight can exceed 60 ◦C. Continuous high temperature is likely to cause sealant ag-
ing, premature decline in mechanical properties, and a reduction in the bonding force with
the road, meaning that the asphalt can be easily carried away by vehicles [11]. Therefore, it
is important to improve the high-temperature stability of the sealant material [12,13].

Asphalt-based sealant materials are mainly composed of matrix asphalt, rubber pow-
der, various polymers, softeners, fillers, etc., and improve the performance of asphalt
sealants/mastics by introducing different waste/virgin polymers. There are many kinds of
polymer-modified asphalt, the most common of which are rubber-modified asphalt using
rubber powder as modifier. Thermoplastic-rubber-modified asphalt includes modifica-
tions with styrene-butadiene-styrene (SBS), styrene-isoprene (SIS), styrene-polyethylene-
butadiene-styrene (SEBS), and other block copolymers. Resin-based asphalt modifications
include the addition of polyethylene (PE) and ethylene-vinyl acetate copolymer (EVA) [14].
For example, Rosa Veropalumbo and Russo, F. et al. [15–17] have been working on the
incorporation of polymer-functional plastic waste into asphalt mixtures to improve the
performance of pavement layers. Since the asphalt-based sealant material prepared with
a single modifier has disadvantages in terms of performance, and the single modifier is
expensive, some low-cost modifiers need to be used to reduce costs; therefore, composite
modification has been developed and applied [14]. With advances in technology, SBS has
gradually replaced other types of polymers due to its superior high- and low-temperature
properties. In view of the excellent anti-deformation and anti-cracking properties of rubber-
modified asphalt, this paper uses CR/SBS to modify asphalt in order to study the properties
of the sealant material.

A huge amount of waste rubber tires is generated globally every year. The reasonable
disposal of the ever-increasing number of waste rubber tires is a global concern, and the tires
could cause serious harm to the ecological environment if disposed of improperly. Some of
these waste tires are eventually landfilled or incinerated, causing pollution to either land
resources or air, and posing a severe threat to the environment. In recent years, scholars
have begun to focus on the addition of waste rubber tires, physically ground into a granular
state, into construction materials to prepare modified asphalt or concrete, thus realizing
the recycling of waste rubber and opening a novel route for the treatment of waste rubber
products. In the field of pavement material preparation, rubber crumb (CR)-modified
asphalt presents good anti-deformation and anti-cracking ability [18–20]. However, the
compatibility between CR and matrix asphalt is poor, and the high-temperature resistance of
CR is not stable, which shortens the service life of CR-modified asphalt [21,22]. In addition,
in the preparation process of CR-modified asphalt, CR expands due to the absorbance
the light components (aromatic and saturated) of asphalt, increasing the viscosity of the
asphalt and therefore affecting the fluidity of the sealant material made from CR-modified
asphalt [23–25]. Therefore, in the production of CR-modified asphalt sealant, the proportion
of added rubber, mixing temperature, and the performance of the matrix asphalt have a
crucial impact on its high-temperature resistance and other properties [26,27].

Styrene-butadiene-styrene (SBS) is currently the most widely used asphalt modifier. It
possesses a multiphase structure and is mainly composed of a butadiene segment and a
styrene segment. SBS melts when the ambient temperature is between the glass transition
temperatures of styrene and butadiene [28,29]. SBS-modified asphalt exhibits both high-
temperature resistance and high elasticity, which is due to the cross-linking of SBS inside
the asphalt to create a stable three-dimensional network structure [30]. Therefore, utilizing
SBS-modified asphalt as the sealant for filling pavement cracks will significantly improve
its high-temperature resistance. However, the cost of SBS-modified asphalt is relatively
high, so the proportion of SBS must be controlled when preparing sealant in order to reduce
the engineering cost, while at the same time guaranteeing good service performance (such
as high-temperature properties) [31]. Thus, some researchers have thought of combining
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SBS and CR to modify asphalt materials so as to improve their high-temperature resistance
while reducing their cost [32].

In summary, although much literature has reported the high-temperature resistance
properties of CR/SBS-modified asphalt, as a sealant material for cracked pavements, the
evaluation indices for the high-temperature performance of CR/SBS-modified asphalt
sealant are incomplete. Further performance evaluation is needed to verify whether it
meets the requirements of the Chinese national standard, making it suitable for being
adopted in actual road maintenance projects [33,34]. Meanwhile, the asphalt sealant is often
subjected to continuously repeating vehicle load; therefore, its real mechanical response
needs to be further evaluated on the basis of the rheological performance of the sealant
under dynamic load [35,36].

This study is dedicated to preparing an eco-friendly asphalt sealant material for
pavement maintenance engineering that possesses excellent high-temperature stability and
anti-deformation ability through the addition of waste rubber and SBS, which is expected to
expand the application of waste rubber in pavement maintenance engineering, representing
a more sustainable utilization of waste rubber products, thus protecting the ecological
environment. In addition, softening point, complex shear modulus, phase angle, mean
non-recoverable creep modulus, and other indicators are used to systematically evaluate
the high-temperature properties and rheological properties of the modified asphalt sealants.
Firstly, the enhancement effect of SBS and CR on the high-temperature stability of asphalt
was evaluated separately. Secondly, the differences in the high-temperature performances
of the SBS/CR-modified asphalt sealant, unmodified asphalt sealant (UAS), SBS-modified
asphalt sealant, and CR-modified asphalt sealant were evaluated. Subsequently, the high-
temperature stability and anti-deformation ability of the SBS/CR asphalt sealant was
evaluated on the basis of softening point tests, temperature scan tests, frequency scan tests,
MSCR, and dynamic shear rheology tests (DSR). The master curve of modulus for the
SBS/CR sealant was established, and the viscoelastic properties of the SBS/CR sealant
were evaluated over a wide frequency range.

2. Materials and Methods

2.1. Raw Materials

Donghai Brand 90# road petroleum asphalt, produced by China Petrochemical Corpo-
ration in Beijing, China, was used as the matrix asphalt for the pavement sealant. The test
process was determined with reference to the standard test methods of Asphalt and asphalt
mixture test regulations for highway engineering (JTG E20-2011) [37]. The technical indices
of the matrix asphalt are provided in Table 1. The selected SBS (grade 4402), produced by
China Petrochemical Corporation, was a star-shaped structure, with a styrene content of
30 wt%. CR was purchased from Shaanxi Hongrui Rubber Co., Ltd. in Xi’an, China, with a
particle size of 0.3 mm; the technical indices are listed in Table 2.

Table 1. Properties of 90# matrix asphalt.

Index Standard Value Measured Results

Softening Point (Global Method) ≥45 (◦C) 46.0 (◦C)
Penetration (25 ◦C, 100 g, s) 80~100 (0.01 mm) 84 (0.01 mm)

Ductility (15 ◦C) ≥100 (cm) >100 (cm)

TFOT (Thin Film Oven Test) Residue

Quality Change ±0.8 (%) −0.112 (%)
Residual Penetration Ratio ≥57 (%) 62.4 (%)
Residual Ductility (10 ◦C) ≥8 (cm) 11.9 (cm)
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Table 2. Technical indices of CR.

Index Standard Value Measured Value

Sieving rate ≥45% 91%
Ash content ≤10% 4.5%

Moisture content <1% 0.6%
Fiber content <1% 0.5%

Rubber content ≥48% 51%
Burn Participation <38% 37.5%

2.2. Mixture and Preparation for the CR- and SBS-Compound-Modified Asphalt Sealant

The preparation technique for the modified asphalt sealant is as follows: (1) heat 500 g
of 90# matrix asphalt to a fluid state at 140 ◦C; (2) add SBS to the sample and stir at a speed
of 800 r/min for 30 min on a high-speed mixer at 170 ◦C; (3) cut the sample at a speed of
5000 r/min for 45 min on a high-speed shearing machine at 170 ◦C; and (4) add CR to the
sample and stir at a speed of 800 r/min for 1 h on a high-speed mixer at 170 ◦C to produce
the modified asphalt sealant.

Mixing excessive CR into the asphalt will lead to an increase in the viscosity of the
modified asphalt sealant, which will result in asphalt segregation [38]. This is because the
swelling rate of CR does not increase infinitely, and reaches a peak when the content is
around 20% [39]. The softening point of the modified asphalt sealant depends mainly on the
amount of dispersed SBS and the perfection of the star-shaped structure. When the content
of SBS is about 4% to 6%, a relatively perfect network structure will be formed in asphalt.
Therefore, the use of 4% to 6% SBS in modified asphalt production is most appropriate,
in accordance with Chinese Standard (JT/T 740-2015) [40]. The research presented in this
paper also take the content of star-shaped SBS as a variable for conducting research. Hence,
12 groups of sealants based on CR- and SBS-compound-modified asphalt sealants were
prepared in this study; 3 samples were prepared for each group, and experimental error
was eliminated by averaging the results. The mix proportions are listed in Table 3.

Table 3. The mix proportions for the CR- and SBS-compound-modified sealants.

Group CR Contents (%) SBS Contents (%)

1 10 1
2 10 3
3 10 5
4 10 7
5 15 1
6 15 3
7 15 5
8 15 7
9 20 1
10 20 3
11 20 5
12 20 7

2.3. Test Methods
2.3.1. Softening Point Test

Asphalt softening point is an important indicator of asphalt sealant performance, and
is usually used to measure the temperature sensitivity of asphalt sealant. In this study, the
softening point values of all groups of the sealant samples were tested according to the test
procedure of the Chinese Standard (JTG E20-2011) [37]. The softening point experiments
were performed using a DF-10 computer automatic softening point instrument produced by
Nanjing Dongyong Shenfu Technology Co., Ltd. in Nanjing, China. Note that the softening
point tests for the sealant samples were carried out using the ring and ball softening point
method. The sealant samples were cured in the specified curing environment, in line with
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the test requirements. Then, the sealant samples were heated at a rate of 5 ◦C/min in the
cup, and the heating and cooling temperatures were recorded. The average value of the
temperature is taken as the softening point test result for each sealant sample.

2.3.2. Temperature Sweep Test

A Dynamic Shear Rheometer (DSR) produced by Anton Paar Co., Ltd. in Graz,
Austria (Model: SmartPave 102) was utilized in this study to conduct temperature sweep
experiments on modified asphalt sealant. The test results were used to reflect the rheological
behavior of the asphalt-based material at medium and high temperature. The temperature
range of the test was 34~94 ◦C, and the temperature gradient was 6 ◦C, as well as having
an angular frequency of 10 rad/s. The complex shear modulus (G*) and phase angle (δ)
were tested, and the change rule of the viscoelastic parameters was evaluated, which was
used to determine the temperature dependency of the samples.

2.3.3. Muti-Stress Creep and Recovery Test

The muti-stress creep and recovery (MSCR) tests were used to measure the deforma-
tion value of asphalt-based material under different constant stress and the creep defor-
mation recovery values after the disappearance of stress. The stress control approach was
used in the repeated stress creep recovery experiments. The test process can be divided into
the creeping stage, with a constant stress loading time of 1 s, and the recovery stage, with
a zero-stress no-load time of 9 s under each cycle at 64 ◦C. For each experiment, 30 stress
cycles were carried out. The adopted stress for cycles 0~20 was 0.1 kPa, and for cycles
21~30 it was 3.2 kPa. Nevertheless, the test results for cycles 0~10 were only used to adjust
the properties of the asphalt sealant, and were not used for analysis. During the test, stress
and strain were recorded at a frequency of 0.1 s during the creep phase and at a frequency
of at least 0.45 s during the recovery phase.

2.3.4. Frequency Sweep Test

To study the mechanical properties of modified asphalt sealant materials under differ-
ent loading frequencies, frequency sweep tests for different sealant samples were performed
at a test frequency of 0.1~100 Hz at different temperatures (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and
70 ◦C). The parallel plate’s diameter was 8 mm, and the thickness values of the sealant
samples were 2 mm at 30 ◦C and 40 ◦C, while the parallel plate’s diameter was 25 mm and
the thickness values of the sealant samples were 1 mm at 50 ◦C, 60 ◦C, and 70 ◦C (as shown
in Figure 1). Before the frequency sweep test, the parallel plates were heated to 70 ◦C in
order to avoid damage to the sealant samples when removing excess asphalt and achieve a
good connection between the asphalt samples and the parallel plates.

  
(a) (b)  

Figure 1. Parallel plate size and sealant sample size in DSR at different temperatures. (a) 30 ◦C and
40 ◦C; (b) 50 ◦C, 60 ◦C and 70 ◦C.
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3. Results and Discussion

3.1. Softening Point Results and Grey Correlation Analysis

This study used softening point values to assess the high-temperature performance of
modified asphalt sealant samples (as shown in Figure 2), and the effect of CR and SBS on
high-temperature performance for the modified asphalt sealant was investigated.

Figure 2. The results of the softening point test.

As shown in Figure 2, the softening point of modified asphalt sealant increases with
increasing CR and SBS content, which indicates that CR and SBS can significantly enhance
the high-temperature performance of asphalt sealant [39]. With reference to the softening
point regulations for hot-poured sealants for pavement (JT/T 740-2015) [40], the required
minimum softening point for sealant is 70 ◦C. Compared with the matrix asphalt, the
softening points of Group 1, Group 2, and Group 5 were significantly improved, but
were still not able to meet the requirements of the sealant. This shows that the sealants
these contents were not able to achieve the best performance, which could be achieved by
increasing the modifier content in order to meet performance requirements [41]. When
the SBS content was 20% and the CR content was 7% (Group 12), the softening point of
the modified asphalt sealant reached 95.8 ◦C, which is 58.9% higher than that of Group 1.
When the SBS content in the modified asphalt sealant was constant, the softening point
value increased by 12.9% on average with a 5% increase in CR content. Similarly, when
the CR content was constant, the softening point value increased by 7.3% on average with
a 2% increase in SBS content [42]. Furthermore, it can be seen from the test results that
the modification effect of SBS per unit content is about 1.4 times that of CR. Intuitively,
the increase in unit SBS content had a greater impact on the softening point of the asphalt
sealant than CR.

Nevertheless, the analysis of the basic data cannot be used to accurately measure the
degree of correlation between the modifier and the high-temperature performance of the
modified asphalt sealant. Therefore, the grey correlation degree was used to further analyze
the basic data. Grey correlation analysis is an academic analysis method for multi-factor
degrees of correlation and the comparison of data development trends [43,44], and has
been successfully applied in agronomy, medicine, management, and business [45,46]. In
this paper, the softening point was selected as the reference sequence, and the correlation
degree between CR, SBS content, and high-temperature performance in a single-component
modified asphalt sealant was analyzed using the grey correlation analysis method.

According to the theory of grey relational analysis, it is first necessary to determine
the comparison sequence and the reference sequence:
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The comparison sequence is written as Equation (1):
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2, . . . X′
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The reference sequence is an ideal comparison standard in theory. The optimal value
(or worst value) of each index can be used to form the reference sequence, and other
reference values can also be selected according to the purposes of the evaluation. The
reference sequence is written as: X′

0 = X′
0(1), X′

0(2), . . . X′
0(m).

The index data are dimensionless for easy comparison. In this paper, the difference
method is used to obtain the data sequence matrix. The absolute differences between each
evaluated object index sequence (comparison sequence) and the corresponding element of
the reference sequence are calculated one by one. Then, the correlation coefficient between
each comparison sequence and the corresponding element of the reference sequence is
calculated according to Equation (2):

ζi(k) =

min
i

min
k |X0(k)− X1(k)|+ ρ·min

i
min
k |X0(k)− X1(k)|

|X0(k)− X1(k)|+ ρ·min
i

min
k |X0(k)− X1(k)|

k = 1, 2, . . . m (2)

where ρ is the resolution coefficient, 0 < ρ < 1. Smaller values of ρ indicate a larger difference
between the correlation coefficients, and stronger discrimination ability. Usually, ρ is taken
as 0.5.

For each evaluation object, the mean value of the correlation coefficient between each
index and the corresponding element of the reference sequence is calculated to reflect the
relationship between each evaluation object and the reference sequence; this is referred to
as the correlation sequence, and is determined using Equation (3) [44]:

R =
1
m

m

∑
k

ζi(k) (3)

The difference sequences for each factor were calculated, and the results are listed in
Table 4. The grey correlation coefficients under different contents were calculated, and the
results are listed in Table 5.

Table 4. The difference sequences of CR and SBS.

Index
Sample

1 2 3 4 5 6 7 8 9 10 11 12

CR 10 10 10 10 15 15 15 15 20 20 20 20
SBS 1 3 5 7 1 3 5 7 1 3 5 7

Difference
sequence 35.5 29.2 23 20.6 30 24.1 17.6 14.5 17.3 11.9 4.7 0

Table 5. The grey correlation coefficients for different contents of modifiers.

Factor
k Grey

Relation
Coefficient1 2 3 4 5 6 7 8 9 10 11 12

R1 0.64 0.64 0.64 0.64 0.54 0.54 0.54 0.54 0.47 0.47 0.47 0.47 0.55
R2 0.94 0.85 0.78 0.72 0.94 0.85 0.78 0.72 0.94 0.85 0.78 0.72 0.82
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The quantitative characterization of the effect of SBS and CR on high-temperature
performance was realized through correlation analysis. It can be seen from Table 5 from
the correlation coefficients between the modifiers (CR and SBS), as well as the order of the
grey relation coefficients from high to low, that R2 > R1. The correlation between SBS and
asphalt sealant softening point is 1.5 times that of CR, which also confirms the previous
conclusions. The correlation sequence results show that, compared with CR, the content
of SBS has a greater correlation with the high-temperature performance of the modified
asphalt sealant.

Most previous studies have concluded that both CR and SBS are able to improve the
softening point of asphalt sealants to a certain extent [4,20]. However, there have been
few studies on the softening point improvement efficiency of SBS and CR in CR/SBS-
composite-modified asphalt. This paper confirms the dominant role of SBS in affecting
the softening point of sealants through grey correlation. SBS is the most significant factor
affecting the softening point in the CR/SBS-modified asphalt sealant. Therefore, when
preparing environmental protection sealants, we should not only consider the addition of
waste/virgin polymers, but also ensure an adequate content of SBS, in order to meet the
high-temperature performance requirements.

Both CR and SBS have a significant effect on the softening point of the modified asphalt
sealant. The changing trend of the softening point shows that 20% CR generally has higher
conventional high-temperature performance. Hu M et al. [39] also reported that once the
content of rubber powder has reached 20%, the viscosity of the dispersion medium is no
longer significantly improved by increasing content and mesh number. To improve creep
recovery ability and rheological properties under dynamic load, once the requirements of
conventional high-temperature performance had been satisfied, SBS was added. The grey
correlation analysis results show that SBS has a greater impact on the softening point of the
modified asphalt sealant (conventional high-temperature performance). However, it is still
necessary to investigate whether higher SBS content results in more beneficial rheological
performance in the modified asphalt sealant under high-temperature conditions in order to
determine the optimal amount of added SBS. In the experiments that follow in this paper,
the rheological properties are studied by controlling the gradient of SBS content for the
asphalt sealant. Under the premise of satisfying a certain high-temperature performance
(20% CR), the rheology of the modified asphalt sealant can be optimized to the greatest
extent so that the performance can be improved more comprehensively while taking the
project cost into account.

The three groups with the best softening point performance in the orthogonal experi-
ment were selected: Group 10, Group 11, and Group 12. Therefore, the temperature sweep
test was carried out on Group 10, Group 11, and Group 12. Three control groups were
determined: unmodified asphalt sealant (marked as Group a), single-component modified
asphalt with 7% SBS content (marked as Group b), and single-component modified asphalt
with 20% CR content (marked as Group c). The MSCR test and frequency sweep test
were carried out together for Group 10, Group 11, and Group 12. The high-temperature
performance of MSCR and the viscoelastic mechanical properties of composite-modified
asphalt sealant were evaluated.

3.2. Anti-Deformation Ability

It is well known that the viscoelastic properties of modified asphalt sealant are sensitive
to temperature. Therefore, it is necessary to evaluate the sensitivity of the viscoelastic
properties of SBS/CR-modified asphalt sealant to verify whether this new asphalt sealant
is able to meet the mechanical performance requirements of future road maintenance
engineering applications. Hence, a temperature scanning test was carried out on the
modified asphalt sealant (Group 10, Group 11, and Group 12) to evaluate their temperature
sensitivity. In the temperature sweep test, the complex shear modulus (G*) can be used to
evaluate the anti-deformation ability of asphalt sealant. The higher the composite shear
modulus, the greater the high-temperature deformation ability of the asphalt sealant. In
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addition, the viscoelastic characteristics of asphalt sealant could be assessed by the phase
angle (δ). The asphalt sealant becomes more pliable with decreasing phase angle, which
means that the asphalt sealant has stronger high-temperature resistance [47,48]. In this
study, the variation in the parameters G* and δ with modifier content (CR and SBS) was
analyzed at different temperatures. Parallel experiments were performed for three samples
in this experiment, and the maximum standard deviation was calculated to be 2.7345 by
filtering and integrating the data. The average value of the data points was calculated, and
the test results are shown in Figure 3.

 
(a) (b) 

Figure 3. The temperature scanning test results. (a) The complex shear modulus; (b) the phase angle.

On the basis of the test results presented in Figure 3a, the complex shear modulus
G* of the modified asphalt sealant shows a decreasing trend with increasing temperature.
In the semi-logarithmic coordinates, the regularity of the change of G* with temperature
approximates a linear functional relationship. Furthermore, the curves of Group 10 and
Group 11 have similar trends and values, indicating that the two sealants have the same anti-
deformation ability within the temperature range 34~94 ◦C. The complex shear modulus
of the three sealants is about 1.75 × 105 Pa at 34 ◦C, while the complex shear modulus of
the Group 12 sealant decreases to 2.4 × 104 Pa, and the modulus values of the Group 10
and Group 11 sealants decrease to 4.5 × 103~5.2 × 103 Pa at 94 ◦C. Compared with Group
10 and Group 11, the complex modulus of Group 12 has a smaller variation in amplitude
with angular frequency, which also means that its temperature sensitivity is lower. These
experimental results are consistent with the results reported by Liang M. [22].

In addition, the phase angle of the Group 10 and Group 11 modified asphalt sealants
first decreased and then increased with increasing temperature, which indicates that the
viscous and elastic components of the two sealants change continuously at different temper-
atures. When the temperature is lower than 60 ◦C, the proportion of elastic components in
the modified asphalt sealants increases with increasing temperature, which implies that the
deformation resistance of the modified material gradually increases. When the temperature
is higher than 60 ◦C, the proportion of viscous components in the modified asphalt sealants
increases gradually with increasing temperature, revealing that the deformation resistance
of the modified asphalt sealant decreases. Moreover, the change in the phase angle of the
Group 12 sealant is small, and the phase angle is less than 45◦ within the test temperature
range, meaning that modified asphalt sealants with high modifier contents (CR and SBS)
have high elasticity and low temperature sensitivity. The temperature change has a small
impact on the proportion of the viscoelastic components.

From the complex modulus and phase angle obtained from the temperature sweep
test, it can be seen that the complex modulus of Group 12 is generally higher than that of
Group 10 and Group 11, although this shows that its stiffness and resistance to deformation
are higher. However, its phase angle is always lower than 45◦ in the test temperature
range, and even decreases with increasing temperature, meaning that its viscoelasticity
fails to reach equilibrium. After repairing the crack, the adhesion to the original crack

89



Polymers 2022, 14, 2558

wall is insufficient, and the toughness is insufficient due to its excessive hardness. The
modulus values of Group 10 and Group 11 are similar. In the high-temperature range of
60~94 ◦C, Group 11 shows better elastic behavior than Group 10 and has stronger resistance
to foreign body embedding. Therefore, when the content of CR is 20%, when preparing
SBS/CR-modified asphalt sealant, the addition of 5% SBS provides the best deformation
resistance and elastic toughness for the modified asphalt sealant.

3.3. High-Temperature Performance on the Basis of MSCR

The deformation of asphalt sealant is a dynamic process caused by the combined
effect of dynamic load and temperature. The MSCR test is able to accuratley describe the
high-temperature deformation resistance of asphalt sealant under the synergistic action of
dynamic load and temperature [49]. MSCR tests were conducted on unmodified asphalt
sealant, SBS-modified asphalt sealant, CR-modified asphalt sealant, and SBS/CR-modified
asphalt sealant. The average recovery rate (R) and the average non-recoverable creep
modulus (Jnr) at different creep stress levels were used to evaluate the capacity of asphalt
sealant to withstand deformation on a permanent basis under various creep stress levels.
The calculation method was as shown in Equations (4) and (5):

R =
εc − ε0

εr − ε0
; R =

10

∑
N=1

R(τ, N)

10
(4)

Jnr =
εr − ε0

τ
; Jnr =

10

∑
N=1

Jnr(τ, N)

10
(5)

where τ (kPa) is the creep stress corresponding to each loading period; R is the average
recovery rate; Jnr (kPa−1) is the average unrecoverable creep modulus.

The average recovery rate represents the elastic response of asphalt sealant, while
the average unrecoverable creep modulus represents the viscous deformation of asphalt
sealant. As shown in Figure 4, the average unrecoverable creep modulus of SBS/CR-
modified asphalt sealants was lower than that of the CR-modified asphalt sealant and
the SBS-modified asphalt sealant when the degree of stress was 0.1 kPa and the test
temperature was 64 ◦C, while the SBS/CR-modified asphalt sealant’s average recovery
rate was comparable to that of the CR-modified asphalt sealant and significantly superior
to that of the SBS-modified asphalt sealant. This indicates that modification with SBS
and CR enhanced the stiffness and elasticity of the asphalt sealant, thus increasing its
deformation resistance.

 

(a) (b) 

Figure 4. MSCR test results (test temperature: 64 ◦C). (a) The average non-recoverable creep modulus;
(b) the average recovery rate.
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The average unrecoverable creep modulus of asphalt increased and the average re-
covery rate dropped when the degree of stress was increased from 0.1 kPa to 3.2 kPa at
64 ◦C, indicating that the deformation resistance of the asphalt sealant decreases under high
load. Hence, high traffic volumes will increase the risk of the asphalt pavement breaking.
However, when the percent of SBS in the modified asphalt sealant was increased, the
growth rate of the unrecoverable creep modulus decreased significantly, and the reduction
range of the average recovery rate slowed down, indicating that the ability of the modified
asphalt sealant to withstand permanent deformation at high stress levels increases with
increasing SBS content.

Ren S.S. et al. [50] calculated the average non-recoverable creep modulus and the
average recovery rate. Accurate quantitative evaluation of the effect on rutting resistance
of modifying asphalt with CR/SBS was performed. Low Jnr with high R-value CR/SBS-
modified asphalt outperformed the unmodified asphalt at both stress levels, indicating
that the presence of elastic response in the modified asphalt makes it less sensitive to
rutting and permanent deformation. This is due to the interaction of rubber powder and
SBS mesh in asphalt, which is beneficial for hindering the accumulation of permanent
strain. In this section, not only the above conclusions are verified, but 20% CR and 7%
SBS-modified asphalt sealant were demonstrated to offer the best stiffness and elasticity, as
well as excellent resistance to deformation.

3.4. Viscoelastic Mechanical Properties and CAM Model Fitting

As a viscoelastic material, the properties of asphalt vary with temperature and loading
time, which has a great impact on its uses in road engineering [1,9,27]. The softening point
index described in Section 3.1 can only be used to carry out a macro evaluation of the
high-temperature resistance of asphalt sealant, and cannot achieve an accurate description
of the microstructure of the asphalt sealant [22]. Consequently, the frequency scanning
test was used to evaluate the viscoelastic behavior of asphalt sealant from a microscopic
point of view. Similarly, parallel experiments were performed on three samples in this
experiment, and the average value of the data points was calculated. Figure 5 shows the
average experimental results of the frequency scanning of Group a, Group b, Group c,
Group 10, Group 11, and Group 12. The composite shear modulus of the six sealants
increased with increasing frequency and decreased with increasing temperature. This
phenomenon is more obvious in the unmodified asphalt sealant, which demonstrated poor
deformation resistance at high temperature [34].

As a kind of viscoelastic material, the change in the mechanical properties of asphalt
abides by the principle of time-temperature equivalence; therefore, valid data that are
outside the test frequency and temperature range can be obtained by means of calcula-
tion [51,52]. The time-temperature equivalence principle indicates that the frequency at a
given test temperature can be altered along the logarithmic frequency axis by a displace-
ment factor. Of these, the shift factor is only related to temperature, and can be calculated
by the WLF equation, as shown in Equation (6):

log10 αT =
−C1(T − T0)

C2 + (T − T0)
(6)

where log10 αT—shift factor; C1,C2—constants; T—test temperature, ◦C; T0—reference
temperature, ◦C.

Based on the time-temperature equivalence principle, the reference temperature was
set as 30 ◦C, and the shift factors of six asphalt sealants at different temperatures were
calculated according to Equation (5) (listed in Table 6), and the main curves of complex
shear modulus of composites were drawn (shown in Figure 6).
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Figure 5. Frequency scanning test results. (a) Group a, (b) Group b, (c) Group c, (d) Group 10,
(e) Group 11, (f) Group 12.

Table 6. Shift factors and C1 and C2 parameter values of materials at different test temperatures
(reference temperature: 30 ◦C).

Asphalt
Parameter Shift Factor

R2

C1 C2 30 40 50 60 70

Group a 6.349 46.509 0 −1.217 −1.844 −2.433 −2.990 0.9952
Group b 10.508 86.7 0 −1.045 −1.988 −2.732 −3.295 0.9993
Group c 9.329 87.64 0 −1.078 −1.642 −2.345 −2.964 0.9933

Group 10 10.109 100.127 0 −0.905 −1.718 −2.295 −2.899 0.9993
Group 11 6.188 42.558 0 −1.117 −2.002 −2.633 −2.944 0.9971
Group 12 17.545 238.033 0 −0.710 −1.301 −2.046 −2.491 0.9962
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Figure 6. The linear fit curve of complex shear modulus (reference temperature: 30 ◦C).

The slope of the curve obtained by linear fitting is able to reflect the variation trend of
complex shear modulus with frequency. Therefore, this slope can be used to characterize
the ratio of complex shear modulus to angular frequency. In Figure 6, it can be seen that the
ratios of complex shear modulus and angular frequency of the six materials, in decreasing
value, are in the following order: Group a > Group b > Group c > Group 10 > Group
11 > Group 12. This indicates that the susceptibility of the modified asphalt sealant to
temperature following modification with a composite of SBS and CR was less than that
of the modified asphalt sealant modified with a single additive (either SBS or CR), and
the five modified asphalt sealant materials had greater temperature sensitivity than the
unmodified asphalt sealant.

Simultaneously, in the low-frequency range, the complex shear modulus of the three
kinds of composite-modified asphalt sealant (Group 10, Group 11, and Group 12) was
greater than that of the unmodified asphalt sealant and the asphalt sealant modified with a
single additive (Group b and Group c). However, in the high-frequency range, the complex
shear modulus of the three kinds of composite-modified asphalt sealant was lower than
that of the unmodified asphalt sealant and the asphalt sealant modified with a single
additive. The low frequency of the primary curve corresponds to asphalt’s performance
at high temperatures, while the high frequency refers to the asphalt’s low-temperature
performance. Consequently, it can be inferred that the composite-modified asphalt sealant
has greater resistance to permanent deformation than unmodified asphalt sealant and
asphalt sealant modified with a single additive at elevated temperatures. Furthermore, the
viscosity of the composite-modified asphalt sealant at low temperature was also superior
to that of the unmodified asphalt sealant and the asphalt sealant modified with a single
additive at low temperature.

In addition, in order to more clearly describe the change rule of the master curve, the
CAM model was used to fit the master curves, and is expressed as shown in Equation (7):

|G∗| =
∣∣Gg∗

∣∣[
1 + fc/(αT f )K

]M/K (7)

where
∣∣Gg∗

∣∣ is the glassy shear modulus of the asphalt sealant; K and M are the shape-
fitting parameters of the master curve; fc is the position-fitting parameter of the master
curve; f is the loading frequency; and αT is the shift factor.

The fitting curves are shown in Figure 7. It can be observed that the CAM model has a
high degree of fitting to the sample, indicating that the CAM model is suitable for fitting
the dynamic modulus master curves of various sealants. In this way, the main curve of
dynamic shear modulus was also drawn using the CAM model in order to verify that the
CAM model is able to fit the main curves of various types of asphalt sealant, predict the
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changing trend of asphalt sealant shear modulus, and perform a reasonable evaluation of
the rheological properties of modified asphalt sealants.

 
Figure 7. The main curve of complex shear modulus (reference temperature: 30 ◦C).

In summary, the mechanical properties of asphalt sealant materials are very sensitive
to the frequency of load action. When the load frequency is low, the viscous properties of
the asphalt sealant material are more obvious; when the load frequency in increased, the
elastic properties of the asphalt sealant material become more obvious [51]. On the basis of
the frequency sweep experiment, it can be seen that the modified asphalt sealant had lower
temperature sensitivity, among which Group 12 had the lowest temperature sensitivity.
Compared with the other groups of modified asphalt sealants, Group 12 still had better
elasticity at high temperatures and better viscosity at low temperatures. This gives asphalt
sealant modified with 20% CR and 7% SBS broad application prospects in cold regions.

4. Conclusions

With the aim of addressing the issue of the low resistance of conventional sealants
to high-temperature deformation, this paper utilized waste rubber and SBS to prepare an
eco-friendly asphalt sealant material for pavement maintenance engineering that possessed
excellent high-temperature stability and anti-deformation ability, expanding the application
of waste rubber in pavement maintenance engineering. Additionally, the high-temperature
and rheological properties of this new type of SBS/CR-composite-modified asphalt sealant
were estimated by performing a softening point test, a temperature scan test, a frequency
scan test, and an MSCR and frequency sweep test. The following conclusions can be drawn:

(1) SBS and CR can improve the high-temperature performance of sealants, and the
softening point of the modified sealant was able to meet the Chinese national standard
(JT/T 740-2015). On the basis of grey correlation analysis, the correlation between SBS
and the asphalt sealant softening point was 1.5 times that between CR and the asphalt
sealant softening point.

(2) The temperature sweep test revealed that both SBS and CR can increase the complex
shear modulus while simultaneously decreasing the phase angle, thereby improving
the performance of the modified asphalts in high-temperature environments. In all
groups, asphalt sealant modified with 20% CR and 5% SBS demonstrated superior
deformation resistance and high-temperature resistance. The temperature sweep test
revealed that SBS and CR improved the elasticity of the modified asphalt sealants in
high-temperature environments. With comprehensive consideration of the composite
shear modulus and phase angle of the sealants, the viscoelastic balance of the 20% CR
and 5% SBS-modified asphalt sealant was more suitable for crack repair in all groups.

(3) The MSCR test showed that the composite modification procedure greatly improved
the stiffness and elasticity of the modified asphalt sealants, among which the 20% CR
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and 7% SBS-modified asphalt sealants had the lowest Jnr and the highest R, implying
that it had good deformation resistance.

(4) The complex main curve of shear modulus for different asphalt sealant materials at
30 ◦C showed that the SBS/CR-composite-modified asphalt sealant possessed greater
persistent deformation resistance at elevated temperatures and lower temperature
sensitivity than unmodified asphalt sealant and asphalt sealant modified with a single
modifier. Additionally, the CAM model demonstrated a good ability to fit to the
dynamic model curve of the modified asphalt sealant and was able to be used to
reasonably evaluate the rheological properties of the sealant under load conditions
that are difficult to test.

This paper systematically evaluated the high-temperature rheological properties of
CR/SBS-modified asphalt sealant. As for determining the actual environmental benefits
and actual road performance of this new kind of asphalt sealant, this is a topic on which
the authors will deliberate in the future.
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Abstract: The fatigue resistance of asphalt mixture is an important indicator to evaluate the durability
of asphalt pavement. In order to improve the fatigue properties of asphalt mixture, diatomite and
environmental basalt fiber were added. Four types of asphalt mixtures, ordinary asphalt mixture
(AM), diatomite modified asphalt mixture (DAM), basalt fiber modified asphalt mixture (BFAM)
and diatomite/basalt fiber composite modified asphalt mixture (DBFAM), were chosen, whose
optimum asphalt–aggregate ratio, optimum content of diatomite and optimum content of basalt
fiber could be determined by Marshall test and response surface methodology (RSM). The multi-
functional pneumatic servo Cooper test machine was carried out by a four-point bending fatigue
test. Through the comparative analysis of flexural-tensile stiffness modulus (S), initial stiffness
modulus(S0), residual stiffness modulus ratio, lag angle (φ) and cumulative dissipation energy (ECD),
the fatigue resistance of asphalt mixture can be effectively improved by adding diatomite and basalt
fiber. Grey correlation analysis was also used to analyze the degree of correlation between the fatigue
life and the influencing factors such as VV, VMA, VFA, OAC, S, and ECD. The analysis results indicate
that ECD has the greatest impact on the fatigue life of the asphalt mixture.

Keywords: fatigue performance; diatomite; basalt fiber; asphalt mixture; four-point bending fatigue
test; grey correlation analysis

1. Introduction

Asphalt is a mixture of black-brown polymers composed of hydrocarbons with dif-
ferent molecular weights and their non-metallic derivatives. Asphalt is mainly used in
coatings, plastics, rubber and other industries and paving pavements. Asphalt is a widely
used pavement structural cementitious material in road engineering. It can be mixed with
different mineral materials in proportion to build asphalt pavement with different struc-
tures. Improving the performance of asphalt or asphalt mixture is an important means to
prolong the service life of pavements. In recent years, many researchers have improved the
performance of asphalt or asphalt mixture by adding modified substances. The anti-fatigue
characteristic of the asphalt mixture is one of the important indicators of road performance.

Fatigue refers to a phenomenon caused by the accumulation of unrecoverable strength
attenuation of asphalt mixture pavement under repeated loads [1–3]. In the service process,
asphalt pavement is subjected to the repeated action of vehicle load and temperature stress
for a long time. With the increase of load times, defects and microcracks will occur in the
asphalt mixture [4,5]. Moreover, these defects and micro-cracks will continue to extend
under dynamic load, the strength of the pavement structure will gradually decay and
finally, fatigue failure and cracks will occur in the pavement. In order to ensure that the
asphalt pavement has good usability and durability, the asphalt mixture must have good
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fatigue resistance. Fatigue life is an important indicator to evaluate the service life of
asphalt pavement [6–8].

In order to improve the fatigue of asphalt pavement, many researchers add different
types of reinforcement materials in asphalt mixtures, such as cellulose, lignin, glass fiber,
polyester fiber, inorganic fiber and so on [9–13]. Zheng et al. [14] studied the fatigue
property of basalt fiber-modified asphalt mixtures under complicated environments. Zhao
et al. [15] investigated the effect of basalt fiber on the road performance of asphalt mixture.
Riekstins et al. [16] evaluated the anti-fatigue property of brucite fiber reinforced asphalt
mixture under sulfate and dry-wet circle corrosion environments. Lou et al. [17] evaluated
the enhancement effect of basalt fiber on the fatigue performance of the mixtures.

Considering the climatic characteristics of the seasonal freezing region in Jilin Province,
China, this study mixed diatomite and basalt fiber into asphalt mixtures and evaluated
their improvement effect on the fatigue resistance of asphalt mixture through fatigue test. A
fatigue test mainly employs phenomenon mechanics and mechanics approximation meth-
ods [18,19], but there are more experimental methods for using phenomenon mechanics at
present. Due to the low cost and short cycle of laboratory tests, they are widely used. An
indoor fatigue test mainly includes a repeated bending test, support bending test, uniaxial
test, triaxial test, indirect tensile test and so on. SHRPA-003A indicates that the repeated
bending fatigue test (especially the four-point bending test) is most conforming to the
actual pavement stress, and it is more reasonable to use the four-point bending fatigue
test of the rectangular beam as the standard test for the fatigue performance of asphalt
mixture. Yu et al. [20,21] studied three asphalt mixture fatigue testing machines, James
Cox & Sons (USA), Cooper μμ(UK) and IPC (Australia). The results showed that the test
results of the above three four-point bending fatigue testing machines were consistent.
Cooper and IPC fatigue testing machines can obtain lag angle and dissipated energy, which
is beneficial to fatigue test research and analysis. Di Benedetto, Cardona DR, Sébastien
Lamothe, Zhiyong Wu, Yang Panpan and other scholars studied the fatigue performance
of asphalt mixture using dissipated energy, lag angle, cumulative dissipation energy and
the ratio of dissipated energy change methods [22–28].

After careful consideration, this paper uses the multi-functional pneumatic servo
Cooper test machine (NU-14) produced by Cooper Research Technology Limited in the
UK to carry out a four-point bending fatigue test, testing the initial stiffness modulus,
stress value, strain value, lag angle, cumulative dissipation energy and fatigue life, etc. The
factors affecting fatigue life are analyzed by grey correlation theory.

2. Experiments and Methods

2.1. Raw Materials

The asphalt AH-90 in this paper was supplied by Panjin Petrochemical Industry,
located in Liaoning Province of China. The physical properties of the asphalt were measured
according to Chinese specification JTG E20-2011 [29]; the measured results are presented in
Table 1. The ecofriendly diatomite was obtained from Changbai Mountain in Jilin Province.
The average size of diatomite particles is approximately 10 μm and its shape is a disc under
the microscope, as shown in Figure 1. The basalt fiber was supplied from Jiuxin Basalt
Industry Co., Ltd. in Jilin Province, as shown in Figure 2, and the physical properties of
these materials are presented in Tables 2–5 [30]. The laboratory temperature was 20 ± 2 ◦C;
the humidity was 60%.
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Table 1. Physical properties of AH-90 asphalt.

Properties Values Standard Values

Density (15 ◦C, g/cm3) 1.016 —
Penetration (25 ◦C, 0.1 mm) 91.8 80–100
Softening point TR&B (◦C) 46.9 ≥45

Ductility (25 ◦C, cm) >150 ≥100
Viscosity (135 ◦C, Pa·s) 306.9 —

After TFOT
Mass loss (%) 0.38 ≤+0.8

Residual penetration ratio (25
◦C, %) 73.3 ≥57

Softening point TR&B (◦C) 49.6 —
Ductility (15 ◦C, cm) >120 ≥20

Viscosity (135 ◦C, Pa·s) 432.5 —

  
(a) Morphology of diatomite (b) SEM images of diatomite 

Figure 1. Diatomite.

  
(a) Morphology of basalt fiber (b) ESEM images of basalt fiber 

Figure 2. Basalt fiber.

Table 2. Properties of diatomite.

Properties Color pH Specific Gravity (g/cm3) Bulk Density (g/cm3)

Value Off-white 7–8 2.0–2.2 0.34–0.41
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Table 3. The mineral composition of diatomite (provided by manufacturer).

Mineral
Composition

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 K2O Loss on Ignition

Content (%) 85.60 4.50 1.50 0.52 0.45 0.30 0.67 4.61

Table 4. The mineral composition of basalt fiber (provided by manufacturer).

Mineral
Composition

SiO2 Al2O3 Fe2O3 CaO MgO Ti2O Na2O Others

Content (%) 50 15 12 10 5 1.5 4 2.5

Table 5. Properties of basalt fiber (provided by manufacturer).

Properties Values Standard Values

Diameter (μm) 10–13 —
Length (mm) 6 —

Water content (%) 0.030 ≤0.2
Combustible content (%) 0.56 —

Linear density (Tex) 2398 2400 ± 120
Breaking strength (N/Tex) 0.55 ≥0.40

Tensile strength (MPa) 2320 ≥2000
Tensile modulus of elasticity

(GPa) 86.3 ≥85

Elongation at break (%) 2.84 ≥2.5

The used aggregates were basalt produced in Liaoyuan, Jilin Province. The properties
of aggregates were tested in accordance with the Chinese specification JTG E42-2005 [31].
The technical properties of aggregates are listed in Tables 6 and 7, which meet the require-
ments of the Chinese specification JTG F40-2004 [32].

Table 6. Aggregate test results and specifications index.

Properties Value

Diameter mm 13.2~16 9.5~13.2
Bulk specific gravity (g/cm3) 2.810 2.805

Gross volume relative density (g/cm3) 2.784 2.771
Water absorption (%) 0.33 0.44

Table 7. Coarse aggregate test results and specifications index.

Properties Value Standard Value

Crushing value (%) 8.9 ≤26
Percentage of flat-elongated

particles (≥9.5 mm) (%) 3.6 ≤8

Percentage of flat-elongated
particles (<9.5 mm) (%) 4.8 ≤12

Abrasion value (%) 12 ≤28

2.2. Gradation Design of Asphalt Mixture

The gradation type of asphalt mixture used in this study was AC-13, and the selected
gradation curve is shown in Figure 3 according to Chinese specification JTG F40-2004 [32].
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Figure 3. Aggregate gradation curve of AC-13 in this study.

According to the compaction method in the Chinese specification JTG E20-2011 [29],
the asphalt mixture was developed into a standard Marshall test piece. The optimum
asphalt–aggregate ratio (OAC) of the asphalt mixture is 4.78%, determined by testing the
test indexes including VV, VMA, VFA, MS and FL. On this basis, the range of optimum
asphalt content of diatomite/basalt fiber composite modified asphalt mixture (DBFAM)
could be selected. According to a large number of research data [14,33–36], it is determined
that the content range of basalt fiber is 0.2% to 0.4% and the dosage range of diatomite
instead of mineral powder is 5% to 10%. Using the central composite design (CCD) of re-
sponse surface methodology (RSM) to determine the optimal proportion of the DBFAM [9],
the optimum asphalt–aggregate ratio is 5.22%, the optimal content of diatomite is 6.3% and
basalt fiber is 0.25%.

In order to ensure the test data are comparable, basalt fiber and diatomite were separately
added into AC-13, and the optimum asphalt–aggregate ratios of basalt fiber modified asphalt
mixture (BFAM) and diatomite modified asphalt mixture (DAM) were determined to be
5.09% and 5.12%, respectively, based on the Chinese specification JTG F40-2004 [32]. The
physical properties of asphalt mixtures are shown in Table 8. The laboratory temperature was
25 ± 2 ◦C and the humidity was 60% when the test was carried out.

Table 8. Physical properties of asphalt mixtures.

Indicators AM BFAM DAM DBFAM

OAC (%) 4.78 5.09 5.12 5.22
VV (%) 4.098 4.065 4.065 4.20

VMA (%) 15.6 16.2 15.4 16
VFA (%) 73.7 74.9 73.6 73.8

2.3. Four-Point Bending Fatigue Test
2.3.1. Preparation of Asphalt Mixture Beam

The preparation process of the four-point bending fatigue trabecular specimens
mainly includes mixture mixing, specimen rolling and forming and trabecular cutting.
The mixture mixing was carried out in accordance with the standard Marshall mixture
specimen preparation process. The evenly mixed mixture was loaded into the test mold
(400 mm × 300 mm × 75 mm), and then formed by high pressure vibration through the
asphalt mixture vibratory roller compacting machine produced in Britain. The specimen
was formed by controlling the height of the wheel grinding plate, and the air pump pressure
was set to 2 bar, with two plates for each component type. The laboratory temperature was
20 ± 2 ◦C. The molding test equipment is shown in Figure 4.
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Figure 4. Vibratory roller compacting machine.

After the test specimen was formed for 24 h, the formwork was removed, the test plate
was cut and the infrared control cutting machine was used. The slab was cut into small
beams with dimensions of 380 mm long, 65 mm wide and 50 mm high. Each slab can be
cut into four trabecular test beams. In order to ensure that the trabecular is dry enough, the
fatigue test was carried out after the test beams were cut for 24 h.

2.3.2. Four-Point Bending Fatigue Test

The fatigue test was carried out using the Cooper testing machine, and 800 strain level
was adopted during loading. The test device is shown in Figure 5.

 

Figure 5. Fatigue test device for four-point bending beam.

The test waveform was a sine wave, the frequency was 10 Hz, the test temperature
was 20 ◦C, the relative humidity was 60%, the test failure criterion was that the stiffness
modulus of the specimen decreased to 50% of its initial modulus during loading and the
cyclic loading times at this time were used as the fatigue life of the asphalt mixture to
evaluate the durability of the asphalt material under the action of alternating loads.

The stiffness modulus of the 100th loading cycle was set as the initial stiffness modulus
of the test specimen. Before the fatigue test, a vernier caliper was used to accurately measure
the length, width and height of the beam, and the data were input into the computer software
system (the distance between four points remains the default value:118 mm), setting the
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corresponding parameters in the software system. Before the test, the specimen was put into
the test temperature for at least 4 h, then the beam was installed into the fatigue loading
control system, clamped and fixed, and the test parameters were set according to the software
interface. The four-point bending fatigue test would obtain the following test indexes: initial
stiffness modulus, stiffness modulus attenuation percentage, stress value, strain value, lag
angle, cumulative dissipation energy and fatigue life (number of cyclic loads).

2.3.3. Calculation Procedure of Fatigue Performance

• The calculation equation of maximum tensile stress is listed in Equation (1):

σt =
L × P

ω × h2 , (1)

where σt is the maximum tensile stress (Pa); L is the beam span (the distance between
two clamps at the outer end); P is a peak load (N); ω is beam width (m); h the beam
height (m).

• The maximum tensile strain can be calculated by Equation (2):

εt =
12 × δ × h

3 × L2 − 4 × a2 (2)

where εt is the maximum tensile strain (m/m); δ is the maximum strain of beam center
(m); a is the spacing between adjacent collets (i.e., L/3) (m).

• The flexural-tensile stiffness modulus is obtained by Equation (3):

S =
σt

st
, (3)

where S is the flexural-tensile stiffness modulus (Pa).
• The lag angle is calculated according to Equation (4):

φ = 360 × f × t, (4)

where φ is the lag angle (◦); f is the loading frequency (Hz); t is the lag time of strain
peak to stress peak (s).

• The single-cycle dissipation energy is calculated by Equation (5):

ED = π × σt × εt × sin φ, (5)

where ED is the dissipated energy of a single cycle (J/m3).
• The cumulative dissipation energy is calculated according to Equation (6):

ECD =
n

∑
i=1

EDi, (6)

where ECD is the accumulated dissipated energy (J/m3); EDi is the dissipated energy
of a single cycle for the i-th loading.

• The ratio of dissipated energy change (RDEC) is calculated according to Equation (7):

RDEC =
EDi − EDi
EDi(j − i)

, (7)

where RDEC is the ratio of dissipated energy change; EDi and EDj are the dissipated
energy when the loading cycles are i and j, respectively.
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2.4. Grey Correlation Analysis

Grey system theory puts forward a new analysis method, called the systematic corre-
lation degree analysis method, which measures the degree of correlation between factors
according to the degree of similarity or dissimilarity. Because the correlation analysis
method is analyzed according to the development trend and can avoid the interaction
of various factors, there is no excessive requirement on the sample size, and no typical
distribution law is required. The amount of calculation is small, and the quantitative results
of the correlation degree will not be inconsistent with the qualitative analysis. This method
can analyze the influence of various factors on the fatigue life of asphalt mixture. Relevance
is essentially the difference in geometry between curves. The closer the geometry is, the
closer the development trend is, and the greater the degree of relevance is [37,38].

The fatigue performance of asphalt mixture is affected by a variety of factors, among
which the main factors are s stiffness modulus, asphalt type, asphalt content, porosity,
mineral type, gradation type and test conditions. The research shows that in the fatigue test
under strain control, the lower the stiffness modulus of the mixture, the smaller the stress
required to maintain the same strain, and the crack propagation will continue for a long
time. The smaller the stiffness modulus, the longer the fatigue life of the material. Asphalt
species, asphalt content, etc., also affect the fatigue life of the asphalt mixture by affecting
the stiffness modulus. Porosity, mineral aggregate type and gradation will affect the fatigue
life of asphalt mixture by affecting the composition, structure and internal defects of asphalt
mixture. In this paper, grey correlation analysis is used to analyze the correlation degree
between the relevant influencing factors and the fatigue life of the asphalt mixture.

The reference sequence and comparison sequence should be specified before correla-
tion analysis. In this paper, the fatigue life of the asphalt mixture is taken as a reference
sequence, and the factors influencing the fatigue life asphalt mixture are taken as a com-
parison sequence. The reference number is listed as x0, x0 = (x0 (1), x0 (2), . . . , x0 (n)), the
comparison is listed as x1, x1 = (x1 (1), x1 (2), . . . , x1 (n)).

The correlation coefficient between the comparison curve and the reference curve at
time k is:

ξi(k) =
min

i
min

k
|x0(k)− xi(k)|+ 0.5max

i
max

k
|x0(k)− xi(k)|

|x0(k)− xi(k)|+ 0.5max
i

max
k

|x0(k)− xi(k)| , (8)

where ξi(k) is the relative difference between the comparison curve and the reference curve
at the kth moment, and this form of relative difference is the correlation coefficient of xi
to x0 at time k. min

i
min

k
|x0(k)− xi(k)| is the minimum difference between two hierarchies;

max
i

max
k

|x0(k)− xi(k)| is the maximum difference between the two levels.

The general expression of grey correlation degree is expressed in Equation (9):

ri =
1
N

N

∑
i=1

ξi(k), (9)

where ri is the correlation degree between the curve and the reference curve.

3. Results and Discussion

3.1. Variation Law of Flexural-Tensile Stiffness Modulus

The variation trend of flexural tensile stiffness modulus (S) of four types of asphalt
mixtures with cyclic loading times is shown in Figure 6. It is evident from Figure 6 that
the fatigue process of the asphalt mixture mainly goes through two stages before 50% of
the initial stiffness modulus. In the first stage, S decreased sharply, and in the second
stage, S decreased slowly and close to linearity. The sharp decrease of S in the first stage is
mainly caused by the reorganization of the internal structural materials of the test specimen
under the action of alternating load. The second stage is the main stage of material fatigue
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damage. The test specimen produces fatigue damage under the action of alternating load,
and this stage is the initiation and development process of microcracks [39].

Figure 6. Attenuation law of flexural-tensile stiffness modulus of asphalt mixtures.

The fatigue test results indicated that the fatigue life order of four types of asphalt
mixtures is: DBFAM > BFAM ≈ DAM > AM. The addition of diatomite and basalt fiber can
significantly improve the fatigue performance of asphalt mixture, and the improvement
effect of 0.25% basalt fiber and 6.3% diatomite on the fatigue performance of asphalt
mixture is similar. The fatigue life of the asphalt mixture can be greatly improved by
adding diatomite and basalt fiber. The test results show that the fatigue life of DBFAM is
55.7% higher than that of AM.

3.2. Analysis of Initial Stiffness Modulus

The initial flexural tensile stiffness modulus (S0) is closely related to the determination
of the fatigue life of asphalt mixture specimens. In this paper, the stiffness modulus of the
100th loading cycle is uniformly set as the initial stiffness modulus of the test specimens [40].
The experimental results of the initial flexural tensile stiffness modulus of four types of
asphalt mixtures are shown in Figure 7. It can be seen from the figure that under the
action of 800 strain level, the order of the initial stiffness modulus is AM > BFAM > DAM
> DBFAM. The addition of basalt fiber and diatomite increases the optimum bitumen–
aggregate ratio of asphalt mixture, and the increase of asphalt content is the main reason
for the decrease of initial flexural tensile stiffness modulus.

Figure 7. Initial flexural-tensile stiffness modulus test results of asphalt mixture.
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3.3. Analysis of Residual Stiffness Modulus Ratio

The residual stiffness modulus ratio is defined as the percentage of flexural tensile
stiffness modulus corresponding to each alternating load in the initial flexural tensile
stiffness modulus, that is, the attenuation rate of flexural tensile stiffness modulus. The
relationship between the attenuation rate of flexural-tensile stiffness modulus and fatigue
life is shown in Figure 8.

Figure 8. Residual flexural-tensile stiffness modulus ratio of asphalt mixture.

It can be seen from the test results in Figure 7 that the variation trend of the flexural
tensile stiffness modulus attenuation rate of four types of asphalt mixtures under alternating
load is the same as that of the above flexural tensile stiffness modulus, which is divided
into two stages before 50% of the initial stiffness modulus. The first stage is a steep decline,
and the second stage drops slowly and nearly linearly.

3.4. Analysis of Lag Angle

The lag angle (φ) is the phase difference between the strain rotation vector and the
stress rotation vector [41]. The lag angle (φ) can reflect the viscoelasticity of the asphalt
mixture. The larger φ is, the more viscous the mixture tends to be. Otherwise, the mixture
tends to be elastic [42]. For an ideal elastomer, the lag angle φ is 0, for purely viscous bodies,
φ is π/2, for viscoelastic materials, φ is between 0 and π/2 [43].

The variation trend of lag angle with loading times is shown in Figure 9. It can be
seen from Figure 9 that the lag angle of four types of asphalt mixtures is increasing, but
the increase is relatively slow. It shows that the viscoelastic properties of the four types of
asphalt mixtures are constantly changing in during the process of the fatigue test. With
the increase of loading times, the asphalt mixture continues to develop in the direction of
viscosity. This is because, in the process of the fatigue test, the alternating load continuously
works on the specimen, resulting in a certain increase in the temperature of the test piece,
the lag angle gradually increases, and the asphalt binder changes from elasticity to viscosity.
It can be seen from Figure 9 that after the mineral powder is replaced by diatomite, the lag
angle becomes smaller and the elasticity of the asphalt mixture increases. The influence of
basalt fiber on the lag angle is not very obvious; the viscoelastic change of asphalt mixture
is small. Adding diatomite and basalt fiber increases the elasticity of the asphalt mixture.
In addition, the fatigue tests of the four kinds of asphalt mixtures are all carried out under
the action of high strain level and the time when the materials reach fatigue failure is short.
The number of cycles is few, leading to the trend of a slow increase of lag angle.
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Figure 9. Variation of lag angle of asphalt mixture.

3.5. Analysis of Dissipation Energy

1. Dissipation energy under each load

Asphalt mixture is a type of viscoelastic material. Under the action of alternating
load, the stress–strain curves during loading and unloading will not coincide, resulting in a
hysteretic curve. The dissipated energy can be determined by the area of this stress–strain
hysteretic line and the calculation equation is shown in Equation (5). The variation law of
dissipated energy can indirectly reflect the fatigue damage evolution process of asphalt
mixture under alternating load.

Figure 10 show the changing trend of energy consumption for four types of asphalt
mixtures with loading times. It can be seen from the figure that the energy consumption
of each loading of four types of asphalt mixtures decreases with the increase of loading
times; compared to AM, BFAM and DAM, DBFAM has less dissipation energy per load;
therefore, the addition of basalt fiber and diatomite can significantly improve the toughness
of asphalt mixture, increase the elastic recovery capacity of asphalt mixture and reduce the
dissipated energy under each load.

Figure 10. Dissipation energy of asphalt mixture under each loading.

2. Analysis of cumulative dissipation energy results

The fatigue failure of asphalt mixture is a process of constant energy consumption
(ECD) under an alternating load. According to the theory of fracture mechanics, the fatigue
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failure of materials is the process of continuous crack propagation, and the energy lost in
each loading and unloading cycle is accumulated and transformed into the surface energy
of crack propagation to form a new surface. When the accumulated dissipated energy
reaches a certain limit during the action of alternating load, the material will undergo
fatigue failure.

The cumulative dissipation energy is calculated according to Equation (6). As shown
in Figure 11, the changing trend of cumulative dissipation energy of four types of asphalt
mixtures is given. It can be seen from Figure 12 that the cumulative energy consumed by
the test piece gradually increases at a certain rate with the increase of the action times of
alternating load. The cumulative dissipated energy of basalt fiber modified asphalt mixture
and matrix asphalt mixture increases rapidly, followed by diatomite modified asphalt
mixture, and the cumulative dissipated energy of composite modified asphalt mixture
increases slowly.

Figure 11. The changing trend of cumulative dissipation energy.

Figure 12. The ratio of dissipated energy change.

Adding basalt fiber and diatomite can improve the elastic recovery ability of asphalt
mixture and reduce the energy loss of asphalt mixture caused by work, heat and material
damage. The cumulative dissipation energy of DAM is smaller than that of BFAM and
AM, which can improve the fatigue performance of the asphalt mixture to a certain extent.
Although the cumulative dissipation energy of BFAM is roughly the same as that of AM,
the addition of basalt fiber can enhance and prevent cracks. After the addition of fiber, it
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can prevent the propagation of original defects (microcracks) in the asphalt mixture and
effectively delay the initiation of new cracks [14,17,28,44].

3. Analysis of the ratio of dissipated energy change

The variation of the rate of dissipated energy change (RDEC) is plotted in Figure 12.
It is found that the rate dissipated energy change of asphalt mixture has only two stages,
and the third stage does not appear. That is, when the modulus of the asphalt mixture
reaches 50%, the failure stage of the asphalt mixture has not been reached [17]. However,
RDEC in the second stage is in a stable state, so the plateau value (PV) is still calculated
by using the average value of the change rate of dissipative energy in the second stage
(600–1700 Cycles). The results are shown in Table 9.

Table 9. The Plateau Value.

Asphalt Mixture Type Strain Level (με) PV

AM 800 2.41 × 10−4

BFAM 800 2.47 × 10−4

DAM 800 2.11 × 10−4

DBFAM 800 1.96 × 10−4

It can be seen from Table 9 that the PV value increases slightly after adding basalt fiber.
It means that the energy loss of the asphalt mixture could well increase after adding basalt
fiber [17,28]. The PV value decreased after adding diatomite and two materials, indicating
that the fatigue resistance of DAM and DBFAM is better than AM.

3.6. Grey Correlation Analysis of Factors Affecting Fatigue Life
3.6.1. Grey Correlation Analysis Process

When using grey correlation analysis, first select the data column and then analyze
the reference number and comparison series in the data. The comparison series and
reference series are dimensionless. In order to avoid the different dimensions of each
influencing factor, each factor should be dimensionless in the grey correlation analysis; the
comparison sequence and reference sequence are engaged in dimensionless processing.
Use Equation (8) to calculate the correlation coefficient between the comparison curve and
the reference curve at each time and calculate the grey correlation degree. The correlation
coefficient is the correlation degree between the comparison sequence and the reference
sequence at each time. Therefore, there is more than one correlation coefficient calculated
by Equation (8). For analysis, the average value of the calculated correlation coefficient is
calculated by Equation (9).

The analysis process of grey correlation degree is as follows:

• The data of the fatigue test and relevant influencing factors are listed in Table 10 to gen-
erate the analysis data column; in order to keep the polarity of each influencing factor
consistent, the data are processed accordingly. For example, the fatigue performance
decreases with the increase of void fraction. In order to keep the polarity consistent,
the reciprocal of a void fraction is taken for analysis; the fatigue life decreases with the
increase of the initial stiffness modulus. When analyzing the data, take the reciprocal
of the initial stiffness modulus for analysis.

• The test data in Table 10 are listed in Table 8 after dimensionless initialization.
• Using the data in Table 11 to calculate the difference sequence, the difference sequence

is shown in Table 12.
• According to Table 12, the maximum difference between the two levels is 0.581, and

the minimum difference between the two levels is 0. Calculate the grey correlation
coefficient according to Equation (8). See Table 13 for the grey correlation coefficient.
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Table 10. Raw data.

Influence Factor AM BFAM DAM DBFAM

OAC 4.78 5.09 5.12 5.22
1/VV 0.244 0.246 0.246 0.238
VMA 15.6 16.2 15.4 16
VFA 73.7 74.9 73.6 73.8
1/S0 0.000137 0.00014 0.000146 0.00016
ECD 4.635 5.375 5.212 6.154

Fatigue life 2099 2549 2541 3269

Table 11. Data initialization results.

Influence Factor AM BFAM DAM DBFAM

OAC 1.000 1.065 1.071 1.092
1/VV 1.000 1.007 1.010 0.976
VMA 1.000 1.038 0.987 1.026
VFA 1.000 1.016 0.999 1.001
1/S0 1.000 1.027 1.065 1.163
ECD 1.000 1.160 1.124 1.328

Fatigue life 1.000 1.214 1.211 1.557

Table 12. Difference sequence.

Influence Factor AM BFAM DAM DBFAM

OAC 0.000 0.150 0.139 0.465
1/VV 0.000 0.207 0.201 0.581
VMA 0.000 0.176 0.223 0.532
VFA 0.000 0.198 0.212 0.556
1/S0 0.000 0.187 0.146 0.394
ECD 0.000 0.055 0.086 0.230

Table 13. Grey correlation coefficient results.

Influence Factor AM BFAM DAM DBFAM

OAC 1.000 0.660 0.676 0.384
1/VV 1.000 0.584 0.591 0.333
VMA 1.000 0.623 0.565 0.353
VFA 1.000 0.595 0.578 0.343
1/S0 1.000 0.608 0.666 0.424
ECD 1.000 0.842 0.771 0.559

3.6.2. Grey Correlation Degree Comparison of Influencing Factors

The relation degree between each factor and the fatigue life of the asphalt mixture
can be calculated by Equation (9), as shown in Figure 13. From the gray correlation degree
ranking in the figure, it can be seen intuitively that the degree of influence is as follows:
ECD > OAC > S0 > VMA > VFA > VV. Compared with ECD, OAC, S0, VMA, VFA and VV
have less influence.

In this study, the fatigue test of the asphalt mixture was used to study the effect of
diatomite and basalt fiber on the fatigue life of asphalt mixture. The gradation and the
specimen forming method of the four types of asphalt mixture are the same. The slight
difference in the void ratio is mainly due to the increase of asphalt consent caused by the
addition of diatomite and basalt fiber. The addition of basalt fiber and diatomite can affect
the fatigue life of the asphalt mixture by affecting the amount of asphalt, the initial stiffness
modulus and the cumulated dissipated energy. The mixture of the two has the greatest
influence on the cumulative dissipative energy of the asphalt mixture fatigue test, which
can greatly improve the fatigue life of asphalt mixture.
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Figure 13. Grey correlation analysis results.

4. Conclusions

In this study, a Cooper universal pneumatic servo testing machine was used to carry
out fatigue tests on four kinds of asphalt mixtures: DBFAM, DAM, BFAM and AM. Through
the fatigue test indexes, the influence of basalt fiber and diatomite on the performance of
asphalt mixture was analyzed. The effects of OAC, VV, VMA, VFA, initial stiffness modulus
and cumulative dissipation energy on the fatigue life of asphalt mixture were analyzed by
using the grey correlation theory. The following conclusions can be drawn:

(1) The changing trend in the flexural tensile stiffness modulus of four types of asphalt
mixtures is the same as that of flexural tensile stiffness modulus attenuation rate under
the alternating load. It can be seen from the flexural tensile stiffness modulus index
that the fatigue life of asphalt mixture increases obviously after adding diatomite and
basalt fiber, and the improvement effect of adding basalt fiber and diatomite is the
best. The fatigue life of DBFAM is 55.7% higher than that of AM.

(2) There is an increasing trend in the lag angle of the four types of asphalt mixture under
alternating load, but the increase is slow. The viscoelastic properties of the four types
of asphalt mix materials during the fatigue test are constantly changing. With the
increase of loading times, the asphalt mixture continues to develop in the direction of
viscosity.

(3) The energy consumption of each loading decreases with the increase of loading times.
Compared with AM, the energy consumption of DAM, BFAM, DBFAM is small under
each loading. The cumulative dissipation energy and the plateau value of DBFAM
are the smallest. The addition of diatomite and basalt fiber can significantly improve
the toughness of asphalt mixture so that it increases the elastic recovery capacity of
the asphalt mixture. When basalt fiber and diatomite are added at the same time, the
improvement effect of elastic recovery ability of asphalt mixture is the most obvious.

(4) Through the grey correlation analysis, it can be seen that the cumulative dissipation
energy, initial stiffness modulus and OAC have a great impact on the fatigue life
of asphalt mixture, and the cumulative dissipation energy is the most significant.
After adding diatomite and basalt fiber, the cumulative dissipation energy is greatly
improved, and then the fatigue life of the asphalt mixture is increased.
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Abstract: Polymer concrete (PC) is considered a promising repair material for asphalt pavement,
since it has excellent paving performance and water stability. Although the mechanical properties of
PC have been widely researched, the fatigue behavior of PC under traffic loads was still poorly under-
stood. To predict the fatigue life and optimize the material design of PC, the semi-circular bending
(SCB) tests were performed, considering different polymer content, sand ratio, aggregate features and
stress condition. Two typical polymer materials were applied to prepare PC specimens, including
epoxy resin (ER) and polyurethane (PU). The aggregate features were analyzed by the aggregate
image measurement system. The mechanical behavior under repeated loads was investigated by the
displacement, fatigue life and stiffness modulus. Results show that the flexural strength increases
nonlinearly with the increasing polymer content, rapidly at first, and then slowly. The optimized
polymer content and sand ratio were respectively 15% and 30%. As the loading number increases, the
vertical displacement of PC shows three stages, i.e., undamaged stage, damage development stage,
and fatigue failure stage. The stiffness modulus of the specimen is stress-dependent. An empirical
model was developed to predict the fatigue life of PC, which can effectively capture the effects of
the polymer content, sand ratio and stress level (or nominal stress ratio). It suggests that the fatigue
life has a strong correlation with the mixing gradation, and the optimal sand ratio of PC can be
determined by the proposed function. Moreover, the effect of aggregate shapes cannot be neglected.

Keywords: polymer concrete; fatigue property; semi-circular bending test; stress level

1. Introduction

As the main form of pavement structure in China, asphalt pavement plays an impor-
tant role in the service performance of highways [1]. Under the long-term combined actions
of the environment and loads, including heat, aging, rainfall, and repeated loading, asphalt
pavement may develop diseases such as pit slots and cracks [2]. These diseases damage the
stability of the pavement structure and reduce its operational efficiency. Statistical analysis
shows that China’s annual asphalt pavement maintenance mileage is over 100,000 km,
and the cost of pavement repair alone is up to 2.3 billion yuan [3]. As the traffic volume
and quality requirements of highways continue to increase, a fast and effective treatment
method is required for accelerated repair and reopening of damaged highways. In general,
pavement repair is conducted regardless of weather conditions. Hot mix asphalt is the most
common repair material, yet it requires high-temperature heating and is not environmen-
tally friendly [4]. In the meantime, the bonding between old and fresh asphalt mixtures is
relatively weaker, and the penetration depth of fresh asphalt is low in small cracks, which
limits its application in pavement repair [5]. As a supplement, various special polymer
materials, including emulsified asphalt [6], polyurethane (PU) [7], and epoxy resin (ER) [8]
have been adopted in pavement engineering. Polymer materials exhibit several excellent
performances in terms of the corrosion resistance [9], inflaming retarding [10], thermal
stability [11], and fracture toughness [12], etc. These new features were granted to asphalt
pavement by modifying or mixing with corresponding polymers.
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Polymer concrete (PC), a composite material consisting of various types of aggre-
gates and a polymer matrix, is considered a promising material for pavement repair due
to its fast curing and strong bonding with aggregates [13]. Compared with traditional
asphalt mixtures, it has higher chemical resistance, better high-temperature stability, and
good durability in field environments [14]. PU is a common polymeric binder that has
been widely used in materials for drainage pavement structures, such as porous PU mix-
tures [15]. Adding fillers or changing the polymeric structure could improve the UV
resistance, aging resistance, water stability, and freeze-thaw resistance of PU-based mate-
rials [16,17]. Ma, et al. [18] found through laboratory tests and field application that the
high-temperature performance, low-temperature performance, deformation coordination
performance, and fatigue resistance of PU–PC were better than cast asphalt concrete and
epoxy asphalt concrete. Various studies have been conducted on the mechanical properties
and reinforcement techniques of PC [19,20]. For example, the pavement performance of PC,
such as compressive strength, fracture toughness, and flexural stiffness, has been studied
through laboratory tests and numerical analysis [21]. In terms of material development, var-
ious composited and modified PC designs and blending solutions, such as fiber-reinforced
PC [22] and ER/PU polymer concrete [23], have been investigated to achieve various
performance enhancements. Test methods for the interface shear strength have also been
developed to evaluate the bonding properties between PC and asphalt mixtures [24]. These
studies have greatly improved the understanding of the mechanical properties of PC.

Fatigue cracking, a common disease in asphalt pavements, is one of the main consider-
ations in their structural design [25]. However, the existing literature somehow neglected
the fatigue properties of PC as a repair material of pavement [26]. Zaghloul, et al. [27,28]
found both the stress level and the fiber content have a great influence on the tensile
and fatigue behaviors of fiber-reinforced polyester. Yeon, et al. [29] and Ahn, et al. [30]
investigated the fatigue performance of PC and its stiffness damage through bending beam
tests and vibration measurements, but mainly focused on the effects of test methods on
the fatigue characteristics of PC. The effects of component types and contents on fatigue
performance were not fully revealed in previous research. Meanwhile, considering the
effects of vehicle loading and temperature, the fatigue performance of PC under different
conditions should be studied, since its damage mechanism is different from that under
the static loading [31,32]. Due to the large number of trials and the complex processes,
the construction sites lack the conditions for the required tests. Therefore, it is necessary
to establish a PC fatigue life prediction equation to facilitate the performance evaluation
and maintenance timing of this repair material [33]. Moreover, existing studies have not
simultaneously considered the effects of polymer content, aggregate gradation, shape
characteristics, and stress condition on the fatigue life of PC. The optimal design of PC
lacks the sufficient data about dynamic tests.

In this study, PCs with ER and PU binders were prepared, respectively, for the rapid
repair of asphalt pavements. Semi-circular bending (SCB) tests were carried out to analyze
the effects of different polymer contents, aggregate characteristics, and stress levels on the
mechanical properties of PC. Indexes such as displacement, fatigue life, and the stiffness
modulus were used to evaluate fatigue performance. Finally, a PC fatigue life prediction
equation considering the combined effect of several factors was established.

2. Materials and Methods

2.1. Materials
2.1.1. Aggregates

The fine aggregate used in this test was the natural sand produced from a quarry at
Zhuzhou, China, which had a fineness modulus of 2.8 and a mud content below 1.0%.
Its screen test result is shown in Figure 1. The coarse aggregate used in the tests was the
continuously graded basalt gravel with a size of 5–16 mm. Table 1 shows the mechanical
properties of the coarse aggregate, which conforms to the Chinese Standard for Technical
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Requirements and Test Method of Sand and Crushed Stone (or Gravel) for Ordinary
Concrete (JGJ 52-2006).
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Figure 1. Result of sand screening test.

Table 1. Mechanical properties of coarse aggregates.

Items Units
Results

Requirements
5–10 mm 10–16 mm

Apparent density g/cm3 2.718 2.735 ≥2.65
Crushing value % 16.7 17.4 ≤22

Water absorption % 0.43 0.41 ≤1.5
Los Angeles attrition loss % 16.0 16.7 ≤22.0

Mud content % 0.45 0.3 ≤0.8

2.1.2. Polymer Binders

The polymer binders used in this study were ER and PU. The ER binder had a longer
initial setting time and greater viscosity than typical PU materials. Meanwhile, the initial
viscosity and setting time of the polymer matrix were controllable [34]. ER was prepared
with the E51 ER, the triethylenetetramine curing agent, and the DMP-30 accelerator (100:9:1).
The synthetic materials of PU mainly included isocyanate monomer and polyether. To
ensure enough time for paving and compacting in the road repair project, the 6170F single-
component PU (Wanhua Chemical Company, Yantai, China) was selected as the PU binder.
The test results of polymer binders are shown in Table 2.

Table 2. Physical and chemical properties of polymer binders.

Items Units Epoxy Resin Polyurethane

Density g/cm3 1.317 1.117
PH — 7.5 8.1

Melting point ◦C 252 175
Thermal expansion μm/mK 54 160

Viscosity MPa·s, 25 ◦C 2734 1233
Tensile strength MPa 2.7 1.9

Elongation at break % 200 550
Curing time h 12 ≤12

2.2. Sample Preparation

The PC specimens were prepared in the laboratory by mixing the aggregates and
polymer binders according to the ASTM C192 standard. The mixing ratios of aggregates
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to polymer matrix were 95:5, 90:10, 85:15, and 80:20 by weight. The sand ratios were
25%, 30%, and 35%, respectively. The well-mixed PC was poured into test molds pre-
applied with a release agent. Cylindrical specimens 150 mm in diameter and 180 mm
in height were molded by the Superpave rotary compactor. During compaction, the
compressive stress was 600 kPa, the offset angle was 1.16◦, and the rotation rate was
30 r/min. Each prepared specimen was compacted 100 times to ensure uniform mass
density distribution. The specimens were demolded 1 h after molding. Before use, the
final specimen was conditioned at room (25 ◦C and a standard atmospheric pressure) for
12 h [35]. Wang, et al. [36] found that the internal stress of specimens above 50 mm in
thickness tends to planar strain state, and the stress response tends to stabilize. Therefore,
the specimens for SCB tests were cut into semi-circular halves with a diameter of 150 mm
and a thickness of 50 mm. The preparation process of the SCB specimens is shown in
Figure 2.

Figure 2. Preparation process of semicircular specimens: (a) compaction; (b) curing for 12 h;
(c) cutting into semi-circular halves.

2.3. Testing Methods
2.3.1. Aggregate Feature Measurement

The morphology characteristics of the coarse aggregates were analyzed by the aggre-
gate image measurement system (AIMS). Three different shape indicators of the aggregates
were measured, namely: surface texture, gradient angularity, and sphericity. The surface
texture was described through wavelet analysis based on transverse, longitudinal, and
oblique images of the tested aggregates. Angularity was measured using the gradient
approach to quantify the variation in size and profile of the aggregate particles. The three-
dimensional shape characteristics were evaluated by sphericity, which was calculated by
the long axis length, the middle axis length, and the short axis length of the aggregate
bounding box. The sphericity ranges from 0 to 1, and when it approaches 1, the measured
aggregate is approximately spherical in shape. The detailed descriptions can be found in
the previous literature [37].

Table 3 shows the measured results of coarse aggregates with a diameter of 5–16 mm.
The results show that the angularity distribution of total aggregates meets the requirements
of pavement performance due to the small content of flat and elongated particles. AIMS
tests revealed relatively pronounced differences in the quantitative indicators of the aggre-
gates, such as texture and angularity, and their effects on the performance of the specimens
need further investigation.
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Table 3. Morphology measurement of basalt aggregates.

Particle Size (mm) Value
Percentage of Flat-

elongated Particles (%)
Texture

Gradient
Angularity

Sphericity

5–10
Mean 8.34 343.6 3283 0.67

Standard
deviation — 93.5 802.5 0.08

10–16
Mean 7.98 422.9 2961 0.69

Standard
deviation — 124.2 671.8 0.09

2.3.2. Semi-Circular Bending Test

The SCB tests were conducted using the dynamic universal testing machine UTM-100,
composed of the constant temperature incubator, loading platform, and servo controller.
The selected loading mode was the three-point bending method. The specimens were
set on beam support with a loading roller above and two support rollers beneath, all of
which were 1 mm in diameter. The distance between the two support rollers was set to
0.8 times the specimen diameter. Before testing, a contact load of 0.2 kN was applied and
held for 10 s to ensure uniform contact between the specimen and the loading roller. The
test temperature was set to 15 ◦C, according to the annual temperature gradient variation
of Hunan Province. A constant loading rate of 50 mm/min was maintained in the SCB
strength tests until the cracking failure of the specimen. The tests stopped as the load
dropped to 0.3 kN. The tensile strength of specimens can be determined by SCB tests with
single loading. The maximum tensile stress at the bottom of the SCB specimen can be
calculated with Equation (1). For the SCB fatigue tests, the loading was applied in the form
of haversine waves at a frequency of 10 Hz. The stress levels were set at four different
loading stress ratios (0.2, 0.3, 0.4 and 0.5), based on the SCB strength. For each stress level,
three parallel tests were performed to ensure the reliability of the fatigue tests. The testing
results in the figures represent an average result by parallel tests.

σt =
4.976P

TD
(1)

where, σt stands for the maximum tensile stress at the bottom of SCB specimen; P is the
vertical loading; T and D are respectively the thickness and semicircle diameter of the
SCB specimen.

In the SCB fatigue tests, unrecoverable damage occurred inside the PC specimens
as the number of loadings increased, which led to the mechanical property decay of the
material. The effect of fatigue damage on the mechanical properties can be described by
the decay of the stiffness modulus. The stiffness modulus is the stress to strain ratio at the
bottom center of the SCB specimen in tension, as presented in Equation (2). Assuming that
the stress distribution in the span section of the SCB specimen conforms to the flat section
assumption, the tensile strain at the bottom center of the specimen can be expressed as
Equation (3).

St =
σt

εt
(2)

εt =
6Ld

1.14D2
(

5.578 L
D − 1.3697

) (3)

where, St stands for the stiffness modulus; εt stands for the tensile strain at the center of the
bottom of the SCB specimen; L is the distance between adjacent fixing supports; d is the
deflection at the center of the SCB specimen.
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3. Results

3.1. SCB Strength Test

Table 4 shows the SCB strength test results under the three different mixing proportions
and different polymer contents. The polymer content represents the percentage of polymer
binder in the PC by weight. The flexural strength of PC at different sand ratios varies
significantly with polymer content. Overall, the flexural strength increases nonlinearly with
the increasing polymer content, rapidly at first and then slowly. The main reason is that at
low polymer content, the binder cannot completely coat the aggregate surface to develop
sufficient interfacial strength. In this study, the flexural strength of PC was less affected by
the sand ratio. When the sand ratio is 30%, the bending strengths of ER–PC and PU–PC
peaked at 18.82 MPa and 15.24 MPa, respectively. The strength of ER–PC is higher than that
of PU–PC, which is consistent with the physical test results of the polymers. As the sand
ratio exceeds 30%, the flexural strength of the PC decreases. The main reason is that the
excessively low sand ratio causes incompletely filled voids between coarse aggregates. At
the same time, an excessive sand ratio reduces the amount of coarse aggregate and increases
the total surface area of coarse and fine aggregates, leading to an increased amount of PU.
As shown in Table 4, the variability of the strength test was small, with all coefficients of
variation (CV) in the parallel tests below 10%. Therefore, considering the economy and
design strength requirements, the sand ratio for the tests was determined to be 30%, and
the initial admixture of the polymer was 15%.

Table 4. SCB strength with different sand ratio and polymer content.

Sand Ratio (%) Polymer Content (%)
ER–PC PU–PC

SCB Strength (MPa) CV(%) SCB Strength (MPa) CV(%)

25

5 2.29 5.80 1.28 4.17
10 9.88 5.40 7.34 4.29
15 14.05 5.31 11.97 5.09
20 16.68 5.91 13.51 4.22

30

5 2.98 4.92 1.76 4.47
10 12.02 5.76 5.94 4.15
15 16.27 4.30 13.19 4.43
20 18.82 6.09 15.24 5.10

35

5 2.71 4.55 1.49 4.62
10 10.63 5.81 4.91 4.19
15 15.11 5.19 11.27 4.82
20 17.83 6.44 14.45 4.83

3.2. Displacement Changes of SCB Fatigue Test

The fatigue damage process is as follows. Under repeated loading, the asphalt mixture
gradually sustains plastic deformation and cumulative damage, finally leading to fracture
damage. The plastic deformation trend of the PC was analyzed with SCB fatigue tests.
Taking the 30% sand ratio and the 15% polymer content as an example, Figure 3 shows the
displacement of the two kinds of PCs under different stress levels.

As the number of cycles increases, the vertical displacement curve shows three stages,
i.e., undamaged stage, damage development stage, and fatigue failure stage. In the initial
stage of loading, the specimen undergoes elastic-plastic deformation due to internal contact
and void compression [38]. The permanent deformation increases significantly with the
increasing number of loadings. At the second stage of loading, the vertical displacement
increases linearly with the number of loadings. This time, microcracks appear and develop
steadily inside the specimen. In the third stage, an inflection point appears on the loading
curve, and the specimen fails. Elseifi, et al. [39] found that the microdamage concentrated
mainly in the middle of the specimen and then produced penetration cracks. The criterion
for fatigue damage is usually defined as the critical point between the damage development
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stage and the fatigue failure stage. Figure 3 shows that as the stress level increases, the
fatigue life and final displacement of the specimen tend to decrease. The fatigue life of
ER–PC is greater than that of PU–PC in this study.
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Figure 3. Displacement changes of SCB fatigue test: (a) ER–PC; (b) PU–PC.

3.3. Attenuation of Stiffness Modulus with Loading Cycles

Figure 4a shows that the stiffness modulus changes in the SCB tests under different
stress levels. The sand ratio of the specimens is 30%, and the polymer content is 15%. It
is obvious that the stiffness modulus of the PC decreased continuously during the tests,
indicating that the reduced part of the stiffness modulus is attributed to the fatigue damage
of the specimens [40]. In the damage development stage, the elastic deformation of PC can
fully recover after unloading, but the damage deformation it produces is not recoverable.
As a result, the stiffness modulus of PC decays, and damage deformation occurs.
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Figure 4. Stiffness modulus of SCB fatigue test: (a) changes of ER–PC with cycle number; (b) Average
modulus of ER–PC and PU–PC.

The variation trends of the stiffness modulus can be divided into three stages. In
the first stage, cracking occurs at the surface and internal defects of the specimen, such
as cracks and voids, resulting in a sharp decrease in the stiffness modulus due to stress
concentration. In the second stage, as the number of loadings increases, the high-density
energy at the internal defects of the specimen is released due to the cracking. Meanwhile, the
fatigue damage development is inhibited, manifested as the linear decrease in the stiffness
modulus. In the third stage, the stiffness modulus of the asphalt mixture decreases sharply,
manifesting as severe damage and rapidly increasing fatigue damage rate until failure.

123



Polymers 2022, 14, 2941

In the damage development stage, the average stiffness modulus is displayed in
Figure 4b to compare the elastic properties of the two PC. The results show that the stiffness
modulus of the specimen is dependent on the stress condition. The average modulus of the
specimens increases approximately linearly with the increasing stress. Due to the better
adhesion between ER and aggregate, the stiffness modulus of ER–PC is larger than that of
PU–PC.

3.4. Evaluation and Prediction of Fatigue Life

The above analysis reveals that the fatigue performance of the PC specimens is mainly
related to three factors, i.e., sand ratio, polymer content, and stress level. Additionally,
the morphological index of the aggregates was introduced in this study for fatigue life
prediction. The fatigue test results are presented in Table 5. The framework of the fatigue
prediction equation is established in the following steps. Firstly, the effect of stress level is
considered, and the standard σ-N fatigue equation is adopted for predicting the fatigue
life, which can be expressed as Equation (4). Taking 5% ER content as an example, the
relationship between the fatigue life and the stress level were decided by multivariate
nonlinear regression analysis, according to Equation (4). Figure 5a shows the fatigue
prediction results of PC specimens with different sand ratios. Table 5 presents all predicted
results of σ-N fatigue equation. The fatigue life showed a good correlation with stress
levels, since the determination coefficients of Equation (4) is higher than 0.99.

Nf (σ) = K1

(
1
σ

)K2

(4)

where, Nf stands for the fatigue life; σ is the stress level; K1 and K2 is the fitting parameters.

Table 5. Fitting results of σ-N fatigue equation.

Sand Ratio (%) Polymer Content (%)
ER–PC PU–PC

K1 K2 R2 (%) K1 K2 R2 (%)

25

5 110.910 3.033 99.42 81.855 3.005 99.05
10 152.310 3.082 99.77 97.822 3.134 99.58
15 235.350 2.824 99.95 150.340 2.883 99.77
20 343.560 2.618 99.99 200.460 2.758 99.91

30

5 157.050 2.972 99.8 122.080 3.079 99.62
10 176.190 3.141 99.98 170.620 3.114 99.86
15 289.830 2.872 99.95 265.170 2.887 99.94
20 431.950 2.643 99.85 398.970 2.657 99.93

35

5 119.320 3.109 99.4 88.262 3.083 99.6
10 172.020 3.074 99.85 112.890 3.171 99.95
15 296.260 2.763 99.99 189.090 2.879 99.95
20 415.400 2.593 99.99 265.690 2.691 99.98

Secondly, the fatigue life difference of PC specimens with different ER contents has a
similar power function relationship with the stress level, as shown in Figure 5b–d. Therefore,
the function of fatigue life difference with the fatigue life of the 5% ER–PC as the reference
can be expressed as Equation (5).

ΔNf
(
σ, Δcp, Sr

)
= K3

(
Δcp, Sr

)( 1
σ

)K4(Δcp ,Sr)

(5)

where, Δcp stands for the relative content of polymer binder; Sr stands for sand ratio; K3
and K4 are the model parameters considering polymer content and sand ratio.
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Figure 5. Effect of stress level on the fatigue life of ER–PC: (a) 5% ER content; (b) sand ratio of 25%;
(c) sand ratio of 30%; (d) sand ratio of 35%.

Thus, the fatigue life of PC specimens with different ER contents can be determined by
Equation (6). Moreover, the basic frame of fatigue life prediction is still a power function,
since the K3 is greater than 0. It implies that the stress level plays an essential role for the
predictability and accuracy of the proposed fatigue function.

Nf
(
σ, Δcp, Sr

)
= Nf (σ, 0, Sr) + ΔNf

(
σ, Δcp, Sr

)
= K1

(
1
σ

)K2
+ K3

(
Δcp, Sr

)( 1
σ

)K4(Δcp ,Sr) (6)

In the case of the same sand ratio, the relationship between the coefficient K3 and the
relative polymer content was fitted in Figure 6. The fatigue life difference should be 0 at
the ER content of 5% (Δcp = 0). Thus, the y-intercept of the fatigue life difference function
is set to 0. Meanwhile, to ensure the accuracy of the prediction model, the determination
coefficient of the K3 fitting results should be above 98%. Therefore, the fitted model takes
the form of a quadratic function, as expressed in Equation (7). To verify the reliability of
Equation (7), Table 6 shows the fitting results of ER–PC and PU–PC. The results suggest
that the fitted equations are applicable to predict the fatigue life of both materials.

K3
(
Δcp

)
= a

(
Δcp

)2
+ bΔcp (7)

where, a and b are the fitting parameters.
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Table 6. SCB strength with different sand ratio and content.

Materials Sand Ratio (%) a b R2 (%)

ER–PC
25 0.8959 3.8454 1
30 1.4134 −1.1837 99.97
35 1.1071 7.3932 99.54

PU–PC
25 0.3479 2.9345 99.49
30 1.1604 3.5212 99.99
35 0.6810 3.0317 99.67

Thirdly, coefficients K1 and K2 of the fatigue equation are analyzed. The gradation (or
sand ratio) of the mixture significantly contributes to the mechanical properties of PC. The
optimized gradation is often determined by static mechanical tests, such as compaction tests
or uniaxial compression tests. These static design methods are unreasonable since the real
pavement response is under dynamic traffic loading. However, previous literature rarely
mentioned the mixing design method considering the fatigue life. This study supplied a
novel view about the design of PC.

Table 7 presents the details of material properties and predicted parameters, taking
5% polymer content as an example. Results shows that there is no definitive link between
the sand ratio and the coefficient K2. Nevertheless, the coefficient K1 shows a strong
correlation with the type of binder and the sand ratio. According to the results of Table 6,
the empirical relationship between tensile strength, sand ratio, and coefficient K1 was
established by multivariate nonlinear regression, as expressed in Equation (8). For other
polymer contents in this study, the results show similar functional relationships. It suggests
that the fatigue life of the specimen is proportional to the tensile strength of the binder, and
a suitable gradation could optimize the performance of the PC. Especially, in this case of
5% polymer content, the optimal sand ratio of PC should be 30.237%.

K1(Ts, Sr) = Ts

[
−0.674(Sr − 30.237)2 + 60.221

]
, R2 = 96.95% (8)

Furthermore, the fatigue performance of PC is affected by the interlocking effect of the
aggregate structure and the interfacial properties [41]. Through experiments and numerical
analysis [37], Yao, et al. [42] found that the shape characteristics of aggregate are related
to the stress dependence of deformation behavior. The univariate predictor variables of
coefficient K2 were screened using the Bootstrap Forest model in Figure 7. It is proved that
the angularity of aggregates has the strongest correlation with K2, followed by the sand
ratio and texture, whereas sphericity has the weakest correlation with K2.
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Table 7. Relationships between materials properties and predicted parameters.

Polymer Matrix Tensile Strength (MPa) Sand Ratio (%)
Aggregate Morphology

K1 K2
Texture Angularity Sphericity

ER
2.7 25 368.2 3056 0.69 110.91 3.033
2.7 30 359.2 2991 0.69 157.05 2.972
2.7 35 368.5 3263 0.68 119.32 3.109

PU
1.9 25 365.6 2967 0.67 81.855 3.006
1.9 30 368.4 3197 0.68 122.08 3.079
1.9 35 372.2 3270 0.68 88.262 3.083
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Figure 7. Contribution rate of material properties on K2.

4. Conclusions

This study carried out the SCB tests of PC considering the polymer content, aggregate
shape and stress level. The main finding can be drawn as follow:

(1) Based on the SCB strength test results, it shows that the polymer content and sand ratio
have significant influence on the flexural strength. The strength increases nonlinearly
with the increasing polymer content, rapidly at first and then slowly. However, as the
sand ratio exceeds 30%, the flexural strength of the PC decreases.

(2) According to displacement changes of PC under repeated loadings, the testing process
presents three stages, i.e., undamaged stage, damage development stage, and fatigue
failure stage, as the number of cycles increases. Moreover, the stress level increases,
and the fatigue life and final displacement tend to decrease.

(3) In terms of the stiffness modulus, the fatigue damage of specimens may result in the
decay of the stiffness modulus. Meanwhile, the stiffness modulus is dependent on the
stress level. The average modulus of the specimens increases approximately linearly
with the increasing stress.

(4) A prediction model of fatigue life is established containing stress level, polymer
content, tensile strength and sand ratio. The basic frame of fatigue life prediction is
a power function, and the stress level plays an essential role for the predictability
and accuracy.

(5) The fatigue life has a strong correlation with the type of binder and the mixing grada-
tion. Meanwhile, the optimal sand ratio of PC can be determined by the proposed
empirical function. According to aggregate shape analysis, the effects of angularity
and texture on fatigue life are more significant, whereas the effect of sphericity is
relatively weak.
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Abstract: The characteristics of the materials used in early buildings in China have led to a large
proportion of discarded red bricks among the construction waste generated by demolishing aban-
doned buildings. The application of red brick aggregate with a particle size ≤5 mm and red brick
powder with particle size 0.125~0.75 mm (referred to as recycled brick powder) was studied in this
study after the crushing of waste red brick in road structures. The research results will provide a
theoretical basis for the whole-grain recycling of waste red brick aggregate. The aggregate of red
brick with a particle size smaller than 2 mm was mixed with different amounts of cement soil and
fiber to prepare a cement-stable binder for the sub-base material. The recycled brick powder of
0.125~0.75 mm was used to replace the quartz sand with different substitution rates. As pavement
materials, different amounts of fiber were used to prepare fiber-reinforced recycled-brick-powder
cementitious composites. The optimal mixing ratio of the two materials was evaluated from the
mechanical properties. The results showed that the optimal mixing ratio of the cement-stable binder
was as follows: waste-red-brick-aggregate content was 50%, cement content was 4%, and fiber content
was 0.2%. The optimum ratio of fiber-reinforced recycled-brick-powder cementitious composites was
determined to be as follows: the replacement rate of recycled brick powder is 25%, and the content of
PVA fiber is 1%. The regression analysis was used to fit the equations between the fiber content and
the 7d unconfined compressive strength and the tensile strength of the cement-stabilized binder for
different red-brick-aggregate admixtures at 4% cement content. A scanning electron microscope was
used to observe the failure modes of the fiber. The influence of failure modes, such as pulling out,
fracture, and plastic deformation, on the mechanical properties was expounded.

Keywords: fiber cementitious materials; mechanical property; pavement structure; waste red brick;
fiber microstructure

1. Introduction

The annual output of construction waste reached 3 billion tons and continued to show
an increasing trend in 2020 [1]. In the past, influenced by economic development and
traditional construction habits, many sintered clay red bricks were used in old buildings.
However, in recent years, with the rapid development of urban–rural integration, a large
amount of construction waste, mainly composed of red bricks, will be generated during
the demolition and renovation of old rural houses, accounting for about 35–45% of the total
construction waste [2]. The specific proportion is shown in Figure 1, below. At the same
time, with the progress of road infrastructure projects, many fillers are needed, and plain-
soil backfilling destroys cultivated land and occupies many land resources [3]. Therefore,
the waste red brick is applied to the road backfilling material. It not only can effectively
alleviate a large amount of construction waste produced yearly but also reduce a large
amount of earth and rock required by the road infrastructure project.

Scholars at home and abroad have conducted extensive studies on recycling and using
recycled red brick. Ren et al. [4] used orthogonal experiments to explore the preparation
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of recycled aggregate permeable concrete with recycled red brick aggregate of different
particle sizes (5–10 mm and 10–20 mm) and different substitution rates (5%, 10%, 15%, and
20%). The results show that the mechanical properties and water permeability of recycled
aggregate pervious concrete are better when the red brick replacement rate is 15% and the
sand rate is 6%. The strength of recycled aggregate pervious concrete with 10–20 mm is
lower than that with 5–10 mm, but the water permeability is better than that with 5–10 mm.
Li [5] prepared cement mortar by replacing recycled concrete fine aggregates with recycled
red bricks of a particle size less than 5 mm in different proportions. The results showed
that each performance index of recycled fine aggregate decreased with the increase of
red brick content. The water requirement of recycled cement mortar was linearly and
positively correlated with the red brick content. The compressive and flexural strengths
were reduced to different degrees, and the compressive strength of recycled cement mortar
was highly linearly and negatively correlated with the red brick content. Sun [6] used red
waste bricks as coarse aggregate for the preparation of concrete, which was analyzed in
a compressive-strength experiment and abrasion-resistance experiment, and determined
that the recycled concrete prepared from the coarse aggregate of recycled red bricks could
meet the requirements. Kim [7] et al. used the broken red brick as coarse aggregate and
prepared concrete with 0%, 30%, and 60% content, respectively. The results showed that
the concrete with 30% coarse red brick aggregate performed similarly to ordinary concrete.
Ji [8] et al. used discarded red bricks instead of natural aggregates. They combined them
with steel fiber to establish a finite element model of steel-fiber/recycled-brick-aggregate
concrete under uniaxial compression.

Figure 1. Proportion of various construction wastes.

Scholars have also paid close attention to improved road structural materials. Zhou [9]
conducted an indoor experiment by mixing construction waste of three granular combina-
tions into expanded soil at 0%, 20%, 30%, 40%, and 50%. The results showed that, when the
compaction degree meets the specification requirements, choosing a suitable combination
of aggregate and mixing ratio and construction waste improved expansive soil satisfies the
requirement of highway roadbed material strength and expansion rate of total demand.
Xu [10] studied the characteristics of the unconfined compressive strength of soil–cement
mixed with glass fiber under the freeze–thaw cycle. The study showed that the unconfined
compressive strength of soil–cement could be improved when the mass fraction of glass
fiber was 0.5%, and the strength was the highest when the length of glass fiber was 3 mm.
Khiem [11] studied the influence of corn fiber content on the mechanical properties of
soil–cement, found that the incorporation of corn fiber enhanced the compressive and
tensile strength of soil–cement, and determined that the optimal incorporation range of
corn fiber in soil–cement was 0.25~0.5%. Yu [12] et al. blended waste concrete:waste red
bricks = 100%:0%, 50%:50%, and 10%:90% into cement-stabilized aggregates and conducted
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experimental studies at cement doses of 3%, 5%, and 7%, respectively. The results showed
that using recycled aggregate as a road base was feasible. Li [13] et al., using construction
waste as aggregate, verified the feasibility of applying recycled aggregate made of construc-
tion waste in subgrade through experiments such as unconfined compressive strength and
California bearing ratio.

Cement concrete pavement is widely used because of its high strength, good integrity,
and strong carrying capacity. However, it also has certain defects. For example, a certain
degree of cracking and plate breaking will appear during use. In order to overcome the
defects of the cement-concrete pavement, the researchers have made various improvements
to the cement-based pavement materials. Li [14] studied the natural brucite mineral fiber
and industrial-solid-waste fly ash in pavement concrete. The results show that the early
performance of the pavement concrete is not apparent, but 28d-age-and-above strength,
impact resistance, and toughness are significantly higher than those of the base group.
Simultaneously, the incorporation of brucite fiber can significantly improve the durability
of concrete. Ma [15] studied the influence rule of steel slag powder content on the road
performance of a cement composite. The results showed that the incorporation of steel
slag powder reduces the water consumption of standard consistency and prolongs the
setting time of cement. When the mixing capacity of steel slag powder is less than 40%, the
stability of the steel slag cement composite is qualified. The 28d compressive and flexural
strengths showed a rising and decreasing trend with the increase of steel-slag-powder
dosing, with a peak at 20% of steel-slag-powder dosing. Qi [16] used waterborne epoxy
resin as a modifying agent and added an appropriate amount of fly ash to prepare the
modified mortar for pavement materials. This researcher studied composite materials’
optimal mix ratio and road performance through a compressive test, anti-folding test, bond
strength test, and anti-skid performance test. The results showed that fly ash mixed at 10%
and waterborne epoxy resin mixed at 10% have the best mechanical properties, bonding
strength, and anti-skid performance to meet the standard requirements. Qian [17] et al.
showed that fiber-cement-based composite paving could reduce the thickness of pavement
to a great extent compared with ordinary concrete pavement. It also effectively curbs the
upward reflection crack expansion of the subgrade, and its fatigue life is more than double
that of ordinary concrete pavement.

Red waste bricks are mainly applied as recycled aggregates for preparing cementitious
materials and filling roadbeds. The red brick aggregates’ particle size is concentrated
above 5 mm. However, waste red bricks will inevitably produce particles or dust with
particle size ≤5 mm during the crushing process, which will cause secondary damage to
the environment if not utilized. Therefore, in order to make a recycled red brick aggregate
of all sizes that can be used, this study adopted the regeneration of the particle size of 5 mm
or less red brick particles with different dosages mixed with soil, with 9 mm long polyvinyl
alcohol (PVA) fiber [18]. A prepared cement-stabilizing binder was applied to the road
sub-base, with an unconfined-compressive-strength test and split test as the evaluation
index, to explore the influence of fiber, cement, and recycled red brick content on the
mechanical properties of the stable inorganic binder. The recycled brick powder with a
particle size of 0.075~0.125 mm was used to replace quartz sand with different substitution
rates. Combined with 6 mm–long PVA fiber, the fiber-reinforced recycled-brick-powder
cementitious composite was prepared with low cost, low carbon, and environmental
protection. A mechanical-property test determined the optimal mixing amount of recycled
brick powder and PVA fiber. The experiment results will provide a theoretical basis for
fully recycling red waste bricks at all levels in the future and help achieve a “carbon peak”
in 2030.

2. Experimental Program

2.1. Material Properties

The raw materials used in the experiment include cement, fly ash, quartz sand, PVA
fiber, waste red brick aggregate, plain soil, a water-reducing agent, and a thickening
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agent. The cement used in this experiment is P.O. 42.5 ordinary silicate cement, and its
performance index is in line with GB175-2007 “Common Portland Cement” specification
standard research, as shown in Table 1. The fly ash is the grade I fly ash produced by
Shanxi Longhui Building Materials Co., LTD. The specific parameters of the material are
shown in Table 2. The particle size of quartz sand is 120–200 mesh produced by Zhengzhou
Hanhai Environmental Protection Technology Co., LTD. PVA fiber is produced by Shanghai
Chenqi Chemical Technology Co., LTD. The specific parameters are shown in Table 3. The
waste red brick aggregate is the waste red brick obtained from the demolition of a specific
building in Harbin; it is obtained by crushing and screening. The plain soil is clay soil
distributed from 1.5–3 m underground in Harbin city, and the specific indexes are shown
in Table 4. The water-reduction rate of the polycarboxylic acid superplasticizer was 28.5%;
hydroxypropyl methylcellulose thickening agent was used, at viscosity class 200000. The
water used in the experiment is Harbin ordinary tap water. The red brick aggregate with
particle size ≤5 mm, recycled brick powder with a particle size of 0.075~0.125 mm, plain
soil, quartz sand, and PVA fiber are shown in Figure 2.

Table 1. Main technical indicators of cement.

Setting Time/Min
Compressive
Strength/MPa

Flexural Strength/MPa
Water Requirement of
Normal Consistency/%

Stability
Fineness
Modulus

Initial
setting

Final
setting 3d 27d 3d 27d

25.4 qualified 3.2
160 210 25.8 45.2 5.6 9.4

Table 2. Parameter index of fly ash.

Fineness/%
Water

Requirement/%
Loss on

Ignition/%
SO3

Content/%
Chloride

Ion/%
Water

Content/%
CaO

Content/%
Free CaO

Content/%
Stability

9.0 91 2.0 1.6 0.007 0.1 1.6 0.1 0.2

Table 3. Performance index of PVA fiber.

Length/mm Density/g/cm3 Tensile Strength/MPa Elongation/% Modulus of Elasticity/GPa

6, 9 1.3 1900 8 35

Table 4. Technical indexes of plain soil.

Water Content/% Particle Size > 0.075 mm/% Liquid Limit/% Plastic Limit/% Plasticity Index Type of Soil

5.5 3.7 32.89 20.96 11.93 Low liquid limit clay

   
(a)  (b)  (c) 

Figure 2. Cont.
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(d) (e) Recycled red brick aggregate. 

Figure 2. Test raw materials. (a) Recycled brick powder. (b) Quartz sand. (c) PVA fiber. (d) Plain soil.
(e) Recycled red brick aggregate.

2.2. Proportioning Design and Test Method
2.2.1. Compaction Test
Proportioning Design

The compaction test explored the samples’ optimal moisture content and maximum
dry density under different mixing ratios. With the content of recycled red brick aggregate
(0%, 50%, and 100%) and cement content (3%, 4%, and 5%) as the research variables, five
groups of samples with a moisture content of 10%, 12%, 14%, 16%, and 18% were prepared
for each group, so 45 compaction tests were needed. Table 5 shows the specific mix ratio of
the compaction test.

Table 5. Mix ratio of compaction test.

Group Number Plain Soil/g Red Brick Aggregate/g Cement/g Water/g

1 2300 0 3% 10%, 12%, 14%, 16%, 18%
2 1150 1150 3% 10%, 12%, 14%, 16%, 18%
3 0 2300 3% 10%, 12%, 14%, 16%, 18%
4 2300 0 4% 10%, 12%, 14%, 16%, 18%
5 1150 1150 4% 10%, 12%, 14%, 16%, 18%
6 0 2300 4% 10%, 12%, 14%, 16%, 18%
7 2300 0 5% 10%, 12%, 14%, 16%, 18%
8 1150 1150 5% 10%, 12%, 14%, 16%, 18%
9 0 2300 5% 10%, 12%, 14%, 16%, 18%

Experimental Method

The compaction test can analyze the compaction characteristics of the soil, and the
variation of the moisture content of the soil with the dry density under certain fixed
conditions can be obtained to determine the optimum moisture content and the maximum
dry density value of the plain soil used. This test adopts a heavy compaction test, the
instrument used for the laboratory multifunctional electric compaction instrument. The
height of the compaction cylinder is 12.7 cm, the volume is 997 cm3, the hammer is 4.5 kg,
the falling height is 45 cm, and the compaction times of each layer are 27 times.

Soil samples and waste brick aggregates were sieved. Soil samples and red brick
aggregate below 5 mm were taken, dried, and added with different moisture (in 2% water
content increments); they were then mixed well and set for 12 h. Apply a layer of petroleum
jelly on the compaction cylinder, and tightly fix the compaction cylinder and the compaction
instrument. Pour the preprepared compacted material into the compaction cylinder in five
times. After 27 times of compaction, the surface of the soil sample should be “brushed”
to make the five layers of the soil sample closely connected. After the compaction is
completed, the soil height on the top surface of the compaction cylinder is measured. If
the height is less than 5 mm, the compaction is qualified. The top and bottom surfaces of
the compacted soil were cut flat to make the volume of the soil the same as the volume of
the compaction cylinder. The soil samples were removed from the compaction cylinder
with a multifunctional electric demold machine, and two soil samples were taken from the
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center to measure the moisture content. The above steps were repeated for all ratios and
water-content specimens, and the specific operation flowchart is shown in Figure 3.

 

Figure 3. Compaction test process.

2.2.2. Tests for 7d Unconfined Compressive Strength and Splitting Strength
Proportioning Design

The 7d unconfined compressive strength and splitting strength are essential indicators
to verify the performance of inorganic bonded stabilized materials as sub-base materials.
Therefore, based on the best moisture content and maximum dry density of each ratio
obtained from the compaction test, each ratio was mixed with PVA fiber (0%, 0.1%, 0.2%,
and 0.3%) to prepare the PVA-fiber bond-test specimens. The amount of each material was
based on Formulas (1)–(5), and the specific ratio is shown in Table 6.

The standard mass of each specimen is calculated as follows:

m0 = v × ρmax ×
(
1 +ωopt

)× γ (1)

The total mass of dry material (dry soil + cement) for each specimen is calculated
as follows:

m1 =
m0

1 +ωopt
(2)

The mass of inorganic binding material (cement) in each specimen is calculated as follows:

m2 = m1 × α (3)

The dry soil mass in each specimen is calculated as follows:

m3 = m1 − m2 (4)

The water added to each specimen is calculated as follows:

mω = (m2 + m3)×ωopt (5)
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where v is the volume of the specimen (cm3), taken as 98.125; ρmax and ωopt are the
optimum moisture content (%) and the maximum dry density (g/cm3), respectively; γ
is used for the mix compaction standard (%). According to the “Technical Guidelines
for Construction of Highway Roadbases” (JTG/T F20-2015), the requirements for the
construction of highway sub-base compaction should not be less than 95%, and 95% was
used in this study. Moreover, α is the content of inorganic binder (%).

Table 6. Mix ratio of unconfined-compressive- and splitting-tensile-test specimens.

Group Number
Mass of
Single

Specimen /g

Dry Material
(Soil +

Cement)/g

Inorganic
Binding

Material/g

Soil or Red
Brick

Quality/g
Water/g

Fiber
Quality/g

Plain soil:red brick
aggregate = 100%:0%

C3P0 199.33 176.18 5.29 170.90 23.15 0
C4P0 204.90 178.98 7.16 171.82 25.92 0
C5P0 208.01 180.84 9.04 171.80 27.16 0

C3P0.1 199.33 176.18 5.29 170.90 23.15 0.17
C4P0.1 204.90 178.98 7.16 171.82 25.92 0.17
C5P0.1 208.01 180.84 9.04 171.80 27.16 0.17
C3P0.2 199.33 176.18 5.29 170.90 23.15 0.34
C4P0.2 204.90 178.98 7.16 171.82 25.92 0.34
C5P0.2 208.01 180.84 9.04 171.80 27.16 0.34
C3P0.3 199.33 176.18 5.29 170.90 23.15 0.51
C4P0.3 204.90 178.98 7.16 171.82 25.92 0.52
C5P0.3 208.01 180.84 9.04 171.80 27.16 0.52

Plain soil:red brick
aggregate = 50%:50%

C3P0 188.81 165.00 4.95 160.05 23.81 0
C4P0 190.59 165.93 6.64 159.29 24.66 0
C5P0 191.61 166.68 8.33 158.34 24.93 0

C3P0.1 188.81 165.00 4.95 160.05 23.81 0.16
C4P0.1 190.59 165.93 6.64 159.29 24.66 0.16
C5P0.1 191.61 166.68 8.33 158.34 24.93 0.16
C3P0.2 188.81 165.00 4.95 160.05 23.81 0.32
C4P0.2 190.59 165.93 6.64 159.29 24.66 0.32
C5P0.2 191.61 166.68 8.33 158.34 24.93 0.32
C3P0.3 188.81 165.00 4.95 160.05 23.81 0.48
C4P0.3 190.59 165.93 6.64 159.29 24.66 0.48
C5P0.3 191.61 166.68 8.33 158.34 24.93 0.48

Plain soil:red brick
aggregate = 0%:100%

C3P0 154.87 139.83 4.19 135.63 15.05 0
C4P0 157.41 140.48 5.62 134.86 16.93 0
C5P0 162.67 143.84 7.19 136.64 18.84 0

C3P0.1 154.87 139.83 4.19 135.63 15.05 0.14
C4P0.1 157.41 140.48 5.62 134.86 16.93 0.13
C5P0.1 162.67 143.84 7.19 136.64 18.84 0.14
C3P0.2 154.87 139.83 4.19 135.63 15.05 0.27
C4P0.2 157.41 140.48 5.62 134.86 16.93 0.27
C5P0.2 162.67 143.84 7.19 136.64 18.84 0.27
C3P0.3 154.87 139.83 4.19 135.63 15.05 0.41
C4P0.3 157.41 140.48 5.62 134.86 16.93 0.40
C5P0.3 162.67 143.84 7.19 136.64 18.84 0.41

Note: C stands for cement, and P for PVA fiber. For example, C3P0.1 represents a sample with cement content of
3% and PVA-fiber content of 0.1%.

Experimental Method

The specimen preparation of the 7d-unconfined-compressive-strength test and
splitting-strength test was carried out by taking waste red brick aggregate and plain
soil particles below 2 mm. The test followed the “Test Method of Materials Stabilized
with Inorganic Binders for Highway Engineering” (JTG E51-2009), from the preparation
of specimens to the health preservation. The sample size was a 50 × 50 mm cylinder, and
the prepared raw materials were mixed evenly, and then the material was stuffed for 12 h.
After the stuffy material was finished, the corresponding cement and PVA-fiber quality
were added. Next, a planetary cement mortar mixer fully and evenly mixed the material.
The specimen was hydrostatically formed by the pressure/demolding tester, with a range
of 300 KN. After demolding, the specimens were wrapped with plastic and placed in a
standard constant temperature and humidity curing box for seven days before the test. The
day before the end of the regimen, the specimens should be immersed in water for 24 h.
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Next, a universal testing machine performed the unconfined-compressive-strength and
unsplit-tensile-strength tests. The loading rate of the press was controlled to be 1 mm/min,
and the maximum pressure at the failure of the specimen was recorded. The seven-day
unconfined compressive strength and splitting tensile strength of the specimen were calcu-
lated according to Equations (6) and (7). A total of eight steps are required, and the specific
test operation process is shown in Figure 4.

 

Figure 4. Flowchart for 7d unconfined compressive test and splitting tensile test.

The 7d unconfined compressive strength is calculated according to the following
equation:

Rc =
P
A

=
4P
πD2 (6)

where Rc is the compressive strength of the sample under different mix ratios, MPa; P is
the maximum pressure at the time of specimen failure, N; A is the cross-sectional area of
the specimen, mm2; and D is the diameter of the specimen, mm.

The splitting tensile strength is calculated according to the following equation:

Ri =
2P
πdh

= 0.01273
P
h

(7)

where Ri is the splitting tensile strength of the sample at different mix ratios, MPa; P is the
maximum pressure at the time of specimen failure, N; d is the diameter of the specimen,
mm; and h is the height of the specimen soaked in water, mm.
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2.2.3. Mechanical Properties of Fiber-Reinforced Cementitious Materials
Proportioning Design

This experiment studied the effect of the substitution rate of recycled brick powder
replacing quartz sand and the volume of PVA-fiber content on the fiber-reinforced recycled-
brick-powder cementitious composites’ performance. Based on the water–binder ratio
of 0.32 and the rubber–sand ratio of 0.36, the substitution rates of recycled brick powder
replacing quartz sand are 0%, 25%, 50%, 75%, and 100%, respectively. The fiber volume
content was 0%, 1.0%, 1.5%, and 2.0%, respectively. A total of 20 groups of mix ratios
were designed by using the control variable method, and the specific mix ratio is shown in
Table 7.

Table 7. Fiber-reinforced recycled-brick-powder cementitious composites’ fitting ratio.

Group
Number

Cement
Quality/g

Fly Ash
Quality/g

Recycled
Brick Powder

Quality/g

Quartz sand
Quality/g

Quality of
Water/g

PVA Fiber
Quality/g

Water
Reducer/%

Thickening
Agent/%

Z0P0 439.84 527.81 0 348.36 309.66 0 0.2 0.1
Z25P0 439.84 527.81 87.09 261.27 309.66 0 0.2 0.1
Z50P0 439.84 527.81 174.18 174.18 309.66 0 0.2 0.1
Z75P0 439.84 527.81 261.27 87.09 309.66 0 0.2 0.1
Z100P0 439.84 527.81 348.36 0 309.66 0 0.2 0.1

Z0P1 439.84 527.81 0 348.36 309.66 3.33 0.2 0.1
Z25P1 439.84 527.81 87.09 261.27 309.66 3.33 0.2 0.1
Z50P1 439.84 527.81 174.18 174.18 309.66 3.33 0.2 0.1
Z75P1 439.84 527.81 261.27 87.09 309.66 3.33 0.2 0.1
Z100P1 439.84 527.81 348.36 0 309.66 3.33 0.2 0.1
Z0P1.5 439.84 527.81 0 348.36 309.66 4.99 0.2 0.1
Z25P1.5 439.84 527.81 87.09 261.27 309.66 4.99 0.2 0.1
Z50P1.5 439.84 527.81 174.18 174.18 309.66 4.99 0.2 0.1
Z75P1.5 439.84 527.81 261.27 87.09 309.66 4.99 0.2 0.1

Z100P1.5 439.84 527.81 348.36 0 309.66 4.99 0.2 0.1
Z0P2 439.84 527.81 0 348.36 309.66 6.66 0.2 0.1

Z25P2 439.84 527.81 87.09 261.27 309.66 6.66 0.2 0.1
Z50P2 439.84 527.81 174.18 174.18 309.66 6.66 0.2 0.1
Z75P2 439.84 527.81 261.27 87.09 309.66 6.66 0.2 0.1
Z100P2 439.84 527.81 348.36 0 309.66 6.66 0.2 0.1

Note: Z stands for recycled brick powder, and P for PVA fiber. For example, Z25P0 represents a recycled brick
powder content of 25% and a PVA-fiber content of 0%.

Experimental Method

Cement, fly ash, quartz sand, and recycled brick powder were added to the mixing
tank. Stir for 120 s so that it is fully mixed. Then add some water mixed with the admixture
and stir for 120 s, and add the remaining water and stir for 120 s. After stirring evenly, add
PVA fiber, dispersing manually and stirring for 180 s until no fiber agglomerates. Next,
the mold is filled in layers, formed by vibration, covered with plastic film, cured for 24 h,
and then demolded, as shown in Figure 5. Follow up with mechanical test conditions after
28 days of standard curing.

The compressive and flexural tests were conducted by using the YAW-300H testing ma-
chine produced by the Jinan Hengruijin Company, as shown in Figure 6. The test procedure
was carried out according to the “Test Method of Cement Mortar Strength (ISO method)”
(GB/T 17671-2020), and the loading speed of the flexural test was 50 N/s ± 10 N/s. The
two half sections after breaking were taken out for a compressive test, and the loading
rate was 2400 N/s ± 200 N/s. Therefore, the specimen size for the flexural test was
40 mm × 40 mm × 160 mm, and the size was 40 mm × 40 mm × 40 mm for the compres-
sive test, as shown in Figure 7.
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Figure 5. Specimens of fiber-reinforced recycled-brick-powder cementitious composite.

 

Compression test Bending test 

Figure 6. Compression- and bending-test machine.

  
(a)  (b)  

Compression specimen 
Bending specimen 

Figure 7. Mechanical test. (a) Bending test. (b) Compression test.
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2.3. Microscopic Experiments

The SEM test was carried out in the Analysis and Testing Center Laboratory of North-
east Forestry University, using JMF-7500F (Cold Field Emission Scanning Electron Micro-
scope), as shown in Figure 8. The surface of the flat sheet sample was first gilded to improve
its electrical conductivity. After the gold injection, the charge plate was fixed under the
electron microscope for scanning.

 

Figure 8. Scanning electron microscope.

3. Experimental Results and Analysis

3.1. Compaction Test

The compaction test is performed to obtain the maximum dry density and optimal
moisture content of the test sample, provide the basis for the design of the raw-material mix
ratio of the pavement structure layer, and guide and control the construction. The samples
with different proportions were subjected to a compaction test according to the method
in “Test Method of Materials Stabilized with Inorganic Binders for Highway Engineering”
(JTG E51-2009). The maximum dry density and optimal moisture content of each mixture
ratio are shown in Table 8.

Table 8. Compaction test results.

Group
Number

Content of Plain
Soil/%

Red-Brick-Aggregate
Content/%

Cement
Content/%

Maximum Dry
Density/(g/cm3)

Optimum Moisture
Content /%

1 100 0
3

1.89 13.14
2 50 50 1.77 14.43
3 0 100 1.50 10.76
4 100 0

4
1.92 14.48

5 50 50 1.78 14.86
6 0 100 1.51 12.05
7 100 0

5
1.94 15.02

8 50 50 1.79 14.96
9 0 100 1.54 13.10

It can be seen from Figure 9a that, when the cement content is constant, the maximum
dry density of the specimen decreases with the increase of the red-brick-aggregate content.
This is because the appearance of the red brick particles is sharp, and the gap between
the particles is more significant than the plain soil. In addition, the hardness is higher
than the plain soil, so the density of the red brick aggregate is less than that under the
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same compaction action of the plain soil. As seen in Figure 9b, the optimal moisture
content of the sample increases first. It then decreases with the incorporation of red brick
aggregate, reaching the maximum value when the incorporation of red brick aggregate
is 50%. When the red-brick-aggregate content is at 50%, soil particles can be filled with
red brick particles, which will lock more water, but when the red-brick-aggregate content
is greater than 50%, the red brick aggregate dominates in the sample. Due to the nature
of the red brick aggregate, there is less water absorption, and the ability to lock water is
weak, so the optimal moisture content will gradually decline after the red brick aggregate
exceeds 50%. As can be seen from Figure 9c,d, when the red brick aggregate’s mix ratio
is certain, the maximum dry density and the optimal moisture content both increase with
the increasing cement content. The increase of the optimum water content may be due to
the chemical reaction between the cement and plain soil particles, which consume water
in the sample during the reaction process, leading to the increase of the optimum water
content. The increase in the maximum dry density occurs because the cement is mixed into
the sample at different doses, equivalent to replacing some plain soil or red brick particles
with cement. The relative density of cement is higher than that of plain soil and red brick,
so the incorporation of cement increases the maximum dry density of the sample [19].

 
(a)  (b) 

 
(c) (d) 

Figure 9. Compaction test analysis. (a) Maximum dry density and red-brick-aggregate replacement
ratio. (b) Optimal moisture content and red-brick-aggregate replacement ratio. (c) Cement content
and maximum dry density under different ratios. (d) Cement content and optimal moisture content
under different ratios.

3.2. Tests for 7d Unconfined Compressive Strength and Splitting Strength

Cement-stabilized soil is generally used as the sub-base of road construction. In the
design code of asphalt pavement or concrete pavement structure, the strength of the road’s
sub-base has specific strength requirements. For example, the size of the 7d unconfined
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compressive strength can reflect the limited strength of the cement-stabilized soil resistance
to the axial pressure. In contrast, the splitting strength will reflect the indirect tensile
properties of the pavement base. The compressive strength and split tensile strength of
each mixing ratio test are listed in Table 9.

Table 9. Results of the 7d-unconfined-compressive-strength and splitting-strength test.

Group Number
7d Unconfined Compressive

Strength/MPa
Splitting Strength

/MPa

Plain soil:red brick aggregate = 1:0

C3P0 0.62 0.06
C4P0 1.18 0.10
C5P0 1.39 0.14

C3P0.1 0.73 0.09
C4P0.1 1.52 0.15
C5P0.1 1.62 0.19
C3P0.2 0.79 0.10
C4P0.2 2.04 0.17
C5P0.2 2.23 0.21
C3P0.3 0.96 0.11
C4P0.3 2.18 0.21
C5P0.3 2.38 0.23

Plain soil:red brick aggregate = 1:1

C3P0 0.85 0.08
C4P0 1.16 0.13
C5P0 1.35 0.17

C3P0.1 1.29 0.13
C4P0.1 1.79 0.20
C5P0.1 2.51 0.26
C3P0.2 1.36 0.15
C4P0.2 2.16 0.23
C5P0.2 2.72 0.32
C3P0.3 1.47 0.18
C4P0.3 2.76 0.29
C5P0.3 2.93 0.38

Plain soil:red brick aggregate = 0:1

C3P0 0.32 0.04
C4P0 0.87 0.08
C5P0 1.13 0.12

C3P0.1 0.50 0.05
C4P0.1 1.20 0.12
C5P0.1 1.31 0.13
C3P0.2 0.66 0.07
C4P0.2 1.28 0.13
C5P0.2 1.47 0.15
C3P0.3 0.84 0.08
C4P0.3 1.33 0.15
C5P0.3 1.55 0.16

3.2.1. Effect of Cement Content on 7d Unconfined Compression Strength and Splitting
Tensile Strength

Figures 10–12 show the influence of cement content on 7d unconfined compressive
strength and splitting tensile strength under three conditions: plain soil:red brick aggregate
= 1:0, 1:1, and 0:1, respectively. It can be seen from the figure that, under a certain amount
of fiber and red brick aggregate, the unconfined compressive strength and splitting tensile
strength of 7d show an upward trend with the increase of cement content. However,
cement content from 3% to 4% and from 4% to 5% caused by the strong growth trend is
different. Cement content increased from 3% to 4%, 7d unconfined compression strength
and splitting tensile strength increased by more than 60%, and the mix ratio increased
by more than 100%. For example, for a plain soil:red brick aggregate ratio of 0:1, with a
PVA-fiber incorporation of 0%, the compressive strength and tensile strength increased by
120% and 100%, respectively. When the cement content increased from 4% to 5%, the 7d
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unconfined compression strength and splitting tensile strength increased by less than 30%.
For example, when the plain soil:red brick aggregate = 1:0, after a PVA-fiber incorporation
of 0.3%, its compressive strength and tensile strength only increased by 9.2% and 9.5%,
respectively. This is because the reaction of cement and water produces many cement
hydration products and soil particles and brick aggregate to form a three-dimensional
mesh of cement slurry gradually. The condensation between the reactants can make the
particles close and make the specimen more compact, thus improving the 7d unconfined
compression strength and splitting tensile strength of the specimen [20]. However, the
strength improvement is not apparent as the cement content increases from 4% to 5%.
For the consideration of economy, the cement content is 4%, and the strength meets the
requirements of the code.

 
(a) (b) 

Figure 10. Cement admixture with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 1:0. (a) Cement content and 7-day unconfined compressive
strength. (b) Cement content and splitting tensile strength.

 
(a)  (b)  

Figure 11. Cement admixture with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 1:1. (a) Cement content and 7-day unconfined compressive
strength. (b) Cement content and splitting tensile strength.
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(a)  (b)  

Figure 12. Cement admixture with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 0:1. (a) Cement content and 7-day unconfined compressive
strength. (b) Cement content and splitting tensile strength.

3.2.2. Influence of PVA-Fiber Content on 7d Unconfined Compressive Strength and
Splitting Tensile Strength

It is clear from Figures 13–15 that the incorporation of PVA fibers positively affects the
7d unconfined compressive strength and splitting strength of the specimens at any red-brick-
aggregate admixture and cement content. When the amount of PVA-fiber incorporation is
not greater than 0.3%, the 7d of unlimited compressive strength and split tensile strength
gradually increase with the increase of PVA-fiber incorporation. PVA fiber improves the 7d
unconfined compressive strength because the fibers are distributed in a three-dimensional
disorderly direction in the cement-stabilized soil, so there will be fibers with the transverse
distribution. Considering the deformation coordination relationship, when subjected to
axial pressure, the specimen will be subjected to transverse tensile force, and the fibers with
transverse distribution will also be subjected to transverse tensile force. Since fibers will
play the constraint role of bearing tensile force, the fiber-and-cement-stabilized soil will
jointly bear the horizontal tension. Thus, the ultimate axial pressure that the test block can
bear will also increase accordingly, thus improving the unconfined compressive strength of
the specimen [21]. Fiber-enhanced splitting tensile strength: 1© PVA fiber itself has an elastic
modulus and tensile strength that are higher than those of cement-stabilized soil. The fiber
can share a large part of the load when the cement stabilizes the soil load. After the cracking
load, the fiber between the cracks plays a bridge role, making the specimen continue to
load [22]. 2© The surface extrusion plastic deformation of PVA fiber was influenced by
soil particles and red brick aggregate from the micro perspective. When the test is under
external load and deformation, the surface roughness of PVA fiber increases to overcome
greater friction, thus improving the splitting tensile strength.

Based on the analysis results in Section 3.2.1, the optimal cement content selected
is 4%. The regression analysis is carried out according to the test results of unconfined
compressive strength and splitting tensile strength in 7 days, as shown in Figures 16–18.
The relationships between PVA-fiber content and 7d unconfined compressive strength
and splitting tensile strength were obtained, respectively, under the conditions of cement
content of 4%; plain soil:red brick aggregate = 1:0, 1:1, and 0:1; and PVA-fiber content being
within 0.3%, as shown in Equations (8a,b)–(10a,b).
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(a)  (b)  

Figure 13. PVA-fiber content with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 1:0. (a) PVA-fiber content and 7d unconfined compressive strength.
(b) PVA-fiber content and splitting tensile strength.

 
(a)  (b)  

Figure 14. PVA-fiber content with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 1:1. (a) PVA-fiber content and 7d unconfined compressive strength.
(b) PVA-fiber content and splitting tensile strength.

 
(a)  (b)  

Figure 15. PVA-fiber content with 7d unconfined compressive strength and splitting tensile strength
for plain soil:red brick aggregate = 0:1. (a) PVA-fiber content and 7d unconfined compressive strength.
(b) PVA-fiber content and splitting tensile strength.
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(a)  (b)  

Figure 16. Regression curves of PVA content and 7d unconfined compressive strength and splitting
tensile strength for plain soil:red brick aggregate = 1:0, cement content 4%, and PVA-fiber content
within 0.3%. (a) Regression curve of PVA-fiber content and 7d unconfined compressive strength.
(b) Regression curve of PVA-fiber content and splitting tensile strength.

 
(a)  (b)  

Figure 17. Regression curves of PVA content and 7d unconfined compressive strength and splitting
tensile strength for plain soil:red brick aggregate =1:1, cement content 4%, and PVA-fiber content
within 0.3%. (a) Regression curve of PVA-fiber content and 7d unconfined compressive strength.
(b) Regression curve of PVA-fiber content and splitting tensile strength.

 
(a)  (b)  

Figure 18. Regression curves of PVA content and 7d unconfined compressive strength and splitting
tensile strength for plain soil:red brick aggregate = 0:1, cement content 4%, and PVA-fiber content
within 0.3%. (a) Regression curve of PVA-fiber content and 7d unconfined compressive strength.
(b) Regression curve of PVA-fiber content and splitting tensile strength.
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The cement content is 4%. The ratio of plain soil to red brick aggregate is 1:0. The
content of PVA fiber is 0~0.3%. The relationship among PVA-fiber content, 7d unconfined
compressive strength, and splitting tensile strength can be expressed as follows:

Rc100 = −5P2 + 5.02P + 1.152
(

R2 = 0.9757
)

(8a)

Ri100 = −0.25P2 + 0.425P + 0.1025
(

R2 = 0.9801
)

(8b)

The cement content is 4%. The ratio of plain soil to red brick aggregate is 1:1. The
content of PVA fiber is 0~0.3%. The relationship among PVA-fiber content, 7d unconfined
compressive strength, and splitting tensile strength can be expressed as follows:

Rc50 = −0.75P2 + 5.395P + 1.1845
(

R2 = 0.9911
)

(9a)

Ri50 = −0.25P2 + 0.585P + 0.1335
(

R2 = 0.9815
)

(9b)

The cement content is 4%. The ratio of plain soil to red brick aggregate is 0:1. The
content of PVA fiber is 0~0.3%. The relationship among PVA-fiber content, 7d unconfined
compressive strength, and splitting tensile strength can be expressed as follows:

Rc0 = −7P2 + 3.56P + 0.881
(

R2 = 0.9812
)

(10a)

Ri0 = −0.5P2 + 0.37P + 0.082
(

R2 = 0.9692
)

(10b)

where Rc and Ri represent the 7d compressive strength and splitting tensile strength,
respectively, MPa; and P represents the content of PVA fiber, %.

According to Formulas (8)–(10), the ratios of plain soil to red brick aggregate are
1:0, 1:1, and 0:1 when the cement content is 4%. PVA-fiber content is 0~0.3% and has a
quadratic function relationship with the 7d unconfined compressive strength and splitting
tensile strength. Within the PVA-fiber-content test range, the ratios of plain soil to red brick
aggregate are 1:0 and 1:1 when the cement content is 4%. The strength is positively related
to the PVA-fiber content, and the optimal PVA-fiber content is 0.3%. However, the ratio of
plain soil to red brick aggregate is 0:1, and the PVA-fiber content is 0~0.3%. The highest
7d unconfined compressive strength is obtained when the PVA-fiber content is 0.25%, and
the highest splitting tensile strength occurs when the PVA-fiber content is 0.3%. Combined
with 7d unlimited compressive strength and tensile strength of split, the ratios of plain soil
to red brick aggregate are 1:0, 1:1, and 0:1. When the content of PVA fiber is within 0.3%,
the optimal PVA-fiber content is 0.3%, 0.3%, and 0.25%, respectively. Therefore, a positive
correlation is found between the intensity and PVA-fiber incorporation with PVA-fiber
incorporation ≤0.25%, which is not affected by the amount of waste red brick aggregate.

3.2.3. Influence of Red-Brick-Aggregate Content on 7d Unconfined Compressive Strength
and Splitting Tensile Strength

As seen from Figure 19, when the cement mixture is 4%, the 7d unconfined compressive
strength and splitting tensile strength show a trend of first increasing and then decreasing
with the increase of red-brick-aggregate incorporation, which is not affected by the fiber
incorporation. When the amount of red brick aggregate is 50% and the fiber mixture is 0.3%,
the 7d unconfined compressive strength and splitting tensile strength reach the maximum
value, and the amount of red brick continues to increase, leading to a rapid decline in
strength. The effect of fiber incorporation on strength was mentioned in the previous
section. The more the incorporation is within 0.3%, the higher the intensity. When the red
brick aggregate is 50% mixed, both the red brick particles and the plain soil particles have
previously filled each other, increasing the compactness of the sample and, thus, increasing
the strength. When the red brick aggregate increases, the red brick particles will dominate
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the specimen. Because the cohesion of the red brick particles is less than that of the plain
soil particles, the strength drops sharply. Thus, the best amount of red brick aggregate
is 50%.

 
(a)  (b)  

Figure 19. Red-brick-aggregate admixture with 7d unconfined compressive strength and splitting
tensile strength at 4% cement admixture and different PVA-fiber content levels. (a) Red-brick-
aggregate content and 7d unconfined compressive strength. (b) Red-brick-aggregate content and
splitting tensile strength.

In summary, combined with the “Technical Guidelines for Construction of Highway
Roadbases” (JTG/T F20-2015) for highways and primary highways, light traffic road sub-
grade 7d unconfined compressive strength requirements for 2~4 MPa. Within the scope of
the experimental study, the strength of the test groups with red-brick-aggregate content
≤50%, cement content ≥4%, and fiber content ≥0.2% were all in line with the formal study
and had a specific splitting tensile strength. Therefore, the optimal mixing ratio is 50%
of the waste red brick aggregate, 4% cement, and 0.2% fiber considering the strength and
material cost.

3.3. Mechanical Properties of Fiber-Reinforced Recycled Brick Powder Cementitious Composites

The most basic evaluation index of engineering materials is strength. The fiber-
reinforced recycled-brick-powder cementitious composites must meet the strength design
requirements to be applied to the road pavement. For cement concrete pavement, the
pavement is bent when damaged, and flexural strength is a crucial factor to be considered
when designing the pavement. Therefore, the compressive and flexural strength are
two indispensable indexes to evaluate the road performance of fiber reinforced recycled
brick powder cementitious composites. Therefore, a strength test was carried out on the
specimens of each mixing ratio, and the test results are shown in Table 10.

Figure 20 establishes the three-dimensional surface plots of the two variables of
PVA content and recycled-brick-powder content with the mechanical properties of fiber-
reinforced recycled-brick-powder cementitious composites. Figure 19a,b show the relation-
ship between PVA fiber and recycled-brick-powder content with compressive and flexural
strength, respectively. According to the color depth of the projection area, it can be seen that
when the mass content of recycled brick powder is 0%, and the volume content of PVA is 1%,
the fiber-reinforced recycled brick powder cementitious composites compressive strength
reaches the highest, at 38.12 MPa, recorded as (0,1,38.12). The highest flexural strength of
fiber-reinforced recycled-brick-powder cementitious composites reached 17.56 MPa when
the dose of recycled brick powder was 0% and the volume dose of PVA was 1.5%, which
was recorded as (0,1.5,17.56).
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Table 10. Compressive and flexural strength of fiber-reinforced recycled-brick-powder cementitious
composites.

Group Number Compressive Strength/MPa Flexural Strength/MPa

Z0P0 37.86 14.56
Z25P0 35.63 13.12
Z50P0 31.76 12.34
Z75P0 28.32 11.74

Z100P0 25.66 10.56
Z0P1 38.12 16.47

Z25P1 36.03 15.32
Z50P1 32.31 14.47
Z75P1 28.47 13.23

Z100P1 26.34 11.96
Z0P1.5 36.47 17.56

Z25P1.5 34.32 16.14
Z50P1.5 29.61 15.37
Z75P1.5 27.54 14.43

Z100P1.5 25.21 12.54
Z0P2 34.78 16.15

Z25P2 34.97 14.23
Z50P2 28.73 13.15
Z75P2 25.43 12.65

Z100P2 25.01 11.32

 
(a)  (b)  

0,1,38.12  0,1.5,17.56  

Figure 20. Three-dimensional surface with projection. (a) PVA-fiber volume admixture and recycled-
brick-powder mass admixture with compressive strength. (b) PVA-fiber volume admixture and
recycled-brick-powder mass admixture with flexural strength.

As seen from the color of the projection area in Figure 20a, the general trend of the
whole surface graph shows a downward trend from the lower right corner to the upper left
corner. It indicates that, with the increase of the mass content of recycled brick powder and
the volume content of PVA fiber, the fiber-reinforced recycled-brick-powder cementitious
composites’ compressive strength shows an overall downward trend. However, within a
specific range in the lower right corner of the projection area, the color shades are relatively
close, and the point (0,1) shows the deepest color of the entire projection area. It shows
that, under a certain amount of PVA, recycled brick powder has little influence on the
fiber-reinforced recycled-brick-powder cementitious composites compressive strength in
a small range of mixing amounts. When the mixing amount of recycled brick powder is
25%, the compressive strength decreases by about 5–8%, and even part of the mixing ratio
shows a strength increase. The recycled red brick aggregate has large porosity and low
hardness. It often produces more cracks internally during the crushing process of preparing
recycled brick powder. When the mass admixture of recycled brick powder is less than
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25%, the recycled brick powder has a specific volcanic ash activity [23]. It can react with
the hydration product CH to produce gelling products, which can play a good filling role
and alleviate the material defects of the recycled brick powder itself. However, when the
content of recycled brick powder exceeds 25%, the pozzolanic reaction of recycled brick
powder is not enough to make up for the defects of the material itself. Thus, the strength
will decrease. In the case of a certain amount of recycled brick powder, the fiber-reinforced
recycled-brick-powder cementitious composites compressive strength showed a trend of
increasing and then decreasing with the increase of PVA-fiber volume content and reached
the maximum value when the volume dosing of PVA fiber was 1%. When the specimen is
subjected to vertical load, the compression specimen is complete, and the bearing surface
drops slightly. There is no breakage, and the specimen has a slight transverse displacement.
A small amount of fiber will limit the transverse displacement of the specimen to share part
of the axial pressure, thus improving the specimen’s compressive strength. However, when
the fiber content exceeds the optimal amount, the fiber will appear to clump, resulting in
uneven fiber distribution. The high fiber content will lead to the introduction of increased
bubbles, and the increased air content in the specimen will harm the compactness, thus
reducing the compressive strength [24].

As shown in Figure 20b, the projected color gradually becomes lighter from the lower
part to the upper part of the projected area, indicating that the flexural strength shows
a decreasing trend with the increase of the mass content of the recycled brick powder.
From the analysis of the projection area’s left and right directions, the line’s color at the
point where the fiber volume content is 1.5% is darker than that of the left and right
sides. Therefore, the three-dimensional surface graph formed by the volume content of
PVA fiber, the mass content of recycled brick powder, and the flexural strength presents
a “ridge” shape. It indicates that the fiber-reinforced recycled-brick-powder cementitious
composites flexural strength increases first and decreases with the increase of PVA—fiber
volume content. It can be seen from the color change in the figure that the increase of
flexural strength caused by PVA—fiber volume content from 0% to 1% is more evident
than that caused by 1% to 1.5%. The micro-cracks of different sizes are generated inside the
cementitious material, and a large stress concentration is generated near the micro-cracks
during tension. It can be explained by the brittleness of the cementitious material itself and
the self-shrinkage in the process of setting and hardening [25]. When the volume content
of PVA fiber is less than 1.5%, the PVA—fiber incorporation reduces the stress intensity
factor at the crack tip. It can fully play the connection role in the early stage of fracture
emergence, ease the stress concentration intensity at the fracture tip, and limit the width
of the fracture, thus improving the flexural strength [26]. When the volume content of
PVA fiber exceeds 1.5%, the excessive fiber will increase the fiber interface in cement-based
composites. However, an excessive interface between fiber and slurry will occupy a large
amount of cement slurry, which will greatly slow down the mobility of the matrix and
increase the material’s porosity, thus leading to the increase of initial defects inside the
specimen. For example, cavitation caused by low vibration, initial cracks between fiber and
interface, and the interface between fibers will adversely affect the matrix’s compactness,
reducing the component’s flexural strength.

According to the “Specification for Design of Highway Cement Concrete Pavement”
(JTG-D40-2011), the standard value of flexural tensile strength of cement concrete pave-
ments for extremely heavy, extra heavy, and heavy traffic loads is ≥ 5.0 MPa, and the
corresponding compressive strength is C35. Therefore, considering compressive strength,
flexural strength, and economic and environmental protection, the best substitution rate of
recycled brick powder for quartz sand in fiber-reinforced recycled-brick-powder cementi-
tious composites is 25%, and the best mixing amount of PVA fiber is 1%.

3.4. Micro-Analysis

Figure 21 shows PVA fibers’ overall appearance and morphology and three types of
destructive patterns of samples under a scanning electron microscope. Firstly, it can be
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seen in Figure 20b–d that a large number of irregular particles are wrapped on the surface
of the fiber, and this improves the roughness of the surface of the PVA fiber, increases the
friction between the fiber and the matrix, and thus improves the strength of the specimen.
Figure 20a shows the appearance of the PVA fiber pulled out from matrix morphology;
part of the hydration products adhered to the fiber’s surface and had serious scraping
marks. The closer to the end, the smaller the diameter of the fiber, and the more scraping
needed. This suggests that fiber is pulled up after a long distance between sliding [27],
and cumulative scraping is severe, leading to a decrease in the diameter. The friction
force generated by the fiber during sliding helps to share part of the axial pressure, thus
improving the strength of the specimen. Figure 20b is a microscopic photo of a PVA-fiber
fracture. The section is uneven. Compared to Figure 20a, the side of the fiber was scraped
to a lesser extent, indicating that the fiber did not go through a long distance of sliding.
However, under the action of external forces, fiber is constantly stretched by the role of
external tensile stress. When the external stress exceeds the ultimate tensile strength that
the fiber can withstand, it will be directly pulled off. As the ultimate tensile strength of
PVA fibers is much greater than that of cementitious materials, it will require more axial
pressure to pull off the fibers, so a certain amount of fiber incorporation will enhance the
strength of the specimen. Figure 20c is enlarged, and a fiber surface can be found on the
fiber surface. There are a lot of uneven areas, and these areas are sliding failure patterns.
Fiber produced by scraping marks is different, more like a fiber in the brick particles or
quartz sand particles under the extrusion of plastic deformation, increasing the fiber surface
roughness. The friction between the fiber and the matrix is indirectly increased to improve
the strength of the specimen.

  
(a)  (b)  

  
(c)  (d)  

Figure 21. SEM image of PVA fiber. (a) SEM chart. (b) Pull-out. (c) Fracture. (d) Plastic damage.

4. Conclusions

The recycling and utilization of waste brick aggregate with a particle size less than
5 mm was mainly studied. The waste brick aggregate with a diameter of less than 2 mm
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was mixed into the soil, with different amounts, and combined with fibers to prepare the
highway sub-base material meeting the specification requirements. The 7d unconfined
compressive strength and splitting tensile strength were taken as the evaluation criteria.
Recycled brick powder of 0.075~0.125 mm milled from waste brick aggregate was used to
replace quartz sand with different replacement rates, together with different doses of PVA
fiber to prepare environmentally friendly fiber-reinforced recycled-brick-powder cement-
based composite pavement material. The relationship between the mass content of recycled
brick powder, the volume content of PVA fiber, and the fiber-reinforced recycled-brick-
powder cementitious composites’ strength was investigated. The possibility of application
of waste red brick aggregate with different particle sizes in pavement structure is verified,
and the following conclusions are drawn:

(1) The red brick aggregate was mixed into the plain soil with different content levels
(0%, 50%, and 100%) and different content levels of cement (3%, 4%, and 5%). After
45 comprehensive compaction tests, the optimal moisture content and maximum dry
density under nine different mixing ratios were obtained.

(2) Within the scope of the experimental study, according to the obtained 7d unconfined
compressive strength and splitting tensile strength, the strength of the test group
when the red-brick-aggregate admixture was ≤50%, cement admixture was ≥4%, and
fiber admixture was ≥0.2% followed the specification study. Therefore, combined
with the careful consideration of strength and material cost, an ideal ratio for the test
is 50% of the waste red brick aggregate, 4% of cement, and 0.2% of fiber.

(3) Based on the test results of the 7d unconfined compressive strength and splitting
tensile strength, a regression analysis was used to fit the mathematical relationship
between the PVA-fiber content and 7d compressive and splitting tensile strength. It
was determined that, when the cement content is 4%; then the PVA-fiber content is
within 0.3%; and the ration of plain soil to red brick aggregate = 1:0, 1:1, and 0:1,
the PVA-fiber content is 0.3%, 0.3%, and 0.25%, and the 7d unconfined compressive
strength is the best value. When cement content is 4%; and the PVA-fiber content
is within 0.3%; and the plain soil:red brick aggregate = 1:0, 1:1, and 0:1, then the
PVA-fiber content is 0.3%, 0.3%, and 0.3%, and the maximum splitting tensile strength
is the best value. In the scope of the test, comprehensive consideration, when cement
content is 4%, plain soil:red brick aggregate = 1:0, 1:1, and 0:1, the optimal PVA content
is 0.3%, 0.3%, and 0.25%, respectively.

(4) The flexural and compressive strength of the fiber-reinforced recycled-brick-powder
cement-based composite pavement material decreases with increased quartz sand
replaced by recycled brick powder. However, when the replacement rate is less than
25%, the strength does not decrease significantly and is controlled within 10%, which
meets the strength requirements. Therefore, the flexural and compressive strength
of fiber-reinforced recycled-brick-powder cementitious composites increased first
and then decreased with the content of PVA fiber. However, when the flexural and
compressive strength reach the best value, the content of PVA fiber is different. For
example, when the content of PVA fiber is 1% and 1.5%, the material’s compressive
strength and flexural strength reach the maximum value. Therefore, the best mixing
ratio of fiber-reinforced recycled-brick-powder cementitious composites as pavement
material is as follows: the replacement rate of recycled brick powder is 25%, and the
content of PVA fiber is 1%.

(5) The influence of fibers on the material’s mechanical properties was analyzed from
the microstructure. The mechanism of fiber pull-out, fracture, and plastic damage in
three different forms of damage to the material’s mechanical properties was analyzed.
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Abstract: In this paper, a basalt fiber surface was treated with coupling agent KH-550 and hy-
drochloric acid, and the basalt fiber polymer-modified active powder concrete (RPC) material was
prepared. There are significant differences in material composition and properties between basalt
fiber polymer-modified RPC and ordinary concrete, and the structural design calculation (cracking
moment and normal section bending bearing capacity) of an ordinary reinforced concrete beam is no
longer applicable. Thus, mechanical parameters such as displacement and strain of reinforcement
basalt fiber polymer-modified RPC beams subjected to four-point bending were tested. The excellent
compressive and tensile strengths of basalt fiber polymer-modified RPC were fully utilized. The
tensile strength of basalt fiber polymer-modified RPC in the tensile zone of the beam was considered
in the calculation of normal section bending bearing capacity of reinforcement basalt fiber polymer-
modified RPC beams. The results showed that the measured values of the cracking moment and
ultimate failure bending moment of reinforcement basalt fiber polymer-modified RPC beams were
in good agreement with the calculated values. The established formulas for cracking moment and
normal section bending bearing capacity can provide references for the design of reinforcement basalt
fiber polymer-modified RPC simply supported beam and promote the wide application of basalt
fiber polymer-modified RPC materials in practical engineering.

Keywords: construction materials; basalt fiber polymer-modified reactive powder concrete; cracking
moment; normal section bending bearing capacity

1. Introduction

Basalt fiber polymer-modified reactive powder concrete (RPC) is considered to be
an innovative high property cement-based concrete material prepared by the theory of
densified particle packing [1–4]. Basalt fiber polymer-modified RPC replaces the coarse
aggregate in ordinary concrete with millimeter-level aggregate (quartz sand) and fills the
gaps between quartz sand aggregates with micron-sized cementitious materials (cement)
and submicron-sized cementitious materials (silica fume) [5,6]. In this way, the internal
defect of basalt fiber polymer-modified RPC are controlled, and both the density and
homogeneity are improved. Besides, basalt fiber polymer-modified RPC composites are
cured by heat treatment and blended with high-performance, acid and alkali-resistant
basalt fibers [7]. Owing to this, the microstructure of basalt fiber polymer-modified RPC
materials is more compact and the mechanical properties, durability and toughness of
basalt fiber polymer-modified RPC composites are improved. Therefore, basalt fiber
polymer-modified RPC has the characteristics of ultra high strength, high durability and
high temperature adaptability [8–10]. Basalt fiber polymer-modified RPC can effectively
reduce the self-weight of structures and increase the spanning capacity, which has a broad
application prospect in various infrastructure construction. At present, the engineering
application of basalt fiber polymer-modified RPC materials is relatively few, mainly due
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to the lack of corresponding structural design calculation methods, while the calculation
of cracking moment and normal section bending bearing capacity is an important part of
structural design.

From the present research, it can be seen that researchers have proposed different
methods for calculating cracking moments and bending bearing capacity for RPC struc-
tures and composite structures of RPC with other materials [11,12]. Zingaila et al. [13]
experimentally investigated the mechanical properties of a combined beam made of ordi-
nary concrete and ultra-high performance concrete and calculated the cracking moment
of the combined beam using the layered method. Zhang et al. [14] conducted flexural
tests on damaged bridge decks reinforced by ultra-high performance concrete and estab-
lished analytical equations for the cracking and ultimate flexural bearing capacity of the
composite structure. Yang et al. [15] proposed an analytical method for predicting the
bending response of ultra-high-performance fiber-reinforced concrete structures, which
can accurately predict the bending strength of ultra-high-performance fiber-reinforced
concrete beams. Ujike et al. [16] used RPC to strengthen a part of the tensile zone of
reinforced concrete beams and used elasticity theory to estimate the cracking moment of
this composite material. Turker et al. [17] also researched the bending performance of
ultra-high-performance fiber-reinforced concrete beams by four-point bending tests and
proposed two numerical methods for predicting the nominal moment bearing capacity of
these materials. Sim et al. [18] proposed flexural design guidelines for precast prestressed
concrete members and found that the traditional equivalent rectangular stress block in com-
pression can still be used to produce satisfactory results in prestressed concrete members.
Prem et al. [19] developed an integrated nonlinear fracture mechanics model to predict the
moment carrying capacity of ultra-high performance concrete reinforced damaged rein-
forcement concrete composite beams. Based on the planar section assumption and specific
damage criterion, Guo et al. [20] used the numerical integration method to simulate the full
process of flexural behavior of RPC and ordinary concrete composite beams and obtained
the full section moment-curvature curves for different design scenarios. Chi et al. [21]
investigated the effect of different water-cement ratios and different fiber compositions
on the flexural performance of RPC beams using finite element analysis and deduced the
formulae for calculating the flexural bearing capacity of RPC beams with different fiber
compositions. Similarly, Chen et al. [22] derived an equation for calculating the ultimate
flexural bearing capacity of ultra-high performance concrete beams utilizing ANSYS finite
element simulation analysis. Qi et al. [23] carried out an experimental and analytical study
of steel-ultra-high performance fiber concrete composite beams and calculated the flexural
strength of the specimens using a simplified analytical method. Hasgul et al. [24] proved
through an experimental study that the simplified numerical method for the flexural design
of fiber-reinforced concrete was also applied to ultra-high-performance fiber-reinforced
concrete beams. Cao et al. [25] investigated the flexural behavior of prestressed RPC in-situ
panels suffering from four-point bending and established a modified formula for the flex-
ural bearing capacity of prestressed RPC in-situ panels, considering the tensile strength
of the RPC and prestressing stress. In addition, Cao et al. [26] also analyzed the effect
of longitudinal reinforcement ratio and reinforcement diameter on the cracking moment
of high-strength reinforcement RPC beams, and established formulas for calculating the
resistance coefficient of plasticity in section and the cracking moment of high-strength
reinforcement RPC beams.

Existing research shows that there is a trend to develop concrete composite materials
such as fiber-reinforced cementitious matrix and steel reinforced grout [27,28]. The basalt
fiber polymer-modified RPC composites studied in this paper belong to the fiber-reinforced
cement matrix. The basic mix proportion design, mechanical properties and durability of
basalt fiber polymer-modified RPC composites have been discussed in previous studies of
this research group. This paper focuses on the structural design calculation equations of
basalt fiber polymer-modified RPC simply supported beams.
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Basalt fiber polymer-modified RPC is a new material and differs significantly from
other concrete materials in terms of material composition and properties. The formulae
for calculating cracking moment and normal section bending bearing capacity of other
concrete materials are not fully applicable to basalt fiber polymer-modified RPC. This paper
thus investigated the mechanical properties of reinforcement basalt fiber polymer-modified
RPC simply supported beams subjected to four-point bending. Based on the test data, the
calculation methods of cracking moment and normal section bending bearing capacity were
proposed for reinforcement basalt fiber polymer-modified RPC beam to provide a reference
for the structural design and specification of reinforcement basalt fiber polymer-modified
RPC beams.

2. Experimental Details

2.1. Materials and Mixture

The material used to prepare Basalt fiber polymer-modified RPC beams consists of
quartz sand, quartz powder, cement, silica fume, water reducer, basalt fiber, coupling
agent, hydrochloric acid, water, and reinforcement. Three kinds of quartz sand with the
sizes of 20~40 mesh, 40~80 mesh, and 80~120 mesh produced by the Zhenxing quartz
sand factory (Luoyang, China) were used. These quartz sands were mixed in the ratio
of 2:2:1 and filtered with square hole sieves of 0.6 mm, 0.3 mm, and 0.15 mm in order.
The specification of quartz powder was 400 mesh. The silica fume SF92 produced by Jilin
Changchun Si-Ao Technology Co., Ltd. (Jilin, China) and silicate cement P.II 52.5 produced
by Jilin Yatai Cement Co., Ltd. (Jilin, China) were adopted. The chemical composition of
silica fume and cement was determined by X-ray fluorescence spectrometer (manufactured
by HORIBA Jobin Yvon, Paris, France) according to the “Method of Chemical Analysis of
Silicate Rocks, Part 28: Determination of 16 Major and Minor Element Quantities” (GB/T
14506.28-2010) [29], and the results are shown in Figure 1. The coupling agent KH-550
is produced by Nanjing Chuangshi Chemical Additives Co., Ltd. (Jilin, China). The mix
proportion of basalt fiber polymer-modified RPC is shown in Table 1. This mix proportion
is the best mix proportion obtained from the previous research results of the research
group [30]. According to the specification “Method of Testing Cement-Determination of
Strength” (GB/T 17671-1999) [31], the compressive strength and flexural strength of basalt
fiber polymer-modified RPC with this mix proportion were tested by computerized full-
automatic compressive and flexural one-piece testing machine (manufactured by Meters
Testing Machine Factory, Tianjin, China). The loading rates of compressive strength and
flexural strength are 2.4 kN/s and 0.05 kN/s, respectively. The compressive strength and
flexural strength of basalt fiber polymer-modified RPC prepared by this mix proportion
were 115 MPa and 17 MPa, respectively.

 

(a) (b) 

Figure 1. Chemical composition of cementing materials: (a) Silica fume; (b) Cement.
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Table 1. Mix proportion of basalt fiber polymer-modified RPC (kg/m3).

Water Cement
Silica
Fume

Quartz Sand Quartz
Powder

Basalt
Fiber

Water
Reducer0.15 mm~0.3 mm 0.3 mm~0.6 mm

151.5 841.8 210.4 364.2 582.8 311.4 12 52.6

2.2. Specimen Preparation and Experimental Procedure

In this paper, basalt fiber was first etched in hydrochloric acid, and then treated
according to the ratio of KH-550 coupling agent to basalt fiber mass ratio of 3:100. Finally,
three reinforcement basalt fiber polymer-modified RPC beams with different reinforcement
ratios were prepared. The designed size of test beams was 1500 mm × 150 mm × 300 mm.
Figure 2 shows the dimensions of three test beams and the relative positions of the rebar.

Figure 2. Dimension of the reinforcement basalt fiber polymer-modified RPC beam (mm).

The types and diameters of erective steel bars, stirrups, and main rebar of each test
beam are shown in Table 2. In each test beam, two HPB300 steel bars with a diameter of
6 mm were used as erecting steel bars; ten HPB300 steel bars with a diameter of 8 mm
were used as stirrups; two HRB335 rebar with a diameter of 12 mm, 14 mm, and 16 mm
respectively were used as the main rebar.

Table 2. Types and diameters of steel bars in test beams.

Teat Beam
Number

Erecting Steel Bar Stirrup Main Rebar

Type
Diameter

(mm)
Type

Diameter
(mm)

Type
Diameter

(mm)

Beam-1 HPB 300 6 HPB 300 8 HRB 335 12
Beam-2 HPB 300 6 HPB 300 8 HRB 335 14
Beam-3 HPB 300 6 HPB 300 8 HRB 335 16

The prepared reinforcement basalt fiber polymer-modified RPC beams firstly were
cured in 90 ◦C steam for 48 h. After curing, all test beams were performed the four-point
bending test. The static response values (displacements, strains, etc.) of a reinforcement
basalt fiber polymer-modified RPC beams subjected to four-point bending were recorded.
Finally, considering the tensile strength of basalt fiber polymer-modified RPC in the tensile
zone of the beam, the formulae for calculating the cracking moment and the normal section
bending bearing capacity were established from the calculation principle applicable to the
reinforcement basalt fiber polymer-modified RPC beam.

2.3. Experimental Setups

The reinforcement basalt fiber polymer-modified RPC beam were tested with refer-
ence to the specification “Standard for Test Methods for Concrete Structures” (GBJ50152-
2012) [32]. Loading method adopts four-point bending loading, loading device selection
the WAW-1000 kN type electro-hydraulic servo universal testing machine produced by
Jilin Jinli test technology Co., Ltd. (Jilin, China). The experimental setup is schematically
shown in Figure 3. Displacement and strain were measured by dynamic and static strain
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testing machine DH3817 and static strain testing machine DH3818Y produced by Jiangsu
donghua Test Technology Co. (Jiangsu, China).

500

Strain
gage

Dial gauge
(1/4 span)

Dial gauge
(1/2 span)

Loading line

Surpport lineSurpport line
Spreader beam (I-Section)

Bending load

Figure 3. Sketch of the experimental setup for the four-point bending test (unit: mm).

As shown in Figure 3, the dial gauges were arranged at the bottom of the 1/2 and
1/4 span of the beams for recording the deflection values during the loading process.
Simultaneously, Six strain gauges were arranged along the beam height of 1/2 span to
record the strain change during the test. Additionally, a multi-step loading process (20 kN
for each step) was adopted, and the loading rate was controlled to be 0.037 kN/s.

3. Results

3.1. Test Results

Based on loads of the three reinforcement basalt fiber polymer-modified RPC beams
at cracking and failure, the measured values of the cracking moment and ultimate failure
bending moment of all test beams can be calculated as shown in Table 3.

Table 3. Measured values of the cracking moment and ultimate failure bending moment.

Teat Beam Cracking Moment (kN· m) Ultimate Failure Bending Moment (kN· m)

Beam-1 15.05 39.40
Beam-2 15.75 47.00
Beam-3 17.50 52.20

3.2. Cracking Moment Calculation
3.2.1. Calculation Principle of Cracking Moment

The cracking moment is the main index of cracking resistance and the foundation for
the analysis of the mechanical properties of reinforcement basalt fiber polymer-modified
RPC beams. The cracking moment is usually defined as the bending moment at the
appearance of the first visible crack in the test beam. When the test beam is cracked, the
tensile zone of the test beam shows a certain plastic deformation. The stress distribution
graph is curved. The maximum stress in the tensile zone of the test beam reaches the
ultimate tensile strength ft, and the strain at the tensile edge reaches the ultimate tensile
strain εtu. The basalt fiber polymer-modified RPC in the compression zone of the test beam
is in the elastic phase, and the stress distribution graph is linear. The strain of basalt fiber
polymer-modified RPC at the edge of the compressed zone is εc. In view of the above
analysis, the calculation model of the cracking moment of the reinforcement basalt fiber
polymer-modified RPC beam is shown in Figure 4.
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b

h

x

A s

c c

 As s

ft

s

tu

Mcr

Figure 4. Calculation model of the cracking moment.

According to the calculation model in Figure 4, Equations (1) and (2) can be derived.
The cracking moment can be divided into two parts: the bending moment borne by the
basalt fiber polymer-modified RPC matrix and the bending moment borne by the main
rebars.

Mcr = ft · Ws, (1)

Mcr = Ms + Mm, (2)

where: Mcr is the cracking moment of basalt fiber polymer-modified RPC; ft is the ultimate
tensile strength of basalt fiber polymer-modified RPC; Ws is the elastic–plastic resistance
moment of the basalt fiber polymer-modified RPC beam section to the tensile edge; Ms is
the bending moment borne by the reinforcement; Mm is the bending moment borne by the
basalt fiber polymer-modified RPC matrix.

The section resistance moment plasticity influence coefficient γ was used to reflect the
elasticplastic development degree in the tensile zone of the beam. The cracking moment
formula is established by the principle of material mechanics. The formula for calculating
the cracking moment is shown in Equation (3)

Mcr = γ · ft · W0, (3)

where: γ is the section resistance moment plasticity influence coefficient; W0 is the elastic-
plastic resistance moment of the test beam’s converted section to the tensile edge.

Combining Equations (1) and (3), the formula of section resistance moment plasticity
influence coefficient γ is shown in Equation (4).

γ =
WS
W0

, (4)

3.2.2. Calculation of Ws

The stress distribution in the tensile zone was divided into the elastic and plastic
tensile zones. The simplified calculation model of the normal section is shown in Figure 5.

Based on test data, the flexural initial cracking tensile strains of Beam-1, Beam-2
and Beam-3 are 495.0 με, 491.8 με and 478.4 με, respectively. The ratios of the flexural
initial cracking tensile strain to the peak tensile strain (213 με) of the basalt fiber polymer-
modified RPC are 2.32, 2.31 and 2.25, respectively. The average value was taken as 2.29.
Thus, εtu = 2.29εt0 can be obtained. The combined force and bending moment of each part
of the reinforcement basalt fiber polymer-modified RPC beam are shown in Equation (5)
and Equation (6), respectively.
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⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Fc = 1.15 x2
c

(h−xc)
ftb

Fte = 0.22 ftb(h − xc)
Ftp = 0.56 ftb(h − xc)

Fs = 2.29αE ftρbh0
h0−xc
h−xc

, (5)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Mc = 0.76 ftb
x3

c
(h−xc)

Mte = 0.07 ftb(h − xc)
2

Mtp = 0.4 ftb(h − xc)
2

Ms = 2.29αE ftρbh0
(h0−xc)

2

h−xc

, (6)

where: Fc and Mc are the combined force and bending moment of the beam in the com-
pression zone; Fte and Mte are the combined force and bending moment of the beam in
the elastic tension zone; Ftp and Mtp are the combined force and bending moment of the
beam in the plastic tension zone; Fs and Ms are the combined force and bending moment
of the main rebars; xc is the relative height of compression zone; b is the width of the beam
section; h is the height of the beam section; h0 is the effective height of the beam section; αE
is the section conversion factor; ρ is the reinforcement rate of the main rebars.

c c

Fs

ft

s

tu

Fte

Ftp

Fc
x

x

x

c

te

tp

t0

Figure 5. Simplified calculation model of normal section.

Equation (7) can be derived from the equilibrium condition of the force.

Fc = Fte + Ftp + Fs, (7)

Bringing Equation (5) into Equation (7) to obtain Equation (8).

xc =
−B +

√
B2 − 4AC

2A
(8)

The parameters in Equation (8) are shown in Equation (9).

⎧⎨
⎩

A = (a − 1)2

B = (4ah − 2h + 2a2αEρh0)
C = −(

2ah2 − h2 + 2a2αEρh2
0
) (9)

Equation (10) can be obtained from the equilibrium conditions of moments.

Mcr = b ft

[
0.76

x3
c

(h − xc)
+ 0.47(h − xc)

2 + 2.29αEρh0
(h0 − xc)

2

(h − xc)

]
(10)
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Combining Equations (1) and (10), the formula of Ws is shown in Equation (11).

Ws = b

[
0.76

x3
c

(h − xc)
+ 0.47(h − xc)

2 + 2.29αEρh0
(h0 − xc)

2

(h − xc)

]
(11)

3.2.3. Calculation of W0

Using the equivalent conversion method, the main rebar area is equated to the basalt
fiber polymer-modified RPC area with the same elasticity modulus. The converted section
and its stress distribution are shown in Figure 6.

b

h

y

Mcr

c

f
t

Ac

At

0 y0

 A's

Figure 6. Conversion section and its stress distribution.

The conversion coefficient αE for converting the main rebar area to the basalt fiber
polymer-modified RPC area and the converted section area A′

s is shown in Equation (12)
and Equation (13), respectively

αE =
Es

Ec
=

1.95 × 105

42.9 × 103 = 4.55, (12)

A′
s = As(αE − 1) = 3.55As, (13)

According to the formula of material mechanics, the calculation of W0 is shown in
Equation (16).

I0 =
by3

0
3

+
b(h − y0)

3

3
+ 3.55As(h0 − y0)

2, (14)

y0 =
0.5bh2 + 3.55Ash0

bh + 3.55As
, (15)

W0 =
I0

h − y0
=

by3
0 + b(h − y0)

3 + 10.65As(h0 − y0)
2

3(h − y0)
, (16)

3.2.4. Calculations of γ and Cracking Moment

Taking Equations (11) and (16) into Equation (4), the section resistance moment
plasticity influence coefficient γ of Beam-1, Beam-2 and Beam-3 can be calculated as 1.67,
1.71 and 1.75, respectively. It can be noticed that with the increase of reinforcement ratio,
the section resistance moment plasticity influence coefficient γ increases gradually, which
indicates that the increase of reinforcement ratio makes its plasticizing effect on the basalt
fiber polymer-modified RPC around the reinforcement increase.

The calculated value of cracking moment for all test beams can be obtained by bringing
γ and Equation (16) into Equation (3) and comparing it with the test value of cracking
moment, as shown in Table 4.
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Table 4. Calculated and test values of the cracking moment.

Teat Beam Calculated Value Mc
cr(kN· m) Test Value Mt

cr(kN· m) Mc
cr/M

t
cr

Beam-1 15.78 15.05 1.05
Beam-2 16.23 15.75 1.03
Beam-3 16.73 17.50 0.96

From Table 4, it can be observed that the ratio between the calculated and test values
of the cracking moment has a small variation, and the mean value of this ratio is 1.01, the
standard deviation is 0.05, and the variation coefficient is 0.05. The data error satisfies
the requirements, which shows that the established formula for calculating the cracking
moment of the reinforcement basalt fiber polymer-modified RPC beam is accurate.

3.3. Calculation of Normal Section Bending Bearing Capacity
3.3.1. Basic Assumptions

Similar to the calculation of the normal section bending bearing capacity of the ordi-
nary reinforced concrete beam, that of reinforcement basalt fiber polymer-modified RPC
beam needs to adopt the plane section assumption in the process of reaching the limit state
of bending bearing capacity. This can meet the error requirement of engineering calculation,
and also can clarify the logic of the calculation process and the physical meaning of the
calculation formula. For basalt fiber polymer-modified RPC materials, the standard value
of tensile strength is significantly higher than that of ordinary concrete. Therefore, in
this paper, the tensile strength of basalt fiber polymer-modified RPC in the tensile zone
was considered in the calculation of the normal section bending bearing capacity of the
reinforcement basalt fiber polymer-modified RPC beam.

3.3.2. Equivalent Rectangular Stress Pattern

A rectangular stress diagram is used to equate the graphs of compressive and tensile
stress curves in the cross-section of reinforcement basalt fiber polymer-modified RPC
beam. The stress distribution at the time of damage of the reinforcement basalt fiber
polymer-modified RPC beam normal section is shown in Figure 7.
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Figure 7. Stress distribution of normal section of properly reinforced beams under failure: (a) Actual
stress distribution; (b) Equivalent stress distribution.

According to the equivalent rectangular stress pattern of concrete in the compressed
area, the combined compressive stress C and its distance yc from the neutral axis of concrete
in the compressed area are shown in Equation (17) and Equation (18), respectively.

C =
∫ xc

0
σc(ε) · b · dy, (17)

yc =

∫ xc
0 σc(ε) · b · y · dy∫ xc

0 σc(ε) · b · dy
, (18)
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In accordance with the plane section assumption, the distance y from the neutral axis
is related to the compressive strain of concrete at this location as in Equation (19).

ε

εcu
=

y
xc

, (19)

Substitute Equation (19) into Equations (17) and (18) to obtain the resultant force
C and its distance yc from the neutral axis is shown in Equation (20) and Equation (21)
respectively.

C =
xc · b
εcu

·
∫ εcu

0
σc(εc) · dε, (20)

yc =
xc

εcu
·
∫ εcu

0 σc(ε) · b · ε · dε∫ εcu
0 σc(ε) · b · dε

, (21)

Let the maximum value of the combined compressive stress and its distance from the
neutral axis be Equation (22) and Equation (23), respectively.

σcu =
∫ εcu

0
σc(ε)dε, (22)

ycu =

∫ εcu
0 σc(ε) · ε · dε∫ εcu

0 σc(ε)dε
, (23)

Then the combined force C and its distance yc from the neutral axis are Equation (24)
and Equation (25), respectively.

C = xc · b · σcu

εcu
, (24)

yc =
xc

εcu
· ycu, (25)

Let k1 = σcu
fcεcu

,k2 = ycu
εcu

, then the bending moment assumed by the basalt fiber polymer-
modified RPC in the pressure zone is shown in Equation (26).

Mc = C · (h0 − xc + yc) = k1 fcxcb[h0 − (1 − k2)xc], (26)

Given the parameter α, the bending moment assumed by the basalt fiber polymer-
modified RPC in the compression zone is given in Equation (27).

Mc = α fcbx ·
(

h0 − β

2
x
)

, (27)

Combining Equations (26) and (27) to obtain Equation (28).{
α = k1

2(1−k2)

β = 2(1 − k2)
, (28)

According to the basalt fiber polymer-modified RPC compressive stress–strain relation-
ship showed in Equation (29), k1 and k2 were calculated to be 0.693 and 0.615, respectively.
Then bring the k1 and k2 into Equation (28), α and β were calculated to be 0.92 and 0.76,
respectively. {

y = 1.12x + 0.11x2 − 0.65x6 0 ≤ x < 1
y = 1 x ≥ 1

, (29)

Similarly, the curved tensile stress diagram of the tensile zone is equated to a rectangu-
lar tensile stress diagram, and the stress height k ft of the equivalent graph can be deduced
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backward from the equilibrium conditions and the test data. Equations (30) and (31) can be
derived from the equilibrium conditions of forces and moments in Figure 7

0.92 fcbx = fy As + k ftb
(

h − x
0.76

)
, (30)

Mu = 0.92 fcbx
(

h0 − x
2

)
− k ftb

(
h − x

0.76

)[
0.5

(
h − x

0.76

)
− as

]
, (31)

The parameters b, h, h0, α, β, fc, fy, As, as, and ft of Equations (30) and (31) are known
quantities, and the relative compressive zone height x can be obtained by bringing the
test data into Equations (30) and (31). The equivalent coefficient k can be calculated by
bringing the obtained relative compressive zone height x into Equation (30). The calculated
values of k for Beam-1, Beam-2, and Beam-3 are 0.32, 0.33, and 0.29, respectively. In order to
simplify the calculation, the value of k for the reinforcement basalt fiber polymer-modified
RPC beam is safely taken as 0.2.

3.3.3. Calculation of Normal Section Bending Bearing Capacity

Combining Equations (30) and (31), and bringing in the value of k, the ultimate failure
bending moment of the reinforcement basalt fiber polymer-modified RPC beam is obtained
from the equilibrium condition in Equation (32).

{
0.92 fcbx = fy As + 0.2 ftb

(
h − x

0.76
)

Mu = 0.92 fcbx
(
h0 − x

2
)− 0.2 ftb

(
h − x

0.76
)[

0.5
(
h − x

0.76
)− as

] , (32)

The calculated values of the ultimate failure bending moment of each test beam can
be calculated by Equation (32) and compared it with the test value of the ultimate failure
bending moment, as shown in Table 5

Table 5. Calculated and test values of ultimate failure bending moment.

Teat Beam Calculated Value Mc
u(kN· m) Test Value Mt

u(kN· m) Mc
u/Mt

u

Beam-1 43.00 39.40 1.09
Beam-2 49.02 47.00 1.04
Beam-3 55.88 52.20 1.07

From Table 5, it can be seen that the ratio between the calculated and tested values of
the ultimate failure bending moment of the reinforcement basalt fiber polymer-modified
RPC beams have a small variation, and the mean value of this ratio is 1.07, the standard
deviation is 0.02, and the coefficient of variation is 0.02. The data error meets the require-
ments, which shows that the established formula for calculating the normal section bending
bearing capacity of the reinforcement basalt fiber polymer-modified RPC beam is accurate.

3.3.4. Relative Pressure Zone Height and Reinforcement Ratio Range

Using the data of the test beams in this paper and the parameters of the main rebar
used into Equation (33), the relative height of compressive area ξb is 0.48.

ξb =
β

1 + fy
εcuEs

, (33)

In order to ensure that the beam structure meets the moderate reinforcement ratio
damage, it is also necessary to calculate the maximum and minimum reinforcement ratio
of basalt fiber polymer-modified RPC to HRB335 main rebar.

The reinforcement rate of basalt fiber polymer-modified RPC simply supported beam
is the maximum reinforcement rate when meets ξ = ξb. Bringing the test beam parameters
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and results into Equation (34) leads to a maximum reinforcement ratio of about 18% for
HRB335 main rebar for basalt fiber polymer-modified RPC.

ρmax =
As

bh0
=

ξbbh0(0.92 fc + 0.26 ft)− 0.2 ftbh
fybh0

, (34)

The HRB335 reinforcement rate of the basalt fiber polymer-modified RPC beam is the
minimum reinforcement rate when the bending moment limit value of the test beam is
equal to the bending moment of the plain basalt fiber polymer-modified RPC beam with
the same section without reinforcement when it is about to crack. Bringing the parameters
and results of the test beam into Equation (35), the minimum reinforcement rate of HRB335
reinforced basalt fiber polymer-modified RPC is about 0.71%.

ρmin =
As

bh0
=

γ ftW0 − 0.2 ftb
(
h − x

0.76
)[

0.5
(
h − x

0.76
)
+ x

2
]

fy
(
h0 − x

2
)
bh0

, (35)

4. Discussion

In this paper, basalt fiber treated with a coupling agent was used to modify the RPC
material. Visualized scanning electron microscopy (SEM) was adopted to analyze the
microstructure of basalt fiber modified polymer RPC, and the results are shown in Figure 8.
Figure 8a shows that the thickness of the interfacial transition zone between the aggregate
quartz sand and the cement matrix is negligible. Basalt fiber polymer-modified RPC
replaces coarse aggregates in ordinary concrete with fine quartz sand, which eliminates
mechanical, physical and chemical differences between normal concrete aggregates and
mortar. As a result, the internal defects of basalt fiber polymer-modified RPC were reduced
and the compactness was improved. From Figure 8b, it can be seen that the microstructure
of basalt fiber polymer-modified RPC is denser and the hydration products are mainly
dense C–S–H matrix. This is due to the fact that the basalt fiber polymer-modified RPC is
cared for by heat treatment, which makes the hydration process more complete, changing
the properties of the hydration products and reducing the porosity. It can be observed from
Figure 8c that the basalt fibers are distributed in a random direction in the RPC material,
and there is no agglomeration. Figure 8d reveals that the basalt fibers are tightly bonded to
the cement matrix. These characteristics illustrate that basalt fibers form a tight monolith
with the cement matrix, which can jointly withstand stress changes caused by external
loads and temperature. The above-mentioned microstructural characteristics of basalt fiber
polymer-modified RPC are important reasons for its excellent mechanical and durability
properties.

It is owing to the excellent mechanical properties and durability of basalt fiber polymer-
modified RPC composites that this study applies basalt fiber polymer-modified RPC to
simply supported beams and investigates its structural design calculation equations. In
contrast to ordinary concrete, the compressive and flexural strengths of basalt fiber polymer-
modified RPC are substantially increased. Therefore, the flexural strength of concrete in
the tensile zone needs to be considered in the design calculation of basalt fiber polymer-
modified RPC simply supported beams. In this paper, from the calculation principle, the
contribution coefficient of concrete in the tensile zone of basalt fiber polymer-modified
RPC to the bending bearing capacity is 0.2 from the experimental data.
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(a) (b) 

  
(c) (d) 

Figure 8. Microstructure of basalt fiber polymer-modified RPC: (a) Interfacial transition zone between quartz sand and
cement matrix; (b) Dense C–S–H matrix; (c) Basalt fiber 400×; (d) Basalt fiber 1600×.

5. Conclusions

In this study, design calculations of basalt fiber polymer-modified RPC simply sup-
ported beams subjected to four-point bending were studied. Several conclusions derived
based on the experimental results may be summarized as follows:

(1) The hydration products of basalt fiber polymer-modified RPC are mainly dense C–S–
H matrix and the thickness of the interfacial transition zone between the aggregate
quartz sand and the cement matrix is negligible.

(2) Basalt fibers treated with coupling agents in RPC materials are distributed in a random
direction, and the basalt fibers are tightly bonded to the RPC matrix.

(3) The section resistance moment plasticity influence coefficient of the reinforcement
basalt fiber polymer-modified RPC simply supported beam is 1.7; the relative height
of the compressive area is 0.48; the minimum and maximum reinforcement ratios of
HRB335 rebar are 0.71% and 18%, respectively.

(4) The established formulas for cracking moment and normal section bending bearing
capacity is reasonably accurate. The research results of this paper can provide ref-
erences for the design of reinforcement basalt fiber polymer-modified RPC simply
supported beam and promote the wide application of basalt fiber polymer-modified
RPC materials in practical engineering.
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Abstract: The utilization of polymers can strengthen soil, but at a high price. In this study, value coef-
ficients were proposed to evaluate the cost-effectiveness of fiber-reinforced roadbeds, and the effects
of embankment-slope-influencing factors on the value coefficients were analyzed by response surface
methodology. Ultrahigh-molecular-weight polyethylene fiber (UPEF) was used as the reinforcement
material for soil. First, the shear strength parameters of fiber soil with different fiber diameters were
obtained from the direct shear tests to set the parameters of the finite element models. Second, three
factors, namely filling height, slope angle, and fiber diameter, were selected as input parameters
based on the Box–Behnken Design (BBD) experimental design method, and their effects on the value
coefficient of the fiber soil embankment slope were investigated. Finally, the design parameters at the
maximum value coefficient of the fiber soil embankment slope were determined based on the results
of the response surface analysis. The results indicated that the addition of UPEF could effectively
improve the cohesion of the soil; the interaction between the filling height and fiber diameter is most
obvious. The optimization of design parameters based on the value coefficient of the fiber soil slope
is a slope-engineering design method considering comprehensive benefits.

Keywords: polyethylene; fiber soil; embankment slope; response surface

1. Introduction

High-grade roads require a high load-bearing capacity for embankment slopes, and
nearby available soils may not always meet the requirements of high-grade roadbed soils.
Therefore, soil often has to be reinforced to meet the relevant design criteria. Reinforcement
methods for embankment slope soils are mainly divided into chemical stabilization and
physical reinforcement [1]. Chemical stabilization is achieved by adding additives, such
as cement and lime, to soil to improve its strength and stability [2]. However, there are
some disadvantages to chemical stability. For example, the pH of the soil changes after
the additives are mixed with the soil, and this will cause environmental pollution [3].
Therefore, methods of physical reinforcement are increasingly being chosen. Research
related to fiber-reinforced soils as a physical-reinforcement method has been carried out
extensively [4].

Fibers for soil reinforcement include natural fibers and synthetic fibers. Recently, many
studies have been conducted on the use of natural fibers as soil reinforcement materials to
improve the physical and mechanical properties of soils due to their advantages such as
wide distribution of resources, good economic benefits, and environmental protection [5,6].
The incorporation of coir fiber into soil not only enhances its strength and stiffness [7] but
also reduces the seepage velocity of the soil, thereby increasing the piping resistance of the
soil [8]. Fine-grained soil mixed with jute fibers can improve its unconfined compressive
strength under freeze–thaw cycles [9]. In addition, jute fibers with a content of 0.6%
and a length of 6 mm have been added to expansive soil to effectively improve its shear
strength [10]. Palm-fiber-reinforced silty sand with a fiber length of 30 mm and fiber content
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of 0.5% has the best shear-strength reinforcement performance [11]. The shear strength
and deformation of silty clay can be improved with the addition of sisal fibers [12]. The
addition of corn silk and corn starch to soft soils can improve their compaction properties,
and the optimal contents of the additive are 0.5% corn silk and 4% corn starch [13]. A
series of free pressure tests was conducted to examine the effects of human hair fibers
on the reinforcement of clay soils under freeze–thaw cycles, and the results showed a
significant increase in unconfined compressive strength due to the addition of 1.5% human
hair fibers [14]. Similarly, when adding wool to clay, the fiber content of 1.5% remains the
optimal content for compressive-strength enhancement after freeze–thaw action [15].

Despite their impressive performance, natural fibers generally have little moisture
and few biodegradable characteristics, and this can affect the life of the fiber and increase
the cost of the project [16]. Therefore, polymer fiber has gained momentum as one of
the high potential reinforcement materials in road engineering due to its stable and easy
construction [17]. Currently, polypropylene fibers and polyethylene fibers are commonly
used in engineering. Diambra [18] conducted an experimental study on the addition of
polypropylene fibers to Hostun RF sand with different densities and found that the triaxial
compressive strength of fiber-reinforced sand increases significantly with the increase in
polypropylene fiber admixture. A finite element model of the polypropylene fiber soil
embankment slope was established, and the effect of freeze–thaw cycling on it was analyzed
by Gong and He [19]. A series of consolidated drained triaxial tests were carried out by
Med Bouteben to obtain the mechanical parameters of the polypropylene fiber-reinforced
cement–sand soils, which were applied to the numerical analysis of the embankment
finite element model [20]. Li conducted a model roadbed test to investigate the effect
of polypropylene fiber reinforcement on the settlement of the model roadbed, and the
experimental results illustrated that the settlement of the fiber-reinforced soil roadbed is
substantially reduced under high pressure [21]. Akbulut used polyethylene fibers as a
reinforcing material for clay and found that polyethylene fibers can effectively increase
the strength of clay [22]. Notably, from the perspective of environmental protection, some
scholars stirred waste bags or plastics with polyethylene as the main component into soil,
and this method was found to increase the shear strength and deformation resistance of the
soil to a certain extent [23,24]. However, the research results showed that the reinforcement
effect of waste polyethylene fiber is poor, and the quality is difficult to be unified. Therefore,
waste plastic as soil-reinforcement material is not recommended [25].

In embankment-slope filling, the strength of the fiber-reinforced soil and the resistance
of soil to deformation are critical [26]. The increase in strength can improve the stability of
the slope, and the high modulus fiber can reduce the settlement of the slope. The optimal
content is sought to achieve maximum strength. However, from the perspective of compre-
hensive benefits, higher fiber content means higher cost, which leads to poorer economic
benefits, even though the structural load-bearing capacity is increased. Therefore, a com-
prehensive benefit evaluation method of fiber soil slope based on the value engineering
method is proposed in this paper. The research process is shown in Figure 1. On the basis
of the material parameters obtained from the direct shear test, a finite element model of the
fiber soil embankment slope was established to analyze the stability of the slope model.
From the perspective of cost-effectiveness, the response surface model was established
based on the value coefficient of the fiber soil slope, and the best design parameters were
fitted by the model.
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Figure 1. Technology roadmap.

2. Direct Shear Test

2.1. Materials and Sample Preparation

Soil sampling was performed in a subgrade fill in the northeast seasonal freezing
area, China, which is yellowish in color and has a certain cohesiveness. Prior to the direct
shear test, a series of tests were performed on the soil samples to obtain the basic physical
properties of the soil, and this included specific gravity tests, compaction tests, and limit
water-content tests. The basic physical properties of the soil samples are summarized in
Table 1.

Table 1. Basic physical properties of soil samples.

Properties
Specific
Gravity

Maximum Dry
Density (g/cm3)

Optimum Water
Content (%)

Liquid Limit (%) Plastic Limit (%)
Plasticity
Index (%)

Value 2.42 1.725 12.2 34.3 25.0 9.5

Ultrahigh-molecular-weight polyethylene fiber (UPEF) is a high-performance fiber
with high specific strength, high modulus, and corrosion resistance, which can effectively
improve the strength and deformation resistance of fiber soil as a reinforcing fiber. The
UPEF used in the test was made by Shandong Fiber Building Materials Technology Co.,
Ltd, Qindao, China. It is slightly white and has good flexibility. The molecular weight
of UPEF is 1.5 million. UPEF has a density of 0.98, very high tensile strength (3300 MPa)
and elasticity modulus (95 GPa), and good high-temperature stability (melting point of
160 ◦C). The diameter of the fiber is an important factor for the shear strength, and the UPEF
with different diameters can affect the project cost. The commonly used UPEF diameter
specifications in the market are 0.02, 0.12, and 0.2 mm. In the direct shear test, the fiber
content with the mixing ratio of 6‰ and the fiber length of 9 mm were selected based on
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previous research and pre-experiments [4]. Therefore, after precise cutting, the direct shear
test was performed with the UPEF of 9 mm in length.

2.2. Test Procedure

The first step was to prepare the test specimen. The compaction test was conducted
to determine the maximum dry density and the optimum water content of the test soil,
which was the target water content of the direct shear test specimen. First, the initial soil
was dried, crushed, and dried at 105 ◦C to completely evaporate the water. Second, the
dried soil was sieved through a 0.5 mm sieve for the cylinder test piece of the direct shear
test. The dry soil, target moisture content of water, and UPEF were mixed well in a cement
mortar mixer made by Jinrui Test Instrument Co., Ltd, Cangzhou, China after 2 min of
mixing. The variables for this test were fiber diameters of 0 (plain soil), 0.02, 0.12, and
0.2 mm. Compaction of 0.96 was achieved by using hydrostatic forming, according to the
test protocol. Finally, the direct shear specimens were tightly wrapped with cling film to
ensure constant moisture.

The prepared specimens were subjected to direct shear tests. The shear stress of the
soil at the time of damage was obtained from the direct shear test, and the internal friction
angle and cohesion of the soil were calculated based on the Mohr–Coulomb law. The
shear strength of four main groups of soils was measured by the direct shear test. The
four groups comprised plain soils and fiber-reinforced soils mixed with different UPEF
diameters (0.02, 0.12, and 0.2 mm). In the direct shear test, each test group was composed
of six test pieces with applied vertical loads of 50, 100, 150, 200, 250, and 300 kPa. During
the test, when the horizontal displacement value started to decrease, the specimens were
considered damaged, and the shear stress value at this time was recorded as the shear
strength. The test procedure was performed according to the relevant code [27].

2.3. Test Results

Direct shear tests were performed in line with the test protocol, and the peak shear
stresses obtained were processed. The shear strengths of the specimens with different
pressure values were linearly fitted to obtain the shear strength parameters, c and ϕ, which
were calculated by Equation (1):

τ = σ tan ϕ + c (1)

The shear strength parameters of fibrous soils with different UPEF diameters are
presented in Table 2.

Table 2. Shear strength parameters of fiber soil.

Fiber Diameter 0.02 mm 0.12 mm 0.2 mm Plain Soil

Cohesion (Pa) 47,540 62,272 60,291 40,747
Internal Friction Angle (◦) 21.186 21.653 22.568 22.053

A pattern was observed in the data in Table 2; the variation in fiber diameter had
little effect on the internal friction angle of UPEF-reinforced soil, but it could effectively
enhance cohesion. The main strengthening mechanism of UPEF was still the reduction of
shear interface slip caused by the friction between soil particles and fibers [28]. Therefore,
as the fiber diameter increased, the direct contact area between soil particles and fibers
increased, and the increasing interfacial friction was the main factor for the increasing
cohesion. The cohesion enhancement of the fiber soil was not effective as the fiber diameter
exceeded 0.2 mm. Although the interfacial shear strength between a single fiber and the
soil increased, the increase in fiber diameter caused a decrease in the number of interfacial
shear fibers, because the fiber content was certain [4].

176



Polymers 2022, 14, 4295

3. Finite Element Analysis

3.1. Computational Model

The numerical model of fiber soil embankment slope was established by the general
finite element software ANSYS 12.1. The longitudinal length of the embankment slope
is longer than the transverse width, and the disease of the embankment generally occurs
mainly on the outward slope. Therefore, the embankment model can be simplified to
plane model analysis [19]. In the calculation model, the height of the foundation was 50 m,
the top width of the embankment was 36 m, and the fill height and slope angle were the
geometric variables of this study. The geometric model was established in ANSYS and
meshed; boundary constraints and loads were applied. The finite element model with a
slope angle of 30◦ and an embankment filling height of 30 m is presented in Figure 2.

Figure 2. Finite element model of the embankment slope.

Before analyzing the finite element model of an engineering structure, the element type
and material parameters of the element must be determined. Since the longitudinal length
of the long slope is much larger than the transverse size, the slope stability problem can be
classified as a typical plane strain problem. Plane 182 element is a two-dimensional element
model with eight nodes; it is a favorable element to reflect the stress state and deformation
of soil [19]. The element density was set to 1.725 g/cm3, which was the maximum dry
density of the soil obtained from the compaction test. In addition, the constitutive model of
soil was established. The Drucker–Prager (D–P) model was selected as the soil constitutive
model of embankment slope, and it is a commonly used constitutive model to simulate
slope soil in ANSYS software. There are two important soil shear strength parameters in
the D–P model: cohesion (C) and internal friction angle (ϕ), which were derived from the
direct shear test (Table 2).

The finite element geometric model was established based on the geometric parame-
ters. For plane strain problems, Plane182 element has good adaptability. In mesh generation,
each side of the model was divided into at least 10 equal parts to ensure sufficient accuracy
based on the results of the pretest. By uniform division, the non-convergence of model
calculation caused by triangular elements and sharp element angles can be avoided. After
the mesh division of the model, the constraint conditions and loads were set. For both sides
of the foundation boundary, the horizontal displacement was constrained, and the lower
boundary was fully constrained. In addition to setting the self-weight of the embankment
slope as the loading condition, a strip load of size 10.5 kN/m was applied on the top of the
embankment to simulate the traffic load according to the design specification [29].

The stability of the embankment slope was analyzed by the reduction coefficient
method. The shear strength parameters (cohesion and internal friction angle) of the tested
slope soil were converted by the reduction coefficient. On the basis of the reduction
coefficient method, the stability of the embankment slope was analyzed. The shear strength
parameters (cohesion and internal friction angle) of the tested slope were converted by the
reduction coefficient method. After selecting an initial reduction coefficient, F, the internal
friction angle, c′, and cohesion, ϕ′, of the reduced slope soil mass were calculated according
to Equations (2) and (3):

c′ = c
F

(2)
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tanϕ′ = tanϕ

F
(3)

where c and ϕ are the initial cohesion and internal friction angle of the soil, respectively.
For slope stability calculation, the discounted shear strength parameters were substi-

tuted into the finite element model for calculation. If the calculation results converged, the
slope was stable. The reduction coefficient increased for numerical calculations until the
results diverged, at which point, F is the stability coefficient of the slope [30].

3.2. Stability Analysis

After the analysis was completed, the results, such as strain and displacement, were
viewed through the postprocessing module of ANSYS. The calculated results of the plain
soil slope and the UPEF slope with 0.2 mm fiber diameter at a slope angle of 45◦ were
selected for comparison to illustrate the contribution of adding fibers into the soil to the
slope stability of the embankment.

After performing stability analysis and solution, viewing the results in ANSYS post-
processing revealed that the horizontal displacement in the X-direction changed as the
plastic strain developed faster with the increase in the reduction coefficient. When the
reduction coefficient of the plain soil slope increased to 1.5, the calculation result showed
no convergence, which demonstrated that the slope was unstable. The stability coefficient
of the plain soil slope was 1.4, but the stability coefficient of the UPEF slope was 1.7. The
plastic strain of the embankment slope under different fills when the reduction coefficient,
F, was 1.4 is shown in Figure 3.

  
(a) (b) 

Figure 3. Plastic strain diagram with reduction coefficient of F = 1.4. (a) Plain soil slope. (b) Fiber
soil slope.

As shown in Figure 3, the plastic strain of the plain soil slope developed more signifi-
cantly compared with the fiber soil slope when the reduction coefficient, F, was 1.4. The
plastic strain in the plain soil slope extended upward from the foot of the slope, and a
narrow plastic strain zone was about to run through the whole slope, which would make
the slope unstable. The increase in shear strength of UPEF soils resulted in better stabil-
ity of embankment slopes, and this result was more significant in practical engineering,
considering the local restraint effect of UPEF on the soil.

The x-directional displacement extremums for each strength reduction factor are
shown in Figure 4. The x-directional displacement increased continuously as the reduction
coefficient increased and the shear strength decreased. The x-directional displacement
extremums of slope increased rapidly when it was close to instability, so there was a critical
point to reflect the accelerated increase of the x-direction displacement of the slope at a
certain reduction coefficient. The critical point was 1.3 for plain soil slopes and 1.5 for UPEF
slopes, and the extreme value of x-direction displacement for UPEF slopes was always
smaller than that for plain soil slopes with the same reduction coefficient, which fully
demonstrated the high stability of UPEF slopes.
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Figure 4. Extreme values of displacement in the x-direction of embankment slope with different
reduction coefficients.

4. Response Surface Analysis

4.1. Theory and Method
4.1.1. Response Surface Method

The response surface method is a parameter optimization method for experimental
design and statistical analysis proposed by Box and Wilson [31] in 1951 that has good
robustness [32]. The response surface method was used for data analysis, which combined
the experimental design method with data analysis and statistics for optimization and used
explicit polynomial expression to express the implicit function. In the response surface
method, the relationship between the imported variable and the response value is explained
by the following Equation (4):

y = f (x1, x2 · · · xi) + ε (4)

According to the Taylor formula, the response value, y, can be fitted by the response
variables, x1, x2 . . . xi, with polynomial functions, and ε is residual. A common quadratic
polynomial equation is represented in Equation (5) [33]:

Y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiixii
2 +

k−1

∑
i=1

k

∑
j=i+1

βijxixj + ε (5)

where Y represents the shear strength parameters of soil, and β is the undetermined coeffi-
cient estimated by the polynomial fitting function; the most commonly used estimation
method is the least square method; β0 is a constant; βi (i = 1, 2, 3) is the linear coefficient;
βii is the quadratic coefficient of xii; and βij is the interaction coefficient.

The accuracy of the response surface was determined by mathematical statistics. Anal-
ysis of variance (ANOVA) was used to assess the variance of the test sample data. Response
surface models were fitted in accordance with the value coefficients calculated for different
embankment slope models. ANOVA and interaction were used to determine the effect of
different geometric parameters and fiber incorporation on the slope value coefficients.

4.1.2. Value Engineering Method

The value engineering method is a commonly used method to obtain the best cost–
performance ratio. By calculating the value coefficient of the research object, the most
cost-effective conditions of use in the study were determined. For embankment slope
engineering, the value engineering method mainly considers three aspects for parameter
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design: cost performance ratio (V), safety stability coefficient (FI), and project cost (CI). The
relationship among these aspects is shown in Equation (6) [34].

Vi =
FIi
CIi

(6)

where V is the value coefficient, FI is the function coefficient, CI is the cost coefficient, and i
is the label of the implementation scheme for completing the product.

There are specific requirements for the functional requirements of the project in differ-
ent engineering environments, so the functional coefficient in value engineering should
be specified in advance. In the analysis of the slope, the function coefficient is mainly
determined by considering the safety and stability of the slope. The cost coefficient of this
study mainly considered the cost of materials used to fill the slope. In this paper, the main
influencing factor of the project cost was the amount of fiber. The total cost was obtained
by multiplying the cost of fiber per unit area and the total area. The value coefficients
were selected to judge the cost effectiveness of different slope-filling solutions, as well
as to determine the most cost-effective parameter design solutions based on the value
coefficients of slopes with different design parameter conditions.

4.2. Response Surface Test Result

The Box–Behnken Design (BBD) is the most widely and commonly used design in
response surface methodology due to its fewer experimental requirements and excellent
results [35]. The stability coefficient of the fiber soil embankment slope was analyzed by
the value engineering calculation method. A higher value coefficient indicates that it has a
relatively high safety coefficient at a lower price cost, which conforms to the principle of
safety and economy in engineering design. In this paper, the slope angle, filling height, and
fiber diameter were used as the response variables, and the value coefficient was used as
the response value to evaluate the comprehensive economy of the UPEF soil embankment
slope under the corresponding design parameters. The corresponding response surface
fitting equation was established based on the calculation results obtained by the value
engineering method.

It is worth noting that the commonly used design parameters are mainly considered
as analysis variables when selecting parameters. In this paper, there are three design
parameters, namely fill height, slope, and fiber diameter. These three factors affect the
geometry and material parameters of the finite element model and are related to the slope
stability and cost. The fill height and slope angle were commonly used design values for
slopes, and the design value of fiber diameter was also the most commonly used value
in the market. Three levels of the three design parameters were set. The slope angle of
the embankment slope was designed between 0.3 and 0.6; the fiber diameters of 0.02,
0.12, and 0.2 mm were used. The fiber filling height was 0-layer filling, half filling, and
all filling in three ways. The response surface test scheme was designed by using the
professional test design software Design Expert. A response surface design with three
levels and three factors was obtained by using the BBD experimental design method. The
design of the response surface test protocol requires the coding of the influencing factors.
The high, medium, and low values of the influencing factors correspond to the codes 1,
0, and −1, respectively, and the coding table is shown in Table 3. The response surface test
protocols designed based on Table 3 are listed in Table 4, which also contains the response
values (value coefficient) corresponding to the different run numbers.

Table 3. Code of influencing factors.

Coding Levels Filling Height (h)/m Fiber Diameter (d)/mm Slope Angle (s)/◦

−1 0 0.02 30
0 15 0.12 45
1 30 0.20 60
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Table 4. Calculation table of value coefficients.

Run Number
Influencing Factors Response Values

A: h (m) B: s (◦) C: d (mm) Value Coefficient

1 0.00 60.00 0.02 7.7381
2 0.00 60.00 0.12 7.7381
3 0.00 30.00 0.12 7.19697
4 0.00 45.00 0.20 7.07071
5 15.00 60.00 0.02 6.92226
6 15.00 30.00 0.02 7.3776
7 15.00 45.00 0.12 7.86218
8 15.00 60.00 0.20 8.4317
9 15.00 30.00 0.20 7.8264
10 30.00 45.00 0.02 7.15488
11 30.00 30.00 0.12 7.24638
12 30.00 60.00 0.12 7.76398
13 30.00 45.00 0.20 7.80533

4.3. Statistical Analysis

The value coefficients obtained from the analysis were fitted, and a trivariate regression
fitting formula was obtained as shown in Equation (7):

F = 7.83 − 0.091 × A + 0.022 × B − 11.93 × C − 2.28 × 10−5 × AB + 1.1 × AC
−0.027 × A2C + 0.21 × BC − 1.97 × 10−3 × A2 − 3.39 × 10−4 × B2 − 10.19C2 (7)

The accuracy of the value coefficient response surface of fiber soil slope was deter-
mined by statistical method. ANOVA is a commonly used method to evaluate the difference
in value coefficient changes caused by design parameters. A fitted regression model ex-
pressed by Equation (9) was constructed based on the value coefficient calculation results
provided in Table 4, and the accuracy of the model simulation was determined by ANOVA.
The value coefficients in Table 4 were entered into Design Expert for ANOVA, and the
ANOVA results are presented in Table 5.

Table 5. ANOVA for response parameters.

Source
Sum of
Squares

Degree of
Freedom

Mean Square F-Value
p-Value
Prob > F

Model 2.38 10 0.24 18.37 0.0010
A-h 0.17 1 0.17 13.39 0.0106
B-s 9.92 × 10−3 1 9.92 × 10−3 0.77 0.4153
C-d 0.19 1 0.19 14.90 0.0084
AB 1.09 × 10−4 1 1.09 × 10−4 8.42 × 10−3 0.9299
AC 0.80 1 0.80 61.75 0.0002
BC 0.32 1 0.32 24.55 0.0026
A2 0.16 1 0.16 12.32 0.0127
B2 0.026 1 0.026 1.97 0.2099
C2 0.026 1 0.026 2.02 0.2055

A2C 0.55 1 0.55 42.42 0.0006
Residual 0.078 6 0.013 - -
Cor Total 2.46 16 - - -

The F-test was performed on the regression fit equation, and the magnitude of the
discriminated p-value determined the significance of the fitted equation; the smaller the
p-value, the higher the significance [36]. The Model F-value of 18.37 implied that the model
was significant. There was only a 0.10% chance that a “Model F-value” this large could
occur due to noise. Values of “Prob > F” greater than 0.10 indicated that the model terms
were not significant. Values of “Prob > F” less than 0.05 indicated that model terms were
significant. In this case, A, C, AC, BC, A2, and A2C were significant model terms.

The above ANOVA on the response surface model of value coefficient showed that
the slope angle, filling height, and parameters of fill material had a large influence on the
value coefficient of the fiber soil slope. The analysis of the F-value demonstrated that the
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fiber diameter had the greatest significance on the value coefficient, and the UPEF soil
filling height had the lowest F-value; therefore, its influence was relatively less significant.
The F-value of the multiple-times term was larger, thereby indicating that the influence of
several influencing factors on the value coefficient had a non-linear influence.

In the analysis process of the response surface method, the accuracy of the regression
equation was verified by testing the residual normality distribution of the response values
(value coefficients) and by comparing the predicted values with the analyzed values. These
inspections are shown in Figures 5 and 6.

  
(a) (b) 

Figure 5. Residual distribution diagram of the response variable. (a) Internally studentized residuals
vs. run number (The red line is the residual range line). (b) Normal probability vs. internally
studentized residuals (The red line is the residual regression line).

 

Figure 6. Comparison of calculated and predicted values (The black line is a 45 degree diagonal).

The residual value level is also a powerful condition to reflect the quality of the math-
ematical model. The closer the residual normal distribution plot is to a straight line, the
denser the observations near the regression line are, and the better the fit is [35]. A probabil-
ity plot of the normal distribution of residuals for the response surface model was plotted
(Figure 5). The value coefficients of the fibrous soil slopes were mainly distributed on a slop-
ing straight line, which indicated that the results of the value coefficient analysis showed
an approximately normal distribution. In addition, the residual distribution indicated that
the residuals were usually random and showed the accuracy of the model [37].

Figure 6 shows a good fit for the response surface model. According to Figure 6, most
of the analyzed data points were concentrated above the 45-degree sloping straight line,
and only a few calculated points were discrete, which showed that the actual values were
very close to the predicted values of the model. Therefore, the fitted equation obtained by
regression, using the response surface method, could accurately predict the value coefficient
of the fiber soil slope.

In addition, the applicability and significance of the model were checked by various
statistical factors in Table 6. The coefficient of variation (CV) is the ratio of the standard
deviation (SD) to the mean, which is a normalized measure to reflect the degree of dispersion
of the model. In this case, the coefficient of variation was 1.49%, which indicated the high
accuracy of the model. R2 is a common metric used to test predictive models, comparing how
well the predicted results match the actual occurrence. The proposed model showed an R2 of
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0.9684, which was a high value indicating a strong agreement between the predicted and true
values based on the response surface. “Pred R-Squared” was a negative value, which implied
that the overall mean was a better predictor of response than the current model.

Table 6. ANOVA for models.

Statistic Factors Value Statistic Factors Value

SD 0.11 R-Squared 0.9684
Mean 7.62 Adj R-Squared 0.9157
CV % 1.49 Pred R-Squared −0.1629
PRESS 2.86 Adeq Precision 16.734

The value coefficient was not only related to the safety coefficient but also closely related
to the project cost. The three factors were closely related to the above two. The interaction
between factors was studied to determine the change in response value under the coupling of
multiple factors. The response surface and contour map could intuitively reflect the impact
of interaction on the response value. The steeper the surface and the denser the contour, the
more significant the impact, and the stronger the interaction between the two factors. The
contours of the factor interactions and the response surfaces are shown in Figure 7.

  
(a) 

  

(b) 

  

(c) 

Figure 7. Response surface and contour plots. (a) Interaction between fiber diameter and slope angle.
(b) Interaction between filling height and slope angle. (c) Interaction between filling height and
fiber diameter.
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Figure 7 shows that the three influencing factors of slope angle, filling height, and
incorporated fiber diameter had a significant interaction; the interaction between the filling
height and fiber diameter was the most obvious. As the fiber diameter increased, the
safety coefficient of the soil increased, but so did the cost; the increase in filling height
not only changed the value coefficient caused by itself, but it also made the interaction
more pronounced due to the fact that the increase in filling height was accompanied with
an increase in fibers. The interaction between the fiber diameter and slope angle was
very strong, whereas the interaction between the fill height and slope angle was strong
to some extent. Thus, each influencing factor did not independently affect the value
coefficient of UPEF soil slope, and this result was consistent with the ANOVA results of the
interaction term.

In the interaction between fiber diameter and slope angle, the response surface was
mainly an oblique upward surface, because the value coefficients all increased with the
increase in the influencing factor. Its oblique direction was mainly toward the direction of
fiber diameter, so the influence of fiber diameter on the value coefficient was large. The
response surface of filling height versus slope angle was spherical, and the contour ar-
rangement was sparser when the slope angle of the side slope was larger. In the interaction
between filling height and fiber diameter, the response surface was a complex surface
similar to the saddle surface, the contour arrangement was very dense, and the interaction
between the two was very significant. The value coefficient increased and then decreased
as the filling height increased, and this indicated that the interaction of the two factors had
a complex effect on the value coefficient.

The above contour map and response surface map showed that the contour map
under the interaction of the three influencing factors in the whole boundary range was
in the shape of opening, thus showing that the extreme value of the UPEF slope value
coefficient may not appear in the selected parameter design range. On the basis of the
obtained response surface equation, combined with the optional conditions for the design
value coefficient of fiber soil slope, the optimal design parameters were obtained. The
optional conditions were set, as shown in Equation (8):

MaxFT = f (A, B, C)
s.t.
30 ≥ A ≥ 0
60 ≥ B ≥ 30
0.2 ≥ C ≥ 0.02

(8)

In the above equation, FT is the fitted response value; A, B, and C are the filling height,
slope angle, and fiber diameter, respectively. As shown in Equations (9) and (10), the
optimal design parameters for determining the soil slope based on the value coefficient of
UPEF soil slope were obtained as follows: the filling height of 18.52 m, the fiber slope angle
of 56.11◦, and the fiber diameter of 0.19 mm (value coefficient of 8.48).

5. Conclusions

The shear strength parameters of UPEF soil were measured through direct shear tests,
and the slope stability was analyzed by using the finite element analysis model. The value
coefficient of fiber soil slope was calculated based on the value coefficient method. The
following conclusions were obtained by analyzing the value coefficient of the fiber soil
embankment slope based on the response surface method:

(1) Compared with plain soil, the internal friction angle of fiber-reinforced soil showed
no obvious change, but the cohesion was significantly enhanced. When analyzing the
slope with ANSYS, the stability of the fiber-reinforced soil embankment slope showed
a significant improvement.

(2) The results of the ANOVA indicated that the fiber diameter had the most significant
effect on the value coefficient; the response surface illustrated the interaction between
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the three influencing factors, and the interaction between the fiber diameter and filling
height is the most significant.

(3) The cost-effectiveness of the fiber soil slope was obtained by studying the strength
reduction coefficient and value engineering method, and a regression polynomial
with significant fitting effect was obtained to provide a reference for the actual project.
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Abstract: Construction of high-speed railway subgrade on loess soils in the Loess Plateau is risky
because such soil is susceptible to differential settlements. Various soil-improvement methods have
been used to enhance the mechanical properties of loess. Lime-ash soil and cement-lime soil are
the most commonly used methods in the improvement of loess subgrade, while few studies have
been found on loess subgrade improvement by using composite material consisting of traditional
materials and new materials. A series of direct shear tests and unconfined compressive tests were
conducted on the loess specimen with the addition of three kinds of composite materials: traditional
material cement, new material polypropylene fiber and SCA-2 soil curing agent. The numerical
simulation was conducted on loess subgrade in an actual engineering practice. The experimental
results show that cement, polypropylene fiber and SCA-2 soil curing agent can effectively improve the
shear strength and compressive strength of loess, and the influence degree is cement > fiber > curing
agent. Additionally, based on the relative strength characteristics of the improved loess, an optimal
improvement scheme for the composite-material-modified loess was obtained: 16% cement content
+ 0.5% fiber content + 4% curing agent content. The numerical simulation results revealed that the
compressive strength index of the improved loess has a significant impact on the subgrade settlement,
and the optimal improvement scheme obtained from comprehensive analysis can effectively improve
the settlement of high-speed railway subgrade under vibration load.

Keywords: loess; composite material; improvement; high-speed rail; subgrade settlement

1. Introduction

High-speed railway subgrade has been identified as one type of an important founda-
tion of bearing track structures and trains [1–3]. It is known that excessive settlement of
the subgrade will cause serious disasters such as subgrade collapse and train derailment
(Figure 1); however, the millimeter-level settlement-control standard of high-speed railway
lines poses unprecedented challenges to subgrade engineering, which is a special issue for
loess soils in loess areas of China [4].

Loess soils are characterized by a metastable structure, high porosity, water sensitivity
and being loosely compacted [5–7], which leads to a high risk of disaster under external
forces [8–10]. Thus, constructions of high-speed railway in loess areas are prone to uneven
settlement of high fill embankment, subgrade slope instability and other engineering
disasters [11,12]. Therefore, effectively improving the loess and controlling the settlement
and deformation of the subgrade has become a significant problem that needs to be solved
urgently in the current high-speed railway construction. At present, it is recognized that the
improved subgrade has been widely used in high-speed railway engineering [13,14]. Japan,
Germany and other countries have clearly stipulated that the railway subgrade could be
improved by cement, lime and other materials. For the improvements of soil subgrade,
the common treatment methods include physical and chemical methods. Generally, the
physical improvement method is a way to change soil gradation by adding coarse particles
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such as sand and gravel [15], and the chemical improvement is usually employed by mixing
cement [16], lime [17,18] and polypropylene fiber [19,20] into the soil.

 

Figure 1. Typical high-speed railway foundation settlement disasters in China: (a) Xiaoyong railway
collapse disaster; (b) Kunming railway collapse disaster; (c) Longhai railway collapse disaster;
(d) South Tongpu railway collapse disaster.

In recent years, research scholars have carried out a series of studies on the improve-
ment of subgrade in loess areas by using traditional materials including cement, lime, etc.
and by using new improvement materials such as polypropylene fiber, curing agent, etc.
By conducting field compaction tests on loess with different lime contents, Zhang et al. [21]
investigated the effects of moisture content, lime content and compaction strength on the
compaction characteristics of loess subgrade. The results show that the improvement effect
of lime on loess increases with water content. Jiang et al. [22] studied the influence of
cement content, compaction coefficient and curing time on the mechanical strength index
of cement-modified loess (CML) compacted by vertical vibration compaction (VVCM),
and finally established a model to predict the growth law of strength characteristics of
CML. With the general improvement of environmental protection awareness, new environ-
mentally friendly improvement materials have been used in soil improvement [23–25]. By
extracting lignin from waste paper to improve loess with different contents, and carrying
out triaxial tests and SEM observations on the modified loess, Wang et al. [26] found that
when the lignin content was 4%, the modified loess had the best liquefaction resistance and
compactness. Wang et al. [20] studied the role of polypropylene fiber played as a reinforc-
ing material to enhance the mechanical properties of loess. Through ring shear tests, the
optimum content of polypropylene fiber to improve loess properties was found to be 0.5%.

Previous studies revealed that the mechanical properties such as compressive
strength [27,28] and shear strength [29] of the improved soil are significantly enhanced,
which thus can effectively decrease the settlement deformation of high-speed railway
subgrade under external load. Additionally, it has been widely recognized that the im-
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provement of soil mass by adding a variety of composite materials with a certain mixing
ratio is better than that by adding a single material [30,31]. At present, the addition of
lime-ash or cement-lime mixes to soil is the most-used method for the improvement of
loess subgrade, while few studies were found on the improved materials improve loess
subgrade by combining new materials with traditional materials [32].

In this study, to explore a new method of loess subgrade improvement, traditional
improvement materials (cement) and new improvement materials (polypropylene fiber,
SCA-2 soil curing agent) were selected to form composite materials with different contents
to improve loess. By conducting a series of laboratory test and orthogonal analysis, the
influence of composite material dosage on the strength index of improved loess was studied.
Additionally, the influence of different strength indexes of the improved loess on subgrade
settlement was also discussed by conducting numerical simulation. Finally, the best scheme
of the composite material to improve loess was obtained, which can provide new ideas and
experimental reference for the improvement of high-speed railway subgrade in loess areas.

2. Materials and Methods

2.1. Materials

The loess samples were collected from a high-speed railway subgrade in Xi’an, Shaanxi
Province of China (Figure 2). The grain-size distribution curve of soil sample was deter-
mined by conducting sieve analysis (Figure 3a). The basic physical indexes including dry
density, water content, specific gravity, liquid limit (WL) and plastic limit (Wp) shown in
Table 1, were determined according to the Chinese National Standards (CNS) GB/T50123–
1999 [33]. The results reveal that the soil sample has a relatively low water content and
low dry density. According to the Casagrande plasticity chart shown in Figure 3b, the
loess is classified as a low-plastic clay. Three improvement materials used in the test are
as follows: the ordinary portland cement with a strength grade of 42.5 [17], the chemical
composition of which is shown in Table 2; the bundle monofilament polypropylene fiber
with 6 mm length [31], the main physical and mechanical properties of which are shown in
Table 3; and the SCA-2 soil curing agent (dark gray) is produced in Qingdao, China, which
is a polymer organic liquid curing agent with pH value less than 1, strong cohesiveness,
high-concentration liquid and density ranging from 1.30 to 1.35 g/cm3.

Figure 2. Location map of the sampling site.
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Figure 3. Physical properties of loess specimens showing: (a) grain-size distribution curve;
(b) Casagrande plasticity chart.

Table 1. Basic physical indexes of loess.

ρd W ρ GS WL Wp
Grain Size Fractions (%)

<0.005 mm 0.005–0.075 mm 0.075–0.05 mm

1.35 12 1.51 2.70 27.1 17.6 26.4 71.3 2.3

Notes: ρd = dry density (g/cm3); W = natural water content (%); ρ = natural density (g/cm3); GS = specific gravity;
WL = liquid limit (%); Wp = plastic limit (%).

Table 2. The main chemical composition of cement.

Raw
Material

Chemical Composition (%)

CaO Fe2O3 SiO2 Al2O3 MgO SO3 LOI

Cement 63.89 4.53 22.78 5.46 0.79 1.31 1.24

Table 3. Physicomechanical characteristics of polypropylene fiber.

Type
Density
(g/cm3)

Diameter
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(MPa)

Melting Point
(◦C)

Bundle
monofilament 0.91 0.045~0.18 ≥350 ≥3600 165~175

2.2. Experimental Program and Procedure

In this study, the effects of the composite material composition on the shear strength
and compressive strength of loess soil were investigated by conducting direct shear and
unconfined compression tests on soil samples added with different amounts of improving
materials, i.e., cement, polypropylene fibres and curing agent SCA-2. The contents of added
materials were expressed on a dry basis of loess soil and varied from 0 to 16% for cement,
from 0 to 1% for fibres and from 0 to 16% for the curing agent [24]. The content of materials
is controlled by the ratio of the materials amount to the dry loess amount. The orthogonal
test method was used to design the test scheme, which can discuss the influence of each test
factor on the strength index under the premise of lower test quantity [34]. L25 (56) orthogonal
table was adopted in this test, and there were 25 combination ratio schemes (Table 4).
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Table 4. Test scheme.

Sample
No.

Cement
Content

(%)

Fiber
Content

(%)

Curing
Agent

Content
(%)

Sample
No.

Cement
Content

(%)

Fiber
Content

(%)

Curing
Agent

Content
(%)

1 0 0 0 14 8 0.75 0
2 0 0.25 4 15 8 1 4
3 0 0.5 8 16 12 0 12
4 0 0.75 12 17 12 0.25 16
5 0 1 16 18 12 0.5 0
6 4 0 4 19 12 0.75 4
7 4 0.25 8 20 12 1 8
8 4 0.5 12 21 16 0 16
9 4 0.75 16 22 16 0.25 0

10 4 1 0 23 16 0.5 4
11 8 0 8 24 16 0.75 8
12 8 0.25 12 25 16 1 12
13 8 0.5 16 — — — —

During sample preparation, the cement, fiber and curing agent were mixed according
to the established ratios listed in Table 4. To be more specific, the mixture was added in
sequence (first cement, then fiber, then curing agent). After that, water was added into the
mixed soil samples according to the optimal moisture content of loess (14%) by compaction
test. Finally, different samples were prepared by sample preparation instrument. Each
group sample includes two kinds of samples: four ring-knife samples with a diameter of
61.8 mm and height of 20 mm were prepared, and a cylindrical sample (i.e., approximately
50 mm in diameter and 100 mm in height) was prepared (Figure 4). The compaction
coefficient K of the prepared samples was controlled to be 0.93. The prepared samples were
wrapped in plastic and stored in a sealed container that prevents evaporation for about
7 days before conducting tests to obtain uniform water content within samples [22].

 

Figure 4. The improved loess samples: (a) cylindrical samples; (b) ring knife samples.
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3. Results

To study the influence of the various test factors on the strength indexes of loess, the extreme
difference analysis and the variance analysis methods were applied to the results of direct shear
stress and unconfined compressive tests. In addition, the influences of various factors on the
internal friction angle, cohesion and compressive strength of loess were also discussed.

3.1. Test Results

Due to the limited space, the test results of some samples were selected in Figure 5.
The peak shear stress of improved loess in the direct shear tests was identified as the failure
shear strength when the peak shear stress emerged. Conversely, without the emergence
of the peak shear stress, the shear stress corresponding to 15% strain was determined to
be the shear strength. Then, the internal friction angle and cohesion of modified loess can
be obtained by Mohr–Coulomb theory. The axial stress–strain curve of the unconfined
compressive strength test of some samples is shown in the Figure 5b; the stress–strain
curve showed a strain-softening trend, so the maximum axial pressure was identified as the
unconfined compressive strength of the improved loess. Additionally, if the stress–strain
curve showed a strain-hardening trend, the stress was taken as the unconfined compressive
strength of the sample when the axial strain was 15%.

 

Figure 5. Test results of some samples: (a) shear stress–shear displacement curve of direct shear tests;
(b) axial stress–strain curve of unconfined compressive tests.

3.2. The Extreme Difference Analysis Results

The extreme difference analysis is an important method in the analysis of orthogonal
test results [35], which can represent the average value of the test index (i.e., friction angle,
cohesion and compressive strength) corresponding to a single factor at a specific level. The
change under the same conditions reflects the different levels of influence impacting the
test indexes. By comparing the extreme difference average value R (difference between
maximum and minimum average values under different contents) of test indexes, the
influence degree of each factor on the test index was directly obtained. It is worth noting
that the greater R value demonstrates the greater influence of this factor on the test index.

To more intuitively analyze the influence level of various factors on test indexes, the
content of cement, fiber and curing agent was taken as the abscissa, and the average value
of the test index corresponding to the addition of cement, fiber and curing agent with
different content was set as the ordinate; the influence trend diagram of the test result index
under different levels of each factor is shown in Figures 6–8.

The influence of various factors on the relevant mechanical properties of the improved
loess is shown in Figures 6–8. By comparing the average value R, the level of influence of
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cement, polypropylene fiber and curing agent on the internal friction angle, cohesion and
compressive strength was obtained as follows: cement > polypropylene fiber > SCA-2 soil
curing agent. Additionally, it can be found that the cement content is positively correlated
with the average value of the internal friction angle, cohesion and compressive strength
of improved loess, and with the increase in curing-agent content, the average strength
index of improved loess increases at first and then decreases, reaching the maximum value
when the curing agent content is about 4%. However, the variations of internal friction
angle, cohesion and compressive strength of loess soils with polypropylene fibers are
quite different; the average value of internal friction angle increases continuously with the
increase in fiber content, while the average cohesion and compressive strength increase
first and then decrease with the increase in fiber content, and reach the maximum when the
fiber content is approximately 0.25% and 0.5%, respectively.

.

RA= RC=RB=

Figure 6. The influence of various factors on the internal friction angle.

 

RA= RB= RC=

Figure 7. The influence of various factors on the cohesion.
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RA= RB= RC=

Figure 8. The influence of various factors on the compressive strength. Notes: RA, RB and RC

represent the extreme difference of each strength index under different contents of cement, fiber and
curing agent, respectively.

3.3. The Variance Analysis Results

It must be considered that range analysis can directly analyze the impact of test
factors on the results, but ignores the impact of error [36]. To better analyze test results,
data-analysis software SPSS was employed to conduct variance analysis on the results. In
this software, p (when p < 0.05, it means that the factor has a significant influence on the
dependent variable) was analyzed. Therefore, the significance of the influence factors on
the test index was investigated, which can provide reference for the study of the optimal
content of each experimental factor.

The variance analysis results (Tables 5–7) show that the order of influence of cement,
polypropylene fiber and curing agent on internal friction angle, cohesion and compressive
strength is as follows: cement > fiber > curing agent, which is consistent with the results
obtained from the extreme difference analysis (Figures 6–8). By comparing the significance
p value, it can be found that cement has a great influence on the internal friction angle,
cohesion and compressive strength of improved loess, while polypropylene fiber has a
greater influence on the internal friction angle and compressive strength compared with
cohesion. Additionally, little effect of SCA-2 curing agent on the internal friction angle,
cohesion and compressive strength of improved loess was found.

Table 5. Results of variance analysis of internal friction angle.

Class III Sum
of Squares

Degrees
of Freedom

Mean
Square

F p

Modified model 1492.3 12 124.4 5.0 0.005
Intercept 20,793.1 1 20,793.4 833.1 0.000
Cement 918.4 4 229.64 9.2 0.001

Fiber 490.2 4 122.6 4.9 0.014
Curing agent 83.6 4 20.9 0.8 0.527

Error 299.5 12 25.0
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Table 6. Results of variance analysis of the cohesion.

Class III Sum
of Squares

Degrees
of Freedom

Mean
Square

F p

Modified model 23,171.4 12.0 1930.9 1.8 0.162
Intercept 106,268.4 1.0 106,268.4 98.7 0.000
Cement 13,730.7 4.0 3432.7 3.2 0.043

Fiber 3239.1 4.0 809.8 0.8 0.575
Curing agent 6201.6 4.0 1550.4 1.4 0.280

Error 12,918.0 12.0 1076.5

Table 7. Results of variance analysis of the compressive strength.

Class III Sum
of Squares

Degrees
of Freedom

Mean
Square

F p

Modified model 15,366.6 12.0 1280.6 10.0 0.000
Intercept 38,181.2 1.0 38,181.2 299.6 0.000
Cement 12,511.4 4.0 3127.9 24.5 0.001

Fiber 1606.6 4.0 401.7 3.2 0.048
Curing agent 1248.5 4.0 312.1 2.4 0.103

Error 1529.2 12.0 127.4

According to the extreme difference analysis results and the variance analysis results,
it is found that the maximum value of internal friction angle, cohesion and compressive
strength of the improved loess was achieved by the addition of 16% cement, 4% SCA-2 soil
curing agent and 1–0.25% polypropylene fiber.

4. Numerical Simulation of Settlement of High Railway Foundation

In this paper, MIDAS/GTS finite-element-analysis software was used to simulate the
settlement of high railway foundation in actual engineering practice. The improvement
scheme obtained from the test results was used to improve the subgrade, and the settlement
of the improved subgrade under the vibration load of high-speed railway was compared,
then the best improvement scheme for improving the railway foundation in the loess area
was obtained and the feasibility of the loess improvement scheme was also tested.

4.1. Model Description

According to the Chinese national technical standard “Standard of Railway Subgrade
Desiga” (TB10001–2016) [37], the finite element model of train dynamic subgrade is es-
tablished; the section length and height of the model are 70 m and 38.3 m, respectively
(Figure 9a), and the extension length of subgrade is 50 m (Figure 9b). The numerical simu-
lation model is divided into 6920 units and the boundary is viscoelastic. The embankment
thickness of the high-speed railway subgrade is 3 m, which is the main part of subgrade
improvement. The way to improve the embankment was to use the construction method of
layered filling; the embankment was divided into six layers, with each layer being 50 cm
high, and the improved loess in the embankment was sandwiched by loess.

To simulate the vibration load caused by the train running, the moving axle load
of periodic loading and unloading was applied to the high railway foundation model
(Figure 10). The calculated high-speed rail speed is 300 km/h. The train time history
analysis module in Midas numerical simulation software was used, the simulation results
data were assessed over an interval of 0.03 s and the variation in the settlement in the
duration of 3 s was analyzed when the train passed by.
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Figure 9. Model diagram of high-speed railway subgrade. (a) Schematic diagram of the standard
section of subgrade (unit: m); (b) 3D model of high-speed railway subgrade (unit: m).

 
Figure 10. Time-history curve of excitation force load.

The high-speed railway subgrade is mainly divided into the following parts: track
slab, road bed, surface layer of subgrade bad (graded gravel), bottom layer of subgrade bad
(A B fillers), embankment (improved part) and lower soil (loess). According to the results
of the orthogonal test, three improvement schemes were obtained, which gave priority to
the influence of the internal friction angle (16% + 1% + 4%), cohesion (16% + 0.25% + 4%)
and compressive strength (16% + 0.5% + 4%), respectively, and these schemes were denoted
by schemes X, Y and Z, respectively (the content order of the improved scheme is: cement
content + fiber content + curing agent content). To acquire the optimal fiber content, the
modified scheme W (16% + 0.75% + 4%) was added. The relevant numerical simulation
parameters of the above materials were obtained through laboratory tests and literature
review [38]. The cohesion and internal friction angle of loess and improved loess were
obtained by using the Coulomb–Mohr theory through direct shear tests, and the elastic
modulus was obtained from the results of unconfined compressive strength tests. The
calculation parameters of the finite element model are shown in Table 8.
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Table 8. Calculation parameters of the finite element model.

Parameter h c ϕ E μ γ

Track board 0.3 — — 325,00 0.18 26
Ballast bed 0.5 40 — 220 0.23 22

Surface layer
of subgrade 1.5 30 20 200 0.32 22

Bottom layer
of subgrade 3 42 28 150 0.32 21

Embankment
(Loess) 3 26.21 13.7 21.07 0.4 17

(Scheme X) — 117.35 35.78 64.87 0.37 18
(Scheme Y) — 140.86 27.42 71.92 0.37 18
(Scheme Z) — 135.66 30.43 85.37 0.37 18
(Scheme W) — 131.17 32.36 79.46 0.37 18

Notes: h = thickness (m); c = cohesion (kPa); ϕ = internal friction angle (◦); E = elastic modulus (kPa);
μ = Poisson ratio; γ = bulk density (kN/m3).

4.2. Numerical Simulation Results

Settlement variation of unimproved high railway subgrade is shown in Figure 11.
Using the model section interception method (Figure 11b), the settlement contour map of
the section with the greatest subgrade settlement was obtained (Figure 11c). As seen in
Figure 11, the settlement phenomenon of the high-speed railway subgrade without im-
provement is obvious when a single high-speed railway train passes by, with the maximum
settlement value of the subgrade reaching about 1.48 mm.

Figure 11. Settlement contour map of unimproved high-speed railway subgrade. (a) Three-dimensional
contour map; (b) schematic diagram of section position; (c) section diagram of maximum settlement.

The changes in settlement of high-speed railway subgrade after improvement are
shown in Figure 12. After the improvement of the scheme X, the settlement of high-speed
railway subgrade is greatly decreased, and the maximum settlement drops to 1.09 mm,
which is 0.37 mm lower than that of the unimproved high-speed railway subgrade. The
maximum settlement of the high-speed railway subgrade improved by the scheme Y is
0.92 mm, which is 0.54 mm lower than that of the unimproved subgrade. The improvement
effect of scheme Z is pronounced, with the maximum settlement only 0.72 mm, which is
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0.74 mm less than that of the unimproved high-speed railway subgrade. The maximum
settlement of the high-speed railway subgrade improved by the scheme W is 0.79 mm,
which is 0.67 mm less than the unimproved subgrade. Clearly, the improvement scheme
Z has the best effect on the improvement of high-speed railway subgrade, thus the best
improvement scheme for improving the high-speed railway foundation with composite
materials is obtained: 16% cement content + 0.5% fiber content + 4% curing agent content.

Figure 12. Settlement contour map of high-speed railway subgrade after improvement. (a) Scheme X;
(b) scheme Y; (c) scheme Z; (d) scheme W.

5. Discussion

5.1. Influence Mechanism of Different Materials on the Strength Properties of Modified Loess

Through direct shear test and unconfined compressive strength test, it can be found
that the improvement effect of cement, polypropylene fiber and SCA-2 soil curing agent on
the internal friction angle, cohesion and compressive strength of modified loess is quite
different. The reason is that the three modifying materials have different ways of interacting
with loess [39], and the influence degree on the relevant strength characteristics of loess is
also quite different (Figure 13).

The addition of cement will react with water to produce cement hydrate [40] that
forms a cement-soil skeleton between soil particles [29], which makes the soil particles more
closely connected and increases the friction resistance on the surface of the particles. With
the increase in cement content, cement hydrate even generates gel to wrap soil particles to
form aggregates (Figure 13a,c), which makes the soil cemented and hardened. Therefore,
this can further explain the phenomenon in Figures 6–8 that the internal friction angle,
cohesion and compressive strength of the modified loess increase continually with the
increase in cement content.

As shown in Figure 13a,b, the random distribution of polypropylene fibers in soil
can form a three-dimensional reinforcement network that is similar to the antislide pile,
which can increase the interface friction of soil and restrict the relative movement of soil
particles [39,41]. Therefore, the internal friction angle of the modified loess can be greatly
increased, and this can further explain the phenomenon shown in Figure 6 that the fiber
content and the internal friction angle is positively correlated. However, for the cohesion
of modified loess, the addition of a small amount of polypropylene fiber causes friction
and interlocking between fibers and between fibers and soil particles [42]. An increase
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in the fiber content will cause obvious cracks and pores in the soil [20], resulting in a
negative effect. Consequently, as seen in Figure 7, when the fiber content is 0.25%, the
improved loess has the greatest cohesion. For the compressive strength of improved loess,
cement enhances the compressive capacity of loess, and thus the improved loess is prone
to brittle fracture. The addition of an appropriate amount of fiber enhances the ductility of
the soil [31], and this can further explain the phenomenon illustrated in Figure 8 that the
compressive strength of the modified loess is the maximum when the fiber content is 0.5%.

 

Figure 13. Microscopic schematic diagram of the mechanism of composite materials improving loess
(modified from Yan et al. 2021). (a) General schematic diagram; (b) polypropylene fiber; (c) cement;
(d) SCA-2 soil curing agent.

SCA-2 soil curing agent is mainly composed of sodium silicate and polyacrylamide,
can chemically react with cement to produce gel, which can wrap soil particles, reduce
pores in soil, and thus increase the cohesion and compressive strength of modified loess [43].
However, when the content of curing agent exceeds 4%, the soil produces a saturation
reaction to it (Figures 6–8), and the excess liquid curing agent fills the pores of the soil and
acts as a lubricant, which reduces the strength index of the soil (Figure 13a,d), and this
can further explain the phenomenon shown in Figures 6–8 that the internal friction angle,
cohesion and compressive strength of the modified loess increased firstly with the curing
agent content and then decreased from the maximum strength at the content of 4%.

5.2. Influence of Loess Strength Characteristics on Subgrade Settlement

The influence of the strength characteristics of modified loess on subgrade settlement
is complicated. From the experimental results and numerical simulation results, it can
be found that the improvement scheme can effectively reduce the settlement of high-
speed railway subgrade. Through analyzing the settlement change curve of subgrade
after the train passes by (Figure 14), three stages of subgrade settlement were identified:
the instantaneous settlement stage, in which the settlement of high railway subgrade
under train dynamic load reaches the maximum value in a very short time; the settlement
attenuation stage, due to the influence of the change of train dynamic load; and the
settlement stable stage, in which the settlement attenuation decreased to a certain value [44].
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Figure 14. Time-history curve of subgrade settlement.

The subgrade settlement and its variation under different improvement schemes were
compared (Figure 15), and the results show that the compressive strength of improved
loess has the most influence on the settlement of high-speed railway subgrade, followed by
cohesion, and the influence of the internal friction angle is relatively little, indicating that
the settlement of subgrade is more affected by the compressive capacity of soil compared
with the shear strength of loess. Therefore, when considering the improvement of high
railway foundation filler in loess area, the compressive strength of modified loess should
be given priority under the premise of comprehensively considering the improvement of
loess strength indexes.

Figure 15. Changes in the maximum settlement of each improvement scheme.

Using the direct shear test, unconfined compressive test and numerical simulation
analysis, the influence of single train passing on subgrade settlement was investigated.
Considering that long-term settlement of loess subgrade was frequently found, which is
attributed to the influence of long-term vibration load, the influence of long-term train
vibration load on loess subgrade settlement would be studied in future research.
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6. Conclusions

In this paper, a series of direct shear tests and unconfined compressive tests were
conducted on the loess specimens improved by the composite material consisting of cement,
polypropylene fiber and SCA-2 soil curing agent. The influence of the improvement scheme
obtained from the test on the subgrade settlement was studied by numerical simulation.
The following conclusions can be drawn:

(1) Cement, polypropylene fiber and SCA-2 soil curing agent can effectively improve
the shear strength and compressive strength of loess, and the degree of influence of ce-
ment, polypropylene fiber and curing agent on the internal friction angle, cohesion and
compressive strength is cement > fiber > curing agent.

(2) Based on the orthogonal test results and MIDAS numerical simulation method, the
optimal improvement scheme for composite materials to improve loess was obtained: 16%
cement content + 0.5% fiber content + 4% curing agent content.

(3) Through the numerical simulation calculation method, it is found that the com-
pressive strength index of the improved loess has a significant impact on the subgrade
settlement, and the optimal improvement scheme obtained can effectively decrease the
settlement of high-speed railway subgrade under vibration load, and can effectively avoid
safety accidents caused by cumulative subgrade settlement.
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Abstract: To improve the limitations of lime-treated subgrade soil (LS), a series of unconsolidated
and undrained triaxial tests were conducted to investigate the improvement effect of fiber modified
lime-treated soil (PLS) and fly ash modified lime-treated soil (FLS). The test results showed that
(1) The deviatoric stress-strain curves of LS, PLS, and FLS were basically of the softening type.
(2) The addition of fiber and fly ash improved the ductility and stiffness of LS. The ductility of
PLS increased by 134% compared with LS, while the mechanical strength of FLS increased by 53%.
(3) The microscopic tests showed that a denser skeleton structure was generated inside LS with
the addition of fiber and fly ash. (4) The deviatoric stress-strain curves of LS, PLS, and FLS under
different confining pressures were better characterized with the CES curve model. The above results
indicate that fiber and fly ash can effectively improve the mechanical characteristics of lime-treated
subgrade soil.

Keywords: polypropylene fiber; fly ash; lime-treated subgrade soil; mechanical characteristics;
microscopic test; curve model

1. Introduction

In the subgrade project, the uneven settlement of subgrade often occurs under the
influence of a soft foundation, leading to significant cracks in the pavement and affecting
its comfort and stability [1,2]. Therefore, it is the focus of research to improve the soft soil
subgrade with low strength and high compressibility in engineering construction [3–5].
Currently, a series of solidifying materials (e.g., cement, lime, and fly ash) are usually used
to improve the poor mechanical characteristics of soft soils, and finally realize the stability
and safety of the subgrade project [6–8].

Because of its advantages of high compressive strength, strong water, ability, and low
cost, lime-treated soil was commonly used in subgrade construction [9]. However, some
research showed that the application of lime-treated soil caused tensile failure and serious
deformation problems in some projects [10–12]. Hence, a great deal of materials were used
by researchers to improve the limitations of lime-treated soil, and found that fibers and fly
ash were better modification materials [13–17]. For example, some studies showed that
fibers had a good effect on the tensile strength, ductility, crack resistance, and brittle failure
of lime-treated soils to some extent, while that of fly ash could enhance its shear strength,
bearing capacity, and deformation resistance [18,19]. Rudramurthy et al. [20] studied the
effects of different fiber contents on the mechanical characteristics of lime-treated clay by
a series of unconfined compressive strength tests, and found that the ductility and brittle
failure of soil samples were improved by adding 1% fibers. Dhar et al. [21] proposed
that the mechanical characteristics of lime-treated clay were improved after adding fiber.
Turan et al. [22] used unconfined compression tests to investigate the improvement effect
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of fly ash on the lime-treated clay, and their results indicated that the compressive strength,
brittleness index, and secant modulus of soil samples were enhanced. Li et al. [23] studied
lime-treated clay modified with fiber and fly ash with an unconfined compression test,
and suggested that the addition of fly ash and fiber increased the stiffness and ductility
of soil samples. Ghosh et al. [24] investigated the modification effect of fly ash on lime
soil under the conditions of soaking and non-soaking, and pointed out that fly ash could
strengthen the hydration reaction of lime and enhance the mechanical strength of soil
samples. The above-mentioned literature reviews show that fibers and fly ash can be used
as a modifying material to improve the limitations of lime-treated soils. Moreover, the
influence of confining pressure is rarely considered in the current research. In practical
engineering, the soil reinforcement layer is usually buried underground, thus the influence
of confining pressure on soil mechanical characteristics cannot be ignored [25].

In summary, a series of unconsolidated and undrained triaxial (UU) tests and SEM
tests were carried out to investigate the mechanical characteristics and micro-structure of
modified soils. Meanwhile, a CSE curve model is proposed to analyze the stress and strain
characteristics of modified soils, providing help for the application of FLS and PLS in the
subgrade engineering construction, design, and numerical simulation.

2. Experimental Scheme

2.1. Test Materials and Scheme

The subgrade soil was taken from a construction site in Shaoxing City, Zhejiang
Province, China. Its physical property indexes shown in Table 1, which is from the research
of Wang et al. [25].

Table 1. Physical property indexes of subgrade soil [25].

Density
(g·cm−3)

Pore Ratio
Water

Content (%)
Liquid

Limit (%)
Plastic

Limit (%)
Liquidity

Index
Plastic
Index

1.65 1.64 33.0 46.2 26.4 1.7 19.8

The length of polypropylene (PP) fiber used in the test was 6 mm obtained from
Shaoxing City, Zhejiang Province, China. Its appearance is shown in Figure 1. In addition,
the main technical indexes shown in Table 2, which is from the research of Wang et al. [25].

The lime was produced in Xinyu City, Jiangxi Province, China. The main compo-
nent contents of lime were 89.4% CaO, 1.8% MgO and 8.8% other components by oxide
composition analysis [13].

 

Figure 1. Polypropylene fibers.
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Table 2. Main technical indexes of polypropylene fiber [25].

Fiber Type
Diameter

(μm)
Length
(mm)

Tensile Strength
(MPa)

Elasticity Modulus
(GPa)

Stretch Limits
(%)

Bunchy
monofilament 18–48 6 >358 >3.50 >15

The fly ash was produced in Shaoxing City, Zhejiang Province, China. The main
component contents of fly ash were 8.9% CaO, 25.3% Al2O3, 12.4% Fe2O3, 35.6% SiO2 and
17.8% other components by oxide composition analysis. Due to the content of CaO in fly
ash being 8.9%, lower than 10%, it thus belonged to class F fly ash as per the Standard
Specification for Coal Fly Ash (ASTM C618, 2019) [26].

The UU test instrument used in the test was the TKA-TTS-3S, produced by Nanjing
TKA Technology Co., Ltd. [25].

Table 3 shows the mass dosing scheme of different modified samples. According to
previous works [13], the optimum values of lime content and water content were used.
Meanwhile, the 1% PP fiber content and 12% fly ash content were determined as per the
research results of Wang et al. [25] and Zhou et al. [27].

Table 3. Mass dosing scheme of different samples.

Group

Water Content
(%)

Lime Content
(%)

Fiber Content
(%)

Fly Ash Content (%)

mwater
m f lyash+mlime+mdrysoil

× 100% mlime
mdrysoil

× 100% m f iber
mlime+mdrysoil

× 100% m f lyash
mlime+mdrysoil

× 100%

LS 17.5 6 0 0
PLS 17.5 6 1 0
FLS 17.5 6 0 12

2.2. Sample Preparation

According to the Chinese National Geotechnical Test Standard (GB/T 50123 1999) [28]
and the test mix proportion designed in Table 3, the sample preparation steps are divided
into the following steps:

(1) Place the subgrade soil in an oven with the constant temperature for 24 h, set the
temperature to 105 ◦C, and then fully crush the subgrade soil.

(2) The fully crushed subgrade soil is sieved with a 2 mm standard sieve in order to
remove soil particles and impurities with a particle size greater than 2 mm in the
subgrade soil.

(3) According to the mix proportion designed in the test scheme, weigh a certain quality
of subgrade soil, lime, PP fiber, fly ash, and water, and let stand for 24 h after mixing
evenly. When the lime-treated soil is initially hydrated, the triaxial sample is made
with a three-valve saturator. The height of the sample is 80 mm and its diameter is
39.1 mm.

(4) After the samples are prepared, they are put in a standard curing box for curing for
seven days. The curing temperature and humidity are 20 ◦C and 95%, respectively.

3. Test Results and Discussion

3.1. Mechanical Characteristics
3.1.1. Deviatoric Stress and Strain Characteristics

Through a series of triaxial UU tests, the deviatoric stress-strain curves of modified
soils are obtained and shown in Figure 2. It can be seen from Figure 2 that the stress-
strain curves of LS, PLS, and FLS samples are basically softening types. According to the
ASTM D2850-15 [29], the axial strain (ε = 15%) is considered to be the maximum strain level.
In addition, the peak stress (qp), peak strain (εp) and residual stress (qr) of the modified soils
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obtained from the deviatoric stress-strain curves are summarized in Table 4. Among them,
the peak stress and residual stress reflect the resistance to shear damage of soil samples
and its residual strength after damage.

 
(a) (b) 

 
(c) 

Figure 2. Stress-strain curves. (a) LS sample; (b) PLS sample; (c) FLS sample.

Table 4. Mechanical parameters of modified samples.

Soil Samples
Confining

Pressure (MPa)
Peak Stress

qp (MPa)
Peak Strain

εp (%)
Residual Stress

qr (MPa)

LS

0.1 0.7 2.5 0.4
0.2 0.9 4.4 0.7
0.3 1.2 6.0 1.0
0.4 1.4 6.4 1.2

PLS

0.1 0.8 4.9 0.6
0.2 1.1 5.7 0.9
0.3 1.3 9.8 1.2
0.4 1.5 15.0 1.5

FLS

0.1 1.0 1.0 0.5
0.2 1.4 1.5 0.8
0.3 1.7 2.4 1.1
0.4 2.1 2.5 1.5
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From Table 4, it can be seen that when the confining pressure is 0.4 MPa, compared
with 0.1 MPa confining pressure, the peak stress of LS, PLS, and FLS increase by 98, 85 and
117%, the strain at peak stress increase by 156%, 206%, and 144%, and the residual stress
increase by 168, 145 and 177%, respectively. Compared with LS, the peak stress of PLS
and FLS increase by 10–19% and 40–53%, the strain at peak stress increase by 31–134% and
58–65%, and the residual stress increase by 26–42% and 12–27%, respectively. The above
results indicate that with the increase of confining pressure, fiber perform a good effect on
improving the ductility and secondary damage resistance of LS, while fly ash is mainly
used to enhance its bearing capacity and strength.

3.1.2. Shear Strength Curve

When the normal stress and shear stress are the abscissa and ordinate, the Mohr’s
circle of modified soils are drawn in the τ–σ stress plan with (σ1 + σ3)/2 and (σ1 − σ3)/2 as
the center and radius [25] and shown in Figure 3. Meanwhile, the shear strength parameters
c and φ of soil samples are obtained and listed in Table 5.

 
(a) (b) 

(c) 

Figure 3. Mohr’s circle. (a) LS sample; (b) PLS sample; (c) FLS sample.

Table 5. Strength parameters.

Group Strength Equation c (MPa) φ (◦)

LS τ = 0.63σ + 0.13 0.13 32.3
PLS τ = 0.64σ + 0.16 0.16 32.6
FLS τ= 0.86σ + 0.14 0.14 40.8

As shown in Table 5 and Figure 3, the cohesion c of LS, PLS and FLS samples are
0.13 MPa, 0.16 MPa and 0.14 MPa, the internal friction angles φ are 32.3, 32.6 and 40.8◦,
respectively. Compared with LS samples, the c value of PLS and FLS samples increased
by 23.1 and 7.7%, and the φ value of FLS samples increased by 26.3%. It can be found
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that the addition of fiber and fly ash improved the shear strength of LS to a certain extent.
The effect of fiber and fly ash are realized by increasing the cohesion and internal friction
angle of soil sample. The test results are similar to the existing literature [30,31], in which
the mechanical characteristics and micro-structure of fiber and fly ash modified lime soft
soil had been studied. The main reason was that lime generated a large amount of gelling
matrix during the hydration process, which combine with fiber and soil particles to form
more compact particle gels, thus improving the ductility and cohesion of LS. Meanwhile,
the addition of fly ash promotes the hydration reaction of lime and fill its internal pores,
thus increasing the bearing capacity and internal friction angle of sample. As shown in
Tables 4 and 5, with the addition of fiber and fly ash, the bearing capacity, ductility, and
shear strength of LS is improved to some extent.

3.2. Failure Characteristics
3.2.1. Stress Softening Coefficient

The peak stress qp and residual stress qr are the traditional characteristic points of
stress-strain curve. For further analyzing the softening characteristics of samples, the stress
relative softening coefficient k is defined as follows [32]:

k =
qp − qr

qp
× 100% (1)

where that the smaller k is, the closer the qp and qr values of the stress-strain curve are,
the less obvious the softening characteristics are, and the more difficult the sample is to
break; when k = 0, the curve shows hardening curve. By calculating the data in Table 6
using Equation (1), the softening coefficients of LS, PLS and FLS samples can be obtained
and are shown in Table 6.

Table 6. Failure characteristics of modified samples.

Soil
Samples

Confining
Pressure (MPa)

Softening
Coefficient

k (%)

Brittleness Index
I (MPa)

Secant Modulus
E50 (MPa)

LS
0.1 36.7 0.6 0.5
0.4 14.5 0.2 0.4

PLS
0.1 24.4 0.3 0.3
0.4 0.0 0.0 0.2

FLS
0.1 44.3 0.8 1.3
0.4 28.9 0.4 1.2

Comparing the data in Table 6, it can be found that the softening coefficients of LS,
PLS, and FLS samples under the confining pressure of 0.4 MPa are reduced by 60, 100,
and 35%, respectively, compared with that of 0.1 MPa. Compared with LS samples, the
softening coefficient of PLS sample is reduced by 100%. In Figure 4b, it can also be found
that the deviatoric stress-strain curve of the PLS sample shows a hardening type under
high confining pressure. On the contrary, the softening coefficient of FLS samples increased
by 130%. The results showed that the addition of fiber could significantly improve the
softening characteristics of LS samples.
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(a) (b) 

 
(c) 

Figure 4. SEM images of modified soil samples. (a) LS sample; (b) PLS sample; (c) FLS sample.

3.2.2. Brittleness Index

To further investigate the brittle failure characteristics of soil samples in the shear
failure process, Consoli et al. [33] proposed an evaluation index called brittle index I, and
its calculation formula is shown in Equation (2):

I = qp/qr − 1 (2)

where the greater the I value, the more obvious the brittle failure of samples. The brittleness
index of samples calculated by Equation (2) are shown in Table 6. When the confining
pressure is 0.4 MPa, compared with 0.1 MPa confining pressure, the brittleness index of LS,
PLS, and FLS samples decrease by 71, 100 and 50%, respectively. Meanwhile, Compared
with LS samples, the brittleness index of PLS samples decrease from 44 to 100%, and that
of FLS samples increase from 27 to 203%. It indicates that when the confining pressure
increases, fiber have the optimum improvement effect on the brittleness of LS samples.

3.2.3. Secant Modulus

For studying the ability of samples to resist deformation, Kutanai et al. [34] used the
secant modulus E50 as the evaluation criteria and the calculation equation is as follows:

E50 =
q50

ε50
(3)
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where ε50 represents the strain at 50% peak stress, and q50 represents the stress value against
the strain at 50% peak stress. The secant modulus of samples obtained by Equation (3) is
plotted in Table 6. It can be seen that when the confining pressure is 0.4 MPa, compared
with 0.1 MPa confining pressure, the secant modulus of LS, PLS, and FLS samples decrease
by 28, 41 and 11%, respectively. Compared with LS samples, the secant modulus of PLS
samples decreases from 44 to 53%, and that of FLS samples increase from 140 to 198%. It
indicates that the addition of fly ash has a greater improvement effect on the stiffness of
LS samples. The secant modulus of samples decreases with increasing confining pressure,
because the improvement effect of confining pressure on the brittleness of samples is better
than that of the rigidity. For example, the brittleness index of LS, PLS, and FLS samples
decreased by 71, 100 and 50%, respectively. The brittleness of the samples is improved
significantly, which hinders the rigidity increase of the samples to a certain extent.

3.3. Microscopic Analysis

To analyze the micro-structure of modified soils, the JSM-6360LV type high vacuum
and low vacuum scanning electron microscope (SEM) was used, which was produced by
Tokyo, Japan, Electronics Co., Ltd. The damage samples after the triaxial tests of modified
soils were put into the oven to dry for 24 h and then SEM tests were performed. Figure 4 is
the SEM images of modified soil samples.

As can be seen from Figure 4a, the LS sample has different sizes of gelling particles,
its overall structure is poorly compacted, and there are more pores between the gelling
particles. With the admixture of PP fibers and fly ash, the overall structure of LS sample is
improved to some extent. In Figure 4b, PP fibers are closely bonded to the gelling particles.
When the soil sample is stressed, interfacial friction is generated between the fiber and
gelling particles, improving the damage resistance of soil sample, while in Figure 4c, fly
ash mainly plays a role in promoting lime hydration and pore filling, which makes the
internal structure of LS more compact, improving the mechanical strength of LS sample.
The mechanical characteristics are expressed as follows: the brittle failure of LS samples
is improved by adding fiber, while the addition of fly ash improves its rigidity, as shown
in Table 6. Jiang et al. [35] investigated the improvement effect of PP fibers on the micro-
structure of LS by microscopic tests and suggested that fibers mainly played a bonding role
in LS. Zhou et al. [27] proposed that fly ash would promote the hydration reaction of lime
and form large gelling particles with soil particles to fill the pores of the sample, resulting
in a significant increase for its mechanical strength.

3.4. Discussion

In summary, PP fibers and class F fly ash modified lime-treated soils are innovative
and feasible. The results of triaxial tests and SEM tests indicated that the mechanical
characteristics and micro-structure of lime-treated soils were improved by adding PP fiber
and class F fly ash. Among them, the fiber forms a close bond with the lime gelling particles
and soil particles, thus improving the ductility and brittleness of LS. While the fly ash mainly
promotes the hydration reaction of lime and fills the pores of soil sample, thus increasing
the strength, toughness, and stiffness of LS. Jiang et al. [34] proposed that the compressive
strength and tensile strength of lime-treated soils were significantly enhanced due to the
better bonding structure between the 1% fiber and lime gelling particles. Abdi et al. [36]
concluded that incorporating fiber into lime-treated soil could significantly increase the
shear strength, compressive strength, and ductility of soil samples. Meanwhile, the fiber
significantly reduced the cracks of soil in subgrade engineering and landfills. Eskisar [37]
investigated the application prospects of fly ash modified lime in subgrade engineering and
proposed that fly ash modified lime could significantly improve the compressive strength,
bearing capacity, and stability of subgrade soil. Moreover, although good triaxial test results
are obtained for fly ash and fiber modified lime soils, further modeling developments are
needed for their application in engineering design.
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4. CSE Curve Model

In subgrade engineering, the study of soil constitutive model is related to the reliability
of numerical calculation results, and the relationship between stress and strain is the core
issue to accurately describe the mechanical characteristics of soils. In this study, the CSE
model proposed by Wang et al. [38] was used to analyze the stress-strain characteristics of
treated soils in Equation (4).

q = a sin[b(1 − exp(−cε))] (4)

In Equation (4), deviatoric stress q = σ1 − σ3; ε represents the axial strain. a, b and c
are the non-negative undetermined parameters, obtained by fitting to the test data of soil
samples. The simulation results are shown in Table 7. It can be seen from Table 7 that there
is a certain correlation between the fitting parameters of samples under different confining
pressures, which can be analyzed through quadratic function, as shown in Equation (5).
Table 8 shows the fitting parameters and the resulting formulas.

y(abc) = jσ2 + mσ + n (5)

where y(abc) represents the corresponding value of parameters a, b, and c, respectively, σ
represents different confining pressures, and j, m, and n are fitting parameters. To obtain
the CSE prediction models for the three samples, the formulas in Table 8 are substituted
into Equation (4), and the results are shown as follows:

1. LS samples:

q = (2.09σ + 0.52) sin[(11.75σ2 − 7.01σ + 2.99)(1 − exp((8.75σ2 − 3.75σ − 0.24)ε))] (6)

2. PLS samples:

q = (2.89σ + 0.54) sin[(−4.65σ + 2.71)(1 − exp((8σ2 − 4.72σ + 0.09)ε))] (7)

3. FLS samples:

q = (3.42σ + 0.61) sin[(−0.53σ + 2.51)(1 − exp((0.72σ − 0.66)ε))] (8)

Table 7. Fitting results of CSE model.

Group σ (MPa) a b c R2

LS

0.1 0.73 2.42 0.56 0.99
0.2 0.93 2.01 0.55 0.93
0.3 1.13 1.99 0.67 0.95
0.4 1.36 2.05 0.31 0.96

PLS

0.1 0.85 2.28 0.31 0.93
0.2 1.04 1.89 0.51 0.96
0.3 1.50 0.99 0.63 0.96
0.4 1.66 1.03 0.51 0.93

FLS

0.1 0.96 2.45 0.59 0.92
0.2 1.28 2.4 0.49 0.95
0.3 1.55 2.35 0.46 0.95
0.4 2.01 2.29 0.36 0.98

To sum up, the accuracy of CSE model is verified by comparison with the measured
stress-strain curves of modified soil samples, and the results are shown in Figure 5, where
PC is the predicted curve and TR is the measured value. It can be seen from Figure 5 that the
prediction results of CSE model are in good agreement with the measured data, thus the CSE
model can better characterize the stress-strain characteristic of modified soil samples under
different confining pressures. Moreover, the feasibility of CSE model was verified by the
indoor tests and mathematical derivation in the previous works of the authors [38]. When it
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is similar to the research background in this study, the stress-strain curve of corresponding
samples can be predicted and analyzed by the CSE model, providing assistance for the
application of CSE model in the subgrade design and numerical simulation.

Table 8. Fitting parameters and formulas.

Group j m n R2 Formula

a
LS 0 2.09 0.52 0.99 y = 2.09σ + 0.52

PLS 0 2.89 0.54 0.96 y = 2.89σ + 0.54
FLS 0 3.42 0.61 0.99 y = 3.42σ + 0.61

b
LS 11.75 −7.01 2.99 0.95 y = 11.75σ2 − 7.01σ + 2.99

PLS 0 −4.65 2.71 0.91 y = −4.65σ + 2.71
FLS 0 −0.53 2.51 0.99 y = −0.53σ + 2.51

c
LS −8.75 3.75 0.24 0.85 y = −8.75σ2 + 3.75σ + 0.24

PLS −8 4.72 −0.09 0.98 y = −8σ2 + 4.72σ − 0.09
FLS 0 −0.72 0.66 0.96 y = −0.72σ + 0.66
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Figure 5. CSE prediction model verification. (a) LS sample; (b) PLS sample; (c) FLS sample.
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5. Conclusions

In this study, PP fibers and fly ash were used to improve the triaxial mechanical
characteristics of lime-treated subgrade soil. Through a series of triaxial UU and SEM tests,
the mechanical characteristics and micro-structure of modified soils were investigated.
Meanwhile, the CSE model was proposed to analyze the stress-strain characteristics of
modified soils. The relevant results are as follows:

(1) The stress-strain curves of LS, PLS, and FLS samples are both of the weak softening
type, which can be better fit by the proposed CSE model.

(2) Fly ash has a good lifting effect on the mechanical strength of lime-treated subgrade
soil, while fiber mainly acts on the ductility lifting thereof. For example, when the
confining pressure is 0.4 MPa, compared with LS samples, the peak stress, peak strain,
cohesion, internal friction angle, and secant modulus of FLS increased by 53, 65, 23,
26 and 53%, and PLS increased by 19, 134, 8, 0 and 198%, respectively.

(3) The addition of fiber and fly ash improve the overall structure of LS samples to a
certain extent and make its overall skeleton compact and denser.

It is worth noting that the effects of impurities in the sample, the sample size, and
the optimum mass content of fibers and fly ash are not considered in this study, which
is worthy for further research. Meanwhile, for the applicability of the CSE model, it is
necessary to establish a relevant experimental database for its further study in the future.

Author Contributions: Conceptualization, W.W. and C.Z.; formal analysis, B.L.; investigation, N.L.;
writing—original draft preparation, C.Z.; writing—review and editing, W.W. and S.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
52179107) and China Scholarship Council (201607910002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, W.; Kang, H.; Li, N.; Liu, Y. Experimental investigations on the mechanical and microscopic behavior of cement-treated
clay modified by Nano-MgO and fibers. Int. J. Geomech. 2022, 22, 04022059. [CrossRef]

2. Karkush, M.-O.; Yassin, S. Using sustainable material in improvement the geotechnical properties of soft clayey soil. J. Eng. Sci.
Technol. 2020, 15, 2208–2222.

3. Onyelowe, K.C. Review on the role of solid waste materials in soft soils reengineering. Mater. Sci. Energy Technol. 2019, 2, 46–51.
[CrossRef]

4. Peter, L.; Jayasree, P.K.; Balan, K. Optimization, quantification of Strength and Design Benefits of Flexible Pavements Resting on
Soft Soil Subgrades Treated with Coir Waste and Lime. J. Nat. Fibers 2022, 19, 1805–1818. [CrossRef]

5. Zhang, C.; Wang, W.; Zhu, Z.-D.; Li, N.; Pu, S.-Y.; Wan, Y.; Huo, W.-W. Triaxial Mechanical Characteristics and Microscopic
Mechanism of Graphene-Modified Cement Stabilized Expansive Soil. KSCE J. Civ. Eng. 2022, 26, 96–106. [CrossRef]

6. Xiao, H.; Wang, W.; Goh, S.H. Effectiveness study for fly ash cement improved marine clay. Constr. Build. Mater. 2017,
157, 1053–1064. [CrossRef]

7. Ojuri, O.O.; Adavi, A.A.; Oluwatuyi, O.E. Geotechnical and environmental evaluation of lime–cement stabilized soil–mine tailing
mixtures for highway construction. Transp. Geotech. 2017, 10, 1–12. [CrossRef]

8. Zimar, Z.; Robert, D.; Zhou, A.; Giustozzi, F.; Setunge, S.; Kodikara, J. Application of coal fly ash in pavement subgrade
stabilisation: A review. J. Environ. Manag. 2022, 312, 114926. [CrossRef] [PubMed]

9. Auler, A.C.; Pires, L.F.; Dos Santos, J.A.B.; Caires, E.; Borges, J.A.R.; Giarola, N.F.B. Effects of surface-applied and soil-incorporated
lime on some physical attributes of a Dystrudept soil. Soil Use Manag. 2017, 33, 129–140. [CrossRef]

10. Wang, Z.; Zhang, W.; Jiang, P.; Li, C. The Elastic Modulus and Damage Stress–Strain Model of Polypropylene Fiber and Nano
Clay Modified Lime Treated Soil under Axial Load. Polymers 2022, 14, 2606. [CrossRef]

11. Kafodya, I.; Okonta, F. Density control method for compression test of compacted lime-flyash stabilised fiber-soil mixtures.
MethodsX 2018, 5, 848–856. [CrossRef] [PubMed]

215



Polymers 2022, 14, 2921

12. Bozbey, I.; Kamal, N.A.; Abut, Y. Effects of soil pulverisation level and freeze and thaw cycles on fly-ash- and lime-stabilised high
plasticity clay: Implications on pavement design and performance. Road Mater. Pavement Des. 2017, 18, 1098–1116. [CrossRef]

13. Jiang, P.; Zhou, X.; Qian, J.; Li, N. Experimental Study on the Influence of Dry–Wet Cycles on the Static and Dynamic Characteristics
of Fiber-Modified Lime and Fly Ash-Stabilized Iron Tailings at Early Curing Age. Crystals 2022, 12, 568. [CrossRef]

14. Madarvoi, S.; Rama, P.-S. Mechanical characterization of graphene-hexagonal boron nitride-based kevlar-carbon hybrid fabric
nanocomposites. Polymers 2022, 14, 2559. [CrossRef]

15. Lisuzzo, L.; Caruso, M.R.; Cavallaro, G.; Milioto, S.; Lazzara, G. Hydroxypropyl Cellulose Films Filled with Halloysite Nan-
otubes/Wax Hybrid Microspheres. Ind. Eng. Chem. Res. 2021, 60, 1656–1665. [CrossRef]

16. Lisuzzo, L.; Cavallaro, G.; Milioto, S.; Lazzara, G. Halloysite nanotubes filled with MgO for paper reinforcement and deacidifica-
tion. Appl. Clay Sci. 2021, 213, 106231. [CrossRef]

17. Linh, N.; Chuong, B.; Liem, T.-N. Dioctyl phthalate-modified graphene nanoplatelets: An effective additive for enhanced
mechanical properties of natural rubber. Polymers 2022, 14, 2541.

18. Zhang, J.; Li, C. Experimental Study on Lime and Fly Ash–Stabilized Sintered Red Mud in Road Base. J. Test. Eval. 2018,
46, 1539–1547. [CrossRef]

19. Wei, L.; Chai, S.X.; Zhang, H.Y.; Shi, Q. Mechanical properties of soil reinforced with both lime and four kinds of fiber. Constr.
Build. Mater. 2018, 172, 300–308. [CrossRef]

20. Rudramurthy, G.; Ramasamy, P.; Rajendran, A. Stabilization of Clayey Soil Using Lime and Prosopis Fibers. In Conference of the
Arabian Journal of Geosciences; Springer: Cham, Switzerland, 2018; pp. 259–261. [CrossRef]

21. Dhar, S.; Hussain, M. The strength behaviour of lime-stabilised plastic fibre-reinforced clayey soil. Road Mater. Pavement Des.
2019, 20, 1757–1778. [CrossRef]

22. Turan, C.; Javadi, A.; Consoli, N.C.; Turan, C.; Vinai, R.; Cuisinier, O.; Russo, G. Mechanical Properties of Calcareous Fly Ash
Stabilized Soil. In Proceedings of the EuroCoalAsh, Dundee, UK, 10–12 June 2019; pp. 184–194.

23. Li, L.; Zhang, J.; Xiao, H.; Hu, Z.; Wang, Z. Experimental Investigation of Mechanical Behaviors of Fiber-Reinforced Fly Ash-Soil
Mixture. Adv. Mater. Sci. Eng. 2019, 2019, 1–10. [CrossRef]

24. Ghosh, A.; Subbarao, C. Strength Characteristics of Class F Fly Ash Modified with Lime and Gypsum. J. Geotech. Geoenvironmental
Eng. 2007, 133, 757–766. [CrossRef]

25. Wang, W.; Zhang, C.; Guo, J.; Li, N.; Li, Y.; Zhou, H.; Liu, Y. Investigation on the Triaxial Mechanical Characteristics of
Cement-Treated Subgrade Soil Admixed with Polypropylene Fiber. Appl. Sci. 2019, 9, 4557. [CrossRef]

26. C618-19; Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete. ASTM International:
West Conshohocken, PA, USA, 2019.

27. Zhou, S.-Q.; Zhou, D.-W.; Zhang, Y.-F.; Wang, W.-J. Study on Physical-Mechanical Properties and Microstructure of Expansive
Soil Stabilized with Fly Ash and Lime. Adv. Civ. Eng. 2019, 2019, 1–15. [CrossRef]

28. GB/T 50123-1999; Chinese National Geotechnical Test Standard: Beijing, China, 1999.
29. D2850-15; Standard Test Method for Unconsolidated-Undrained Triaxial Compression Test on Cohesive Soils. ASTM International:

West Conshohocken, PA, USA, 2015.
30. Wang, Y.; Guo, P.; Li, X.; Lin, H.; Liu, Y.; Yuan, H. Behavior of Fiber-Reinforced and Lime-Stabilized Clayey Soil in Triaxial Tests.

Appl. Sci. 2019, 9, 900. [CrossRef]
31. Ghosh, A.; Subbarao, C. Microstructural Development in Fly Ash Modified with Lime and Gypsum. J. Mater. Civ. Eng. 2001,

13, 65–70. [CrossRef]
32. Wang, W.; Song, X.; Zhou, G. Composite exponential-hyperbolic model for stress-strain curve of seashore soft soil. Chin. J. Geotech.

Eng. 2010, 32, 1455.
33. Consoli, N.C.; Prietto, P.D.M.; Ulbrich, L.A. Influence of Fiber and Cement Addition on Behavior of Sandy Soil. J. Geotech.

Geoenvironmental Eng. 1998, 124, 1211–1214. [CrossRef]
34. Kutanaei, S.S.; Choobbasti, A.J. Triaxial behavior of fiber-reinforced cemented sand. J. Adhes. Sci. Technol. 2016, 30, 579–593.

[CrossRef]
35. Jiang, P.; Zhou, L.; Zhang, W.; Wang, W.; Li, N. Unconfined Compressive Strength and Splitting Tensile Strength of Lime Soil

Modified by Nano Clay and Polypropylene Fiber. Crystals 2022, 12, 285. [CrossRef]
36. Abdi, M.R.; Ghalandarzadeh, A.; Chafi, L.S. An investigation into the effects of lime on compressive and shear strength

characteristics of fiber-reinforced clays. J. Rock Mech. Geotech. Eng. 2021, 13, 885–898. [CrossRef]
37. Eskisar, T. The role of carbide lime and fly ash blends on the geotechnical properties of clay soils. Bull. Eng. Geol. Environ. 2021,

80, 6343–6357. [CrossRef]
38. Wang, W.; Lin, H.; Sun, B.-X. Composite exponential-sine model for dynamic stress-strain curve of soft soil. J. Hydroelectr. Eng.

2011, 30, 11–15.

216



Citation: Wang, Z.; Zhang, W.; Jiang,

P.; Li, C. The Elastic Modulus and

Damage Stress–Strain Model of

Polypropylene Fiber and Nano Clay

Modified Lime Treated Soil under

Axial Load. Polymers 2022, 14, 2606.

https://doi.org/10.3390/

polym14132606

Academic Editors: Wensheng Wang,

Yongchun Cheng, Heping (Fred)

Chen and Guojin Tan

Received: 9 June 2022

Accepted: 23 June 2022

Published: 27 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

The Elastic Modulus and Damage Stress–Strain Model of
Polypropylene Fiber and Nano Clay Modified Lime Treated Soil
under Axial Load

Zhichao Wang, Weiqing Zhang, Ping Jiang and Cuihong Li *

School of Civil Engineering, Shaoxing University, Shaoxing 312000, China; 21020859083@usx.edu.cn (Z.W.);
zhangweiqingusx@163.com (W.Z.); jiangping@usx.edu.cn (P.J.)
* Correspondence: lich@usx.edu.cn

Abstract: Using polypropylene fiber (PPF) and nano clay modified lime treated soil (LS), the static
and dynamic properties of fiber modified lime treated soil (FLS), nano clay modified lime treated
soil (NLS), and fiber nano clay composite modified lime treated soil (NFLS) were studied. Through
the unconfined compressive strength (UCS) test and dynamic triaxial test of FLS, NLS, and NFLS,
the static and dynamic elastic modulus characteristics at 7 day curing age were explored, and the
damage stress–strain model was established. The results show that: (1) Polypropylene fiber and
nano clay can significantly enhance the mechanical properties of NFLS. Nano clay can promote the
reaction between lime and soil to produce calcium silicate hydrate (C-S-H) and calcium aluminate
hydrate (C-A-H), thus improving the strength of NFLS, and UCS can be increased by up to 103%.
Polypropylene fiber can enhance the ductility of NFLS and increase the residual ductility strength,
and the residual strength can be increased by 827%. (2) Nano clay can enhance the static and dynamic
elastic modulus of modified lime treated soil. The static and dynamic elastic modulus of NLS, FLS,
and NFLS are linear with the change of polypropylene fiber and nano clay content. The static and
dynamic elastic modulus of NLS, FLS, and NFLS are linear, exponential, and logarithmic, respectively.
(3) The mesoscopic random damage model can characterize the stress–strain relationship of NFLS.
Polypropylene fiber and nano clay can improve the ductility and strength of modified LS, and the
composite addition of polypropylene fiber and nano clay can improve the ability of modified LS to
resist damage.

Keywords: lime treated soil; polypropylene fiber; nano clay; mechanical properties; damage model

1. Introduction

Due to the demand of economic and urbanization development, the quality require-
ments of road infrastructure construction are increasing year by year. Using lime treated
construction waste soil for road base is an effective measure to reduce construction waste.
At the same time, it can replace sand, stone, and other materials, so as to reduce the irre-
versible damage to the ecological environment caused by mountain excavation and river
excavation. The traffic load is mainly axial load. Due to the increase of road load, higher
requirements are put forward for the mechanical properties of road base. Therefore, it is
necessary to deeply explore the properties of lime treated soil and the main technical means
to improve its mechanical properties.

Liu et al. [1] proved that after adding lime into the soil, the soil properties change,
which can improve its unconfined compressive strength (UCS) to meet the actual engi-
neering needs. Lime can not only significantly improve the UCS of the improved soil and
reduce the expansion and contraction of the soil, but also react with the pozzolanic ash
to form cementitious materials, which is an excellent material for stabilizing the soil [2,3].
Lemaire et al. [4] conducted UCS and X-ray diffraction (XRD) tests on lime treated soil. The
results show that lime can make the soil form a “honeycomb” structure and significantly
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improve the mechanical properties of the soil. Lime treated soil can improve the mechanical
properties of soil to a certain extent, but its brittle failure mode will affect the strength
and durability of road base. Therefore, further study of the mechanical properties of LS
modified by adding polypropylene fiber and nano clay is required [5,6]. Jiang et al. [7]
studied the interfacial action and energy dissipation of polypropylene fiber and glass fiber
modified iron tailings through single fiber drawing test, and established a quantitative
relationship model between dissipated energy, effective fiber length, and freeze–thaw cycle.
The UCS, CBR, and TCT tests of polypropylene fiber modified soil show that the addi-
tion of polypropylene fiber will improve the strength, ductility, and residual strength of
soil [8,9]. With the progress of science and technology, nano clay can significantly improve
the mechanical properties of soil due to its unique physical and chemical properties, and
has begun to become a new stable material in the field of construction engineering [10].
Niu et al. [11] studied the mechanical properties, durability, shrinkage, hydration, and
microstructure of cement-based materials modified by nano clay. The results show that an
appropriate amount of nano clay is beneficial to improve the properties of cement-based
materials. Gao et al. [12] conducted triaxial undrained and SEM tests on nano MgO mod-
ified soil, and found that nano MgO can effectively improve the strength and cohesion
of engineering waste silt and reduce the porosity of soil. Many scholars have studied the
modification characteristics of nano materials, and the results show that nano materials
can improve the compressive strength of LS and improve the compression characteristics
of LS [13–15]. Lu et al. [16] studied the effects of moisture content, compactness, cyclic
deviatoric stress, and confining pressure on the dynamic elastic modulus of lime treated
expansive soil by using dynamic triaxial test, and verified the applicability of UT Austin
model. Zhao et al. [17] measured the stress–strain curve of solidified soft soil under dif-
ferent lime content and confining pressure through dynamic triaxial test, and analyzed
the relationship between dynamic and static strength and the influence of lime content on
dynamic strength. Therefore, fiber materials and nano materials play a positive role in the
mechanical properties of modified LS.

Fiber materials and nano materials have good engineering practical significance for
modified LS. Many scholars have deeply studied the stress–strain model of modified
materials. Zhou et al. [18] discussed the relationship between the failure mechanism,
deformation characteristics, and strength of lime treated expansive soil, and constructed a
nonlinear elastic model. Poinard et al. [19] revealed the main differences between damage
and failure mechanisms by studying the meso damage mechanism of concrete under
hydrostatic pressure and triaxial pressure, using X-ray computed tomography instrument.
Jiang et al. [20] established UCS and STS prediction models of NFLS by studying the
effects of nano clay and polypropylene fiber on the unconfined compressive strength and
splitting performance of LS, taking the content of nano clay, pore volume, and lime volume
as independent variables. Wang et al. [21] studied the stress relaxation of lime treated
unsaturated soil according to a series of triaxial tests, and established a structural model
considering time effect to characterize the cumulative damage of LS.

Polypropylene fiber and nano clay are used to modify LS. The mechanical properties
of FLS, NLS, and NFLS were studied through UCS test and dynamic triaxial test. Based
on the meso random damage theory, the stress–strain damage relationship of NFLS is
established, which provides a theoretical reference for the application of modified LS in
road engineering.

2. Materials and Methods

2.1. Materials

The raw materials used in the test were soil, quicklime powder, polypropylene fiber,
and nano clay. The soil was from the foundation pit construction site in Shaoxing City,
Zhejiang Province, China. The soil is grayish brown, and its main physical and mechanical
properties are shown in Table 1. The quicklime powder was produced by Jiangxi Xinyu
Liangliang Trading Co., Ltd., Xinyu City, Jiangxi Province, China, with CaO content of
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88% and purity of 98%. The polypropylene fiber was a bundle monofilament, which
was produced by Shaoxing Fiber High Tech Co., Ltd., Shaoxing City, Zhejiang Province,
China, with a diameter of 18–46 μm and length of 6 mm, which has the characteristics of
light weight and good stability, and can significantly improve the ductility and bending
resistance of soil. The nano clay used was produced by Hubei Jinxi montmorillonite Co.,
Ltd., Wuhan City, Hubei Province, China, the density is 0.45 g/cm3, 99.9% of nano clay
can pass the 200 mesh screen, and the content of montmorillonite is 96–98%, which is
beige powder.

Table 1. Physical properties of soil.

Natural Moisture
Content (%)

Specific
Gravity

Uniformity
Coefficient Cu

Curvature
Coefficient Cc

Liquid
Limit (%)

Plastic
Limit (%)

Plasticity
Index (%)

33 2.53 12.2 1.24 37.8 17.2 20.6

2.2. Test Scheme

LS was modified by nano clay, polypropylene fiber, composite nano clay and polypropy-
lene fiber. The static and dynamic properties of the modified LS were studied by UCS test
and dynamic triaxial test. The content of lime was 6%, and, on this basis, nano clay with
the content of 0%, 2%, 4%, and 6% and polypropylene fiber with the content of 0%, 0.25%,
0.5%, and 0.75% was added respectively. The content of lime, nano clay, and polypropylene
fiber was the mass ratio of dry soil. The mechanical properties of NFLS were investigated
by adding 2%, 4%, and 6% nano clay in the optimal FLS and 0.25%, 0.5%, and 0.75%
polypropylene fiber in the optimal NLS [20].

According to the Chinese test code for Inorganic Binder Stabilized Materials in High-
way Engineering [22], the undisturbed soil of the required soil sample is crushed and dried
in a 105 ◦C oven. After crushing, a 2 mm sieve is used to screen the soil. According to
the test scheme, after weighing the corresponding quality of dry soil, quicklime, nano
clay, and polypropylene fiber with an electronic scale, add water and stir evenly according
to the optimal moisture content to make each admixture disperse and not agglomerate.
Put the uniformly stirred aggregate into the sealing stuffs of plastic bags for 24 h, and
make samples by static compaction, as shown in Figure 1. After demoulding, it should
be cured for 7 days. In the first 6 days, it should be cured in a standard curing box with a
temperature of 20 ± 2 ◦C and a relative humidity of more than 95%. On the last day, the
sample should be taken out of the curing box and soaked in water at 20 ± 2 ◦C for curing.
The water surface is approximately 2.5 cm above the sample. The test scheme is shown in
Table 2.

Table 2. Mix ratio design.

NO
Lime

Content (%)
Nano Clay

Content (%)
PP Fiber

Content (%)
Maximum Dry
Density (g/cm3)

Optimum Moisture
Content (%)

Compactness
(%)

Curing
Time (d)

LS 6 0 0

1.762 17.5 98 7
NLS 6 2, 4, 6 0

FLS 6 0 0.25, 0.5, 0.75

NFLS 6 2, 4, 6 0.25, 0.5, 0.75

Note, L, N, and F respectively represent lime, nano clay, and polypropylene fiber. Lime content, nano clay
content, and polypropylene content are the percentage of dry soil mass, and water content is the percentage of all
dry mixtures.
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Figure 1. Sample preparation process.

The UCS test sample is a cylinder with a diameter of 50 mm and a height of 50 mm.
After curing, TKA-WCY-1F automatic unconfined compressive strength tester is selected
for testing, as shown in Figure 2. Referring to the Chinese code for Highway Geotechnical
Test [23], the loading rate of the instrument was 1 mm/min, and the stress–strain curve of
the sample is obtained through the computer data acquisition system.

Figure 2. UCS test system.

Because the traffic load has a long-term load impact on the road base, the dynamic
elastic modulus of NFLS is studied by dynamic triaxial test to deeply explore the long-term
traffic load bearing capacity of modified LS. After curing, GDS servo motor control system
is selected for dynamic triaxial test. The size of the dynamic triaxial test sample is a cylinder
with a diameter of 39.1 mm and a height of 80 mm. Because the surrounding earth pressure
has little impact on the road base, the confining pressure is 0 kPa, and the displacement
control method is used to vibrate for 50 times. The test is carried out with a sine wave with
a frequency of 1 Hz and an amplitude of 0.1 mm. Data acquisition is carried out through
microcomputer system, as shown in Figure 3.
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Figure 3. Dynamic triaxial test loading system.

For SEM test, a Nissan high-low vacuum scanning electron microscope (JSM-6360LV,
JEOL, Tokyo, Japan) was used. The electro-adhesive was evenly spread on the aluminum
tray, and then the powder of the sample to be tested was glued to the electro-adhesive.
After the required test sample was glued, a layer of platinum film was uniformly sprayed
on the surface of the sample. After confirming uniform spraying, the aluminum tray was
put into the electron microscope for SEM test.

FT-IR was tested by KBr compression method. The instrument used in the experiment
was the Fourier Infrared spectrometer (NEXUS, Thermo Nicolet Corporation, American,
Waltham, MA, USA), with a wavelength range of 4000–400 cm−1. The test sample was
ground into powder and then added into potassium bromide powder. Grinding continued
so that the sample powder and potassium bromide powder was fully mixed and ground
into a fine powder. Then the powder was pressed into sheets by KBr method and put into
the instrument for infrared spectrum analysis.

2.3. Stress–Strain Damage Model

According to the random damage mechanics of concrete, Li et al. [24,25] abstracted
the concrete sample as a micro spring random damage system from the meso point of view,
so as to establish the random damage constitutive model of concrete. According to the
meso random damage theory, the damage stress–strain relationship of materials under
compression is shown in Equation (1).

σ = (1 − D)Eε (1)

where E is the elastic modulus, D is the damage variable, and the mean and variance of D
are shown in Equations (2) and (3), respectively.

μD =
(1 − β)μDS

1 − βμDS

(2)

VD
2 =

(1 − β)μDS

(1 − β)2

(
2
∫ 1

0
(1 − η)FS(γ, γ, η)dη − μDS

)
(3)

The meso random damage model is mainly related to parameters λ, ζ, and ω [26,27].
E can be obtained from the dynamic triaxial test of NFLS, and then the parameters of λ, ζ,
and ω can be identified according to the UCS test results, so as to establish the stress–strain
damage model of NFLS.

3. Results and Discussion

3.1. Static Characteristics
3.1.1. UCS Test Results

UCS and residual strength are important mechanical indexes for the study of NFLS.
The peak value of stress–strain curve is taken as the UCS, and the stress corresponding to
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peak strain plus 5% is selected as the residual strength. The UCS test results of NFLS are
shown in Table 3.

Table 3. Test results of UCS test.

NO UCS (kPa)
Residual Strength

(kPa)
Elastic Modulus

(MPa)

L6 1239 192 81

L6-N2 1425 321 89

L6-N4 1635 301 117

L6-N6 1947 246 122

L6-F0.25 1439 381 66

L6-F0.5 1913 1228 69

L6-F0.75 1794 1315 55

L6-N2-F0.75 2037 1498 66

L6-N4-F0.75 2057 1596 65

L6-N6-F0.25 2007 840 113

L6-N6-F0.5 2193 1245 98

L6-N6-F0.75 2513 1762 90

Figure 4a,b show the stress–strain curve of NFLS with nano clay content N = 6%. The
stress–strain curve of NFLS is a softening curve, that is, the stress first increases to the stress
peak with strain, then decreases, and then tends to be gentle. Figure 4c,d show the UCS and
residual strength of NFLS with nano clay content N = 6%. The increase of nano clay and
fiber content can significantly improve the UCS of LS. The content of nano clay increases
from 0% to 6%. The UCS of NFLS increases with the increase of nano clay content. When
the content of nano clay is 6%, the UCS of NLS is 1947 kPa and the relative growth rate of
UCS is 57%. When the optimal nano clay content is 6%, the UCS of NFLS increases with
the increase of polypropylene fiber content, and when the fiber content is 0.75%, the UCS of
NFLS is 2513 kPa, the growth rate relative to NLS is 29%, and the growth rate of UCS is the
fastest. It shows that the strength of NFLS can be significantly improved by adding nano
clay and fiber, and the optimal contents of nano clay and polypropylene fiber are 6% and
0.75% respectively. The residual strength of NLS increases first and then decreases with the
increase of nano clay content, which is due to the increase of brittleness of NLS and the
decrease of residual strength. When the content of nano clay is 6%, the residual strength
of NFLS increases linearly with the increase of the content of polypropylene fiber. This
is because the fiber can slow down the development of failure cracks of NFLS. With the
increase of the content of fiber, the cracks develop more slowly and the bearing capacity is
greater, indicating that polypropylene fiber can significantly enhance the ductility of NFLS
and slow down its brittle failure. The interfacial force generated between the polypropylene
fiber and soil can play a better role in the bonding of cracks. As shown in Figure 4e, under
the same strain, with the increase of polypropylene fiber content, the fibers emerging from
the crack of the sample increase significantly, the pull effect is significant, and the crack
development slows down [28,29].

222



Polymers 2022, 14, 2606

Figure 4. Effect of PF on the statics of NFLS: (a) stress–strain curve of NLS; (b) stress–strain curve
of NFLS (N = 6%); (c) UCS and residual strength of NLS; (d) UCS and residual strength of NFLS
(N = 6%); and (e) the variation of cracks with the content of polypropylene fiber under the same strain.

Figure 5a,b shows the stress–strain curve of FLS and NFLS with fiber content F = 0.75%,
and Figure 5c,d shows the UCS and residual strength diagram of NFLS with fiber content
F = 0.75%. With the increase of polypropylene fiber content, the UCS of FLS first increases
and then decreases. When the polypropylene fiber content is 0.75%, the UCS of FLS
shows a downward trend, which is due to the overhead phenomenon when the network
structure is formed between the soil mass due to the excessive fiber content, and the relative
compactness of the soil mass decreases, leading to a decrease in UCS growth. When the
fiber content is 0.75%, the UCS of NFLS increases with the increase of nano clay content,
and when the nano clay content is 6%, the UCS of NFLS increases the fastest. This is
because nano clay can fill the pores between LS particles and make its internal structure
more dense. Secondly, nano clay can promote the further reaction of LS, and on the other
hand, it can have pozzolanic reaction with LS [30–33]. The volcanic ash reaction generates a
sheet structure, as shown in Figure 6a. The sheet structure is cementitious substances such
as hydrated calcium silicate C-S-H and hydrated calcium aluminate C-A-H, as shown in
Figure 6b,c. The generated cementitious material can fill the pores between the LS skeleton
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and make the LS particles agglomerate better. At the same time, the interface between fiber
and soil particles is closer, the interfacial friction is greater, the damage degree of external
force to the sample is reduced, and the strength of NFLS is further increased. However,
the residual strength of NFLS increases slowly with the increase of nano clay content,
indicating that polypropylene fiber contributes more to the residual strength of NFLS than
nano clay.

Figure 5. Effect of nano clay on the statics of NFLS: (a) stress–strain curve of FLS; (b) stress–strain
curve of NFLS (F = 0.75%); (c) UCS and residual strength of FLS; (d) UCS and residual strength of
NFLS (F = 0.75%).

Figure 6. Microscopic analysis graphs of NFLS: (a) 500−fold SEM; (b) 5000−fold SEM; (c) FT−IR.

The above phenomena show that nano clay mainly provides strength for NFLS, but
will enhance the brittle failure of LS. Polypropylene fiber can enhance the ductility of NFLS
and improve its residual strength.
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3.1.2. Variation Law of Static Elastic Modulus

The static elastic modulus is the ratio of stress to strain in the elastic deformation
stage under compression. Through the unconfined compressive strength test data, the
stress–strain curve of NFLS in the elastic stage under compression is fitted, and the straight-
line slope is the static elastic modulus. Figure 7a–d shows the variation curve of static
elastic modulus under different content of nano clay and polypropylene fiber. Figure 7a
shows the variation law of the static elastic modulus of NLS with the increase of nano clay
content. When the content of nano clay is 6%, the static elastic modulus of NLS increases to
122 MPa, and the growth rate is 51% higher than that of LS, indicating that the addition
of nano clay can improve the static elastic modulus of LS and enhance its deformation
resistance. Figure 7b shows that when the content of nano clay is 6%, the static elastic
modulus of NFLS decreases with the increase of the content of polypropylene fiber, because
the stress of NFLS in the elastic stage decreases with the growth rate of strain. In Figure 7c,
it can be found that the content of polypropylene fiber increases from 0.25% to 0.75%, and
the static elastic modulus of FLS first increases and then decreases. When the content
of polypropylene fiber is 0.5%, the elastic modulus of FLS is 69 MPa, while when the
content of polypropylene increases by 0.75%, the static elastic modulus of FLS decreases
to 55 MPa, indicating that on the one hand, this is due to the large amount of C-S-H and
C-A-H produced by lime soil reaction attached to the surface of polypropylene fiber, so
polypropylene fiber can enhance the adhesion of the interface between soil and fiber and
make the samples bond together better, as shown in Figure 8. On the other hand, with
the increase of the content of polypropylene fiber, the porosity between soil particles and
fiber may increase, resulting in the decrease of its static elastic modulus. Figure 7d shows
that when the content of polypropylene fiber is 0.75%, the static elastic modulus of NFLS
first increases, then decreases, and finally significantly increases with the increase of nano
clay content. When the content of nano clay is 6%, the static elastic modulus of NFLS is
significantly increased to 90 MPa. This is because nano clay can fill the pores between fiber
and soil, enhance the stiffness of NFLS, and reduce elastic deformation.

The relationship is fitted between the static elastic modulus and the content of nano
clay and polypropylene fiber of NLS, FLS, and NFLS. The fitting formulas are shown in
Equations (4)–(7).

E(NLS) = 6.877y + 80.9, R2 = 0.92 (4)

E(NFLS, N=6%) = −44.16x + 122.46, R2 = 0.98 (5)

E(FLS) = −28.216x + 78.26, R2 = 0.90 (6)

E(NFLS,F=0.75%) = 0.8188y2 + 0.3525y + 56.755, R2 = 0.89 (7)

where E is the static elastic modulus (MPa); x is the content of polypropylene fiber (%); and
y is the content of nano clay (%).

3.2. Dynamic Characteristics
3.2.1. Hysteretic Curve

The dynamic elastic modulus of the material can be calculated from the slope of the
hysteretic curve to characterize the stiffness of the soil [34]. Figure 9a–d shows the variation
law of dynamic stress–strain hysteretic curves of NLS, FLS, and NFLS.

Figure 9a,b shows that the hysteresis curves of NLS gradually approaches the stress
axis with the increase of nano clay content. When the content of nano clay is 6%, different
content of polypropylene fiber has a significant effect on the hysteretic curve. With the
increase of polypropylene fiber content, the angle between hysteretic curve and stress
axis increases. The dynamic elastic modulus of NFLS decreases with the increase of
polypropylene fiber content. Figure 9c,d shows that the hysteresis curves of FLS fluctuates
with the increase of polypropylene fiber content and its area and angle with the stress axis.
The FLS area is the largest and the included angle with the stress axis is the smallest when
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the content of polypropylene fiber is 0.5%. When the content of polypropylene fiber is
0.75%, the inclination angles of hysteresis curves increase gradually with the content of
nano clay.

Figure 7. Static elastic modulus: (a) static elastic modulus curve of NLS; (b) static elastic modulus
curve of NFLS (N = 6%); (c) static elastic modulus curve of FLS; (d) static elastic modulus curve of
NFLS (F = 0.75%).

Figure 8. Microcosmic diagram of the interface between PPF and lime-soil: (a) 150-fold SEM;
(b) 250-fold SEM.
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Figure 9. Dynamic stress–strain hysteresis curve: (a) change of NLS with nano clay content;
(b) changes of NFLS (N= 6%) with PPF content; (c) changes of FLS with PPF content; (d) change of
NFLS (F = 0.75%) with nano clay content.

3.2.2. Dynamic Elastic Modulus

According to the hysteretic curves, the dynamic elastic modulus of NFLS with different
nano clay and polypropylene fiber content can be obtained according to Equation (8), as
shown in Figure 10.

Ed =
σd
εd

(8)

Figure 10a,b shows that the dynamic elastic modulus of NLS increases with the increase
of nano clay content. The nano clay content increases from 0% to 6%, the dynamic elastic
modulus of NLS increases to 189 MPa, and nano clay can significantly enhance the elastic
modulus of LS. When the content of nano clay is 6%, the dynamic elastic modulus of NFLS
decreases with the increase of the content of polypropylene fiber. Nano clay can enhance
the dynamic elastic modulus of LS because nano clay can produce pozzolanic reaction
by modifying LS to produce more cementitious materials and make its structure more
compact. When the sample is pressed and does not break, the strain produced is very small,
so the force on the fiber can be decomposed into a compressive force and a flexural force,
which has almost no effect on the sample and mainly plays a role of reinforcement [35–37].

Figure 10c,d shows that the dynamic elastic modulus of FLS first decreases, then
increases and then decreases with the increase of polypropylene fiber content. When the
polypropylene fiber content is 0.5%, the dynamic elastic modulus of FLS is 120 MPa, while
when the polypropylene fiber content increases to 0.75%, the dynamic elastic modulus
decreases to 112 MPa. When the polypropylene fiber content is large, it is easy to agglom-
erate and interweave, reducing the compactness of soil. The capillary action of fiber will
lead to soil erosion and reduce the dynamic elastic modulus of LS. When the content of
polypropylene fiber is certain, the dynamic elastic modulus of NFLS decreases first and
then increases significantly with the increase in the content of nano clay. When the content
of nano clay is 6%, the dynamic elastic modulus of NFLS is 150 MPa.
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Figure 10. Dynamic elastic modulus: (a) dynamic elastic modulus curve of NLS; (b) dynamic elastic
modulus curve of NFLS (N = 6%); (c) dynamic elastic modulus curve of FLS; (d) dynamic elastic
modulus curve of NFLS (F = 0.75%).

The relationship between dynamic elastic modulus of NLS, FLS, and NFLS and con-
tent of nano clay and polypropylene fiber was fitted. The fitting formulas are shown in
Equations (9)–(12) respectively.

Ed(NLS) = 19.42y + 112.65, R2 = 0.93 (9)

Ed(NFLS,N=6%) = −14.27x + 207.77, R2 = 0.94 (10)

Ed(FLS) = −6.91x + 138.85, R2 = 0.81 (11)

Ed(NFLS,F=0.75%) = 19.66y2 − 86.71y + 180.63, R2 = 0.98 (12)

where Ed is dynamic elastic modulus (MPa).

3.2.3. Relationship between Static and Dynamic Elastic Modulus

Comparing Figures 9 and 10, it can be found that the content of polypropylene fiber
and nano clay has a significant impact on the static and dynamic elastic modulus of
NFLS. Therefore, the prediction model of the impact of different content of polypropylene
fiber and nano clay on the static and dynamic elastic modulus of modified LS can be
established. Figure 11a,b shows the prediction model of the relationship between the
content of polypropylene fiber, nano clay, and static and dynamic elastic modulus. It reflects
the relationship between the static and dynamic elastic modulus of NFLS and the content of
polypropylene fiber and nano clay. Under the same nano clay content, the predicted model
surface shows a downward convex shape with the increase of polypropylene fiber content,
indicating that the static and dynamic elastic modulus of NFLS first decreases and then
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increases with the change of polypropylene fiber content. Under the same polypropylene
fiber content, the prediction model surface increases with the increase of nano clay content,
indicating that the static and dynamic elastic modulus of NFLS increases linearly with the
increase of nano clay content. The fitting formulas of static and dynamic elastic modulus of
NFLS are shown in Equations (13) and (14):

E = 86.9 − 42.39x + 0.99y2, R2 = 0.92 (13)

Ed = 138.71 − 61.699x + 1.526y2, R2 = 0.85 (14)

Figure 11. Influence of PPF and nano clay content variation on elastic modulus prediction model:
(a) static elastic modulus; (b) dynamic elastic modulus.

From the comparison of static and dynamic elastic modulus prediction models accord-
ing to Figure 11, it can be found that the change trend between the static and dynamic
elastic modulus of NFLS and the content of nano clay and polypropylene fiber is basically
the same. In the actual road engineering construction, the static elastic modulus is easy to
obtain, but in the complex engineering environment, it is difficult to obtain the dynamic
elastic modulus through the precise dynamic triaxial test. The static and dynamic elastic
modulus test data of NFLS are fitted to establish the variation relationship of them, as
shown in Figure 12. The static and dynamic elastic modulus of NLS, FLS, and NFLS
conforms to the linear, exponential, and logarithmic relations respectively, and the fitting
formula is shown in Equations (15)–(17).

Ed(NLS) = 0.6557E + 75.325, R2 = 0.99 (15)

Ed(FLS) = 29.382e0.0208E, R2 = 0.95 (16)

Ed(NFLS) = 165.66 ln(E)− 597.22, R2 = 0.96 (17)

3.3. Stress–Strain Damage Model and Damage Evolution Law of NFLS

According to the UCS test data, the elastic modulus of NFLS is substituted into the
objective function [25,26], and the parameters λ and ζ are identified by particle swarm
optimization algorithm. The identification results are shown in Table 4. The mean value
of damage variables μD is calculated according to the identification results, and the stress–
strain random damage model is established by using λ and ζ.
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Figure 12. Relationship between static and dynamic elastic modulus.

Table 4. Calculation results of λ and ζ.

NO λ ζ η (%)

L6 −3.5443 0.6054 1.0

L6-N2 −3.2778 0.4326 1.9

L6-N4 −3.1601 0.3403 2.5

L6-N6 −3.1448 0.2955 1.9

L6-F0.25 −3.2111 0.7107 3.3

L6-F0.5 −2.9546 0.7141 2.7

L6-F0.75 −2.8662 0.7064 3.6

L6-N2-F0.75 −2.8381 0.7826 0.5

L6-N4-F0.75 −2.9024 0.7730 1.5

L6-N6-F0.25 −2.9897 0.5031 1.6

L6-N6-F0.5 −2.6872 0.5547 1.3

L6-N6-F0.75 −2.6819 0.6176 0.8

Note, η = q/UCS, q =

√
m
∑
i
(σi−σ(εi))

m , where σi and σ (εi) is the measured stress and model calculated stress with
the strain is εi, respectively, and m is the number of measured data groups.

Figure 13a–d shows the damage evolution curves of NFLS. When D = 0, the sample
is not damaged. When D = 1, the sample is completely destroyed. When the strain is less
than 1%, because the last day of curing is immersion curing, the early stage is mainly the
compression process of sample pores, and there is no damage. With the increase of strain,
the specimen is gradually compressed and destroyed until the damage variable D = 1 and
the specimen is completely destroyed.

Figure 13a shows that in the early stage of NLS test, before the strain reaches 1%,
the sample is in the compaction stage, and the stress changes little with the strain. When
the strain increases from 1% to 5%, the specimen is mainly in the linear elastic stage and
plastic stage, the stress changes obviously with the strain, and the damage accumulates
gradually. When the strain is 5%, the damage variable D = 0.8, the sample begins to crack
and plastic failure. When the strain is greater than 5%, the damage variable D tends to be
stable with the increase of strain until the specimen is completely destroyed. Figure 13b
shows the change of damage variable D of NFLS with the content of polypropylene fiber
when the content of nano clay is 6%. When the strain is 8%, the damage variable of NFLS
without fiber is D = 1 and the sample is completely destroyed. Then, with the increase
of fiber content, the destruction speed of the sample slows down. Figure 13c reflects the
change of damage variable D of FLS with polypropylene content. When the strain of the
sample without fiber is 10%, the damage variable D = 1, and the sample is completely
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destroyed. With the increase of the content of polypropylene fiber, the failure rate of FLS
slows down, and the sample is not completely destroyed until the strain is 12%. Figure 13d
shows the curves of the damage variable D of NFLS with the content of nano clay when the
content of fiber is fixed at 0.75%. With the increase of nano clay content, the damage curve
is dense and the plastic damage is obvious. Due to the addition of polypropylene fiber, the
damage of the sample slows down. When the strain is 10%, the sample is not completely
damaged. On the one hand, nano clay can fill the pores between soil particles and delay
the development of cracks. On the other hand, the fiber plays a reinforcing role, provides
tension, and inhibits its plastic deformation.

Figure 13. Mesoscopic damage evolution: (a) change of NLS with nano clay content; (b) changes of
NFLS (N = 6%) with PPF content; (c) changes of FLS with PPF content; (d) change of NFLS (F = 0.75%)
with nano clay content.

4. Conclusions

The elastic modulus and damage stress–strain model of NFLS are studied through
UCS and dynamic triaxial test, and the following conclusions can be obtained.

(1) Polypropylene fiber and nano clay can significantly modify the strength of LS. The
growth rate of UCS and residual strength of NFLS is the most significant when the
content of polypropylene fiber is 0.75% and the content of nano clay is 6%. On the
one hand, nano clay can promote the reaction between lime and soil, and on the other
hand, it can react with LS to produce cementitious materials such as hydrated calcium
silicate and hydrated calcium aluminate. Nano clay and the generated cementitious
material can fill the pores between fiber and soil, enhance the interfacial friction
between fiber and soil, and improve the strength of NFLS. UCS can be increased by
up to 103%. Polypropylene fiber enhances the ductility of NFLS, slows down the
development of cracks, and improves its residual strength. The residual strength can
be increased by 827%.

231



Polymers 2022, 14, 2606

(2) The static and dynamic elastic modulus of NLS, FLS, and NFLS are in functional
relationship with the content of polypropylene fiber and nano clay. The addition
of nano clay can improve the static and dynamic elastic modulus of NFLS and en-
hance the ability to resist deformation. In addition, the static and dynamic elastic
modulus of NLS, FLS, and NFLS conform to linear, exponential, and logarithmic
relationships respectively.

(3) The meso random damage model can characterize the stress–strain relationship of
NFLS under axial load. At the same time, the damage variable D can further explain
the relationship between strain and NFLS damage and failure, and reflect the damage
and failure of soil. When the strain is 10%, the rising trend of damage variable D of
NFLS slows down with the increase of polypropylene fiber and nano clay content, and
the damage variable D decreases with the increase of nano clay content, indicating that
nano clay can improve the strength of NFLS. When the damage variable D is 0.8, the
axial strain of NFLS increases with the increase of the content of polypropylene fiber
and nano clay, and the axial strain increases from 8% to 12% with the increase of the
content of polypropylene fiber, indicating that polypropylene fiber can improve the
ductility of NFLS. Adding polypropylene fiber and nano clay can effectively improve
the damage resistance of NFLS.

The UCS and residual strength of NFLS can be significantly improved by modifying
LS with nano clay and polypropylene fiber, and the brittle failure mode of lime soil can
be improved. Subsequent microscopic tests can also be carried out to further explain
the reasons for the enhancement of NFLS mechanical properties from the perspective of
chemical mechanism, providing a theoretical basis for the practical application of NFLS in
road engineering.
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Abstract: Using polypropylene (PP) fiber and cement to modify iron-ore tailing and applying it
to road engineering is an effective way to reuse iron-ore tailing. The compressive properties and
deformation characteristics of PP-fiber-and-cement-modified iron-ore tailing (FCIT) under traffic load
were studied by the unconfined-compressive-strength (UCS) test and the dynamical-triaxial (DT)
test. The test results indicated that the UCS and residual strength both increased with increasing
PP-fiber content, and tensile and toughness properties were positively correlated with PP-fiber
content. Moreover, the dynamic elastic modulus and damping of FCIT both showed a negative linear
relationship with cycle time. It can be found from the test results that 0.75% was the best PP-fiber
content to modify iron tailing sand in this work. Lastly, a prediction model was developed to describe
the relationship between the cumulative plastic strain, PP-fiber content and cycle time, which can
effectively capture the evolution law of the cumulative plastic strain with cycle time of FCITs at
different PP-fiber contents.

Keywords: iron-ore tailing; polypropylene fiber; unconfined compressive properties; dynamic
properties; cumulative plastic strain

1. Introduction

The stacking of iron-ore tailing has a negative impact on the surrounding environment
and people. The resource application of iron-ore tailing is an effective way to reduce the
break risk of iron tailing dams. Therefore, some investigations have been focused on the
resource application of iron-ore tailing. Yuan [1], Suthers [2] and Lv [3] et al. studied the
application of iron-ore tailing in the recovery of valuable metal. Yao [4] and Shettim [5]
studied the application of iron-ore tailing as aggregate in the preparation of concrete. Luo [6]
and Kuranchi [7] studied the use of iron-ore tailing in brick making. In addition, there have
also been some studies and applications of iron-ore tailing in cement composites [8] and
filling materials [9,10]. As road-engineering construction needs a large amount of subgrade
filler, the large-scale exploitation of river sand and natural sand as road-base materials
has seriously affected the natural ecological environment. Zeng [11] and Bastosh [12] et al.
investigated the mechanical properties of iron-ore tailing and found that iron-ore tailing
can be used as subgrade road filler after chemical stabilization, which can replace river
sand and natural sand.

At present, iron-ore tailing needs to be modified with materials so that it can be
used as subgrade road filler. Quite a few researchers have mainly focused on modifying
materials and investigating the mechanical properties of modified iron-ore tailing. Cement
is an inorganic cementitious material commonly used to modify soil [13]. Therefore, some
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scholars modified iron-ore tailing with cement, such as Li et al. [14], who studied the
physical and mechanical properties of cement-modified iron-ore tailings (CITP) and found
that the cementation of cement can enhance the bonding between iron-ore tailings and
improve its compressive strength and shear strength. Liu et al. [15] verified that CITP can
meet the specification requirements of highway pavement base through the unconfined-
compressive-strength (UCS) test and pointed out that the strength characteristics of CITP
and cement soil are similar. Although the addition of cement can improve the UCS of
iron-ore tailing, it can be seen from the studies of many scholars on CITP that the failure
mode of CITP is mostly brittle failure, which can lead to serious consequences. Therefore,
the fiber is added to CITP in order to change the failure mode. Yang et al. [16] used fiber
and cement to modify loess and found that the failure mode of modified loess transitions
from brittle failure to ductile failure with the increase in fiber content. Jin et al. [17] studied
the UCS of iron-ore tailing modified with PP fiber, and found that the PP fiber can indeed
improve the UCS, but the content of PP fiber has little effect on the UCS of modified iron-ore
tailing. Jiang et al. [18] mixed polypropylene fiber with iron tailing sand for improvement
and explained that PP fiber improves the shear performance of iron-ore tailing from the
perspective of energy dissipation.

Random discrete fiber reinforcement is an efficient technology to improve the mechan-
ical properties of soil, which can improve the strength and deformation characteristics of
soil under static and dynamic loads to a certain extent. The existing studies mainly focus
on the static properties of fiber-reinforced soil; only a few researchers have studied the
dynamic response characteristics of fiber-reinforced soil, especially the cumulative strain of
reinforced soil. Zhang et al. [19] mainly analyzed the development law of cumulative strain
with dynamic stress amplitude and vibration time of fiber-reinforced soil and established
an exponential model to describe the relationship between the cumulative strain, amplitude
and cycle times. Zhao et al. [20] conducted cyclic loading tests on fiber-reinforced sand and
derived an empirical formula between the maximum dynamic shear modulus and damping
ratio. Wang et al. [21] put forward a functional relationship between the cumulative strain
and cycle time of fiber-reinforced soil. Moreover, the fiber content has a significant impact
on the dynamic response characteristics of modified soil. For example, Maher et al. [22]
found that both the damping ratio and dynamic shear modulus of fiber-reinforced sand
increased nearly linearly with the increase in fiber content. Li et al. [23] found that the
dynamic elastic modulus of fiber-reinforced soil increases with the increase in fiber content
in the dynamic-triaxial experiment. Orakoglu et al. [24] found that the addition of fiber
increases the damping ratio and dynamic shear modulus and established a functional
relationship between dynamic shear stress and dynamic shear modulus.

It can be found from the existing research that there are few studies on the mechanical
properties of FCIT, especially the strength and deformation characteristics under traffic
load. That is, a large number of experiments on the mechanical properties still need to be
conducted for the application of FCIT in road engineering. To this end, the unconfined-
compressive-strength test and dynamic-triaxial test were conducted to investigate the
strength and deformation characteristics of FCIT under traffic load in this paper, which can
provide the experimental and theoretical support for the application of modified iron-ore
tailing in road engineering.

2. Materials and Methods

2.1. Materials

The iron-ore tailings used in the test were obtained from the Lizhu iron-tailing plant
in Shaoxing, China, as shown in Figure 1. The liquid limit and plasticity index of the
iron-ore tailing were 36.95% and 29.35, respectively, and the main compounds are shown
in Table 1. The P.O. 42.5 cement used in the test was produced by Shaoxing Zhaoshan
Building Materials Co., Ltd. in Shaoxing, China, as shown in Table 2. The PP fiber used in
the test was produced by Shaoxing Fiber High Tech Co., Ltd. in Shaoxing, China, and had
good dispersion with a length of 6 mm and a diameter of 48 μm, as shown in Table 3.
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Figure 1. Iron-ore tailings for test.

Table 1. Main chemical composition and physical properties of iron-ore tailing.

Composition (%)
Liquid Limit (%) Plasticity Index (%)

CaO Fe2O3 SiO2

24.8 22.9 21.2 36.95 29.35

Table 2. Physical and mechanical properties of P.O. 42.5 cement.

Initial Setting
Time (Min)

Final Setting
Time (Min)

Compressive Strength Break Off Strength

3 d 28 d 3 d 28 d

≥45 ≤600 ≥17 ≥42.5 ≥3.5 ≥5.5

Table 3. Physical properties of polypropylene fiber.

Diameter
(mm)

Specific Gravity
(g/cm3)

Tensile Strength
(MPa)

Elastic Modulus
(MPa)

0.048 0.91 340 4200

2.2. Test Scheme

The natural environment of iron-ore tailing is convenient for the actual comprehensive
utilization of subgrade engineering. With reference to the liquid limit of iron tailing sand,
the design moisture content was 30%. Considering economic cost and meeting the road-
base requirements of mechanical properties, the cement content was 10%, and the contents
of PP fiber were 0%, 0.25%, 0.5%, 0.75% and 1%. The water content, cement content, and
PP-fiber content were defined as the ratio of the mass of water to the mass of dry iron-ore
tailing, the ratio of the mass of cement to the mass of dry iron-ore tailing, and the ratio of
the mass of PP fiber to the mass of dry iron-ore tailing, respectively.

UCS is the most commonly used mechanical index in road engineering. Therefore,
the UCS test was used to study the influence of fiber content on the unconfined compres-
sive performance of FCIT under static load. Furthermore, the dynamic-triaxial test was
performed to investigate the dynamic characteristics of FCIT under cyclic traffic load. For
general highway traffic, the low cyclic stress ratio (σd/σ3) is in the range of 0.1 to 0.75 [25].
σd is taken as the amplitude of dynamic load, and σ3 is the confining pressure. According to
the amplitude of traffic load, σd during the test was set as 75 kPa. Moreover, the frequency,
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confining pressure and number of cycles were set as 1 Hz, 100 kPa and 1000, respectively,
by considering the normal driving density and speed under general road conditions, the
lateral pressure on the general subgrade, and the number of cycles on the subgrade under
general traffic flow. The test details are indicated in Table 4.

Table 4. FCIT test scheme.

Test PP Content (%)
Loading Rate

(mm/min)
Loading Frequency

(Hz)
Cycle Time

Amplitude
(kPa)

Confining Pressure
(kPa)

UCS

0

1 — — — 0
0.25
0.50
0.75

1

DT

0

— 1 1000 75 100
0.25
0.50
0.75

1

2.3. Specimen Preparation

As shown in Figure 2, the required weight of iron-ore tailing, cement and fiber were
poured into a mixing drum. First, the mixture was blended until the three ingredients were
well combined. Then, corresponding quality of water was weighed and poured into the
mixing bucket. After blending, the FCIT mixture was obtained. The FCIT mixture was
poured into the specimen mold with a diameter of 39.1 mm and a height of 80 mm in two
batches. After each addition, the FCIT mixture was vibrated up and down with the mold in
order to vibrate the air bubbles out. After specimen preparation, the specimen needs to sit
for an hour to develop the specimen shape. Next, the white bearing specimen was removed
using filter papers to wrap both ends of the specimen, the number was marked, and it
was placed in water. Finally, the specimens were placed in a standard curing chamber at
20 ± 2 ◦C with humidity of 95% for 7 d and 28 d.

 

Figure 2. Sample preparation flow.

2.4. Test Apparatus

The UCS test applies axial pressure to the specimen with a constant load P. Figure 3a
shows the stress state of UCS test specimen. The instrument used for the UCS test was
a TKA-WCY-1F full-automatic multifunctional unconfined-compressive-strength tester, as
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seen in Figure 3b. Three parallel specimens were used for the test, and the test loading rate
was 1 mm/min.

  
(a) (b) 

Figure 3. UCS test. (a) Unconfined-stress state of specimen; (b) Test apparatus.

The DT test is a commonly used method to test the dynamic characteristics of soil. The
stress state of the DT-test specimen is indicated in Figure 4a. The instrument used in the
DT test was a GDS dynamic-triaxial instrument, as shown in Figure 4b. The dynamic load
with the form of a sine wave was adopted in the DT test and 20 data points were collected
in each cycle.

 
(a) (b) 

Figure 4. DT test. (a) Triaxial-stress state of specimen; (b) Test apparatus.

3. Results and Discussion

3.1. Unconfined Compressive Properties
3.1.1. Characteristics of Stress–Strain Curve

Figure 5 gives the stress–strain curves of FCITs with different PP-fiber contents at the
curing ages of 7 d and 28 d. It can be seen from Figure 5 that there are four stages in the
stress–strain curve of FCIT: the linear-elastic stage, plastic stage, stress-attenuation stage
and residual-strength stage. Moreover, with the increase in PP-fiber content, the brittleness
of the specimen decreases and the plasticity increases, indicating that the PP fiber has
an obvious strengthening effect on the plasticity of the cement-stabilized iron tailing.
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Figure 5. Stress–strain behaviors of specimen in unconfined-compressive test: (a) 7 d; (b) 28 d.

In the UCS-test process, the deformation of the specimen is effectively weakened
due to the friction and tensile action of the PP fiber. The bonding action between the
PP fiber and the soil particle inhibits the relative sliding of the soil particles and further
delays the cracking of the specimen. The bonding force between the PP fiber and soil
interface increases with increasing PP-fiber content, and a spatial-network structure is
formed between staggered PP fibers, which can restrict the sliding and rolling of soil
particles. That is, the stability of the specimen is improved at the spatial level and the
plasticity is increased.

3.1.2. UCS and Residual Strength

From the stress–strain curves in Figure 5, the UCSs of FCITs with different PP-fiber
contents and curing ages can be obtained, as indicated in Figure 6. The UCSs of FCITs
with different PP-fiber contents at the age of 7 d are greater than 1 MPa which meets
the strength requirement of relevant specification [26] for cement-stabilized material. As
indicated in Figure 6, the UCSs of FCITs with different PP-fiber contents all increase by
more than 35% with increasing curing age. The reason for the increasing strength is the
increased hydration products of cement, such as C-S-H and C-A-S-H. On the one hand,
these hydration products fill the pores between particles. On the other hand, the bonding
between particles is strengthened through cementation, as well as the bonding between
particles and PP fibers. Therefore, the addition of PP fiber can improve the UCS of FCIT.
Taking the specimens with the curing age of 7 d as an example, compared with the specimen
without fiber, the UCSs of the specimens with PP-fiber contents of 0.25%, 0.5%, 0.75% and
1% are increased by 5%, 13%, 20% and 17%, respectively. The UCS of the specimen with
the curing age of 28 d has a similar change law as the specimen with the curing age of 7 d.
The addition of PP fiber improves the ability of the specimen to resist external force, so
as to improve the strength of the specimen. The UCS first increases and then decreases
with the increasing content of PP fiber. The reason for this change is that the fiber will
present a spatial-network structure in the specimen, and the agglomeration phenomenon
will occur in the specimen with undue PP fiber, which will cause the cement particles and
iron-ore-tailing particles to be unable to fully contact, thereby decreasing the UCS.

Figure 7 shows the relationship between the residual strength and the PP-fiber content
of the FCIT specimen. It can be seen from Figure 7 that the PP-fiber contents of 0.25% and
0.5% have little reinforcement effects on the residual strength of FCIT. On the contrary,
there is an obvious improvement effect on the residual strength of FCIT with the PP-fiber
content of 0.75%. Compared to fiberless samples, the residual strength of the samples with
0.75% fiber content increases by 320% and 580% at 7 d and 28 d, respectively. Significantly,
when the PP-fiber content increases from 0.75% to 1%, there is little improvement effect on
the residual strength of FCIT, especially the residual strength at 28 d. In fact, the PP fibers
in the specimen can form a staggered spatial-network structure, and this network structure
restricts the slip of specimen particles so that the deformation resistance of the specimen is
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enhanced. Especially, it can be seen from Figures 6 and 7 that the reinforcement effect is
best when the PP-fiber content is 0.75%.

Figure 6. Unconfined compressive strengths of FCIT at different ages.

Figure 7. Residual strengths of FCIT at different curing ages.

3.1.3. Brittleness Index, Toughness Index, and Modulus Strength Ratio

Brittle materials often fail suddenly without warning when impacted by external
forces. Although cement can better improve the strength of iron-ore tailing, its brittleness
is also greatly increased [27]. In order to evaluate the effect of PP-fiber content on the
brittle failure of FCIT, the brittleness index (IB) is introduced to quantitatively describe the
failure mode of FCIT. The value of IB can be calculated according to Equation (1) [28]. The
calculated values of IB are indicated in Figure 8. As shown in Figure 8, added PP fiber can
effectively reduce the brittleness index of FCIT and gradually change its failure mode from
brittleness to plasticity, so as to improve the safety of the pavement base. Obviously, the
value of the brittleness index linearly decreases with the increase in PP-fiber content, and
the PP-fiber content and brittleness index of FCIT meet the linear relationship, as shown in
Equation (2).

IB =
qu − qc

qu
(1)

where qu is the unconfined compressive strength, and qc is the residual strength.

IB = IB0 − ΔIB f (2)

where f is PP-fiber content, IB0 is the brittleness index when f = 0, and ΔIB is a material
parameter and reflects the decreasing rate of IB with increasing f.
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Figure 8. Relationship between brittleness index and PP–fiber content.

In order to describe the mechanical properties of FCIT after yield, the energy dissipa-
tion of FCIT after yield can be quantitatively characterized by the toughness index (TI). The
higher the toughness index, the better the ability of the absorbing energy after yield [29].
TI can be calculated according to Equation (3), and then the calculated values of TI are
shown in Figure 9. Apparently, there is an exponential relationship between the content
of PP fiber and TI, as shown in Equation (4). It can be found that there is an increase in
the difference between TI of 7 d and 28 d with increasing PP-fiber content. The reason for
this is the more sufficient hydration reaction of cement and the more obvious interfacial
bonding between the PP fiber and iron-ore-tailing particles so that FCIT can absorb more
strain energy after yield.

TI =

∫ εq+5%
εq

σ(ε)dε

5%
(3)

where, TI is the strain corresponding to the maximum value of stress.

TI = TI0eΔTI f (4)

where TI0 is the toughness index when f = 0, and ΔTI is a material parameter.
Due to the tensile action of PP fiber, the crack expands slowly in the specimen after

the FCIT specimen yields. The broken test block does not immediately fall but is bonded to
the specimen (Figure 10), which can continue to bear the load. That is, the broken test block
can absorb part of the external energy and improve the toughness index of FCIT.

The modulus strength ratio can be used to characterize the tensile performance of
FCIT. The modulus strength ratio refers to the ratio of soil modulus to strength [30,31], as
given by

η =
E50

qu
(5)

where, E50 is the secant modulus.
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Figure 9. Relationship between toughness index and PP–fiber content.

 

Figure 10. Damaged surface of specimen.

There is a negative correlation between the modulus strength ratio and the tensile
performance of the material. The modulus strength ratio of FCIT can be calculated through
Equation (5), as shown in Figure 11. It can be seen from Figure 11 that the modulus strength
ratio of FCIT decreases with the increase in fiber content, indicating that the addition of
fiber can improve the tensile properties of FCIT.

 

726 683

433 452 406

-0.3 0.0 0.3 0.6 0.9 1.2
0

300

600

900

1200

647

932968961
1034

M
od

ul
us

 s
tr

en
gt

h 
ra

tio

PP-fiber content (%)

 7 d
 28 d

Figure 11. Relationship between modulus strength ratio and PP-fiber content.
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4. Dynamic Characteristics

When the pavement base is subjected to cyclic traffic load, the base material will pro-
duce strain accumulation, and the cumulative strain linearly increases with the increasing
number of cycles. Finally, it will evolve into two possible results. One is a strain-softening
type in which the soil deformation reaches the limit value and then fails. The other is
a strain-hardening type in which the material strength increases with increasing strain and
the dynamic equilibrium is achieved when the final strain reaches a certain value. Dynamic
stress–strain characteristics, elastic modulus, damping ratio and cumulative strain can be
used to characterize the dynamic characteristics of FCIT under cyclic traffic load.

4.1. Dynamic Stress–Strain Characteristics

Figure 12 shows the stress–strain hysteretic curve of FCIT under cyclic loading. The
red dotted arrow in Figure 12 indicates the test loading process. A complete cycle is formed
by applying compressive stress to the specimen and releasing the stress. The hysteresis-
loop area can effectively reflect the damping and energy dissipation of soil. The fuller the
hysteresis loop in Figure 12, the greater the damping ratio of the specimen, that is, the
greater the energy dissipation. According to the hysteresis loop in the figure, the dynamic
elastic modulus E and damping ratio λ can be calculated.

E =
LAB

LOB
(6)

λ =
Sh

4πSa
(7)

where LAB is the length of AB, and L0B is the length of OB; Sh represents the area of
hysteresis loop, that is, the energy loss of loading one cycle, and Sa represents the triangular
AOB area.
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Figure 12. Stress–strain hysteretic curve of FCIT under cyclic loading.

The stress–strain hysteretic curves of FCIT are shown in Figure 13. It can be seen
from the figure that the hysteretic circle moves in the direction of increasing strain with the
increasing number of cycles N. Obviously, there is an accumulation of the strain of FCIT.
At the same time, it can be determined from Figure 14 that the distance between hysteretic
loops gradually decreases with the increasing number of cycles, which indicates that the
cumulative strain rate gradually decreases and eventually tends to zero with the increasing
number of cycles.
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Figure 14. Variation of hysteresis loop with increasing cycle time.

Figure 15 shows the hysteresis loops (N = 500) of FCITs with different PP-fiber contents.
It is found from Figure 15 that PP-fiber content has an obvious impact on the dynamic
elastic modulus and damping ratio of FCIT.
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Figure 15. Hysteresis loops of FCIT at different PP-fiber contents (N = 500).
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4.2. Evolution Law of Dynamic Characteristics with Cycle Times
4.2.1. Dynamic Elastic Modulus

The dynamic elastic modulus is an important mechanical index of pavement base. The
computed values of dynamic elastic modulus are plotted against cycle times (see Figure 16).
As illustrated in Figure 16, the dynamic elastic modulus decreases with the increase in
the number of cycles, and there exists a linear relationship between the dynamic elastic
modulus and the number of cycles. It can also be found that the dynamic elastic modulus
of FCIT without PP fiber decreases faster. The reason for this is that the fiberless specimen
is brittle material, and the internal damage of the specimen without the reinforcement effect
of PP fiber develops faster when subjected to external force. That is, the addition of PP fiber
can reduce the internal-damage rate of the specimen. Additionally, it can be seen that the
dynamic elastic modulus of the specimen with PP fiber first increases and then decreases
with increasing PP-fiber content. Obviously, the dynamic elastic modulus of the specimen
with the PP-fiber content of 0.75% is the greatest among the specimens with PP fiber, which
is similar to the change law of UCS.
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Figure 16. Relationship between dynamic elastic modulus and cycle time.

4.2.2. Damping Ratio

The damping ratio is used to describe the speed of energy dissipation of the pavement
base in the process of traffic-load vibration. Figure 17 gives the test data between the
damping ratios and cycle times of specimens with different PP-fiber contents. It can be
seen that there is a linear relationship between the damping ratio and the number of
cycles. Especially, added PP fiber can effectively improve the damping ratio of FCIT. This is
because the addition of fiber allows the specimen to absorb more energy during vibration
and promote vibration attenuation.
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Figure 17. Relationship between damping ratio and cycle time.

4.3. Development Law of Cumulative Plastic Strain with the Number of Cycles
4.3.1. Porosity

The porosities of FCIT specimens with different PP-fiber contents are different, and
the porosity has a significant impact on the dynamic characteristics of FCIT. The volume of
the specimen is supposed as 1, and the porosity n can be calculated based on Equation (8).⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Vs =
ms
Gs

= ρd
(1+ f+c)Gs

Vf =
mf f
Gf

Vc =
mcc
Gc

n= 1−Vs − Vf − Vc

(8)

where Vs, Vf and Vc are the volumes of iron-ore tailing sand, PP fiber and cement, re-
spectively; ms, mf and mc are the qualities of iron-ore tailing sand, PP fiber and cement,
respectively; Gs, Gf and Gc are the proportions of iron-ore tailing sand, PP fiber and cement,
respectively; c is the cement content, f is the PP-fiber content, and ρd is the dry density
of specimen.

The porosity of FCIT before the test are then calculated according to Equation (8),
as shown in Figure 18. It is intuitively found from Figure 18 that the porosity increases
with the increase in PP-fiber content. The reason for this is that the PP fibers are randomly
distributed in the specimen, and the PP fibers are in the state of intersection and interleaving,
which increases the porosity of the specimen.
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Figure 18. Porosity of specimen at different fiber contents.

4.3.2. Analysis of Cumulative Deformation Characteristics

Cumulative plastic strain refers to the plastic strain produced in the whole process of
loading–unloading–loading, and it is suitable for evaluating the internal-damage evolution
degree of FCIT under traffic load. Figure 19 shows the cumulative plastic strain εp, elastic
strain εe and total strain εd. The total strain is composed of cumulative plastic strain and
elastic strain [32]. The cumulative plastic strain is shown in the red curve in Figure 19,
which is the valley value in each sine wave.

 
Figure 19. Strain curves with increasing cycle time.

The test results show that there is an accumulation of the deformation of FCIT with
increasing cycle time. Figure 20 shows the test data between the cumulative plastic strain
and cycle time of FCIT at different PP-fiber contents. From Figure 20, it can be seen that
the cumulative plastic strain increases at a decreasing rate with increasing cycle time and
increases with the increase in PP-fiber content. As previously discussed, more fibers can
cause more pores in the specimen, and this is the reason for the cumulative plastic strain
increasing with increasing PP-fiber content. That is, there is a positive relation between the
cumulative plastic strain and PP-fiber content.
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Figure 20. Relationship between the cumulative plastic strain and cycle time.

From Figure 20, it is apparent that the strain curve is the strain-hardening type. That
is, the cumulative plastic strain increases at a decreasing rate with increasing cycle time,
and eventually tends to be constant. However, the semi-logarithmic function is used to
describe the relationship between the cumulative plastic strain and cycle time [33,34], in
which the cumulative plastic strain will increase with increasing cycle time. For this reason,
the hyperbolic function is adopted to describe the relationship between the cumulative
plastic strain and cycle time, as given by

εp =
AN

B + N
(9)

where A and B are the two material parameters, and A is regarded as the final cumulative
plastic strain.

Equation (9) was used to fit the test data between the cumulative plastic strain and cycle
time, as illustrated in Figure 20. As presented in Figure 20, the coefficients of determination
R2 are all greater than 0.980, which indicates that Equation (9) can effectively express the
relationship between the cumulative plastic strain and cycle time.

Given that there is a positive relation between the cumulative plastic strain and PP-
fiber content, the values of cumulative plastic strain were then plotted against the PP-fiber
content at cycle times of 200, 600 and 1000, as shown in Figure 21. It is illustrated in
Figure 21 that an exponential relationship exists between the cumulative plastic strain and
PP-fiber content, as given by

εp = exp(α + β f 1.5) (10)

where α and β are the two material parameters.
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Figure 21. Relationship between the cumulative plastic strain and PP-fiber content.
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Equation (10) was used to fit the test data between the cumulative plastic strain and
PP-fiber content (Figure 21). Obviously, a good agreement can be found between the test
data and curves fitted by Equation (10) from Figure 21. Based on Equations (9) and (10),
a prediction model for the cumulative plastic strain considering cycle time and PP-fiber
content can be expressed as

εp = exp(α + β f 1.5)
N

N + ω
(11)

where ω are the two material parameters
In order to verify the validity of the proposed prediction model, Equation (11) was

used to simulate the deformation behaviors of FCIT at different cycle times and PP-fiber
contents, as presented in Figure 22. The coefficient of determination R2 fitted by Equation
(11) is 0.981, which indicates that good effects in simulation have been achieved. At the
same time, it can be found that there is a satisfactory agreement between the test data and
model simulations. As observed, the proposed model can effectively capture the evolution
law of the cumulative plastic strain with increasing cycle time at different PP-fiber contents
of FCIT.
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Figure 22. Simulations of the cumulative plastic strain.

5. Conclusions

Modifying iron-ore tailing with PP fiber and cement can improve its mechanical
properties so that modified iron-ore tailing can be applied in road engineering, which
realizes the reuse of iron-ore tailing. This paper investigated the strength and deformation
behaviors of modified iron-ore tailing through the unconfined-compressive-strength test
and the dynamic-triaxial test, which aims to provide a theoretical basis for the application
of modified iron-ore tailing in road engineering. The main conclusions are as follows:

(1) The addition of PP fiber increases the UCS and residual strength of FCIT, and
0.75% has the best effect on improving the UCS and residual strength among all
PP-fiber contents.

(2) The brittleness index and modulus strength ratio both decrease with increasing PP-
fiber content, and the addition of PP fiber efficiently improves the tensile and tough-
ness properties of FCIT.

(3) The dynamic elastic modulus and damping ratio of FCIT both meet the linear relation-
ship with cycle time. The dynamic elastic modulus of FCIT first increases and then
decreases, and the damping ratio first decreases, then increases, and finally decreases
among specimens with increasing PP-fiber content from 0.25% to 1%.

(4) The deformation characteristics of FCIT under cycle load are related to the PP-fiber
content, and the cumulative plastic strain increases with increasing PP-fiber content.
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(5) A prediction model is developed for simulating the deformation behaviors of the
dynamic-triaxial test, which can effectively capture the evolution law of the cumula-
tive plastic strain with cycle time of FCIT at different PP-fiber contents.
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Abstract: The recycling and reuse of construction waste have not only effectively protected natural
resources but also promoted the sustainable development of the environment. Therefore, in this
article, waterborne polyurethane (WPU) as a promising new polymer reinforcement material was
proposed to reinforce the road demolition waste (RDW), and the mechanical performance of WPU-
reinforced RDW (named PURD) was investigated using triaxial unconsolidated and undrained shear
(UU) and Scanning Electron Microscope (SEM) tests. The results showed that under the same curing
time and confining pressure, the shear strength of PURD increased with the increase in WPU content.
When the WPU content was 6%, the WPU presented the best reinforcement effect on RA. The failure
strain of PURD increased with the increase in confining pressure, but increased first and then reduced
with the increase in WPU content. The specimens with 5% WPU content showed the best ductility.
At the curing time of 7 and 28 days, the internal friction angle and cohesion of PURD increased
with the increase in WPU content, and they reached a maximum when the WPU content was 6%.
The internal friction angle barely budged, but the cohesion increased obviously. The enhancement
effect of WPU was attributed to the spatial reticular membrane structure produced by wrapping
and bonding particles with the WPU film. Microscopic analysis showed that with the increase in
WPU content, the internal pore and crack size of PURD gradually decreased. As the WPU content
increased, the WPU film became increasingly thicker, which increased the adhesion between WPU
and RA particles and made the structure of PURD become increasingly denser.

Keywords: recycled aggregate; waterborne polyurethane; mechanical properties; reinforcement
mechanism

1. Introduction

Over the past few decades, infrastructure construction has flourished due to widespread
urbanization, the world population soaring, and the changing economic landscape of the
developing countries [1,2]. This has led to a sharp increase in the amount of demolition
waste from old buildings, thereby posing a serious burden on the ecological environment
and human health [3–5]. Additionally, due to the construction of a large number of new
construction projects, the serious shortage of natural resources and the extensive min-
ing methods have destroyed the ecological balance of the production area [6–10]. The
world has been persistently striving to create a development environment with steady
progress in material, energy, production, economy, environment, and efficiency. The con-
struction industry can achieve this by effectively reusing demolition waste as building
materials [11,12]. Therefore, the construction demolition waste is used to replace nat-
ural building materials in current society, which will make great contributions to the
sustainable development [13–15].

In the process of pursuing sustainable development in the construction industry,
cement production consumes a lot of energy and emits a large amount of greenhouse
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gases, and the total emission accounts for about 8% of the total global carbon dioxide
emissions [16–18]. The high-molecular polymers present fast hardening, micro-expansion,
stable strength, and good mechanical properties, and they can be used to replace cement
materials and widely used in infrastructure construction fields such as road construction,
slope stabilization, foundation, and roadbed treatment [19–21]. Polyurethane as a high-
molecular polymer is formed by the reaction of diisocyanate and polyol (or equivalent)
in the presence of a catalyst. Polyurethane has good biocompatibility, hydrolysis stability,
and chemical resistance [22–24]. According to the preparation process, polyurethane can
be divided into solvent and waterborne. Compared with traditional solvent polyurethane,
waterborne polyurethane (WPU) is more environmentally friendly, and there is a great
demand in the fields of coatings, thickeners, sealants, and adhesives [25,26].

Currently, the high-molecular polymers have been applied in the reinforcement of
building materials, among which polyurethane is particularly prominent in improving
strength and stability [27–30]. Wei et al. [31] conducted a series of unconfined compressive
strength tests and scanning electron microscope tests with different WPU contents to
explore the reinforcement effect of WPU on sand, showing that with the increase in WPU
content, the unconfined compressive strength and residual strength of the sand increase,
and the strength and ductility of sand can be effectively improved. Because WPU has a
unique reticular membrane structure, the WPU can improve the cohesion between sand
particles. In order to study the influence of polyurethane on the permeability of sand,
Liu et al. [32] carried out a series of reinforcement layer form tests, single-hole permeability
tests, and porous permeability tests on the sand reinforced by polyurethane. The test
results showed that the impermeability of the sand reinforced by polyurethane is improved.
With the increase in polyurethane concentration, the thickness and complete degree of the
reinforcement layer increase, and the permeability coefficient decreases. Zhang et al. [33]
studied the effect of polyurethane content on the mechanical properties and microstructure
of cement mortar, with the results showing that with the increase in polyurethane content,
the compressive strength of cement mortar gradually decreases but the flexural strength
gradually increases. The polyurethane helps to optimize the microstructure of cement
mortar and inhibit crack propagation. Samaila et al. [34] investigated the marine clay
treated with polyurethane (PU); it was found that the compressive strength of marine
clay specimens is effectively improved; and the failure strain, compression index, and
expansion index are reduced by PU. The microstructure of marine clay specimens treated
with PU becomes more compact. Liu et al. [35] used cyclic triaxial tests to investigate
the effect of PU on the dynamic characteristics of crushed stone, and in this work, the
effects of confining pressure, PU content, consolidation stress ratio, and loading frequency
on the shear modulus and damping ratio of polyurethane-reinforced crushed stone were
considered. The results showed that increasing the confining pressure, polyurethane
content, and consolidation stress ratio can increase the maximum shear modulus and
reduce the damping ratio of PU-reinforced crushed stone. However, the shear modulus
of PU-reinforced crushed stone slightly increases with the increase in loading frequency,
but the damping ratio is not sensitive to it. In order to explore the effect of waterborne
polyurethane on the mechanical properties, durability, and microstructure of concrete,
Fan et al. [36] carried out a series of experimental research and theoretical analysis. The test
results showed that the compressive strength, splitting tensile strength, flexural strength,
and elastic modulus of concrete can be improved by adding an appropriate amount of
waterborne polyurethane. Meanwhile, under the action of waterborne polyurethane, the
chloride penetration resistance, impermeability, freezing and thawing resistance, and
microstructure of concrete have also been significantly improved.

In summary, it is found that due to the pollution problems caused by the use of cement
and the accumulation of construction waste, as well as the shortcomings of high energy
consumption in the mining of construction materials, the current society urgently needs
to find new environmental protection reinforcement materials and resource utilization
methods of construction waste to alleviate the pressure on the environment and resources.
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At present, a large number of research works mainly focuses on natural building materials
such as sand, marine clay, gravel, and concrete, while the research on recycled building
materials is relatively rare. Therefore, using waterborne polyurethane as a new environ-
mental protection reinforcing material to study its effect on the mechanical properties of
recycled aggregate can realize the engineering recycling of building materials, to achieve
the social benefits of protecting the environment and saving resources. Meanwhile, the
abundant research work has only explored the compressive strength, flexural strength,
shear modulus, and damping ratio of various building materials, and has not yet conducted
in-depth research on shear strength.

The objective of this paper was to explore the effect of WPU on the triaxial shear
strength of RA by unconsolidated undrained shear (UU) tests on the WPU-reinforced RA
(PURD) specimens under different ages, confining pressures, and contents of waterborne
polyurethane. Meanwhile, the microstructure of PURD was characterized by scanning
electron microscope (SEM) tests to explore the WPU reinforcement mechanism on RA.

2. Experimental Materials, Schemes, and Methods

2.1. Materials

The RA was collected from the abandoned road section of Erhuan North Road, Shaox-
ing City, Zhejiang Province, which was the mixed gravel after the crushing of the roadbed
base material. The main chemical components of RA are SiO2 and CaCO3. The acquisition
process of RA required for the test is shown in Figure 1. According to the Test Methods of
Materials Stabilized with Inorganic Binders for Highway Engineering (JTG E51-2009) [37],
fine-grained gravel soil with a particle size of less than 4.75 mm was selected as the RA
used in the test, and the particle grading curve is shown in Figure 2. According to the Test
Methods of Soils for Highway Engineering (JTG 3430-2020) [38], the physical performance
indexes of RA were tested, and the results are shown in Table 1. The WPU is produced by
Shenzhen, China, Jitian Chemical Co., Ltd. The model is F0410 and its main performance
indexes are shown in Table 2.

Figure 1. Acquisition process of RA required for test.

Table 1. Physical performance indexes of RA.

Physical
Index

Natural
Moisture

Content (%)

Plasticity
Index

Proportion
(g/cm3)

Mud
Content (%)

Apparent
Density
(kg/m3)

Index value 16 16.6 2.68 20.5 2.67
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Figure 2. Particle grading curve.

Table 2. Performance indexes of WPU solution.

Performance
Index

Appearance
Solid

Content (%)
pH Value

(25 ◦C)
Viscosity
(mPa·S)

Film
Forming

Temperature
(◦C)

Index value Milky white
liquid 40 6~8 800~1500 20

2.2. Experimental Scheme

The RA was reinforced by WPU with four contents. The WPU solutions were diluted
with water to a solution with a low content, and then the RA was mixed with WPU. The
specific test scheme is shown in Table 3. For the convenience of expression, PURD-X
is used to represent the specimen number, where X represents the content of WPU (%).
Meanwhile, the SEM tests were performed to reveal the strengthening mechanism of
mechanical properties of WPU-reinforced RA.

Table 3. Test scheme for RA reinforced with different contents of WPU.

Specimen
Number

Dry Density
(g/cm3)

WPU Content
(%)

Moisture
Content (%)

Curing Time
(Day)

PURD-3

1.6

3

16 7, 28
PURD-4 4
PURD-5 5
PURD-6 6

The WPU content in the test scheme is the mass ratio of WPU and RA, and the solid
content of the solution needs to be considered. The moisture content of the specimen was
set to 16%, the main purpose was to keep consistent with the natural moisture content
of the RA, and the moisture contained in the WPU solution should be considered. The
calculation process of the test mix proportion is shown in Equations (1) and (2).

mWPU =
mRA × rWPU

40%
(1)

mw = (mRA + mWPU × 40%)× 16% − mWPU × (1 − 40%) (2)
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where mWPU is the mass of the WPU solution (g), rWPU is the content of the WPU (%), mRA
is the mass of RA (g), and mw is the mass of water (g).

2.3. Specimen Preparation

The preparation process of the UU test specimens in this study is divided into the fol-
lowing steps (see Figure 3) as per the Standard for geotechnical testing method (GB/T50123-
2019) [39] and the designed experimental scheme.

Figure 3. Specimen preparation process.

(1) The RA was placed in a constant-temperature oven at 105 ◦C for 24 h to ensure that
the moisture in the RA was completely dried, and then cooled to room temperature.

(2) The corresponding qualities of the RA, WPU solution, and water were weighed
according to the mix proportion set in Table 3. Then, the weighed water was slowly
poured into the WPU solution while stirring. Afterward, the WPU solution was mixed
with the RA.

(3) An amount of 154 g of the mixture stirred evenly was shaped in a cylindrical mold
with a height of 80 mm and a diameter of 39.1 mm. It must be fully compacted with a
jack and statically pressed for 10 min.

(4) The specimens were demolded after being fully compacted. Then, the specimens were
cured in a standard curing box for 7 and 28 days, respectively. The curing temperature
was controlled at 20 ± 2 ◦C, and the relative humidity was >95%.

The samples for the SEM test were from the dried sample blocks of broken sample in
the UU test. A layer of conductive adhesive was pasted tightly on the sample with a thin
rod, and then the specimen particle powder on the surface was blown away with a suction
balloon to avoid polluting the instrument lens.

2.4. Experimental Method
2.4.1. UU Test

The instrument used in the UU test was a fully automatic triaxial shearing instrument
(TKA.TTS.3S) produced by Nanjing, China, TKA Technology Co., Ltd. The four confining
pressures (100, 200, 300, and 400 kPa) were applied, and the loading rate was set to
1 mm/min. According to the relevant provisions of the Standard for geotechnical testing
method (GB/T 50123-2019) [39], after the deviatoric stress reached the maximum, the axial
strain increased by 3–5% and the test was stopped. In this article, the test was terminated
when the axial strain reached 14%.
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2.4.2. SEM Test

The equipment used for the SEM test was a high- and low-vacuum scanning electron
microscope (JSM-6360LV), which is produced by Tokyo, Japan, Electronics Co., Ltd. The
specimens damaged from the UU test were placed in an oven for 24 h, and the test was
performed after the specimen was dry. Finally, the SEM images were taken under different
magnifications, and the magnifications of this study were selected as 500× and 2000×.

3. Results and Discussions

3.1. Deviatoric Stress–Strain Behaviors

According to the deviatoric stress q and the axial strain ε obtained from the test, the de-
viatoric stress–strain relationship curves of PURD specimens are drawn in Figures 4 and 5
at 7 and 28 days of curing time, respectively. From Figures 4 and 5, the deviatoric
stress–strain curves of PURD at 7 and 28 days of curing time presented strain soften-
ing behaviors, namely, the deviatoric stress first increased and then decreased with the
increase in strain. The softening characteristics of PURD-6 became more obvious than
those of PURD-3, PURD-4, and PURD-5. The deviatoric stress of PURD-6 had an obvious
decreasing trend after reaching the peak stress, and the strain softening behavior became
more obvious especially under a lower confining pressure.

ε  
(a) 

ε

(b) 

ε  
(c) 

ε

(d) 

Figure 4. Deviatoric stress–strain curves of PURD at 7 days of curing time. (a) PURD-3; (b) PURD-4;
(c) PURD-5; (d) PURD-6.
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ε  
(a) 

ε

(b) 

ε  
(c) 

ε

(d) 

Figure 5. Deviatoric stress–strain curves of PURD at 28 days curing time. (a) PURD-3; (b) PURD-4;
(c) PURD-5; (d) PURD-6.

Figure 6 shows the specimen failure modes of PURD specimens under different
confining pressures. From Figure 6, the failure form of the specimens was bulging failure
under different confining pressures. As the confining pressure increased, the bulging of the
specimens became more obvious. When the confining pressure was 100 kPa, bulging cracks
appeared on the surface of the specimen. First, this is mainly because the bonding and
cementation effect of WPU can effectively inhibit the sliding of RA particles in the specimen
to a certain extent [40]. However, under low confining pressure, the internal structure of the
specimen has poor resistance to external loads. Under the action of external load, the friction
and bite force between RA particles cannot inhibit its deformation, which will lead to the
failure of the specimen [41]. Under high confining pressure, the specimen is constrained
by large peripheral pressure, which makes the RA particles in the specimen subject to a
certain binding effect, so it is not easy to slide and cause specimen damage [42,43].
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Figure 6. Failure mode of specimens.

3.2. Shear Strength

According to the deviatoric stress–strain curves of PURD from Figure 5, the peak
deviatoric stress under different confining pressures can be obtained, which is defined as
the peak strength qmax, kPa, which can reflect the shear strength of PURD. Figure 7 shows
the variation law of shear strength of PURD at different curing times. From Figure 7, it is
found that the peak strength of PURD with different WPU contents increased gradually
with the increase in confining pressure. Meanwhile, it can be found that the change trend
of peak strength curves of PURD-3, PURD-4, PURD-5, and PURD-6 at 7 and 28 days
was basically the same. Therefore, the PURD with different WPU contents had the same
variation law of peak strength.

Figure 7. Shear strength.

By further analyzing Figure 7, the variation law of the peak strength of PURD with
WPU content is obtained. Under the same curing time and the same confining pressure,
the peak strength of PURD increases with the increase in WPU content. Meanwhile, the
increase range of peak strength becomes increasingly more obvious with the increase in
WPU content. At the curing time of 7 and 28 days, under the same confining pressure, the
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peak strength of PURD-4 increases by less than 10% compared with that of PURD-3. The
peak strength of PURD-5 increases by 10% to 25% compared with that of PURD-4. The
peak strength of PURD-6 increases by 30% compared with that of PURD-5, and when the
confining pressure is 100 kPa, the rising range reaches 64%. Therefore, a 6% content of
WPU can make PURD have the highest shear strength and the best reinforcement effect on
RA. The important effect of WPU content on the shear strength of PURD is mainly because
with the increase in WPU content, the polyurethane itself will produce a higher bonding
effect and participate in more curing reactions, which will affect the RA. The bonding
between particles becomes increasingly stronger, which makes the internal connection of
PURD closer, so the shear strength of WPU will gradually increase with the increase in
WPU content.

The curing time of cement-based materials has an important influence on the strength
of the specimen. Cement usually completes almost all hydration reactions when curing for
28 days, and the strength of the specimen will increase significantly compared with that
under the curing time of 7 days. Therefore, it is necessary to explore the effect of curing time
on WPU-strengthening RA [44,45]. Compared with Figure 7, the peak strength of PURD
with each content at the curing time of 28 days increases slightly compared with 7 days,
and the increase range is less than 6%, which is almost negligible. It can be concluded that
the curing time has little effect on WPU strengthening RA, and also has little effect on the
shear strength. The above analysis shows that WPU can directly exert all its strength effects
in a short period of time, and does not require a long curing period. Therefore, WPU has
relatively low requirements on construction time and is relatively flexible in engineering
applications, which is a very effective and promising new type of high-molecular polymer
reinforcement material.

3.3. Failure Strain

The strain corresponding to the peak strength of PURD in the deviatoric stress–strain
curve in Figures 5 and 6 is called the failure strain [46], and Figure 8 shows the change
law of failure strain of the specimens. The failure strain can describe the ductility of the
specimen to a certain extent. The larger the failure strain value is, the later the shear failure
of the specimen occurs [47,48].

Figure 8. Failure strain.
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According to Figure 8, the failure strain of PURD with different WPU contents increases
with the increase in confining pressure at 7 and 28 days of curing time. On the whole, the
change range of the failure strain of PURD relative to the confining pressure is relatively
gentle. Only the failure strains of PURD-4 and PURD-5 show a significant increase between
100 kPa to 200 kPa and 200 kPa to 300 kPa confining pressures. However, the effect of
curing time on the failure strain of PURD does not show a particularly obvious rule, and
the overall difference is not significant.

Comparing the failure strain of PURD with different WPU contents, it can be found
that the failure strain of PURD increases first and then decreases with the increase in
WPU content under the curing time of 7 and 28 days. Under two curing times and four
confining pressures, the failure strain of PURD-5 reaches the maximum value. Compared
with PURD-3, the failure strain increases by 41%, 50%, 124%, and 99% at the curing time of
7 days, and increases by 61%, 37%, 31%, and 41% at the curing time of 28 days, respectively.
The growth rate is relatively large. The above analysis shows that PURD-5 exhibits the best
ductility, mainly because the increase in WPU content will make the cementation between
the RA particles more obvious, and there will be a certain “pulling” effect between particles
to prevent brittle failure [49]. However, when the content of WPU is too much, a large
number of agglomerates will appear in the PURD, and the dispersion is not uniform, which
inhibits the ductility of the specimen.

3.4. Shear Strength Parameters

Taking the normal stress σ as the abscissa, the shear stress τ as the ordinate, (σ1f + σ3f)/2
as the center, and (σ1f − σ3f)/2 as the radius, the limit Mohr stress circle is drawn on the τ-σ
stress plane diagram. Then, the common tangents of the Mohr circle under four different
confining pressures are drawn, which are the shear strength envelopes of the limit Mohr
stress circle, where σ1 represents the large principal stress, σ3 represents the small principal
stress, and the subscript f represents the limit equilibrium state, that is, the molar stress
circle is tangent to the shear strength envelope, which means that the shear stress on the
τ-σ stress plane is equal to the shear strength. Based on this, the limit Mohr stress circles
and shear strength envelopes of PURD with different WPU contents under 7 and 28 days
of curing time were drawn, respectively (see Figures 9 and 10).

Figure 11 shows the variation law of the internal friction angle ϕ and cohesion c
of PURD specimens obtained from the shear strength envelopes. As can be seen from
Figure 11, at the curing time of 7 and 28 days, the internal friction angle and cohesion
of PURD show an increasing trend with the increase in WPU content and reaches the
maximum when the WPU content is 6%. The change range of internal friction angle is
relatively small, with an increase of only about 5%, while the increase in cohesion is more
obvious. Under 7 days of curing time, the cohesion of PURD-6 increases by 144%, 142%, and
91% compared with those of PURD-3, PURD-4, and PURD-5, respectively. Under 28 days
of curing time, the cohesion of PURD-6 increases by 141%, 134%, and 77% compared with
those of PURD-3, PURD-4, and PURD-5, respectively. Meanwhile, compared with the test
results in Section 2.2, it can be found that the variation rules of the internal friction angle
and cohesion of PURD are highly consistent with the variation rules of the shear strength.
However, the content of WPU has a limited effect on the internal friction angle of PURD.
As a polymer curing time, WPU has a high degree of fluidity, and its consolidation effect
cannot significantly change the internal friction angle of RA. Therefore, it can be known
that WPU mainly improves the shear strength by increasing the cohesion of the specimen.
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Figure 9. Limit Mohr stress circles and shear strength envelopes of PURD at 7 days of curing time.
(a) PURD-3; (b) PURD-4; (c) PURD-5; (d) PURD-6.

Under the same WPU content, the internal friction angle and cohesion of PURD both
increase with curing time, but not obviously. The strength of PURD is mainly provided
by the bite force and friction generated by the mutual extrusion of RA particles and the
bonding force generated by the curing reaction of WPU. The increase in internal friction is
mainly due to the curing reaction between WPU and water in the specimen, and the curing
reaction will gradually end with the increase in curing time, resulting in the decrease in
water in the specimen. The internal friction angle will increase with the decrease in water
content, and the decrease in water content will lead to the increase in bite force and friction
between RA particles [50]. Additionally, WPU itself is also prone to oxidative consolidation
reaction, which will produce high-strength adhesion and can better bond loose RA particles
together. Moreover, a large number of long-chain macromolecules and isocyanate groups
in WPU make it have a special polymer reticular structure, which can significantly improve
the cohesion of the specimen [31,32]. With the increase in curing time, the consolidation
reaction between WPU and water and the oxidative consolidation reaction of WPU will
proceed more completely, thereby further increasing the cohesion of PURD.
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Figure 10. Limit Mohr stress circles and shear strength envelopes of PURD at 28 days of curing time.
(a) PURD-3; (b) PURD-4; (c) PURD-5; (d) PURD-6.

 
(a) (b) 

Figure 11. Shear strength parameters. (a) Internal friction angle ϕ; (b) cohesion c.

4. Mechanism Analysis

Through the above UU test results and analysis, it has been found that WPU has an
important effect on the mechanical properties of RA, and the variation law of the shear
strength of PURD with different WPU contents has been obtained. However, the above
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results are analyzed from the macro-mechanical level, which has the disadvantage of
relative superficiality. Therefore, we can try to make an in-depth analysis of the mechanism
of WPU enhancing RA from the micro-level. Therefore, the SEM test was performed on
PURD with different WPU contents, and the SEM images at 500 times and 2000 times
magnification were taken, respectively (see Figure 12).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e)

 
(f)

 
(g)

 
(h)

Figure 12. SEM images of PURD with different WPU contents. (a) PURD-3, 500 times; (b) PURD-3,
2000 times; (c) PURD-4, 500 times; (d) PURD-4, 2000 times; (e) PURD-5, 500 times; (f) PURD-5,
2000 times; (g) PURD-6, 500 times; (h) PURD-6, 2000 times.
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Figure 12a shows the SEM image of PURD-3 under 500 times. It can be seen that PURD-
3 has many macropores, the internal structure of the specimen is loose and not tight enough,
and it can be clearly seen that there are many recycled aggregate particles on the surface
of the specimen, which are bonded together through polyurethane. Part A1 in Figure 12a
is enlarged to obtain Figure 12b. Figure 12b shows that a large amount of polyurethane
adheres to the surface of RA, but the particle shape of RA can still be seen. The bonding
between particles is not particularly tight. Meanwhile, the polyurethane exists in a linear
form and plays a bridging role between RA particles, which is similar to the reinforcing
effect of fiber in cement-based materials [51]. Figure 12c shows the SEM image of PURD-4
under 500 times. The image shows that there are some large pores and tiny cracks inside the
specimen, but the pore size is reduced compared with the PURD-3, so the internal structure
of the specimen is improved. Meanwhile, according to Figure 12d obtained by enlarging
part A2 in Figure 12c, only some fine particles of RA can be seen on the surface of PURD-4,
which is mainly because the RA particles are wrapped by a large amount of polyurethane,
but due to the limited content of polyurethane, some fine particles of RA are exposed
and adhered to the outside. It is more clearly seen that linear polyurethane has a strong
adhesion effect, which can “pull” the various parts of the specimen together, providing a
basis for the further connection of the specimen as a whole. Figure 12e is the SEM image
time of the PURD-5 at 500 times. It is observed that the pores inside PURD-5 are smaller
in size than those inside PURD-4, the internal structure is more compact, and the particle
shape of the RA is also less visible. Due to the increase in the content of polyurethane, a
large number of polyurethane-wrapped RA form polyurethane agglomerates, which make
the integrity of the specimen more prominent [35,52]. Figure 12f is obtained by enlarging
part A3 in Figure 12e. It can be seen from Figure 12f that a large amount of polyurethane
wraps the RA to form an agglomerate structure, and a large number of polyurethane thick
films appear, that is, the polyurethane covers and wraps the surface of the RA particles
in the form of a film. Figure 12g is the SEM image of the PURD-6 at 500 times. It can be
found that PURD-6 has only a few tiny pores, the overall structure of the specimen is quite
complete, and the thin film structure of polyurethane can be clearly seen. The A4 part in
Figure 12g is enlarged to obtain Figure 12h, from which it can be found that PURD-6 is
covered with more thick polyurethane film than PURD-5, and almost no pores and cracks
in the specimen can be seen. Moreover, the thickness of the polyurethane film also increases
to a certain extent, which is mainly caused by the increase in the content of polyurethane.

In summary, the reinforcement effect of polymer can be attributed to the polymer film
wrapping and binding the particles to create a spatially reticular membrane structure [27].
The above SEM microscopic image analysis shows that with the increase in WPU content,
the internal pore and crack size of the PURD gradually decreases, and the number of
both also decreases. Meanwhile, the polyurethane-wrapped RA particles gradually form
agglomerates and finally produce a large number of polyurethane films. With the gradual
increase in WPU content, the polyurethane film becomes increasingly thicker, which makes
the bonding effect between the polyurethane and the RA particles become increasingly
stronger, so the overall structure of the PURD becomes increasingly denser. This phe-
nomenon can more fully explain the mechanical results that the shear strength of PURD
increases with the increase in WPU content in the UU test. Due to the limitation of the SEM
test magnification, the specific size of pores cannot be determined. In order to accurately
determine the nanometer size of pores, a further transmission electron microscopy (TEM)
test and specific surface area (BET) test are required.

5. Conclusions

To explore new environmentally friendly reinforcement materials and realize the
recycling and utilization of construction waste, a new reinforcement method using PU
to enhance RDW was proposed in this study, thus reducing the environmental pressure
and resource shortage. The UU test and SEM test were conducted to investigate the
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reinforcement performance and mechanism of PU. The main conclusions are presented
as follows:

(1) WPU can obviously improve the shear strength of RA. The shear strength of PURD
increases with the increase in WPU content. When the WPU content is 6%, the shear
strength reaches the maximum value, which is nearly 30% higher than that of PURD-5.
However, the curing time has little effect on the reinforcement effect of WPU, and
the increase in shear strength can be ignored. Therefore, WPU can directly exert
all strength effects in a short curing time, and is relatively flexible in engineering
application, which is a very effective and promising new type of high-molecular
polymer reinforcement material.

(2) WPU has great influence on the ductility of RA. The failure strain of PURD increases
with the increase in confining pressure, and first increases and then decreases with the
increase in WPU content. The failure strain of PURD-5 reaches the maximum value.
Compared with PURD-3, the failure strain of PURD-5 increases by 41%, 50%, 124%,
and 99% at 7 days and 61%, 37%, 31%, and 41% at 28 days, respectively. The growth
range is large, so PURD-5 shows the best ductility.

(3) WPU can obviously increase the cohesion of RA. The internal friction angle and cohe-
sion of PURD increase with the increase in WPU content, which is highly consistent
with the change law of shear strength. However, the increase in internal friction angle
is small, only about 5%, and the increase in cohesion is obvious. At the curing time
of 7 days, the cohesion of PURD-6 increases by 144%, 142%, and 91%, respectively,
compared with those of PURD-3, PURD-4, and PURD-5. At the curing time of 28 days,
the cohesion of PURD-6 increases by 141%, 134%, and 77%, respectively, compared
with those of PURD-3, PURD-4, and PURD-5.

(4) The enhancement effect of the polymer can be attributed to the spatial reticular
membrane structure produced by wrapping and bonding particles with the poly-
mer film. With the increase in WPU content, the internal pore and crack size of
PURD gradually decreases, and the number of them also decreases. Meanwhile, the
polyurethane-wrapped RA particles gradually form agglomerates and finally produce
a large number of polyurethane films. With the gradual increase in WPU content, the
polyurethane film becomes increasingly thicker, which makes the bonding effect of
the polyurethane on the RA particles become increasingly stronger, and the overall
structure of the PURD becomes increasingly denser.

(5) In this test, the mechanical strength of RA is obtained on the basis that the mud content
is 20.5%. If different practical projects need to obtain higher mechanical parameters, it
is necessary to reduce the mud content of RA. Similarly, if the engineering has low
requirements for mechanical parameters, the requirements for mud content can be ap-
propriately relaxed. Thus, the processing steps for RA can be appropriately reduced.
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Abstract: This study examined the bibliographic data on fiber-reinforced geopolymers (FRGPs) using
scientometrics to determine their important features. Manual review articles are inadequate in their
capability to connect various segments of literature in an ordered and systematic manner. Scientific
mapping, co-citation, and co-occurrence are the difficult aspects of current research. The Scopus
database was utilized to find and obtain the data needed to achieve the study’s aims. The VOSviewer
application was employed to assess the literature records from 751 publications, including citation,
bibliographic, keyword, and abstract details. Significant publishing outlets, keywords, prolific
researchers in terms of citations and articles published, top-cited documents, and locations actively
participating in FRGP investigations were identified during the data review. The possible uses of
FRGP were also highlighted. The scientometric analysis revealed that the most frequently used
keywords in FRGP research are inorganic polymers, geopolymers, reinforcement, geopolymer, and
compressive strength. Additionally, 27 authors have published more than 10 articles on FRGP, and
29 articles have received more than 100 citations up to June 2022. Due to the graphical illustration
and quantitative contribution of scholars and countries, this study can support scholars in building
joint ventures and communicating innovative ideas and practices.

Keywords: fibers; geopolymers; fiber-reinforced geopolymers; bibliographic analysis

1. Introduction

Geopolymer (GP) is a type of inorganic silico-aluminum composite with a 3D network
made of a SiO4 and AlO4 tetrahedral unit structure [1–3]. It is manufactured by the interac-
tion of active low-calcium silico-alumina ingredients with alkaline activators [4,5]. Active
solid aluminosilicates and activators comprising alkali silicates and metals are required for
the production of GPs [6–8]. The alkaline solution functions as an activator of alkali, binder,
and dispersant [9]. In comparison to cementitious materials, GPs offer the benefits of high
initial-age strength, rapid hardening, and a large variety of raw ingredients [10,11]. GPs
use less energy and emit fewer pollutants during manufacture, and they are regarded as
the material having the greatest potential to substitute cement [12–14]. The concept of GPs
was proposed in 1978 to explain inorganic aluminosilicate polymers made using natural
ingredients [15–17]. The intention was to utilize alkali metal silicate solutions to encourage
the formation of polymeric aluminum silicate materials from geological minerals under
severe alkaline environments [18,19]. Consequently, various solid silicate raw materials
such as fly ash, slag, silica fume, and other wastes were utilized to effectively produce
GPs [20,21].

Conventional cementitious materials have reduced durability such as resistance to
elevated temperatures and deterioration [22,23]. GP composites effectively solve this
deficiency [24–26]. However, GPs are comparable to ceramics in that their tensile and
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flexural strengths are inadequate, and they are very susceptible to microcracks [27,28]. By
integrating fibers, the brittleness of GPs may be addressed by increasing the toughness of
composites [29–31]. The addition of fibers to the GP can inhibit the emergence of fractures
while simultaneously enhancing its ductility, toughness, and tensile strength [32–34]. In
recent years, several researchers have investigated the durability of GPs, which focused
mostly on their resistance to abrasion, weathering, freeze–thaw, sulfate, water absorption,
chloride ions, and various dry and wet impacts [35,36]. The mechanical performance
and durability of composites are enhanced by altering the concentration of the alkaline
solution, silicon to aluminum ratio, curing conditions, and the addition of fibers [37–39].
The inclusion of fibers increases the material's fracture performance and flexural strength
and enhances its toughening process [29,40]. GPs with fiber reinforcement are more durable
than cementitious composites of the same grade [41].

Currently, natural fibers, inorganic fibers, synthetic fibers, and steel fibers are the most
frequent types of fibers utilized in GP composites [42–44]. Numerous research studies have
been conducted on synthetic-fiber-reinforced GPs, such as polypropylene (PP), polyvinyl
alcohol (PVA), polyethylene (PE), etc., but their manufacturing method contaminates the
atmosphere and has difficulty satisfying the needs of sustainable development [45]. The
majority of natural fibers is cellulose or plant fibers. Natural fibers have low cost, are
lightweight, have strong adhesion, have easy production methods, and are biodegradable
and are attracting the attention of academics [46].

As scientists continue to study fiber-reinforced geopolymers (FRGPs), because of the
growing worries regarding the initiation and development of cracks, there is an issue
regarding knowledge limitations that might prevent the establishment of new research
and academic relationships. Therefore, it is essential to develop and use a method that
enables scholars to acquire important information from the highly trustworthy sources
available. This issue could be resolved with the aid of a scientometric process. Therefore,
the purpose of this study is to conduct a scientometric evaluation of the literature data on
FRGP investigations that has been made accessible up until June 2022. A scientometric
analysis is used to carry out a quantitative examination of vast bibliographic records using
advanced tools. This is because the many aspects of the literature cannot be appropriately
and completely linked in traditional review studies. Complex elements of advanced stud-
ies include scientific visualization, co-citations, and co-occurrence [47,48]. Scientometric
evaluations highlight the regions actively engaged in a research issue as well as the outlets
with the greatest publications, frequently used keywords, and highly cited researchers and
papers. To achieve the objectives of the current study, data from 751 pertinent papers were
found using the Scopus search engine. This data included abstracts, keywords, citations,
and bibliographic details. Additionally, the restrictions related to the applications of FRGP
in the building industry were explored, along with possible remedies to these limits. Due
to the graphical interpretation and quantitative records of countries and scientists, this
study will assist academics in developing collaborative developments and exchanging
fresh concepts and techniques.

2. Review Strategy

This work identified the different facets of the literature using a scientometric assess-
ment of bibliometric data. In scientometric studies, systematic visualization, a technique
developed by experts for analyzing bibliographic records, is applied [49,50]. Data retrieval
was done using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) approach. The PRISMA checklist is attached as Table S1 in supplementary
materials. Since there are extensive articles published on the topic under investigation, it
was vital to use a trustworthy database. For this reason, the very dependable databases
Scopus and Web of Science were appropriate [51,52]. The Scopus database, which aca-
demics strongly suggest [53,54], was used to compile bibliometric data on FRGP research.
As of June 2022, 949 results for the term “fiber-reinforced geopolymers” were returned
by a Scopus search. There were several filter settings used to reduce unnecessary papers.
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The whole PRISMA technique for data extraction, assessment, and the various restrictions
and filters is shown in Figure 1. A similar strategy was used in some earlier investigations
across other subject areas [55–57]. Finally, 751 records were used for further analysis using
the appropriate tools. The literature data were compiled in Comma Separated Values (CSV)
format, and VOSviewer software, version 1.6.18, was used to create the scientific representa-
tion and quantitative valuation of the information acquired. VOSviewer is an open-source
visualization tool and freely accessible [58–60]. Therefore, by using VOSviewer, the inten-
tions of the current study were achieved. The generated data (CSV files) were imported
to the VOSviewer to allow for analysis. The systematic research looked at the publication
outlets, the highly popular keywords, the highly referenced authors and publications, and
countries’ participation. Tables were created to provide quantitative data, while graphs
were given to show the different traits, their interactions, and co-occurrence.
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Figure 1. Flowchart of PRISMA technique for data retrieval, filters applied, and analysis.

3. Results and Discussion

3.1. Progress on the Research of FRGP

For research development and subject area evaluation, the Scopus analyzer was
utilized. As illustrated in Figure 2, engineering and materials science were revealed to be
the two top disciplines that produced the most articles, each field producing around 39% of
the total papers in the FRGP research. Furthermore, documents related to the study field
were searched for on Scopus (Figure 3). According to this study, almost 73%, 18%, 6%, and
3% of all the data comprised journal articles, conference papers, conference reviews, and
journal reviews, respectively. Figure 4 shows the annual progress of papers published on
FRGP studies from 1991 to June 2022. The initial publication of the FRGP research was
discovered to be from 1991. With an average of nearly three articles published yearly up
to 2010, there has been a very slight increase in the progress of publications in the area of
FRGP investigations. Thereafter, the rate of publications grew gradually, averaging nearly
21 articles per year between 2011 and 2016, with 37 publications in 2015. A significant
increase in publications occurred between 2017 and 2021, with a yearly average of about
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94 papers and 136 papers in 2021. With 111 articles published so far this year (June 2022),
the publications in the field of the subject under study are increasing every year.
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Figure 2. Relevant subject areas containing publications on FRGP studies.

Figure 3. Kinds of documents available on FRGP studies.
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Figure 4. Yearly progress of publications on FRGP studies up to June 2022.

3.2. Knowledge Visualization of Publishing Outlets

Based on bibliographic records, VOSviewer was employed to assess publishing outlets
(conferences/journals). A minimum limit of 10 articles was established for an outlet, and
17 of the 206 outlets complied with this requirement. Sources with at least 10 articles on
FRGP till June 2022 are included in Table 1, along with the citations obtained during that
period. The average citations for each outlet were calculated by dividing the citations with
documents. With 95, 57, and 31 documents, respectively, Construction and Building Materials
(CBM), IOP Conference Series: Materials Science and Engineering, and Materials were found
to be the leading three publication outlets in terms of total publications. Moreover, CBM,
which obtained 3188 citations, Composites Part B: Engineering, which obtained 1615 citations,
and Ceramics International, which received 690 citations, were the top three journals based
on citations gained till June 2022. When the comparison of each outlet was made using
average citations, the leading outlets were noted to be Composites Part B: Engineering,
with nearly 77, Cement and Concrete Composites, with about 37, and Journal of Materials in
Civil Engineering, with nearly 35 average citations. In particular, this study would serve
as the foundation for the next scientometric analyses of FRGP research. Additionally,
past standard review studies were unable to offer a comprehensive summary of the data
published. An illustration of sources with at least 10 articles published is shown in Figure 5.
The frame size in Figure 5a is connected to the source’s contribution to the topic under
investigation based on document count; a greater frame size denotes a stronger influence.
For instance, CBM has a broader frame than the others, suggesting that it is a key outlet in
the subject area. On the map, three clusters were created, each with its unique color (green,
red, and blue). Clusters were created using the research outlet’s breadth or how frequently
they are mentioned together in relevant articles [61]. The co-citation rates of the sources
were categorized by VOSviewer in publications. Ten articles, for instance, were included in
the red cluster and were co-cited several times in similar articles. Moreover, in a cluster,
linkages between close outlets were stronger than those between widely scattered frames.
Compared to Materials Today: Proceedings or MATEC Web of Conferences, CBM showed a
greater association with Composites Part B: Engineering. Varying colors corresponded to
different density concentrations for an outlet, as noticed in Figure 5b. Red, yellow, green,
and blue were in order of declining density concentration, with red having the maximum
intensity. The red/yellow shades in CBM, Materials, and other well-known outlets signified
a stronger commitment to FRGP investigations. Additionally, the text of some outlets was
found to be smaller, faded, and unclear because of the low-density concentration, implying
their lower contribution to the research of FRGP.
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Table 1. Most contributing publication outlets in FRGP studies.

S/N Publication Outlet Documents Citations Average Citations

1 Construction and Building Materials 95 3188 34
2 IOP Conference Series: Materials Science and Engineering 57 198 3
3 Materials 31 498 16
4 Ceramics International 27 690 26
5 Composites Part B: Engineering 21 1615 77
6 Ceramic Engineering and Science Proceedings 21 195 9
7 Structures 20 263 13
8 Materials Today: Proceedings 20 55 3
9 Cement and Concrete Composites 16 598 37
10 Composite Structures 15 325 22
11 Journal of Materials in Civil Engineering 12 415 35
12 Engineering Structures 12 374 31
13 Polymers 12 85 7
14 Journal of Building Engineering 11 105 10
15 Case Studies in Construction Materials 11 41 4
16 International Journal of Civil Engineering and Technology 10 32 3
17 MATEC Web of Conferences 10 31 3

(a)

Figure 5. Cont.
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(b)

Figure 5. Systematic map of publication outlets: (a) network map; (b) density map.

3.3. Knowledge Visualization of Keywords

In research, keywords are vital because they differentiate and draw attention to the
main domain of the study [62]. The least number of repeats for a term was set at 20, and
88 of the 4261 keywords met this requirement. The top 30 keywords that were used the
most frequently in the literature are shown in Table 2. The five very frequent terms in the
FRGP research included inorganic polymers, geopolymers, reinforcement, geopolymer,
and compressive strength. FRGP has mainly been researched to increase mechanical
performance and durability, mainly to decrease brittle behavior by bridging fractures,
according to the keyword evaluation. Figure 6 displays a systematic map of terms with
relationships, co-occurrences, and densities according to their frequency of occurrence. In
Figure 6a, the size of a keyword node reveals its rate of recurrence, and its location reveals
where it co-occurs in articles. The leading keywords also have wider nodes on the map
than the rest, suggesting that they are important keywords for careful evaluation in the
research of FRGP. The graph highlights clusters in a way that shows how frequently they
appear together across different publications. The color-coded classification of keywords
is based on their co-occurrence in articles. Six clusters of varying colors are shown in
Figure 6a. Figure 6b illustrates how different hues correspond to various levels of keyword
density. Indicating a higher number of occurrences, inorganic polymers, geopolymers,
reinforcement, and other noteworthy keywords are shaded in red/yellow. This discovery
will help ambitious scholars choose keywords that will make it simpler to find publications
on a specific topic.
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Table 2. List of 30 highly employed keywords in publications of FRGP studies.

S/N Keyword Occurrences

1 Inorganic polymers 514
2 Geopolymers 496
3 Reinforcement 326
4 Geopolymer 285
5 Compressive strength 216
6 Fly ash 214
7 Geopolymer concrete 205
8 Fibers 204
9 Geopolymer composites 180
10 Reinforced plastics 167
11 Steel fibers 158
12 Reinforced concrete 152
13 Mechanical properties 127
14 Tensile strength 126
15 Fiber reinforced plastics 120
16 Portland cement 97
17 Bending strength 90
18 Scanning electron microscopy 79
19 Concretes 72
20 Slags 71
21 Polypropylenes 63
22 Fiber reinforced materials 62
23 Concrete beams and girders 55
24 Curing 54
25 Basalt 53
26 Carbon fibers 53
27 Glass fibers 52
28 Fiber-reinforced 51
29 Ordinary Portland cement 51
30 Silicates 50

3.4. Knowledge Visualization of Researchers

Citations serve as evidence of a scholar’s importance in a specific area of research [63].
The minimal publication requirement for a scientist was set at 10, and 27 of the 1583 writers
reached this constraint. According to bibliometric data, Table 3 lists the authors of FRGP
research with the most publications and citations. By dividing the overall citations by
the publications, the average number of citations for a writer was calculated. When all
factors, including the quantity of papers, the average citations, and the overall citations,
were taken into account, it was difficult to assess a researcher’s success. Instead, each
element’s evaluation for the scientist was evaluated separately. Shaikh F.U.A. was found to
be the most productive scholar, based on the data analysis, with 26 papers, followed by
Korniejenko K., with 25, and Ganesan N., with 18 publications. In the research of FRGP,
Shaikh F.U.A. was first in the research area based on total citations with 1486, Alomayri T.
was second with 714, and Jia D. was third with 638 total citations. However, Nematollahi B.
may be placed at the top with about 62 average citations, Sanjayan J. may be in second place
with about 58, and Shaikh F.U.A. may be in third place with approximately 57 average
citations. The association between the most well-known writers and authors with at least
10 publications is seen in Figure 7. Figure 7a displays the scientific visualization of the
researcher’s co-authorship with at least 10 published articles in the investigation of FRGP.
Additionally, Figure 7b shows the greatest number of citation-based related authors. A few
FRGP scholars were connected by citations, as it was discovered that 8 of the 27 authors
made up the largest group of connected authors based on citations.
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(a)

(b)

Figure 6. Systematic map of keywords in the research of FRGP: (a) visualization map; (b) density.
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Table 3. Authors together with their publications and citations in FRGP research.

S/N Researcher Publication Count Total Citations Average Citations

1 Shaikh F.U.A. 26 1486 57
2 Korniejenko K. 25 274 11
3 Ganesan N. 18 220 12
4 Jia D. 17 638 38
5 Hao H. 17 323 19
6 Alomayri T. 16 714 45
7 He P. 16 638 40
8 Kriven W.M. 16 341 21
9 Elchalakani M. 16 186 12

10 Łach M. 15 87 6
11 Indira P.V. 13 69 5
12 Zhou Y. 12 382 32
13 Sanjayan J. 11 634 58
14 Benmokrane B. 11 409 37
15 Manalo A.C. 11 377 34
16 Yang Z. 11 195 18
17 Wang Y. 11 138 13
18 Louda P. 11 126 11
19 Nematollahi B. 10 621 62
20 Maranan G.B. 10 360 36
21 Zhang M. 10 273 27
22 Duan X. 10 193 19
23 Dong M. 10 149 15
24 Karrech A. 10 140 14
25 Hadi M.N.S. 10 97 10
26 Dai J.-G. 10 94 9
27 Mikuła J. 10 90 9

3.5. Knowledge Visualization of Documents

An article’s importance in a particular academic field is shown by the number of
citations it has obtained. In their respective academic domains, articles having the high-
est citations are interpreted as revolutionary. A minimum of a 50 citation limit was set
for an article, and 84 of 751 articles met this requirement. The top five documents in
the field of FRGP, together with their citation details, are shown in Table 4. The article
“Geopolymers—Inorganic Polymeric New Materials”, by Davidovits J. [64], had 2553 ci-
tations. Additionally, Yan L. [65] and Lyon R.E. [66] were in the top three, with 310 and
291 citations, respectively, for their publications. However, as of June 2022, only 29 papers
had received more than 100 citations. The systematic map of papers and their ties to the
subject area based on citations is also demonstrated in Figure 8. A map of connected articles
with a minimum of 50 citations up to June 2022 is shown in Figure 8a. According to the
data analysis, 82 out of 84 articles were linked by citations. As a result, the majority of
important papers in the current study field is connected together by citations. The map of
density for the linked articles based on citations is shown in Figure 8b. Clearly, papers with
more citations showed larger density concentrations.

280



Polymers 2022, 14, 5008

(a)

(b)

Figure 7. Systematic map indicating author’s collaborations: (a) authors with at least 10 articles;
(b) connected authors based on citations.

Table 4. List of documents having most citations received up to June 2022.

S/N Article Title Citations

1 Davidovits J. [64] Geopolymers—Inorganic Polymeric New Materials 2553

2 Yan L. [65]
A Review of Recent Research on the use of Cellulosic Fibres, their
Fibre Fabric Reinforced Cementitious, Geo-polymer and Polymer

Composites in Civil Engineering
310

3 Lyon R.E. [66] Fire-Resistant Aluminosilicate Composites 291

4 Panda B. [67] Anisotropic Mechanical Performance of 3D Printed Fiber
Reinforced Sustainable Construction Material 265

5 Li W. [68] Mechanical Properties of Basalt Fiber Reinforced Geopolymeric
Concrete under Impact Loading 258
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(a)

(b)

Figure 8. Systematic mapping of papers: (a) connected articles based on citations; (b) density of
connected articles.

3.6. Knowledge Mapping of Countries

In comparison to other states, some have contributed more documents to the subject
topic and plan to keep on doing so. Readers can view sections of the scientific graph
that are specifically for the FRGP study. The least articles limit for a country was set at
10, and 20 countries complied with this condition. According to Table 5, the represented
countries have published at least 10 articles on the FRGP study. With 139, 129, and
116 publications each, Australia, China, and India published the most research. The top
three countries in terms of citations were also discovered to be Australia (4153 citations),
China (3439 citations), and the United States (1864 citations). Figure 9 indicates the scientific
framework and the density concentration of the countries connected by citations. According
to the quantity of papers released, a country’s influence on a subject is reflected in the frame
size shown in Figure 9a. The regions with the top levels of engagement had a larger density
concentration, as seen in Figure 9b. Young researchers will be able to develop scientific
alliances, start joint businesses, and discuss novel ideas and techniques with the aid of the
graphical interpretation and statistical data of the participating states. Researchers from
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nations with an interest in FRGP investigations can collaborate with experts in the research
area and gain from their experience.

Table 5. Detail of regions actively devoted to FRGP investigations.

S/N Country Publications Citations

1 Australia 139 4153
2 China 129 3493
3 India 116 853
4 United States 79 1864
5 Poland 41 530
6 Saudi Arabia 34 699
7 United Kingdom 33 802
8 Turkey 33 557
9 Czech Republic 30 313
10 Iraq 26 331
11 Brazil 25 545
12 Pakistan 24 320
13 Italy 23 820
14 Canada 23 689
15 Malaysia 23 491
16 Iran 18 438
17 Germany 17 599
18 Hong Kong 17 521
19 Portugal 13 396
20 Thailand 12 332

(a)

Figure 9. Cont.
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( )

(b)

Figure 9. Systematic map of participating countries: (a) scientific visualization; (b) density.

4. Discussion and Potential Applications

Using literature data, this study carried out a systematic mapping and quantitative
assessment of the FRGP research. Past conventional reviews lacked the ability to correctly
and completely link various areas of the literature. This research identified the journals and
conferences that presented the most articles, the commonly used keywords, the authors and
publications that received the most citations, and the countries actively involved in FRGP
investigations. The FRGP has mainly been researched to increase mechanical performance
and durability, mostly to control brittle behavior by bridging cracks, according to keyword
analysis. Additionally, bibliographic data were examined to sort out highly dedicated
and prolific writers and countries based on publications and citations. New scientists
will benefit from the graphical representation and statistical analysis of active nations and
researchers as they establish joint ventures, form scientific alliances, and exchange new
approaches and notions. Researchers from different countries motivated to further expand
their studies on the application of FRGP can collaborate with specialists in the research
field and benefit from their experience. This study explored and discussed the potential
applications of FRGP based on an assessment of the literature data and a review of the
highly pertinent documents.

As shown in Figure 10, the application of the material ranged from low-tech/low-cost
to high-tech/high-cost, mostly dependent on the type of fiber and binder utilized to form
the composites. It is essential to realize that correct conclusions on the effectiveness of each
composite should be described separately for various uses. Below are some instances of
the uses of FRGP composites.
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Figure 10. Fiber-reinforced geopolymer’s possible applications [28].

Due to their accessibility and affordability, steel fibers have been frequently em-
ployed in cementitious materials for structural purposes. Steel fibers are incorporated to
minimize shrinkage and enhance flexural performance, post-cracking performance, and
energy absorption capability of GPs [69]. The highly alkaline nature of GPs maintains
the passive condition of the steel reinforcement, hence making it a robust composite for
several infrastructure applications [70,71]. Due to the high mechanical strength, flexibility,
and hydrophilicity of PE and PVA fibers, niche applications have been examined for PE
and PVA-FRGP, such as the progress of strain-hardening GP composites, which require
a material with ultra-high impact resistance and ductility [28,72]. A similar use for PP-
FRGP has been examined to make the composite more cost-efficient and environmentally
friendly [73,74]. In addition, PP and PVA-FRGP have been explored for extruding-based
3D printing processes to construct formwork-less structures with complicated geometries
and minimal water curing requirements [67,75,76]. The inflammability of GPs, coupled
with the exceptional elevated-temperature resilience of inorganic and carbon fibers, can
be utilized in the fabrication of materials where thermal resistance is necessary [66,77]. In
addition to their great strength and low weight, carbon fibers have the possibility to be
used in the production of lightweight, durable, and robust huge constructions. In addition,
carbon-nanotubes were utilized not only to improve the fracture energy of the GPs but also
to offer electrical conductivity and piezoresistive responses to examine micro-crack develop-
ment [78,79]. Inorganic fibers such as silicon carbide and basalt are cost-efficient substitutes
for carbon fibers in the production of elevated-temperature GP composites [80–82]. Natural
fibers are often inexpensive and flexible, and they may be employed as reinforcement in
GPs at high concentrations. Several production procedures have been developed and
used to address the poor compaction of GPs reinforced with natural fibers. In the pres-
ence of 8.3% short cotton fiber, for instance, roller compaction was utilized to drive the
GP binder into the fiber system, resulting in a material with a tensile strength of around
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32 MPa [83]. However, there is a need for in-depth investigations, methods, and guidelines
for large-scale practical applications of FRGP.

5. Conclusions

This study conducted a scientometric review of the available literature data on fiber-
reinforced geopolymers (FRGP) research to assess several criteria. The Scopus search engine
was explored for 751 relevant records and evaluated by employing VOSviewer software.
The main findings of this study are as follows:

• The assessment of publication outlets presenting articles on FRGP studies showed that
CBM, IOP Conference Series: Materials Science and Engineering, and Materials, are the top
publishing outlets based on the number of publications with 95, 57, and 31 documents,
respectively. In terms of total citations, the leading three publication outlets are CBM,
with 3188; Composites Part B: Engineering, with 1615; and Ceramics International, with
690 citations.

• The assessment of keywords used in the research of FRGP discovered that inorganic
polymers, geopolymers, reinforcement, geopolymer, and compressive strength are the
five most commonly occurring terms. Additionally, based on the evaluation, it was
disclosed that the FRGP has mainly been explored to increase mechanical performance
and durability, mainly to reduce brittle behavior by bridging cracks.

• The evaluation of researchers showed that 27 writers had published at least 10 papers
up to June 2022. In terms of the number of published documents, overall citations,
and average citations, the top authors were considered. Shaikh F.U.A. was determined
to be the most prolific author with the most publications (26) and total citations (1486).
However, Nematollahi B. was placed at the top based on average citations (almost 62).

• The top countries were analyzed based on their participation in FRGP investigations,
and it was found that only 20 countries published at least 10 articles. Australia, China,
and India published 139, 129, and 116 articles, respectively. Additionally, Australia
obtained 4153 citations, China obtained 3439 citations, and the United States obtained
1864 citations and were positioned as the leading three in terms of citations.

• The potential applications of FRGP composites include elevated temperature resis-
tance, 3D printing, lightweight structures, bridges, and pavements. However, in-depth
research, techniques, and guidelines are required for large-scale practical uses of FRGP.
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