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New and innovative materials are continually being
researched and developed by asphalt technologists, partic-
ularly in the last decade to find the most economical, effi-
cient, and environmentally friendly product to use on roads.
Parallel to that, advanced characterization techniques and
methodologies are also being developed to characterize
materials for best results. Innovative materials include
recycled and waste materials (green materials), low-cost and
high-performance materials, and materials that reduce en-
ergy consumption. Recycled asphalt pavement (RAP) ma-
terial is considered among the most common materials used
in asphalt pavements. &e RAP material is a useful alter-
native to virgin materials because it reduces the need to use
virgin aggregate which has limited resources in some areas of
the United States and the World [1]. &e FHWA continues
to encourage the use of waste tire rubber for asphalt paving
for its cost-effectiveness, easy handling, and better fatigue
performance [2]. Plastic waste is relatively a new material
recently introduced in the asphalt technology [4]. Another
innovative material is the bioasphalt that is considered a
breakthrough in renewable pavements. &e bioasphalt is
produced from non-petroleum-based renewable resources
such as corn, rice, potato starches, and other plants, which
are converted into a type of bitumen binder for the asphalt
[3]. In this special issue, published papers are dealing with
innovative materials, design methods, and characterization
techniques that well agree with the main scope and goals of
the special issue. &e papers are mainly classified into three
main categories: (1) new materials and their behavior and

performance, (2) the mechanics and performance of com-
posite paving materials, and (3) new design and charac-
terization methods and modeling.

A study by W. S. Brito et al. assessed the reuse of fly ash
of Bayer process boilers in geopolymer synthesis. X-ray
fluorescence (XRF) and scanning electron microscopy
(SEM) techniques were used to characterize the raw ma-
terials and geopolymers. &e study concluded that synthe-
sized geopolymers have great potential for production of
geopolymeric materials with greater mechanical compres-
sive strength. C. Kai et al. utilized silica powder in styrene-
butadiene-styrene- (SBS-) modified asphalt. &e silica
powder was collected from the exhaust gases produced by
smelting industrial silicon often used as a cement concrete
admixture in China. Rheological tests such as viscosity,
dynamic shear rheometer (DSR), and bending beam rhe-
ometer (BBR) tests were used to study the behavior of the
composite-modified asphalt. &e results of the study showed
that the high-temperature and low-temperature perfor-
mances were improved by the increase in silica powder
content and ratio of filler-asphalt, and by the increase in the
silica powder content with an optimum value of 7%, re-
spectively. However, the increase in the ratio of filler-asphalt
reduced the low-temperature cracking resistance of the
asphalt. A study by M. Irfan et al. investigated the effect of
the cellulose fiber addition (0.3% by total weight of aggre-
gates) on the performance of three stone mastic asphalt
(SMA) concrete mixtures with three different nominal
maximum aggregate sizes (NMASs): 12.5, 19, and 25mm.
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&e results revealed that SMA mixture with an NMAS of
12.5mm and a binder content of 5.3% showed relatively
better resistance to fatigue cracking. On the other hand,
SMA mixture with an NMAS of 25mm (coarser gradation)
exhibited excellent resistance to rutting based on the flow
test results. D. Wang et al. also used the cement material in a
semiflexible mixture to investigate cracking resistance.
Optimal material design and ABAQUS numerical simula-
tion were conducted. Matrix asphalt structures with four
different air voids and different cement mortar dosages were
used. &e findings of their study revealed that the internal
stress in this semiflexible mixture is mainly determined by
the contraction rather than the expansion of cement mortar,
and the larger air void and less volumetric variation of
cement mortar reduced the internal stress of the matrix
structure. J. Wang et al. in another study, to reduce the
temperature of asphalt pavement and improve the anti-
rutting performance of the asphalt mixture, produced a
thermal-resistant asphalt mixture (TRAM), in which a
certain proportion of mineral aggregate was replaced by
ceramic (CE) or floating beads (FB) with low thermal
conductivity. &e results showed that the addition of
thermal-resistant materials can reduce the thermal con-
ductivity and the temperature of the asphalt mixture.
Consequently, the CE and FB can improve the antirutting
performance of the asphalt mixture by reducing the tem-
perature inside the pavement.

Although two materials were used in two different
papers for concrete structures, their improved performance
results rendered them as two innovative materials. &e
stone powder cement (SPC) in a study by J. Hu et al. was
used as a novel cement substitute material in concrete for
its good gelling performance and low cost. &e addition of
stone powder improved the microstructure of the backfill
and produced a denser three-dimensional (3D) network
structure.&e cement powder mixed appropriately with the
stone power could meet the strength requirement and
reduce the cost of backfilling materials. M. Chen and X.
Hou used the reactive powder in a concrete-filled circular
steel tube to assess the axial compression and bearing
capacity of the tube. &e confining coefficient was found to
be the main factor affecting the ultimate bearing capacity.
&e design proposal for an RPC-filled steel tube was rec-
ommended based on the experimental analysis results and
China’s “Design and construction” code for concrete-filled
steel tube structure.

While the above studies focused on new materials, a
study by M. Guo et al. investigated the effect of aging and
rejuvenator recycling on the rheological and micro-
mechanical properties of SBS-modified asphalt binders. &e
results of infrared spectroscopy tests demonstrated that the
crosslinking structure of asphalt was destroyed and SBS
modification effect gradually diminished after aging. Scan-
ning electron microscope (SEM) tests showed that the island
structure of SBS-modified asphalt disappeared after aging.
Energy spectrum analysis showed that the C (carbon)
content of aged SBS-modified asphalt decreased, while the O
(oxygen) content and S (sulfur) content increased. Results of
the fluorescence microscope, SEM, and rheological tests

showed that the epoxy functional group compounds of al-
iphatic glycidyl ether resin had high reactivity, and the
triblock molecular structure of SBS and the mechanical
performance of SBS-modified asphalt were recovered.

Two papers of this issue studied material modeling. In
the first paper, K. Wu et al. studied the effect of voxel size on
a three-dimensional microstructural modeling of the asphalt
mixture using finite element analysis. &e computed to-
mography (CT) image-based finite element approach was
used as an effective method to simulate the micromechanical
response of the asphalt mixture. Four micromechanical
digital models were generated with voxel sizes of 0.5mm,
0.67mm, 1.0mm, and 2.0mm, respectively. Simulation
results showed that the voxel sizes had a significant effect on
creep stiffness modulus, and the most appropriate voxel size
was found to be 1.0mm. In the second paper, C. I. Kim
presented a comprehensive linear model for an elastic solid
reinforced with fibers resistant to extension and flexure. In
particular, the complete systems of differential equations
were obtained for the cases of Neo-Hookean and
Mooney–Rivlin types of materials from which analytical
solutions could be obtained.

Finally, two papers studied design methods and field
performance. J. Lv et al. compared the traditional Marshall
design method to the gyratory testing machine (GTM)
method based on the oil-stone ratio, high-temperature sta-
bility, water stability, and rutting resistance of the mixes used
in their study. &e GTM method was recommended in this
paper to be introduced and used on a large scale suitable for
high temperatures and heavy traffic in Guangdong Province
of China. In the second paper, the effect of macrotexture and
microtexture on the skid resistance of aggregates was studied
by B. Guan et al. Fractal dimension, root mean square height,
and Polished Stone Value (PSV) were tested. &e results
showed that the PSV development was approximately divided
into stages including the accelerated attenuation stage, de-
celerated attenuation stage, and stabilization stage. When the
number of polishing cycles exceeded a critical point,
microtexture replaced macrotexture to play a major role in
the skid resistance of aggregates. In the accelerated attenu-
ation stage, macrotexture was found to play amajor role in the
skid resistance of aggregates, whereas microtexture gradually
played a major role in the skid resistance of aggregates in the
other two stages.
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*is paper investigates dynamic response, rutting resistance, and fatigue behavior of three stone mastic asphalt (SMA)
concrete mixtures selected on basis of nominal maximum aggregate size (NMAS): 25mm, 19mm, and 12.5 mm using
cellulose fiber added as 0.3% of the total weight of aggregate. Superpave gyratory specimens were fabricated and subjected to
the dynamic modulus (|E∗|) and flow tests (flow number and flow time) using an asphalt mixture performance tester. *e
|E∗| test results were employed to develop stress-dependent master curves for each mixture, indicating that the mixture with
the NMAS of 25mm is relatively stiffer than other tested mixtures; this mixture also exhibits excellent strength against
rutting failure. In addition, fatigue parameter, which is derived from dynamic response and phase angle, is determined, and
results reveal that 12.5 mm NMAS mix has relatively better resistance to fatigue than other selected mixtures. Furthermore,
nonlinear regression model specifications were utilized to predict accumulated strains as a function of loading cycles. Also, a
flow number model is developed that predicts the rutting behavior of mixtures, and results suggest that model predicted and
observed outputs of 25mm SMA mix are found to be very close. *e results of this study help in understanding the
performance and behavior of cellulose fiber-added stone mastic asphalt concrete mixtures under varying simulated
temperature and stress levels, which can be used in areas where the premature failure of flexible pavements is often observed.
*e testing protocol employed in this study will also help in evaluating pavement performance using Mechanistic-Empirical
Pavement Design Guide.

1. Introduction

Rutting and fatigue in flexible pavements are two of the
common distresses manifested on national highways across
the globe. Various factors are associated with these distresses
including overloading, high temperatures, and empirical
design approach used for structural design. To this end, SMA
is considered an effective solution in heavily trafficked areas
because of larger single size aggregate that can be used with
the increased bitumen, thus controlling rutting suscepti-
bility. *e resistance to fatigue and reflection cracking is
enhanced due to higher binder content in SMA mixtures. In
various parts of the world, use of SMA is very common for
heavily trafficked areas. *e reason for such usage could be

the design of SMA mixtures, in which wheel load is endured
by the coarse aggregate skeleton that contributes towards
resistance to rutting and rich binder that seals the voids and
consequently makes it tougher. *us, the contact among
stones in coarse aggregate dominates, whereas the fine and
intermediate aggregate sizes assist to grip the coarser par-
ticles when the mix is spaced out.

SMA texture characteristically provides good riding
quality, better skid resistance along with comparatively little
noise. *e coarse aggregate provides durability that con-
tributes towards tremendous resistance to permanent de-
formation, and higher bitumen content seals the voids and
makes it exceedingly resilient. *e drainage inhibitor is
needed to avoid bitumen bleeding throughout the service life
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of the pavement structure. To enhance the mechanical
properties of SMA, modified bitumen along with suitable
additives can be used; and in some situations, it can reduce
or even exclude the requirement for other drainage
inhibitors.

A considerable improvement has been observed in re-
cent past in relation to the design of the pavement structure
where the fundamental mechanistic properties were given
substantial importance. Various new pavement mixtures
have been developed along with performance-based grading
andmixture design/analysis system,more commonly known
as Superior Performing Asphalt Pavements (Superpave) by
Strategic Highway Research Program (SHRP). Such de-
velopments have considerably reduced the industries’ re-
liance on conventional empirical mix design methods, as
proposed by Marshall and Hveem across the globe. More
discussion is to follow in ensuing sections.

2. Literature Review

Bonaquist et al. [1] recommended three types of perfor-
mance tests in National Cooperative Highway Research
Program (NCHRP) Report 513: dynamic modulus (|E∗|),
flow number (FN), and flow time (FT) tests for the
superpave mix design procedure to predict the performance
of designed asphalt mixtures. *e |E∗| test was already being
used to predict in situ performance of asphalt mixtures, and
the use of flow tests (i.e., FN and FT) was very limited. Later,
it was more pronounced that the |E∗| test alone is not an
accurate predictor of a mix behavior at higher temperatures;
more emphasis is now being given to other two performance
tests, i.e., FN and FT tests [2]. To shed more light, a detailed
literature review is presented below.

Judycki [3] determined the influence of low-temperature
physical hardening on stiffness and tensile strength of
conventional asphalt concrete and SMA. |E∗| and indirect
tensile strength tests were carried out on mixtures after
isothermal storage at a temperature of −20°C, at different
time intervals up to 16 days. *is study concludes that the
strength was noticeably increased after storage. Muniandy
et al. [4] evaluated the fatigue behavior of modified and
unmodified asphalt binder SMA mixtures using a newly
developed crack meander technique. *e results obtained
from the crack analysis test were compared using strain plots
obtained from the indirect tensile fatigue test and concluded
that fatigue behavior can be determined using the crack
appearance method. İskender [5] determined the rutting
resistance of basalt and basalt-limestone aggregate combi-
nation for SMA using Laboratoire Central des Ponts et
Chaussées (LCPC) wheel tracking test. *is research study
concludes that rutting resistance was decreased with addi-
tion of limestone in SMA as fine/filler material. A study
illustrates the effects of adding waste polyethylene tere-
phthalate (PET) on stiffness and fatigue properties of SMA
mixtures. *is research concludes that the stiffness of
mixtures increased when a lower amount of PET is added,
and PET-reinforced mixtures exhibit higher fatigue lives
compared to controlled mixtures (without PET) [6].
Ahmadinia et al. [7] used waste plastic bottles as an additive

for SMA mixtures, and 6% by weight of bitumen was found
an optimum quantity of PET. *is study concludes that
introduction of PET into SMA mixtures significantly im-
proves engineering andmechanical properties. Behnood and
Ameri [8] utilized steel slag aggregate in SMA, and results
indicate that use of steel slag as a surrogate to coarse ag-
gregate enhanced the Marshall stability, resilient modulus,
tensile strength, resistance to moisture damage, and re-
sistance to the permanent deformation.

Sengul et al. [9] conducted Marshall Quotient (MQ)
approach, repeated creep test (RCT), indirect tensile
strength test (ITST), and Laboratoire Central des Ponts et
Chaussees (LCPC) Wheel tracking tests on the SBS polymer
modified SMA. *e results reveal that addition of SBS in-
creased resistance to the plastic deformation and lowered
rutting values compared to conventional mixtures. In an-
other study, lime was added to SMA in order to reduce
stripping potential and moisture susceptibility. Response
surface methodology was used to determine the effect of lime
content and grading on stripping potential of SMA using
tensile strength ratio (TSR) index and found that lime
content of 1% and finest aggregate yielded a TSR optimum
value of 91.8%± 0.8% [10]. Cao et al. [11] evaluated |E∗| of
SMA (basalt, B-SMA, limestone, L-SMA, and BL-SMA), and
results suggest that B-SMA showed better rutting resistance
than other tested mixtures. Pasetto and Baldo [12] con-
ducted a comparative analysis of SMAs with electric arc
furnace steel slag. *e research has been enunciated in a
preliminary study of the chemical, leaching, physical, and
mechanical properties of the steel slag and concludes that
steel slag has satisfied all requirements of road sector
technical standards and shows higher mechanical charac-
teristics than other mixtures. Numerous studies indicated
the use of the various additives in SMA apart from cellulose
fiber [4–6, 9, 11, 13–15]. Different research demonstrated the
evaluation of |E∗| and development of master curves
[14, 16–28].

*e design of the SMA mixture consists of material
selection, determining optimum aggregate gradation, se-
lection of additive and its quantity, and optimum binder
content. Furthermore, SMAmixtures are supposed to ensure
stability and rutting resistance obtained from aggregate
contact and interlock; durability of SMA mixtures is ob-
tained by appropriate mixture design including air voids,
voids in mineral aggregate, thickness of asphalt film, and
filler quantity.

*e asphalt concrete material behaves like a viscoelastic
material, and its stiffness varies with the temperature. Higher
stiffness/modulus in low temperatures (winters) results in
fatigue cracking, and lower stiffness/modulus in high tem-
peratures (summers) results in rutting. *e strength of the
asphalt material is reduced tremendously with higher
temperatures as in Pakistan. Hence, it is mandatory to
characterize mixtures with an additive using full test pro-
tocol of simple performance (|E∗|, FN, and FT) for diverse
loading and environmental conditions of Pakistan. *is
study assesses the performance of SMA mixtures having
cellulose fiber using three performance tests, i.e., |E∗|, FN,
and FT. *e results obtained from these tests were further

2 Advances in Materials Science and Engineering



employed to construction master curves and estimation of
fatigue cracking by deriving a fatigue parameter.

3. Objective and Scope

*e objective of this research is to investigate the perfor-
mance of various cellulose fiber-added SMA mixtures by
varying NMAS. *e performance indicators used in this
study are |E∗|, FN, and FT. *e results obtained from |E∗|

are used to determine stiffness moduli and to estimate re-
sistance to fatigue cracking based on |E∗| and phase angle
values. *is study also describes the rutting potential of
mixtures using statistical models that use two different
nonlinear formulations to express the number of cycles to
failure as a function of axial strain.*ree different gradations
of nominal maximum aggregate size (NMAS) of 25mm,
19mm, and 12.5mm are selected from the gradation bands
developed by National Center of Asphalt Technology
(NCAT). A 0.3% cellulose fiber by the total weight of the
SMA mixtures aggregate was added, and asphalt binder of
penetration grade 60/70 was used. Note that different per-
centages of cellulose fiber were tested during the initial
testing phase, and it was found that 0.3% is an optimum
quantity that satisfies the Marshall mix design criteria.

4. Methodology

*e ensuing sections explain the methodology adopted in
this research study and illustrated in Figure 1.

4.1. Selection of Materials. *is research study includes
testing of three SMA mixtures differentiated by NMAS that
are internationally practiced. *ree different gradations
based on NMAS of 25mm, 19mm, and 12.5mm are se-
lected from the gradation bands developed by National
Center of Asphalt Pavements (NCAT) in the National
Cooperative Highway Research Program (NCHRP) report
[29], and gradations charts for SMA mixtures are presented
in Figure 2. *e cellulose fibers of 2-3mm long pressed
pellets have been used as an additive to SMA mixtures to
enhance film coating on the aggregate, mix stability, and
better interlocking of aggregate skeleton. *e optimum
bitumen content and mix volumetric analysis are presented
in Table 1.

Design of SMA mixtures primarily depends on volu-
metric properties such as air voids, voids in mineral ag-
gregate, voids in coarse aggregate, and binder content.
Brown and Haddock [30] presented optimal proportion
selection of coarse and fine aggregates. *e volume of coarse
aggregate is taken as proportion and bulk density of coarse
aggregate. Voids in coarse aggregate for 14mm nominal size
aggregate usually range between 41 and 46% for aggregates
compacted with binder with no fine aggregate.

Another important consideration in designing SMA is
the filler/additive. *is study uses cellulose fiber pellets,
VIATOP® manufactured by J. Rettenmaier and Söhne,
Germany (Figure 3). VIATOP® is pelletized blend of
ARBOCEL® ZZ 8/1 (90% by weight) and bitumen 50/70
(10% by weight). Cellulose fibers, as a stabilizing agent, have

Material selection and characterization
Pen grade 60/70

limestone aggregate
cellulose fiber

SMA selected gradation 
bands given by NCAT in 
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Gyratory compactor

Performance testing:
dynamic modulus and 

flow tests

Statistical analysis

Nd = 125
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Dia = 6″

Master curves,
nonlinear regression model,

fatigue estimation, and 
rutting evaluation

Selection of gradation

Figure 1: Experimental design of study.
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Figure 2: Gradation plot for SMA mixtures.

Table 1: Mix volumetric analysis of SMA mixtures.

Parameters
Mixtures

25mm 19mm 12.5mm Range
Asphalt content (%) 5.30 5.80 6.30 5–7.5
Air voids (%) 5.60 4.90 4.00 4–7
VMA (%) 19.81 18.78 18.01 Min.: 17
VFA (%) 71.73 73.90 78.01 65–80

Figure 3: Cellulose fiber pellets used in SMA mixtures.
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a higher asphalt content, thick film coating, high mix sta-
bility, improve strength, and less drainage. *e optimal
quantity of cellulose fiber is based on appropriate quantity of
binder and fiber content.

4.1.1. Specimen Preparation. For all performance testing, a
superpave gyratory compactor was used to fabricate spec-
imens. *e specimens were placed in an oven for short-term
aging of 2 hours prior to compaction. *e cylindrical
specimens with 100mm diameter were taken from com-
pacted 150mm diameter gyratory specimens as per the
AASHTO standard [31]. *e height to diameter ratio of the
specimen was kept 1.5 for all tests.

4.2. Performance Testing. Asphalt mixture performance
tester (AMPT), which is commonly known as simple per-
formance tester (SPT), is used for |E∗|, FN, and FT tests. *e
equipment has an environmental chamber that manages
temperature from 4 to 60°C and confining pressure up to
210 kPa. *e |E∗| test is performed at four different tem-
peratures (4.4, 21.1, 37.8, and 54.4°C) and six frequencies
(0.1–25Hz). After completion of the test, the data are ac-
quired from software and employed for development of
stress-dependent master curves and fatigue parameter.

AMPT was also used to conduct FN and FT tests. *ese
tests were carried out at a single effective temperature of
54.4°C and deviator stress of 210 kPa. In case of the FN test,
the prepared specimens were subjected to a repeated axial
haversine compressive loading pulse of 0.1 seconds followed
by a rest period of 0.9 seconds. However, for the FT test, the
preconditioned specimens were subjected to a constant axial
load until it fails, and permanent deformation was measured
with respect to the loading time. *is test was set to be
terminated at 10,000 cycles or until maximum accumulated
permanent strain in specimen reached 5%, or whichever
came first [32].

5. Results and Discussion

5.1. DynamicModulus, |E∗|. *e |E∗| testing was performed
in accordance with AASHTO TP 62-07 [16], which rec-
ommends that |E∗| should be evaluated at four different
temperatures and six different frequencies in order to de-
velop master curves. *e results obtained from the |E∗| test
suggest that, for a given loading frequency, an increase in
temperature (from 21.1 to 37.8°C), translated into 41, 55, and
26% drop in |E∗| values on average for 25, 19, and 12.5mm
mixtures, respectively. However, for a given temperature
and an increase in loading frequency (from 0.1 to 25Hz), 76,
85, and 74% of the variation in |E∗| values on average were
attributed for 25, 19, and 12.5mm mixtures, respectively.

Since AASHTO TP 62 recommends the development of
master curves, it has a few advantages: it allows the com-
parison of linear viscoelastic materials that are tested at
diverse stress rate (loading frequency) and test temperatures,
and it can predict |E∗| even at lower temperatures that
cannot be obtained from laboratory equipment due to its
inability. *e average test results are taken for each

temperature and used while developing a master curve for
average |E∗| at a reference temperature of 21°C using the
time-temperature superposition principle, in which each
temperature |E∗| value is shifted to a reference temperature
to obtain a smooth uniform curve. Microsoft Excel© sheet
was used to develop master curves that works on the basis of
minimization of error sum of squares to fit the curve. *e
generic form of the sigmoid function used to construct
master curves is given by the following equation:

log E
∗
 � δ +

α
1 + eβ+c log fr( )

, (1)

where log(|E∗|) is the log of dynamic modulus, δ is the
minimum modulus value, fr is the reduced frequency, α is
the span of the modulus value, and β and c are shape
parameters.

*e maximum stiffness of a mix is a function of the
binder at a lower temperature, while at higher temperatures,
aggregate interlock overpowers the binder effect and be-
comes the indicator of mix stiffness. Figure 4 represents
master curves for SMA mixtures, which indicated that
25mm SMA mix has highest |E∗| values at all frequencies
while 12.5mm mixture has lowest |E∗| values.

*e |E∗| test values are further employed to derive fa-
tigue parameter that estimates the fatigue resistance of as-
phalt mixtures [18, 33]. *e fatigue parameter is a product of
|E∗| and viscoelastic behavior of mix, i.e., phase angle (φ),
and can be estimated using equation (2). *e fatigue pa-
rameter value is inversely proportional to resistance to fa-
tigue cracking. A higher value of the fatigue parameter yields
lower resistance to fatigue cracking and vice versa:

fatigue parameter � E
∗
 × sin φ , (2)

where |E∗| is the dynamic modulus (MPa) and φ is the phase
angle (degree). *e fatigue parameter evaluates the fatigue
resistance of asphalt similar to |G∗ × sin δ| for asphalt
binders. Figure 5 shows the fatigue behavior and resistance
to cracking by various SMA gradations, employing the
principles of |E∗| and phase angle at a temperature of 21°C.
*e 25mm SMA mix shows the highest value for fatigue
parameter that translates into minimum resistance to fa-
tigue, whereas the 12.5mm SMA mix performs relatively
better among the tested gradations and exhibits higher re-
sistance to fatigue cracking.

5.2. FlowTests. *e flow number (FN) test was performed in
accordance with AASHTO TP 79 [31, 34] and defined as the
loading cycle number where tertiary deformation starts. *e
FN is analogous to field conditions since the loading to the
pavement is not continuous. *e FN attempts to identify the
resistance of a mixture to permanent deformation by
measuring the shear deformation that occurs because of
haversine loading. *e most important output of the FN test
is the curve of accumulated strain against the number of
loading cycles, which describes the rutting resistance of
mixtures (Figure 6). *e relationship between the accu-
mulated strain and loading cycles is based on the rutting
mechanisms, densification, and shear flow. Figure 6
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indicates that only 12.5mm mix has attained tertiary flow
among the tested mixtures. *e mixtures do not experience
tertiary flow stage; therefore, the number of cycles for the
completion of the test is regarded as flow number (FN) of
these specimens.

*e tertiary flow indicates that the strain rate again
increases with loading cycles. When a specimen attains the
tertiary stage, the data obtained from AMPT equipment
software contain resonance that leads to false FN. In order to
remove the noise/resonance from data, data smoothening
technique, i.e., five-point moving average, is used to obtain
corrected FN (Figure 7). *e strain rate, against a designated
cycle, is obtained by half of the difference of adjacent cycles.
*e FN is the start point of the tertiary deformation zone and
can be reported as the lowest point in the relationship of rate
of change of compliance to loading time. In order to confirm
FN value visible as lowest on a curve, the equation is solved
by putting y equal to zero as stated by Witczak [31] that
theoretically FN is the cycle number corresponding to a rate
of change of permanent strain equal to zero. Table 2 illus-
trates the FN and accumulated strains of SMA, and it is quite
clear that 25mm sustains more loading repetitions than any
other tested gradations and less susceptible to rutting.
However, other two mixtures experience more strains in
short interval of time which make them less resistant to
rutting.

*e termination of FN is set to achieve any one of the two
conditions, i.e., permanent strain of 5% or 10,000 loading
cycles. *erefore, it requires more time to complete the test
than the usual. *e data obtained from the extensive lab
testing were employed to develop a statistical model to
predict pavement performance. *is study used two dif-
ferent nonlinear formulations to predict axial strains from
loading cycles. *e general form of the model is given in the
following equation:

strain � f(load cycles). (3)

*e data obtained from FN tests were subjected to initial
scrutiny that suggests the power and polynomial (2nd order)
formulation can best suit such a type of data. *e generic
form of these models is given in the following equation:

(power functional form)Y � α × X
βi

i ,

(power functional form)Y � α + β × X + c × X
2
.

(4)

*is functional form can be rewritten for this study as
follows:

εP � α × N
β
,

εP � α + β × N + β × N
2
,

(5)

where εP is the permanent strain, N is the loading cycles
(10,000), and α, β, and c are regression coefficients.

*e model summary and statistics are presented in
Table 3. t-Statistics of all variables are higher than t-critical
(|t∗| � 2.30) at 95% confidence level, which implies that
model variables are significant in predicting permanent
strain. *e coefficient of determination (R2) is 0.99 and 0.91

for the power and polynomial model, respectively, which
indicates that 99% and 91% of the variation in permanent
strain is attributed to change in loading cycles.

*e predictive capability of the developed model was
assessed using mean absolute percentage error. It can be
defined as the average of the absolute difference between the
actual and predicted value:

MAPE �
1
n



n

i�1
PEi


, (6)

where PEi � 100 × (Xi −Pi)/Xi is the percentage error
for observation i of actual Xi and predicted Pi.
Xi � actual/observed value. Pi � predicted value.

*e MAPE value for the power and polynomial model is
0.19 and 0.20, respectively. A MAPE value of 0.19 (power
model) represents on average, the predictions underestimate
or overestimate the true values by 19%. *e MAPE values
closer to zero signify better accuracy.

*e FT test was performed in accordance with NCHRP
reports [35, 36] in which the preconditioned specimen is
subjected to a constant axial load until it fails, and permanent
deformation is measured with respect to the load time. *e
results indicate that, no any SMA mixture attained tertiary
flow stage. *us, no any data smoothening technique was
required, and data acquired from AMPTsoftware are used for
comparison of accumulated strain at the time of termination
of the test. *e FT results suggest that all mixtures passed
maximum cycles of 10,000, andmixtures are compared on the
basis of accumulated strains. Table 4 indicates that, at time of
termination, SMA 25mm mix has a relatively small accu-
mulated strain which suggests that this mix has relatively
higher resistance to permanent deformation.

Table 2: FN test results.

Mixtures FN value (seconds)
Accumulated strain@
FN (microstrains)

Corrected AMPT AMPT
25mm — 10000 11044
19mm — 10000 10194
12.5mm 1712 2375 35819
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Figure 7: Data smoothening applied to 12.5mm mix.
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*e results from this study—dynamic modulus, flow
number, and flow time—would provide a foundation
for evaluating pavement performance using M-EPDG.
*is design procedure entails both mechanistic and
empirical procedure; dynamic modulus is used as a basic
design input parameter at the first level of design in
M-EPDG, which is mechanistic in nature. While for
empirical evaluation, results from flow tests are used to
develop flow models that predict pavement performance
and serve as input to the second level of design in
M-EPDG.

6. Summary and Conclusions

*is paper presents the dynamic modulus testing of SMA
mixtures at various temperatures (4.4–54.4°C) and fre-
quencies (0.1–25Hz) and flow number and flow time at a
single effective temperature of 54°C. Given the tested SMA
gradations/mixtures using limestone aggregate and 60/70
penetration grade, the dynamic modulus test reveals that,
for a given loading frequency, an increase in temperature
(from 21.1 to 37.8°C) translated into 41, 55, and 26% drop
in |E∗| values on average for 25mm, 19mm, and 12.5mm
mixtures, respectively. However, for a given temperature,
an increase in loading frequency (from 0.1 to 25Hz), 76,
85, and 74% of the variation in |E∗| values on average was
attributed for 25mm, 19mm, and 12.5mm mixtures, re-
spectively. Stress-dependent master curves were developed
for each mix, and results indicated that 25mm mix is
relatively stiffer than other given mixtures. Resistance to
fatigue cracking was evaluated using fatigue parameter,
which shows that NMAS of 12.5mm with a binder content
of 5.3% has shown relatively better resistance to fatigue
cracking. Statistical models were also developed to express
permanent strain as a function of loading cycles. Also, flow
test results showed that the SMA mixture with coarser
gradation (NMAS 25mm) having appropriate stone-to-
stone contact exhibits excellent strength against rutting
characteristics.
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Asphalt mixture is a particulate composite material consisting of aggregate, mastic, and air voids.1e computed tomography (CT)
image-based finite element approach is used as an effective method to simulate micromechanical response of asphalt mixture. For
finite element analysis, the accuracy of the finite results is determined by the size of the finite element. In this paper, a voxel-based
three-dimensional (3D) digital reconstruction model of asphalt mixture with the CT images after being processed was proposed.
In this 3D model, the aggregate phase was considered as elastic materials while the asphalt mastic phase was considered as linear
viscoelastic material. Four micromechanical digital models were generated, whose voxel sizes were 0.5mm, 0.67mm, 1.0mm, and
2.0mm, respectively. 1e four digital models were used to conduct uniaxial creep test for predicting creep stiffness modulus to
investigate the effect of voxel size. Simulation results showed that the voxel sizes had a significant effect on creep stiffness modulus.
For the creep simulation test, the most appropriate voxel size whose creep stiffness modulus changes within 2.5% is 1.0mm with
regard to time steps, computational time, aggregate, and mastic shape representations.

1. Introduction

1.1. Background. Asphalt mixture is the most widely used
road construction material in the paving industry. 1e
traditional trial and error approach in industrial practice has
focused on empirical experiments that develop correlations
between the macro phenomena and the material charac-
teristics. However, this traditional approach does not pro-
vide information that can be used to explain why certain
mixtures perform better than others. And also this approach
is cost intensive, high-resource consuming, and time con-
suming. To overcome these shortcomings, some micro-
structural methods and numerical techniques are developed
to gain insight into the performance of asphalt mixture.

1e composition of asphalt mixture can be considered to
be included in three phases: the mastic phase (asphalt ce-
ment with a filler that is smaller than 2.36mm in size), the

aggregate phase, and the air voids. 1e mechanical behavior
of asphalt mixture is complex due to the heterogeneity of the
asphalt composite material. Several research studies have
investigated the internal properties and performance of
asphalt mixture at microstructural scale using the non-
destructive X-ray CT technique [1–9].1ere have also been a
number of recent attempts to use X-ray CT images to re-
construct a three-dimensional (3D) finite element specimen
to predict the mechanical properties of asphalt mixture
[10–14]. 1e majority of these microstructure numerical
samples for asphalt mixture face challenges with regard to
accurate geometry of different phases. 1e geometry accu-
racy and volume composition of aggregate and mastic
phases are directly affected by the resolutions of CT image
for asphalt mixture. But most of the previous image-based
finite element approaches are limited to low precision nu-
merical models in order to reduce the time steps and
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computational time [15–17]. However, it is not sufficient
enough to consider the quantitative effects of finite element
dimensions on asphalt mixture simulation results.

1.2. Objective. 1e objective of this study is to investigate
size effects of finite element model for three-dimensional
microstructural modeling of asphalt mixture. Four image-
based microstructure models with different finite element
dimensions for asphalt mixture were established in order to
quantify the size effects of finite element model for three-
dimensional microstructural modeling. Firstly, the non-
destructive industrial X-ray CT technique was used to
capture the internal microstructure of the asphalt mixture
specimen. 1e grayscale thresholds for dividing aggregate,
asphalt mastic, and air voids were chosen based on the Otsu
method. A morphological multiscale algorithm was applied
to segment the coarse aggregate adhesion images. 1en, four
voxel-based 3D digital reconstruction models of the asphalt
mixture specimen is constructed based on the X-ray CT
images. After that, the parameters of the asphalt mastic
phase are obtained using the dynamic shear rheometer
(DSR) test. Finally, the image-based numerical specimens
are applied to conduct the creep simulations in order to
investigate size effects of finite elements on creep stiffness.

2. Three-Dimensional
Microstructural Reconstruction

2.1. CT Image Processing. At present, there is no image
analysis software especially for material segmentation of CT
slice images of asphalt mixture. 1e usual method involves
segmentation of the internal materials according to the gray
distribution characteristics of asphalt mixture. 1e most
widely used approach is the Otsu method [18–20].

Because the difference of material density is not very
obvious in the areas where the particles are in close contact
with each other, cohesion of aggregate particles occurs when
using the Otsu method to segment the aggregate and asphalt
mastic phases. So, the adhesive aggregates are identified as
individual particles by computer in the subsequent me-
chanical simulation, resulting in a calculation result which is
inconsistent with the actual situation. 1erefore, before
constructing the numerical model, adhesive aggregates in
the images must be separated. At present, coarse aggregate
adhesive separation is mainly based on manual processing,
which is convenient for single image processing [21–23].
However, it is not conducive for rapid and efficient image
processing if the number of images is too large.1erefore, an
automatic separation algorithm for adhesive aggregates is
necessary.

1is section presents a morphological multiscale sepa-
ration algorithm for adhesive aggregates based on different
structural element radius. 1e algorithm first classifies the
binary CT image in MATLAB before eroding in order to
prevent smaller aggregates from being filtered out in the
subsequent segmentation process. 1en, structural element
with a minimum size is applied to perform ultimate erosion
on all the labeled binary images. In the ultimate erosion

process, if two or more divided objects appeared in the
binary image, then they are classified as possible adhesive
aggregates for the next analysis step. If two or more split
objects are not observed, then the object could be considered
as independent aggregate. Structural elements with different
sizes are then selected as the ultimate erosion structural
elements for the morphological algorithm of the adhesion
particle binary map. According to the adhesive separation
map based on morphological algorithm under different
structural elements, the separation number with the largest
number of division lines is taken as the actual separation of
the binary image, and the separation image corresponding to
the smallest structural element is taken as the actual sepa-
ration image. Finally, all the separated marked images are
superimposed to form a complete glue separation image.1e
algorithm flow chart is shown in Figure 1, which was
implemented in the MATLAB.

2.2. Numerical Model Reconstructing Method. 1e three-
dimensional microstructural reconstruction of asphalt
mixture based on voxel is a reconstruction of complete
asphalt mixture specimen from a series of asphalt mixture
CT images. 1is reconstruction is a reverse solution process.
For an M×N binary image, the basic constituent unit is a
pixel.1e expansion of a pixel in three dimensions is a voxel,
as shown in Figure 2. A voxel is the most basic unit in the
reconstruction of three-dimensional numerical samples.

After CT scanning of the asphalt mixture specimen, a
series of continuous CT images can be obtained. 1ese
continuous pseudocolor CT images were converted into a
matrix of gray images, and the adjacent images were
superimposed on each other, thereby expanding into three-
dimensional space to form a three-dimensional gray unit
space network, as shown in Figure 3.

For finite element mesh models, the element, node
number, and node coordinates must be specified. For a series
of consecutive CT images, the unit and node number of the
gray pixel matrix of the first CT image were defined as shown
in Figure 4(a), and the unit and node number of the gray
pixel matrix of no. k CT image were defined as shown in
Figures 4(b) . Figure 5 shows a diagram of an initial three-
dimensional numerical model obtained in accordance with
the above algorithm.

Figure 5 is a numerical model containing the back-
ground and mixture. 1e background, void, asphalt mastic,
and aggregate of the CT image were segmented according to
the relevant method in Sections 2.1 and 2.2. 1e segmen-
tation process is shown in Figure 6.

2.3. Reconstruction of Numerical Model of AC-16 Asphalt
Mixture. In this paper, an AC-16 asphalt mixture test
specimen was used for analysis. According to the above
numerical modeling method, four microstructure numerical
models with voxel lengths of 0.5mm, 0.67mm, 1mm, and
2mm, respectively, were reconstructed for AC-16 asphalt
mixture. 1e numerical models of four different voxel
lengths for AC-16 asphalt mixture are shown in Figure 7.
1e eight-node 3D solid reduction integration elements
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(C3D8R) were adopted in constructing the mesh for the four
types of numerical models. Numbers of units and nodes are
shown in Table 1.

3. Material Parameters

Material properties are required for numerical modeling
before simulation.1e coarse aggregate can be considered to

be linear elastic material due to its small deformation. In this
paper, modulus and Poisson’s ratio of the coarse aggregate
were assumed to be 25GPa and 0.25, respectively. Asphalt
mastic was set as a linear viscoelastic material, and the
generalized Maxwell model is often used as its constitutive
model [24–26]. 1e material properties of asphalt mastic in
this numerical model adopted the 8-element generalized
Maxwell model, and the parameters were obtained by

The CT image

Binary image of practicles

Particle for label = 1 Particle for label = n

The isolated particle The isolated particleStatement of
the particle

Statement of
the particle

The connected particles The connected particles

r = 1 r = 2

r = 2 r = ?

r = 3 r = 4 r = 1 r = 2 r = 3 r = 4

Practical segmentation Practical segmentation

Image merging

Image segmentation a�er decomposition

Figure 1: 1e algorithm flow chart.
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Figure 5: Initial three-dimensional numerical model.
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dynamic shear rheological test. Initially, the dynamic shear
rheometer (DSR) test was performed at five temperatures
(15, 40, 50, 60, and 70°C), and the shear strain level was
controlled within 0.15%. 1en, the Williams–Landel–Ferry
(WLF) equation was applied to shift the measured shear
modulus at test temperature to the reference temperature
(25°C in this study).1e curve of the real part of the complex
modulus can be described by the sigmoidal mathematical
model:

log10 G′


  � δ +
α

1 + eβ+c·log10tr
, (1)

where G′ is the real part of the complex modulus; δ, α, β, and
c are the parameters of the equation; and tr is the loading
time at the reference temperature.

1e real part of the complex modulus data was fitted by
equation (1), as shown in Figure 8. 1e generalized Maxwell
model parameters can be obtained (Table 2) according to the
Prony series representation of the real part of the complex
modulus as shown in equation (2) using the collocation
method.

G′(ω) � Ge + 
m

i�1

ω2ρ2i Gi

ω2ρ2i + 1
, (2)

where m is the number of elements of the generalized
Maxwell model; Ge is the equilibrium modulus; Gi is the
relaxation strength of no. i; and ρi is the shear relaxation
time.

Given that the viscoelastic material was set to the gen-
eralized Maxwell model, which was the line viscoelastic
constitutive, the load magnitude did not affect the analysis
results. 1erefore, the uniaxial creep simulation test was
carried out with a dead load of 80 kPa. 1e displacement-
based boundary conditions were applied to the asphalt
mixture digital sample. 1e test specimen was completely
fixed at one end to prevent the rigid body from being
displaced, and the load was applied to the other end of the
test specimen. For simplicity, the rigid body was used to
simulate the loading plates at top and bottom of the spec-
imen. A rigid body is a collection of nodes and elements
whosemotion is governed by themotion of a reference node.
In this study, the dead load was imposed to the reference
node, and the rigid body distributed the concentrated load
on the top surface of the asphalt mixture digital model. 1e
viscoelastic analysis step was used in this paper. 1e total
analysis step time was 10 and the incremental step time was
0.1.

4. Numerical Simulation and Result Analysis

4.1. Computational TimeAnalysis. As can be seen in Table 1,
the length of voxel became smaller; the number of elements

of the model and the number of nodes increased. Taking a
model of about 1.7 million elements as an example, the
minimum memory required for computer access is ap-
proximately 244GB. So, it is difficult for a PC or a work-
station computer to conduct the simulation. 1erefore,
using supercomputer for massive parallel simulation is
necessary. Simulation and analysis of the four numerical
models in this study were based on the supercomputer
Milkyway-2 in the National Supercomputer Center in
Guangzhou. In this paper, massive parallel simulation ex-
periments were conducted on the numerical models with a
total of 5 nodes having cumulative capacity of 120 processors
and 600GB of memory.

1e computational time of each numerical model is
shown in Table 3. 1e computational time consumed by
different voxel length models varied greatly, and the max-
imum calculation time was 225.92min. 1us, the compu-
tational time can be greatly reduced by increasing the
number of applied nodes.

4.2. Creep Stiffness Modulus Analysis. Creep stiffness mod-
ulus was used as the result analysis index in this paper. 1e
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Table 2: Prony series constants computed for the shear modulus.

i ρi (s)
1e standardized

parameters
1e normalized
parameters

Gi (kPa) gi

1 0.0001 1927.8 0.15398
2 0.001 2918.2 0.23308
3 0.01 3555.1 0.28395
4 0.1 2834.0 0.22636
5 1 1072.2 0.08564
6 10 189.4 0.01513
7 100 19.4 0.00155
8 1000 3.4 0.00027

Ge � 12519.5

Table 1: Four types of numerical model element and node
information.
Voxel edge length (mm) 0.5 0.67 1.0 2.0
Number of element 1723315 724557 213526 26305
Number of node 1780183 756418 227639 29853
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creep stiffness modulus of the four numerical models is
shown in Figure 9. When the voxel lengths were 0.5, 0.67,
and 1mm, the creep stiffness modulus curves were very
close.

Since Figure 9 cannot clearly demonstrate differences
among the four numerical models’ creep stiffness modulus,
stiffness ratios were used to quantify their differences. 1e
ratio of the creep stiffness modulus for each numerical model
shown in equation (3) is defined as a fraction of the reference
creep stiffness modulus (creep stiffness modulus with a voxel
length of 0.5mm).1is is taken as a variation in the evaluation
of each creep stiffness modulus curve, as shown in Figure 10.

Ratio of stiffnessmodulus

�
Variation of stiffnessmodulus

Stiffnessmodulus of the voxel side length of 0.5 mm
.

(3)

Figure 10 shows that a longer length of the voxel results
in a higher rate of variation. When the length of the voxel
was 0.67mm, the ratio of the creep stiffness modulus from
the first second to the tenth second was 0.55%–1.86%. When
the length of the voxel was 1mm, the ratio of the creep
stiffness modulus from the first second to the tenth second
was 2.14%–4.15%. When the length of the voxel was 2mm,
the ratio of the creep stiffness modulus from the first second
to the tenth second was 6.56%–15.58%. 1us, when the
accuracy of the CT image of the asphalt mixture reached a
certain level, that is, when the length of the voxel is less than
or equal to 1mm, the ratio of the creep stiffness modulus
within 10 s is less than 5%, that is, the length of the voxel had
no significant effect on the creep test results. When the
length of the voxel was 2mm, the creep stiffness modulus
curve was different from the other dimensions, with the
maximum change of 15.58%. A smaller voxel size provides
more accurate angular information of the aggregate. Voxel
size has a great influence on the three-dimensional visual-
ization of the asphalt mixture and the simulation results at
local mesolevel. However, remarkably small voxel size
showed no significant influence on the creep result. To
reduce the computational time of simulation, a numerical
model reconstructed with a pixel size of 1mm can be rec-
ommended as an analytical model when performing the
creep numerical simulation test.

5. Conclusions and Future Work

5.1. Summary and Conclusions. 1e size effect of finite el-
ements in the three-dimensional microstructural numerical
model of asphalt mixture was studied in this paper. Firstly,
the industrial X-ray CT technique was used to obtain the CT
image of the internal composition of the asphalt mixture.
1e Otsu method was used to segment the CT image ma-
terial phases, and a morphological multiscale segmentation

algorithm was proposed to separate the adhesive aggregates
after material classification. Finally, a three-dimensional
numerical model reconstruction method for asphalt mix-
ture based on voxel was proposed from a series of discrete
asphalt mixture CT images. Four microstructural numerical
models with voxel lengths of 0.5, 0.67, 1, and 2mm were
reconstructed. Uniaxial creep virtual test was implemented
on the numerical model with four voxel sizes using the
supercomputer Milkyway-2 in the National Supercomputer
Center in Guangzhou to analyze the influence of the size
effect on the simulation results, and the following conclu-
sions were obtained:

(1) A morphological multiscale algorithm for ultimate
erosion of coarse aggregate adhesion image of as-
phalt mixture was proposed based on structural
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Table 3: Calculating time of different models.
Voxel edge length (mm) 0.5 0.67 1.0 2.0
Calculating time (min) 225.92 107.43 32.88 7.7
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elements with different sizes. 1e algorithm can
effectively separate adhesive aggregate particles.

(2) A voxel-based three-dimensional numerical model
of AC-16 asphalt mixture reconstruction method
was proposed. Numerical model was successfully
reconstructed based on CT images of asphalt mixture
processed by the Otsu method and morphological
multiscale algorithm.

(3) 1e numerical models with four different voxel sizes
varied greatly in terms of the computational timewhen
performing the creep numerical simulation test, and
the maximum computational time was 225.92min.
1us, more cumulative capacity of processors and
memory can remarkably reduce the computational
time.

(4) When the length of the voxel was less than 1mm, the
creep stiffness modulus changed within 2.5%. 1is
finding suggests that when the voxel size is less than
1mm, the influence of the voxel size on creep
stiffness modulus is not significant. Moreover, voxel
size mainly affects the computational time and the
angular information of the aggregate. A numerical
model reconstructed with 1mm voxel size is rec-
ommended as the analytical model.

5.2. Recommendations for Future Work

(1) Many researchers have developed the low-resolution
digital samples to simulate the behavior of asphalt
mixture subjected to specific loading conditions, and
this approach has been verified as a relatively reliable
method to conduct the virtual test compared with the
experimental test results. It is vital to validate the
high-resolution simulation results with a series of
experimental tests, and it will be the focus in our
future papers.

(2) 1e aggregate-mastic interface is a very challenging
task in the asphalt mixture virtual simulation. For
simplicity, the mastic phase was assumed to be
perfectly bonded to the aggregate phase ignoring the
internal cohesive behavior of the two phases in this
paper. In order to obtain a more accurate digital
sample, the interfacial conditions will be considered
as part of our ongoing modeling efforts.

(3) Asphalt mixture is a highly heterogeneous material
consisting of aggregate, mastic, and air voids. 1e
asphalt mastic has very complex temperature-, time-,
and rate-dependent three-dimensional viscoelastic
property. In this paper, the mastic is considered as a
one-dimensional linear viscoelastic material. 1e un-
derway paper will be focused on a three-dimensional
viscoelastic constitutive model developed for asphalt
mastic.
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Individual effect of aging and rejuvenator recycling on basic properties of asphalt is readily recognized, but there is only limited
understanding about whether the recycling of SBS- (styrene-butadiene-styrene-) modified asphalt is an inverse process of aging or
not. To compare the effects of aging and rejuvenator on microproperties and molecular composition of SBS-modified asphalt,
comprehensive performance tests and physical-chemistry experiments were conducted. (e results of infrared spectroscopy tests
demonstrate that the reticular crosslinking structure of asphalt was destroyed and SBS’s modification effect was gradually lost after
aging. (is can cause the strengthening of high-temperature performance and reduction of the low-temperature anticrack
property of SBS-modified asphalt. Scanning electron microscope shows that the island structure of SBS-modified asphalt dis-
appeared after aging. Energy spectrum analysis shows that the C (carbon) content of aged SBS-modified asphalt has decreased,
while the O (oxygen) content and S (sulfur) content have increased obviously. Results of the fluorescence microscope, SEM, and
rheological tests show that the epoxy functional group compounds of aliphatic glycidyl ether resin had high reactivity; the triblock
molecular structure of SBS and the mechanical performance of SBS-modified asphalt were recovered.

1. Introduction

Traffic flow has been growing with the rapid development of
China’s highway construction, and many of the asphalt
pavements built early in China have been damaged under
heavy traffic pressure. Many high-grade road highways have
approached or entered their maintenance period according
to their design life and actual use conditions. It is estimated
that, from now on, about 12% of asphalt pavement will need
overhauling every year. At the same time, faced with the
resourceful provinces’ rising demand for transport capacity
of the high-grade highway, China has been carrying out the
reconstruction and widening project of the high-grade

highways in recent years. Both the overhaul and medium
maintenance and reconstruction and widening of asphalt
pavement produce a lot of reclaimed asphalt pavement
(RAP). According to statistics, more than 35 million cubic
meters of RAP are produced in overhaul and medium
maintenance and widening of highways in China, and the
figure grows at a rate of 15% per year and will reach 100
million cubic meters in ten years. (e stacking, discarding,
and degradation of such a huge amount of waste materials
will aggravate the increasing serious environment pressure
and resource problems. (erefore, using the RAP more
efficiently is one big challenge in the field of highway
construction.
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Researchers have done a lot of research works, re-
spectively, in the aspects of the physical properties decay
law, component change law, and molecular structure
changes. However, these were mainly done through indoor
aging tests, and many factors affecting asphalt aging remain
to be studied further, such as influence mechanism of water
on asphalt aging, the relationship, and the difference be-
tween simulated and natural aging. (erefore, we also need
to further study the asphalt aging performance and
mechanism using advanced modern analytical test
methods and various aging test methods to provide a
theoretical basis for asphalt pavement recycling [1–7].
Zhang et al. studied the three types of aging methods on the
performance of SBS- (styrene-butadiene-styrene-) modi-
fied asphalt, including thin film oven test (TFOT), pressure
aging vessel (PAV), and ultraviolet (UV) radiation. (ey
found that SBS-modified asphalt with penetration 90 had a
higher retained penetration and ductility as well as the
lower viscosity aging index compared to SBS-modified
asphalt with penetration 70 [8].

At present, no definitive conclusion has been drawn
from the mechanism of interaction between the recycling
agent, aged asphalt, and new asphalt. For example, the
measured data of some recycling projects show that the
stiffness of recycled asphalt pavement is lower than the
designed value. One explanation for this phenomenon is that
the recycling agent fails to diffuse into the reclaimed asphalt.
(erefore, it is of great significance for the asphalt recycling
technology to study the law of recycling agent’s diffusion
into asphalt and recycling agent’s peptization effect on as-
phalt and reveal the microproperties of recycling asphalt
[9–15]. Xiao et al. studied the low-temperature performance
characteristics of RAP mortars containing sieved RAP and
soft binders at three aged states; they found that RAPmortar
with a higher old binder content had a higher minimum low
temperature regardless of the RAP source [16]. RAP mortars
with virgin soft binder had the best low-temperature re-
sistance followed by the RAP mortars with RTFO and PAV
binders. However, it is still in doubt whether SBS-modified
asphalt is recyclable. Supporters believe that SBS-modified
asphalt is produced only by physical modification of base
asphalt, while asphalt recycling involves more chemical
reactions than a physical reaction. (erefore, SBS-modified
asphalt recycling is only the recycling of aged asphalt and
does not have effect on the SBS copolymer [17, 18]. Op-
ponents believe that the aging process of SBS-modified
asphalt includes the aging of both asphalt and SBS co-
polymer. (erefore, the recycling of SBS-modified asphalt
inevitably includes the recycling of the SBS copolymer. To
this end, recycling agents developed by researchers have
different application scopes, and it is unknown whether they
can be used for SBS-modified asphalt recycling [19–23]. In
view that SBS-modified asphalt is adopted for surface and
middle courses of most high-grade highways in China, it is
of great practical significance to find a recycling agent ap-
plicable to SBS-modified asphalt.

(e objective of this study was to investigate the
mechanisms of aging and recycling of SBS-modified asphalt
by conducting comprehensive performance tests and

physical-chemistry experiments and further to demonstrate
whether the two processes were an inverse or not.

2. Materials and Methods

2.1. Materials. SBS-modified asphalt was used in this re-
search. Two typical rejuvenators were selected to recover the
aged asphalt binder in this research. (e molecular struc-
tural formulas of rejuvenator A and rejuvenator B and the
curing agents used in this research are shown in Figure 1.

2.2. Laboratory Tests. In this research, both conventional
and advanced tests have been conducted. (e conventional
tests are used to evaluate the effect of the aging-recycling
cycle on rheology of SBS-modified asphalt at the macrolevel.
(e advanced tests are used to investigate the mechanism of
effect of the aging-recycling cycle on rheology of SBS-
modified asphalt at the microlevel.

2.2.1. Penetration. Penetration is a widely used method in
the world to measure asphalt stiffness. (e smaller the
stiffness, the greater the penetration would be. (e greater
the stiffness, the smaller the penetration would be. It is sure
that stiffness change can reflect not only the asphalt aging
but also the effect of SBS modification. (ree replicates were
tested in this research, and the data shown in this paper were
the average of the three replicates.

2.2.2. Softening Point. (e softening point is the tempera-
ture at which a material softens beyond some arbitrary
softness. A ring and ball apparatus can also be used for the
determination of the softening point of bituminous mate-
rials. Two replicates were tested in this research, and the data
shown in this paper were the average of the two replicates.

2.2.3. Ductility. Ductility is a solid material’s ability to de-
form under tensile stress. (e ductility of the bituminous
material is defined as the distance in centimeters, to which it
will elongate before breaking when two ends of a briquet
specimen of the material are pulled apart at a specified speed
and a specified temperature. (ree replicates were tested in
this research, and the data shown in this paper were the
average of the three replicates.

2.2.4. Viscosity. (e rotational viscometer was used to
measure binder viscosity at 135°C. First, a sample was placed
in a chamber that was heated to the test temperature.
Second, the sample viscosity was measured by rotating the
spindle immersed in the binder. (e rotational speed was set
at 20 revolutions per minute (RPM), and the viscosity
reading was recorded in units of centipoise. Two replicates
were tested in this research, and the data shown in this paper
were the average of the two replicates.

2.2.5. Gel Permeation Chromatography (GPC). Gel perme-
ation chromatography (GPC) has low requirements for flow
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phase and features moderate test conditions, good re-
peatability, and fast analysis speed. It is currently the most
widely used method for determining the molecular weight
distribution of high polymer materials. Its separation basis is
different hydrodynamic volumes of solute molecules in
solution. (e molecular elution volume of the solute de-
pends on the physical parameters such as molecular di-
mension, filler aperture, porosity, and column volume. Two
replicates were tested in this research, and the data shown in
this paper were the average of the two replicates.

2.2.6. ermogravimetric Analysis (TGA). To further reveal
the changes before and after SBS-modified asphalt aging, the
thermogravimetric (TG) test was conducted on SBS-modified
asphalt and aged SBS-modified asphalt to analyze the thermal
gravimetric property. Q600SDT TGA produced by TA In-
struments was adopted for the TG test, with a temperature
range of room temperature to 1500°C, a sensitivity of 0.1 μg,
and a temperature accuracy higher than 2%. (e test was
conducted in a nitrogen atmosphere at a temperature rise rate
of 10°C/min and at a temperature range from room

temperature to 1,000°C. Samples were made with SBS-
modified asphalt before and after aging, respectively, and
put in TGA for comprehensive thermal gravimetric analysis.
Two replicates were tested in this research, and the data
shown in this paper were the average of the two replicates.

2.2.7. Hydrogen Nuclear Magnetic Resonance (1HNMR)
Spectrometry. Hydrogen nuclear magnetic resonance
(1HNMR) spectrometry is conducted with Bruker AV-400
MHz NMR, with CDCl3 as the solute, TMS as the internal
reference, and a test temperature of 25°C. Two replicates
were tested in this research, and the data shown in this paper
were the average of the two replicates.

2.2.8. Scanning Electron Microscope (SEM). Scanning elec-
tron microscope (SEM) is a method observing micro
properties. It can be directly used for microimaging of the
matter properties of the sample surface material. In prin-
ciple, SEM scans the sample with a very thinly focused high-
energy electron beam to stimulate various physical
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Figure 1: Molecular structural formulas of rejuvenators and the curing agents. (a) Rejuvenator A: fat glycidyl ether epoxy resin (left) and its
curing agent (right). (b) Rejuvenator B: glycidyl amine epoxy resin (left) and its curing agent (right).
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information, which is received, amplified, and imaged to get
the observation results of the sample surface.

2.2.9. Energy Dispersive Spectrometer (EDS). Energy dis-
persive spectrometer is used for analyzing the types and
content of microarea elements of the material, which is used
together with an electronic microscope and transmission
electron microscope. Different elements have their own
characteristic wavelengths of X-ray, which depend on the
characteristic energy △E released during energy transition.
Energy spectrometer conducts composition analysis
according to different characteristic energies of X-ray
photons of different elements.

When X-ray photons enter the detector, they will
stimulate a certain number of electron-hole pairs in the Si
(Li) crystal.(eminimum average energy ε for producing an
electron-hole pair is constant (3.8 eV at low temperature),
and the number of electron-hole pairs produced by one
X-ray photon is N � △E/ε. (erefore, the greater energy the
incident X-ray photons have, the bigger the N will be. Biases
installed on both ends of the crystal are used to collect
electron-hole pairs, which are converted to current pulses by
the preamplifier.(e height of current pulses depends on the
size of N. Current pulses are then converted into voltage
pulses by the main amplifier and enter the multichannel
pulse height analyzer, which classified and counted the
pulses by height. (us, a diagram of X-ray distribution
according to energy is obtained. Two replicates were tested
in this research, and the data shown in this paper were the
average of the two replicates.

3. Results and Discussion

3.1. Aging of SBS-Modified Asphalt. In order to find the role
of SBS-modified asphalt aging, the laboratory adopted I-D
modified asphalt meeting the requirements of Technical
Specification for Construction of Highway Asphalt Pave-
ments (JTG E20-2011) as a sample and put it in an RTFOTat
163°C for aging for 16 h and then put the asphalt aged by
RTFOT in a PAV at 100°C for aging for 20 h. Finally, the
changes in performance indicators, functional groups,
components, and molecular weight of the aged SBS-
modified asphalt were analyzed.

3.1.1. Effects of Aging on the ermodynamic Performance of
SBS-Modified Asphalt. Figure 2 presents TG curves before
and after SBS-modified asphalt aging. (is figure shows that
the thermal weight loss of SBS-modified asphalt in a nitrogen
atmosphere had one phase. Little residue carbon is left at
540°C, and combustion is completed. (e thermogravimetric
processes are consistent before and after SBS-modified asphalt
aging, indicating that the aging effect is weak.

3.1.2. Effects of Aging on the Chemical Properties of
SBS-Modified Asphalt

(1) FTIR Tests. (e aging process of SBS-modified asphalt is
essentially a slow process of chemical reaction. A shift of

functional groups inevitably accompanies the chemical
reaction of organic matters. In the infrared spectrogram,
the absorption band spectra shown are also different.
Figure 3 contains the infrared spectrograms of SBS-
modified asphalt before and after aging in room temper-
ature conditions.

In general, the stretching vibration absorption peak of
hydroxyl is at 3450 cm−1, mainly characterized by a wide
peak and that the higher degree of association, the closer
the peak to low wavenumber; the stretching vibration
absorption peak of alkyl hydrocarbon bonds is at
2800 cm−1∼3000 cm−1, including −CH3, −CH2, and –CH;
carbonyl absorption peaks in ketone and carboxylic acid
are near 1600 cm−1. When the carbonyl group and a
benzene vibrate, the absorption peak moves towards the
low wavenumber. (e bending vibration absorption peak
of alkyl hydrocarbon bonds is at 1350 cm−1∼1480 cm−1,
including −CH3 (1370 cm−1 and 1450 cm−1), −CH2
(1465 cm−1), and –CH(CH3)2 (1365 cm−1∼1385 cm−1); the
stretching vibration absorption peak of organic sulfoxide
and sulphone is at 1120 cm−1∼1160 cm−1 and
1030 cm−1∼1070 cm−1; the C–H bond out-of-plane bending
vibration absorption peak of olefins (polybutadiene) is at
900 cm−1∼950 cm−1; the C–H bond out-of-plane bending
vibration absorption peak of a series of heteroaromatic
compounds is at 650 cm−1∼810 cm−1, whereas the C–H
bond out-of-plane bending vibration absorption peak of
benzene rings of styrene and fatty aldehyde is at 700 cm−1.
Asphalt mainly consists of elemental carbon, hydrogen,
oxygen, nitrogen, and sulfur. (e infrared spectrogram
shows that, with the increase of the aging period, the ab-
sorption intensity of different groups has different degrees
of increase and decrease. (ese long-chain polymers often
contain carbon-carbon double bonds and carbon-carbon
triple bonds, which are very unstable and easily have ad-
dition reaction or oxidation reaction to produce hydroxyl
groups and carbonyl groups. Some hydroxyl groups, due to
the chain end effect, will be further oxidized to produce
ketone or carboxylic acid.

After aging of SBS-modified asphalt, a new absorp-
tion peak appears at 1120 cm−1∼1160 cm−1 and
1030 cm−1∼1070 cm−1. (is is because elemental sulfur in
the modified asphalt is oxidized to sulfoxide (S�O) and
sulphone (O�S�O). (e absorption intensity of the two
absorption peaks increases with the aging time of asphalt.
Sulfur mainly exists in the form of sulfur ether and mer-
captan in asphalt molecules. Peroxide easily oxidizes sulfur
ether andmercaptan into sulfoxide base, a sulfur atomwhich
still has a pair of lone electrons. In the case of sufficient
oxygen, sulfoxide groups will be further oxidized into sul-
fonates. In addition to such polar functional groups as
ketones, aldehydes, and carboxyl, a series of heteroaromatic
compounds are also produced in the aging of SBS-modified
asphalt. (ese heteroaromatic compounds are from the
cleavage oxidation and local cleavage polymerization of SBS
polystyrene chain segments. (e deeper the asphalt is aged,
the higher the heteroaromatic compound’s absorption in-
tensity is, indicating a higher decomposition degree of
polystyrene.
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Figure 2: TG curve of aged SBS-modified asphalt. (a) Before aging. (b) After aging.
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Infrared spectroscopy shows that the reason for the
embrittlement and hardening of SBS-modified asphalt after
aging is SBS failure and the generation of a large number of
polar groups. Polar groups have strong intermolecular in-
teraction, and some form an association body, which reduces
asphalt ductility and increases stiffness modulus.

(2) NMR Tests. Figure 4 shows the nuclear magnetic reso-
nance spectrograms of SBS-modified asphalt before and
after aging. (e peak at 1 ppm-2 ppm belongs to hydrogen
on methyl in the sample, and the one at 3.7 ppm belongs to
hydrogen on methene (alkene) and methine (alkyne).
Comparison between the two figures shows that the char-
acteristic peaks of methene and methine at 3.7 ppm have
disappeared in the nuclear magnetic resonance spectrogram
of SBS-modified asphalt after aging. (e reason is that, with
the progress of aging, the double bonds of SBS polybutadiene
segments are opened when oxidation occurs. Some double
bonds are oxidized into alcoholic hydroxyl groups, carbonyl
groups, or carboxyl groups, and some are added to produce
saturated carbon bonds; some small molecules may also have
mutual addition to producing macromolecules with un-
saturated carbon-carbon bonds, namely, alkyl produced by
alkene or alkyne through hydrogenation (generally oxygen
addition).

In the nuclear magnetic resonance spectrogram of SBS-
modified asphalt after aging, the characteristic peaks of
methene and methine at 3.7 ppm have disappeared, in-
dicating that SBS decomposition and degradation have
completed.

3.1.3. Effects of Aging on the Surface Microtopography of
SBS-Modified Asphalt. (e SEM images of SBS-modified
asphalt before and after aging are shown in Figures 5(a) and
5(b).

Figure 5(a) shows that the SBS asphalt is uniform. It
indicates that modifier SBS can be evenly distributed in
asphalt to form a subhomogeneous island structure; namely,
styrene-butadiene-styrene triblock forms a network struc-
ture in the base asphalt. Figure 5(b) shows the SEM image of
SBS-modified asphalt after aging. Observed under SEM, it is

very homogeneous, with few impurities in local parts, and
the subhomogeneous island structure has disappeared. It is
inferred that SBS has had severe cracking and decomposition
and produced small molecules, or has had oxygen absorp-
tion reaction and produced highly polar substances. (is
coincides with the results of the GPC test above.

3.1.4. Effects of Aging on the Elementary Composition of
SBS-Modified Asphalt. (e analysis results of the SEM-EDS
of SBS-modified asphalt before and after aging are shown in
Table 1.

As shown in Table 1, the C content of aged SBS-modified
asphalt has decreased compared with that of original SBS-
modified asphalt, while the O content and S content have
increased obviously. According to analysis, the reason is
that, with the deepening of aging, sulfur elements in
modified asphalt were oxidized into sulfoxide (S�O) and
sulphone (O�S�O). In addition to such polar functional
groups as ketones, aldehydes, and carboxyl, a series of
heteroaromatic compounds are also produced in the aging of
SBS-modified asphalt. (ese heteroaromatic compounds are
from the cleavage oxidation and local cleavage polymeri-
zation of SBS polystyrene chain segments. (e deeper the
asphalt is aged, the higher the heteroaromatic compound’s
absorption intensity is, indicating a higher decomposition
degree of polystyrene. (ese long-chain polymers often
contain carbon-carbon double bonds and carbon-carbon
triple bonds, which are very unstable and easily have ad-
dition reaction or oxidation reaction to produce hydroxyl
groups and carbonyl groups. Some hydroxyl groups, due to
the chain end effect, will be further oxidized to produce
ketone or carboxylic acid.

3.2. Recycling of Aged SBS-Modified Asphalt

3.2.1. Effects of Rejuvenators on the Basic Properties of Aged
SBS-Modified Asphalt. In this section, the effect of the two
rejuvenators on the macroproperties of aged SBS-modified
asphalt was explored. (e contents of rejuvenators were 6%,
8%, 10%, 12%, and 14% of base asphalt binder by mass.
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Figure 3: Infrared spectrogram of SBS-modified asphalt. (a) Before aging. (b) After aging.
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(1) Viscosity. Figure 6 shows the changes in the viscosity of
aged SBS-modified asphalt after epoxy resin rejuvenators A
and B are added. According to the figure, the viscosity of
aged SBS-modified asphalt decreases with the increase of the
additive amount of the epoxy resin rejuvenators A and B.
(is is because these two rejuvenators contain both low-
viscosity catalytic cracking oil slurry and epoxy functional
group compounds, whose viscosity is lower than that of SBS-
modified asphalt, and it makes the viscosity of recycled SBS-
modified asphalt decreases with the increasing additive
amount of rejuvenator. (e rejuvenators A and B have
different effects on the viscosity of aged SBS-modified as-
phalt. (e viscosity of asphalt modified by rejuvenator A is
lower than that modified by rejuvenator B. According to the
molecular structures of the two rejuvenators, the molecular
backbone of rejuvenator A is a flexible aliphatic, while that of
rejuvenator B is a rigid benzene ring structure. It leads to that

viscosity of asphalt modified by rejuvenator A is lower than
that modified by rejuvenator B.

(2) Penetration. Figure 7 shows the penetration improve-
ment of the aged SBS-modified asphalt after the epoxy resin
recycling agents A and B are added. According to the figure,
the penetration of recycled SBS-modified asphalt increased
with the increase of the content of the recycling agent. We
speculate that the reason is that these two recycling agents
contain both low-viscosity catalytic cracking oil slurry and
epoxy functional group compounds, whose viscosity is lower
than that of SBS-modified asphalt, and it makes the pene-
tration of recycled SBS-modified asphalt decreases with the
increasing additive amount of recycling agent.

Regarding the molecular structure, the molecular
backbone of recycling agent A is a flexible aliphatic, while
that of recycling agent B is a rigid benzene ring structure.
However, recycling agent B does not recover to the triblock
molecular chain structure of SBS, so the effect of recycling
agent B on the penetration of aged SBS-modified asphalt is
not as evident as that of recycling agent A.

(3) Ductility. Figure 8 shows the effects of recycling agents A
and B on the ductility of aged SBS-modified asphalt.

It can be seen from Figure 8 that the ductility of aged
SBS-modified asphalt increased with the increasing additive
amount of recycling agent A. (e possible reason was that
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Figure 4: Nuclear magnetic resonance spectrograms of SBS-modified asphalt. (a) Before aging. (b) After aging.

(a) (b)

Figure 5: SEM images of SBS-modified asphalt. (a) Before aging. (b) After aging.

Table 1: Effects of aging on the elementary composition of SBS-
modified asphalt.

Element type
Element content of SBS-modified

asphalt (%)
Before aging After aging

C 90.0 62.2
O 7.4 22.5
S 0.8 1.1
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the epoxy functional groups of recycling agent A reacted
with the cracked carboxyl at the SB molecular chain end. It
made biblock copolymer SB re-crosslinked into triblock
copolymer SBS by epoxy resin molecular chains. (at is,
the triblock molecular structure of SBS was recovered, with
the macro performance that the ductility of aged SBS-
modified asphalt was obviously recovered. Recycling
agent B did not have the recovered triblock molecular chain
structure of SBS, so the addition of recycling agent B had an
insufficient effect on the ductility of aged SBS-modified
asphalt.

(4) Softening Point. (e softening point improvement of the
aged SBS-modified asphalt after the epoxy resin recycling
agents A and B are added is shown in Figure 9.

According to Figure 9, the softening point of recycled
SBS-modified asphalt rises with the increasing additive
amount of recycling agent. Compared with recycling agent
B, the softening point rises more sharply by adding recycling
agent A because recycling agent A recovers the triblock
molecular structure of SBS and accelerates the rising trend of
the softening point. Although recycling agent B has a low-
viscosity component, it does not recover the molecular chain
structure of SBS, resulting in a very limited increase of
softening point.

3.2.2. Effects of Rejuvenators on the Molecular Weight Dis-
tribution of Aged SBS-Modified Asphalt. (e GPC graphs of
SBS-modified asphalt after rejuvenators A and B are added
are shown in Figure 10.
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Figure 6: Effect of rejuvenators A and B on a viscosity of aged SBS-
modified asphalt binder.
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According to Figure 10, the SBS molecular chain cracks
after the aging of SBS-modified asphalt, which is charac-
terized by the trailing in the macromolecular part at Peak 1
of the GPC curve. After recycling agent A is added, the GPC
curve at Peak 1 has migrated overall; that is, the previous
macromolecular chain is recovered. It is inferred that the
epoxy functional groups of recycling agent A react with the
cracked carboxyl at the SB molecular chain end, which
makes biblock copolymer SB re-crosslinked into triblock
copolymer SBS by epoxy resin molecular chains. (at is, the
triblock molecular structure of SBS is recovered. After
recycling agent B is added, the GPC curve at Peak 1 has no
noticeable change. It indicates that epoxy functional groups
of recycling agent B did not have coupling reaction with the
SB molecular chain end, resulting in the very limited effect
on the recycling of SBS-modified asphalt.

3.2.3. Effects of Rejuvenators on the Microstructure of Aged
SBS-Modified Asphalt

(1) Fluorescence Microscope. Figures 11(a) and 11(b) show
the microscopic morphology of SBS-modified asphalt
recycled by adding the epoxy resin recycling agents A and B,
respectively. Under a fluorescence microscope, SBS is the
bright area in the figure. In Figure 11(b), there are very
few particles in the bright area, and it is inferred that
serious chain fracture occurred in the SBS triblock co-
polymer after asphalt aging, indicating serious aging of SBS.
Figures 11(a)–(C) show the aged SBS-modified asphalt after
recycling agent A is added. According to the figure, the
distribution of bright area has been obviously improved and
is close to that before aging. It indicates that the recycling
agent A has obviously restored the SBS distribution and thus
improved the aging degree of SBS-modified asphalt.
Figures 11(b)–(C) show that SBS distribution has no obvious
changes after recycling agent B is added, indicating very
limited recycling effect. (e microproperties are consis-
tent with the molecular weight result tested by GPC.

(erefore, the recycling agent A has an obviously better
recycling effect than the recycling agent B.

(2) SEM. (e microscopic morphologies of SBS-modified
asphalt recycled by adding the epoxy resin recycling agents A
and B are shown in Figures 12(a) and 12(b), respectively.

It is can be seen from Figures 12(a)–(A) and 12(b)–(A)
that SBS is distributed in the base asphalt, which can be
called the island structure in the SEM image. With the
progress of aging, serious chain fracture occurs in the SBS
triblock copolymer, which is manifested by the missing of
islands in Figure 12(a)–(B). Figure 12(a)–(C) shows the aged
SBS-modified asphalt after recycling agent A is added.
According to the figure, the islands are recovered and similar
to those before aging. It indicates that the rejuvenator A has
obviously restored the SBS triblock structure and thus im-
proved the aging degree of SBS-modified asphalt.
Figure 12(a)–(A) shows that the SEM image has no obvious
changes after rejuvenator B is added, indicating a very
limited recycling effect. (e microproperties are consistent
with the molecular weight result tested by GPC and fluo-
rescence microscopy results. (e rejuvenator A has higher
reactivity and better recycling effect than rejuvenator B.

4. Conclusions

Based on the testing and analysis presented in this paper, the
conclusions of the study are summarized as follows:

(1) Infrared spectrogram analysis results show that, with
the aging progress of asphalt, the area of the carbonyl
absorption peak and carbonyl content increase
continuously; sulfur compounds in asphalt react
with oxygen to produce sulfoxide base functional
groups during asphalt aging. (e butadiene ab-
sorption peak gradually disappears, indicating that
base asphalt components and SBS copolymer age
simultaneously during asphalt aging; with the deg-
radation of the SBS copolymer, the reticular
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Figure 10: Effect of aging and recycling on molecular weight distribution of SBS-modified asphalt binder. (a) Rejuvenator A. (b) Re-
juvenator B.
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Figure 12: Effect of rejuvenators on microstructure of aged SBS-modified asphalt binder by SEM: (A) SBS-modified asphalt, (B): aged SBS-
modified asphalt, and (C): recycled SBS-modified asphalt of (a) rejuvenator A and (b) rejuvenator B.
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Figure 11: Effect of rejuvenators on microstructure of aged SBS-modified asphalt binder by fluorescence microscope (measuring scale is 1 :
10000): (A) SBS-modified asphalt, (B) aged SBS-modified asphalt, and (C) recycled SBS-modified asphalt of (a) rejuvenator A and (b)
rejuvenator B.
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crosslinking structure of asphalt is destroyed and
SBS’s modification effect is gradually lost. (e in-
crease of polar functional groups of SBS-modified
asphalt and the decomposition and failure of the SBS
modifier are the immanent causes for continuous
change in viscosity, strengthening of high-
temperature performance, and reduction of low-
temperature anticrack property.

(2) According to the SEM analysis results, modifier SBS
can be evenly distributed in asphalt to form a sub-
homogeneous island structure; namely, styrene-
butadiene-styrene triblock forms a network struc-
ture in the base asphalt. According to the SEM image
of SBS-modified asphalt after aging, observed under
SEM, it is very homogeneous, with few impurities in
local parts, and the subhomogeneous island struc-
ture has disappeared. It is inferred that SBS has had
severe cracking and decomposition and produced
small molecules, or has had oxygen absorption re-
action and produced highly polar substances. Energy
spectrum analysis shows that, with the progress of
aging, the C content of aged SBS-modified asphalt
has decreased compared with that of original SBS-
modified asphalt, while the O content and S content
have increased obviously.

(3) Fluorescence microscope and SEM were used to
observe the changes in molecular structure and
distribution of the SBS modifier before and after
recycling. It shows that the epoxy functional group
compounds of aliphatic glycidyl ether resin have
high reactivity, and the triblock molecular structure
of SBS is recovered. (e pavement performance of
recycled SBS-modified asphalt also shows that it has
a good recycling effect. GPC demonstrated that
epoxy functional groups of recycling agent B did not
have coupling reaction with the SB molecular chain
end, resulting in the very limited effect on the
recycling of SBS-modified asphalt.

Based on the findings of this research, chemical-related
tests are recommended conducting to select one proper
rejuvenator for the aged SBS-modified asphalt. (is can
increase recycling efficiency.
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To reduce the temperature of asphalt pavement and improve the antirutting performance of asphalt mixture, a thermal-resistant
asphalt mixture (TRAM) was produced, in which a certain proportion of mineral aggregate was replaced by ceramic (CE) or floating
beads (FB) featuring low thermal conductivity. Firstly, a parallel plate test was developed to test the thermal conductivity of asphalt
mixture added with different thermal-resistant materials. Secondly, the illumination test system was designed to study the visual
cooling effect of different TRAM by imitating the natural environment. Finally, the effect of different thermal-resistant materials on
asphalt pavement performance was evaluated. .e results show that the addition of thermal-resistant materials can reduce the
thermal conductivity and the temperature of asphalt mixture..e cooling effect of CE75 and CE100 (coarse aggregate substituted by
75% and 100%CE, respectively) is superior to other aggregates..e temperature reduction rates of CE75 and CE100 reache 6.6°C and
6.8°C, respectively. For FB50 and FB75 (fine aggregate substituted with 50 and 75% FB, respectively), the cooling effect of them
reaches 3.9°C and 4.5°C, respectively. In addition, the CE and FB can improve the antirutting performance of asphalt mixture by
reducing the temperature inside the pavement..e high-temperature performance of CE75 and FB75 is the best.With the increase of
thermal resistance materials, the low-temperature cracking resistance of asphalt mixture decreases gradually. .e failure strain of
mixture added with 100% thermal resistance materials is close to the lower limit of Chinese specification. .e water stability of
different TRAM changes with various test methods. Taking into account the results of pavement performance and the cooling effect,
the substitution proportion of CE and FB for TRAM is proposed as 50%∼75%, respectively.

1. Introduction

Asphalt mixture is a kind of black material, which highly
absorbs solar radiation [1]. .e temperature of asphalt
pavement is higher than atmospheric temperature, leading
to the occurrence of high-temperature deformation. In
addition, the absorption of heat energy in asphalt pavement
not only leads to the raising of pavement temperature but
also releases a lot of heat to the surrounding environment,
which results in rutting disease of pavement and “urban
heat island effect” [2–10]. .erefore, improving the tem-
perature field of asphalt pavement structure is of great
advantage for pavement rutting resistance and mitigation
of “heat island effect.” Due to the low thermal conductivity,

the thermal-resistant materials used in asphalt mixture
have drawn more and more attention. .e heat absorption
and storage of asphalt pavement can be decreased, and
thus, the pavement temperature is reduced.

Heat-reflective layer and thermal resistance technology
have been used to lower the pavement temperature [11]. A
heat-reflective layer improves the reflectivity and radiation
efficiency of pavement surface and then lowers the pavement
temperature by preventing external heat from transferring
into pavement structure [12–19]. But, the application of
coating has been limited due to the defects in cost, tech-
nology, and durability. .e thermal resistance technology
for reducing the pavement temperature is adding thermal
resistance material, which could reduce the temperature of
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pavement effectively. .e thermal resistance materials in-
clude ceramic, pottery sand, diatomite, bauxite, and re-
fractory stone [20–24].

Feng and Yi [25] made a kind of thermal-resistant seal
layer by adding ceramic or diatomite; the two seal layers
showed obvious cooling effect after strong light exposure for
3 h. .e results showed that the ceramic seal layer specimen
can reduce the temperature by 2∼3°C. Zhang [26] added the
ceramic into the asphalt wear layer, and the results showed
that, as the aggregates whose diameter varies from 9.5mm to
4.75mm are replaced by the equal volume of 20% ceramic,
the thermal conductivity of mixture decreases by 31.8% and
the specific heat capacity increases by 212.9%. Khan and
Mrawira [27] found that the thermal conductivity of asphalt
pavement could be improved by adding lightweight ag-
gregate ceramic. Ren [28] studied the thin wear layer of
ceramic asphalt mixture with different contents of ceramic
waste. .e study showed that when the wear layer is 5 cm
thick, the cooling effect can reach more than 10°C..e water
stability and high-temperature stability of the mixture de-
crease rapidly when the proportion of ceramic waste is more
than 60%; it was found that the optimal content of ceramic
waste is 40%∼60%.

Li [29] used calcined bauxite to replace the coarse ag-
gregate of AC-13C mixture. .e results showed that the
incorporation of calcined bauxite would decrease the tem-
perature of asphalt mixture effectively. .e optimum con-
tent of calcined bauxite for asphalt mixture was proposed as
80%. Cong et al. [30] studied the pavement surface tem-
perature and the relationship between pavement perme-
ability coefficient and mixture porosity. .e results showed
that the pavement temperature is related to the porosity and
connectivity of the mixture. .e pavement with 10% po-
rosity can reduce the temperature by 5°C.

Although there have been considerable researches re-
lated to the cooling effect of asphalt mixture added with
different materials, at present, many studies just describe the
cooling effect of thermal resistance materials on pavement,
and the test methods cannot simulate the actual working
environment of asphalt pavement. Only some studies relate
the influence of cooling effect of different thermal resistance
materials on pavement performance. In this paper, the test
method, imitating the real temperature environment of
asphalt pavement, was designed to evaluate the thermal
conductivity and antirutting performance of two kinds of
TRAM. Firstly, the thermal conductivity was measured by a
parallel plate test. Secondly, the indoor and outdoor illu-
mination tests were developed to evaluate the cooling effect
of TRAM by imitating the natural environment. Finally, the
effect of different thermal-resistant materials on asphalt
mixture pavement performance was also studied.

2. Materials and Methods

2.1. Materials

2.1.1. Raw Materials. SK-70# asphalt was used in the TRAM.
.e coarse basalt aggregate, fine limestone aggregate, and
limestone powder were selected. .ermal-resistant materials

were shale ceramic (CE) and fly ash floating beads (FE). CE is
a mineral material which is produced through the process of
burning up and foaming. It is a spherical material with
smooth surface and honeycomb porous. In this paper, CE was
used to replace the coarse aggregate to produce a thermal-
resistant asphalt mixture due to its larger particle size. .e
shale ceramic was adopted in this paper, and the particle size
was between 5 and 15mm [31]. .e physical properties of CE
are shown in Table 1.

Floating beads (FB) [32] is a fly ash material, derived
from power plant fly ash. It is a material with following
features such as lightweight, heat insulation, sound
insulation, high-temperature resistance, high wear re-
sistance, low thermal conductivity, and good mobility. .e
use of FB in asphalt mixture can reduce pavement tem-
perature. In addition, its application is helpful in the re-
sources recycling [33]. .e physical properties of FB are
shown in Table 2.

2.1.2. Design of TRAM. In this paper, AC-13C which was
widely used in the upper layer of asphalt pavement was used
to analyze the thermal resistance effect of CE and FB. .e
gradation composition is detailed in Table 3.

(1) Optimal Asphalt Content of CE. .e aggregate was
replaced by CE with an equal volume proportion in the
asphalt mixture. CE was used to replace three sizes of
coarse aggregate (13.2m, 9.5mm, and 4.75mm) in AC-13C
asphalt mixture. .e substitution proportions were 0, 25,
50, 75, and 100% respectively, and the five ratios were
represented by CE0, CE25, CE50, CE75, and CE100. .e
replacement mass can be calculated using the following
formula [34]:

MR·i �
MA·i · Pi · ρR·i

ρA·i

, (1)

where MR·i is the quantity of the thermal-resistant material
that replaces the aggregate in size i, g; MA·i is the quantity of
the aggregate in size i of the specimen, g; Pi is the pro-
portion of the thermal-resistant material of aggregate in
size i, %; and ρA·i and ρR·i are, respectively, the apparent
density of the aggregate in size i and the thermal-resistant
material, g/cm3.

According to the Marshall test, the optimal asphalt
content of CE (CE0, CE25, CE50, CE75, and CE100) can be
determined. .e results are shown in Table 4.

(2) Optimal Asphalt Content of FB. FB was used to replace
the fine aggregate due to its small particle size. Appropriate
particle size of FB was chosen to replace the fine aggregate
(0.6mm, 0.3mm, 0.15mm, and 0.0.7mm), and the sub-
stitution proportions were 0, 25, 50, 75, and 100%, re-
spectively. .e five substitution ratios were represented by
FB0, FB25, FB50, FB75, and FB100. Formula (1) is also used
in the calculation of the replacement mass of FB. According
to the Marshall test, the optimal asphalt content and volume
parameters of the mixture with different proportion FB were
determined as shown in Table 5.
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2.2. Test Methods

2.2.1. )ermal Conductivity Test. .e thermal resistance
material was applied to reduce pavement temperature due to
its low thermal conductivity. To verify the thermal con-
ductivity of thermal resistance materials, the parallel plate
test was developed. .e schematic diagram is shown in
Figure 1.

.e test device is mainly composed of three parts:
heating and temperature control system, temperature ac-
quisition system, and insulation system..e test specimens
were 300mm × 300mm × 50mm in dimensions. In order
to accurately control and measure the heat passing through

the specimen, the electric heating plate was sandwiched
between two slab specimens; the constant-temperature
water tank was controlled by a thermostatic circulation
system which was arranged on the outside of the two
specimens so that the heat passes through the specimens
from the inside to the outside and gradually forms a stable
gradient temperature field through which the thermal
conductivity state can be reached. .e probes of the
temperature collector were arranged on both sides of the
specimen. .us, the collector can accurately measure the
surface temperature on both sides, and then, the data were
imported and stored in a multichannel temperature data
acquisition instrument.

Table 1: .e physical properties of CE.

Technical index Unit Measured value Norms requirement
Crushing value % 30.1 ≤26
Los Angeles wear rate % 26 ≤28
Polished value PSV 50 ≥42
Average particle size coefficient % 0.9 ≤1.6
Adhesion — 4 grade ≥4 grade
Water absorption % 5.3 ≤3

Table 3: Aggregate gradation used for AC-13C mixture.

Mineral aggregate gradation
Passing ratio (by mass) (%)

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
AC-13C 100 96.5 80.0 53.7 37.0 25.2 17.5 11.8 9.0 5.4

Table 4: Results of the mixture with different CE proportions.

Mixture type Optimal asphalt
content (%)

Gross volume
density (g/cm3)

Maximum theoretical
relative density VV (%) VMA (%) VFA (%) MS (kN) FL (0.1mm)

CE0 4.7 2.384 2.493 4.4 16.1 73.00 11.58 3.24
CE25 4.8 2.214 2.320 4.6 17.0 73.12 11.44 3.37
CE50 4.8 2.059 2.156 4.5 16.8 71.10 10.77 3.17
CE75 5.2 1.956 2.052 4.7 21.7 78.44 10.43 2.96
CE100 5.5 1.817 1.902 4.5 26.9 83.30 10.31 3.52

Table 5: Results of the mixture with different FB proportions.

Mixture type Optimal asphalt
content (%)

Gross volume
density (g/cm3)

Maximum theoretical
relative density VV (%) VMA (%) VFA (%) MS (kN) FL (0.1mm)

FB0 4.7 2.384 2.493 4.4 16.1 73.00 11.58 3.24
FB25 4.8 2.331 2.425 3.9 16.7 76.79 10.32 2.46
FB50 4.6 2.320 2.415 3.9 12.6 68.74 9.73 2.33
FB75 4.4 2.273 2.368 4.0 10.8 62.99 9.39 2.05
FB100 4.3 2.225 2.326 4.1 8.2 51.24 9.28 1.44

Table 2: Major performance indexes of FB used in the test.

Technical index Unit Floating beads Fly ash
Refractory temperature °C 1500 1400
True density g/cm3 0.721 1.95
Specific surface area cm2/g 2516 3120
SiO2 content % 55–59 1.3–65
Particle-size distribution μm 0–600 0–300
.ermal conductivity W/(m·K) 0.058 0.110
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2.2.2. Cooling Effect Test

(1) Indoor Illumination Test. .e cooling effect of asphalt
mixture was evaluated by the indoor illumination system
developed by Chang’an University. .e slab specimen with
the dimension of 30 cm × 30 cm × 5 cm was formed with
rolling wheel compaction and placed in the testing appa-
ratus, as shown in Figure 2. To prevent heat from getting out
and improve the measurement accuracy, a test board around
was sealed by using a 5 cm thick foam plate. .e testing
apparatus consists of a lighting system (xenon lamps, wire,
and bracket), a temperature acquisition system (a temper-
ature sensor, a temperature recorder, and a computer), and a
transparent glass box with top opening. .e illumination
intensity of 788W/m2 of the illumination system was
adopted according to the equivalent conversion for the total
solar illumination intensity of the pavement.

.e temperature sensors were installed in the middle of
top and bottom surface of the slab specimen, respectively.
.e temperature of the specimens was measured by using
the multichannel automatic temperature recorder at the
intervals of 30min. In the procedure, the specimen was
exposed to the lighting system at least 5 hours in the test.

(2) Outdoor Illumination Test. To verify the accuracy of the
indoor illumination test, the outdoor illumination test was
also designed. .e test was conducted using the same
specimen that was used in the indoor test. .e test system is
the same as of the indoor test as described, as shown in
Figure 3. To reduce environment disturbance, the specimen
around was insulated by clay.

2.2.3. Pavement Performance Test. To evaluate the influence
of asphalt mixture with different thermal-resistant materials
on pavement performance, the asphalt mixture with dif-
ferent contents of CE and FB was subjected to the illumi-
nation rutting test, the little beam bending test, the freeze-
thaw splitting test, and the Hamburg wheel tracking device
(HWTD) test.

At present, the rutting test is a widely used method for
evaluating the high-temperature performance of mixture. In
the rutting test, the specimen is conditioned at 60°C for 5

hours in the environment box. By this insulated condition
process, the top and bottom of the specimen reaches a thermal
equilibrium; the cooling effect of the thermal-resistant ma-
terial cannot work in the rutting test. .erefore, the test
method of illumination rutting was developed to evaluate the
high-temperature performance of different thermal resistance
asphalt mixtures. In the environment box, the temperature
change of the asphalt mixture is close to its regularity under
natural illumination during actual use so that the rutting
resistance of the thermal resistance asphalt mixture was
evaluated more objectively. .e illumination rutting test
system operates as shown in Figure 4.

(1) Illumination Rutting Test System. In the illumination
rutting test system, the illumination heating was used instead
of the traditional air bath heating..e system consists of three
parts: a rolling system, an illumination system, and tem-
perature acquisition system. .e kilowatts iodine tungsten
lamp was used as the illumination source. .e lamp heating
equipment was fixed above the slab specimen, and the illu-
mination intensity was set to 788W/m2. One four-channel
temperature recorder was used for temperature acquisition
with the recording frequency of 15min/times. Two temper-
ature sensor probes were set on the top and bottom of the slab
specimen parallel to the rolling direction, and the probes were
positioned at the two sides for 3 cm from the wheel track.

(2) Test Process. .e rolling times were counted as the il-
lumination system turned on, and at that time, the room
temperature was measured; then, as the temperature at the
top of the specimen was 60°C, the rutting test was ended and
the rolling times were recorded.

.e addition of thermal-resistant material causes the
change of the temperature field in pavement structure under
the illumination and ultimately affects the antirutting ability
of the pavement.

3. Results and Discussion

3.1. Results of)ermal Conductivity Test. It can be seen from
Figure 5 that the thermal conductivity of asphalt mixture
decreases as the content of thermal resistance materials

Temperature-controlled
heating plate

Polyurethane foam
insulation

Constant-temperature
water circulating tank

30
0

Specimen A
Specimen B

Intelligent constant
temperature circulator

Constant-temperature
water circulating tank

Temperature sensor

Asbestos insulation layer

Figure 1: Schematic diagram of the test system.
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increases; the reason may be that the thermal conductivity of
CE and FB is much smaller than that of mineral aggregate.
Adding thermal resistance materials into aggregate will
decrease thermal conductivity of the mixture. And with

more thermal-resistant materials, the decreasing amplitude
becomes larger gradually; it is because more and more
thermal-resistant materials connect the heat transfer path in
the mixture, so the effect of thermal resistance is super-
imposed and enhanced [35, 36]. By comparison, it can be
seen that thermal conductivity of CE mixture is smaller than
that of FB mixture under the same amount of admixture.

3.2. Results of Cooling Effect

3.2.1. Indoor Illumination Test. .e slab specimens of CE
and FB mixtures were subjected to the indoor illumination

Figure 4: Illumination rutting test system.
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Figure 5: Results of the thermal conductivity test.
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Figure 2: Test system of indoor illumination. (a) Schematic diagram of the illumination test and (b) light testing apparatus.

Figure 3: Test system of outdoor illumination.

Advances in Materials Science and Engineering 5



test, and the results are shown in Figure 6 and Table 6. It can
be seen from Figure 6 that the test results of CEmixture and
FB mixture show similar trends, where the temperatures at
the top and bottom of the slab specimens gradually increase
with the illumination time during 5 hours lighting; it ac-
cords the change law of temperature of asphalt pavement in
the natural environment. But, with the addition of more CE
and FB, the maximum temperature of top surface increases
and that of bottom surface decreases. .is is due to that
the increasing of thermal resistance materials lead to the
decrease of thermal conductivity of mixture, and it can
effectively impede heat transfer downward, resulting in
more accumulation of heat near the top surface and the
temperature of lower layer in pavement to reduce. Table 6
shows that when the substitution proportion of CE is 25,
50, 75, and 100%, the effect of cooling is 2.6, 4.2, 6.6, and
6.8°C, respectively. .is shows that the cooling effect in-
creases with more addition of CE, but the rate of increase
slows down because the increase rate of top surface tem-
perature also increases with more CE, which weakens the
cooling effect of the whole pavement structure. With the
more addition of FB, the effect of cooling is 3.1, 3.9, 4.5, and
2.2°C respectively. FB can reduce the temperature of the
pavement, but the cooling effect of FB does not correspond
with the proportion strictly, which does not mean that the
more the FB, the better the cooling effect. When the
substitution proportion is more than 75%, its cooling effect
is relatively poor. .at may be caused by the less asphalt
content which results in inadequate compaction of asphalt
mixture. .e heat insulation effect of asphalt mixture gets
poorer when the aggravate structure is loose, so the pro-
portion of FB should not be too large.

For the mixture added with CE, the order of their
cooling effect is as follows: 100, 75, 50, 25, and 0%, while for
the mixture added with FB, the order is as follows: 75, 50,
25, 100, and 0%; the cooling effect of specimen CE100 and
specimen FB75 reaches 6.8°C and 4.5°C, respectively. By
comparison, the cooling effect of CE is better than that of
FB.

3.2.2. Outdoor Illumination Test. In order to verify the
accuracy of the indoor illumination test, the outdoor il-
lumination test of CE was carried out in this study. .e
results are shown in Figure 7 and Table 7. Figure 7 shows
that the maximum temperature at the top surface of
specimens changes little. However, the maximum tem-
perature at the bottom reduces gradually with the increase
of thermal-resistant materials, which is different from the
indoor test. .e reason is that the outdoor test was carried
out in the air environment in which the air flows freely.
.is makes the radiant heat dissipate out and results in
that the rise of top surface temperature is not obvious.
Furthermore, in the outdoor test, the illumination in-
tensity and the incident angle are changing with time. .e
illumination is weak both in morning and evening, and it
is just strong at noon, which inevitably results in that the
pavement temperature will not vary greatly. As can be
seen in Table 7, the cooling effect of specimen CE is

slightly better than the results from the indoor test. When
the substitution proportions of CE are 25, 50, 75, and
100%, the effect of cooling is 4.3, 5.2, 6.7, and 6.8°C, re-
spectively. But, the cooling trend of CE as a thermal re-
sistance material in the asphalt mixture is the same under
two different test conditions; that is, the cooling effect
increases with the larger proportion of CE. What is more,
the mixture added with 100% proportion of CE is exposed
to both indoor and outdoor illuminations, which has the
same cooling effect of 6.8°C. .is indicates that the indoor
illumination test has limitation, but it can still be used to
evaluate the cooling effect of thermal resistance asphalt
mixture.

3.3. Results of Road Performance

3.3.1. Evaluation of High-Temperature Performance. As can
be seen from Figure 8 that as the temperature of the top of
the specimen reached 60°C, the rutting depth of CE mixture
declines first and then increases slightly with the increase of
CE. In the rutting depths of CE0, the CE25, CE50, CE75, and
CE100, the decrease rates are 17.4%, 30.8%, 36.5%, and
32.9%, respectively. As for the deformation rate, it declines
first and then increases. Because the temperature field of the
slab specimen changes with the addition of CE, the anti-
rutting performance improves. It must be noted that, with
the addition of porous materials, the mechanical properties
of the mixture may decrease. When the amount of CE is
more than 75%, the performance degradation is larger than
the performance improvement caused by temperature de-
crease, so the deformation rate of the specimen will increase.
However, the performance of CE mixture is still better than
ordinary hot mix in general.

For FB mixture, the change laws of rutting depth and
deformation rate are similar to the CE mixture as a whole.
With the increasing of FB, compared with FB0, the de-
crease rates are 8.5% (FB25), 20.1% (FB50), 25.1% (FB75),
and 16.5% (FB100). .e reason for the change of rutting
depth and deformation rate is similar to that of CE
mixture.

Under the same proportion of admixture, the anti-
rutting performance of FB mixture is worse than that of
CE mixture. Moreover, the cooling effect of CE mixture is
also better than that of FB mixture, and the same con-
clusions are achieved in the thermal conductivity test and
cooling effect test. .e order of CE mixture performance is
conducted as follows: 75, 100, 50, 25, and 0%. It can be
seen that the high-temperature performance order of
mixture with 75% and 100% CE is not consistent with the
cooling effect order. .e reason is that hollow ceramic
makes the strength of mixture to decrease and the content
of asphalt will increase due to more porous materials in
the mixture. .ese two factors comprehensively make the
high-temperature performance decrease, so the content of
CE in the mixture should be controlled. While for the
mixture with FB, the order of antirutting performance is
as follows: 75, 50, 100, 25, and 0%, which is not consistent
with the cooling effect order of the mixture with 25% and
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Table 6: Results of the indoor cooling effect for TRAM.

Mixture type Top surface maximum
temperature (°C)

Bottom surface maximum
temperature (°C) Temperature difference (°C) Cooling effect (°C)

CE0 64.5 64.3 0.3 —
CE25 64.8 61.4 3.4 2.6
CE50 65.2 59.4 5.8 4.2
CE75 65.35 56.85 8.5 6.6
CE100 65.8 56.2 9.6 6.8
FB0 64.5 64.3 0.2 —
FB25 64.8 60.9 3.9 3.1
FB50 65.7 59.2 6.5 3.9
FB75 65.9 58.4 7.5 4.5
FB100 66.0 60.6 5.4 2.2
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Figure 6: Temperature variation of the indoor illumination test (°C). (a) .e top surface for CE type, (b) the bottom surface for CE type,
(c) the top surface for FB type, and (d) the bottom surface for FB type.
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100% FB..is is because when the substitution proportion
of FB reaches 100%, the spherical shape of FB makes the
asphalt mixture easily to be compacted and less optimum

asphalt content, which improves the high-temperature
performance to some extent.

3.3.2. Evaluation of Low-Temperature Anticracking
Performance. .e low-temperature anticracking perfor-
mance of mixture added with different contents of CE and
FB was evaluated by the beam bending test, respectively. .e
results are shown in Figure 9.

As shown in Figure 9, with the increase of thermal re-
sistance materials, the ultimate flexural strength and failure
strain of the mixture decrease gradually, and the stiffness
modulus increases. .e results show that the addition of
thermal resistance materials reduces the low-temperature
cracking resistance of the mixture, the failure strain of
CE100 and FB100 reaches 2938.6 με and 2812.3 με, re-
spectively. Obviously, when the proportion of thermal re-
sistance materials reaches 100%, the failure strain of the
mixture is close to the lower limit of Chinese specification.
So, the replacement of two thermal resistance materials in
the mixture should be less than 100%.

3.3.3. Evaluation of Water Stability Performance. As can be
seen from Figure 10 and Table 8, the results of freeze-thaw
splitting test for CE mixture are similar to those of HWTD.
.at is, a small amount of CE reduces the water stability of
the mixture. But, with the increase of CE, the water stability
performance increases first and then decreases..e reason is
that the addition of low crushing value of CE reduces the
overall strength of asphalt mixture. As CE dosage continues
to increase, the porous structure of CE forms connected void
in the mixture, and the space is reserved for the frost heave of
water. Furthermore, CE can absorb light oil. CE plays the
role of wedging and anchoring in the mixture. So, with the
increase of CE, the water stability performance has a small
increase. When the content of CE is more than 75%, its low
mechanical strength is the main factor affecting the decline
of water stability, thus causing the TSR of CE100 near the
lower limit of specification. But, the water stability of CE
mixture can still meet the requirements of Chinese standard
JTG F40-2004.

For the mixture with FB, the TSR of asphalt mixture
gradually drops as the proportion of FB increases. When the
substitution proportion of FB reaches 100%, water stability
of asphalt mixture cannot meet the requirements of speci-
fication. In the HWTD test, the order of water stability
performance is as follows: 75, 50, 25, 0, and 100%. .is
means that the conclusions about the water stability eval-
uation of the mixture with FB are concerned with different
test methods. .e reason is that the freeze-thaw splitting test
is used to evaluate short-term water stability, and the test
loading mode of asphalt mixture is different from reality,
causing the relatively low result reliability. In comparison,
the dynamic loading is used in the HWTD test to simulate
real load action which can imitate the effect of dynamic
water on adhesion between asphalt and aggregate, so the
result is more credible.
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Figure 8: Results of the illumination rutting test.
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Table 7: Results of outdoor cooling effect for CE.

Mixture
type

Top surface
maximum
temperature

(°C)

Bottom
surface

maximum
temperature

(°C)

Temperature
difference

(°C)

Cooling
effect
(°C)

CE0 51.8 45.3 6.5 —
CE25 51.6 41.2 10.4 4.3
CE50 51.3 40.6 10.7 5.2
CE75 51.5 38.9 12.6 6.7
CE100 51.8 38.5 13.3 6.8
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Figure 9: Results of the little beam bending test. (a) Ultimate flexural strength and failure strain and (b) stiffness modulus.
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Figure 10: Results of the freeze-thaw splitting test. (a) CE type. (b) FB type.

Table 8: Results of HWTD.

Mixture type Loading times (times) Rut depth (mm) Sip (times) Strip slope
HMA 20000 19.4 11800 450.3
CE25 20000 18.9 9800 576.4
CE50 20000 17.3 12160 858.5
CE75 20000 15.6 12710 999.7
CE100 20000 18.0 7360 835.9
FB25 20000 15.6 12920 995.5
FB50 20000 16.4 13250 910.2
FB75 20000 16.5 13900 751.7
FB100 20000 19.2 8130 703.3
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4. Conclusions

In this study, the cooling effect of two kinds of thermal
resistance materials was studied through indoor and out-
door illumination tests. .e road properties of the mixture,
such as high-temperature performance, low-temperature
performance, and water stability performance, added with
thermal resistance materials were investigated. .e main
conclusions are summarized as follows:

(1) .e thermal conductivity of asphalt mixture de-
creases as the proportion of thermal resistance
material increases. .e thermal conductivity of CE
mixture is smaller than that of FB mixture under the
same proportion of admixture.

(2) For CE mixture, the cooling effect increases grad-
ually with the increase of CE content. .e temper-
ature of the mixture added with 75% and 100% CE
drops to 6.6 and 6.8°C, respectively. And, for FB
mixture, the cooling effect increases first and then
decreases as the proportion of FB increases. .e
temperature drops to 3.9°C and 4.5°C, respectively,
for the mixture added with 50% and 75% FB. .e
cooling effect of CE is better than that of FB.

(3) .e high-temperature performance of the mixture
added with CE and FB increases first and then de-
creases. When the proportion of CE and FB is 75%,
the mixture obtains the best high-temperature per-
formance. .e antirutting performance of FB mix-
ture is worse than that of CE mixture. With the
increase of two thermal resistance materials, the low-
temperature cracking resistance of cooling mixture
decreases. .e failure strain of CE100 and FB100 is
close to the lower limit of Chinese specifications, so
the replacement of two thermal resistance materials
in the mixture should be less than 100%. .e water
stability of different TRAM varies with the test
methods.

(4) Based on the results of pavement performance and
the cooling effect, the substitution proportion of CE
and FB for the TRAM is proposed as 50%∼75%.

Data Availability

We confirm that the data submitted in this manuscript are
available. All the data provided in the manuscript were
obtained from the experiments performed at the Key Lab-
oratory for Special Area Highway Engineering of Ministry of
Education of Chang’An University.

Conflicts of Interest

.e authors declare that they have no conflicts of interest.

Acknowledgments

.is work was supported by the Key Project of Natural
Science Research of Anhui Provincial Department of Edu-
cation (KJ2018A0668) and Demonstration Experiment

Training Center (2018FXJS01). .e authors gratefully ac-
knowledge their financial support. And special thanks also
are due to the Key Laboratory for Special Area Highway
Engineering of Ministry of Education.

References

[1] Z. Ma, Z. Tan, and C. Qian, “Study on the distribution of
temperature field of asphalt pavement,” China Journal of
Highway and Transport, vol. 143, no. 4, pp. 9–15, 2014.

[2] X. Feng, X. Zha, W. Wang et al., “Study on new mix design
method for balancing anti-rutting and anti-cracking,” Journal
of Wuhan University of Technology, vol. 33, no. 5, pp. 86–89,
2011.

[3] W. Yang, H. Gu, and Y. Shan, “Influence of pavement
temperature on urban heat island,” Journal of Highway and
Transport Research and Development, vol. 25, no. 3,
pp. 147–150, 2008.

[4] Q. Zhu, W. Wang, S. Wang et al., “Unilateral heat-transfer
asphalt pavement for permafrost protection,” Cold Regions
Science and Technology, vol. 71, pp. 129–138, 2012.

[5] D. Feng,W. Hu, and F. Yu, “Influence of thermal properties of
materials on temperature field for asphalt pavement,” Journal
of Highway and Transport Research and Development, vol. 28,
no. 11, pp. 12–19, 2011.

[6] W. Yang, H. Gu, and Y. Shan, “Influence of road surface
temperature on urban heat island,” Journal of Highway and
Transportation Research and Development, vol. 25, no. 3,
pp. 147–152, 2008.

[7] Y. Lei, Study on Asphalt Mixture of Automobile Exhaust
Degradation and Ease of Urban Heat Island Effect, Chang’an
University, Xi’an, China, 2014.

[8] W. Huang, S. Bao, and M. Gong, “Study on performance of
cooling concrete pavement brick based on relieving urban
heat island effect,” Journal of China & Foreign Highway,
vol. 37, no. 1, pp. 234–237, 2017.

[9] Y. Guo, H. Zhang, J. Wang et al., “Influence of urban heat
island on temperature field and mechanical properties of
asphalt pavement,” Journal of Chongqing Jiaotong University
(Natural Science), vol. 29, no. 4, pp. 548–551, 2010.

[10] H. Takebayashi and M. Moriyama, “Study on surface heat
budget of various pavements for urban heat island mitiga-
tion,” Advances in Materials Science and Engineering,
vol. 2012, Article ID 523051, 11 pages, 2012.

[11] L. Doulos, M. Santamouris, and I. Livada, “Passive cooling of
outdoor urban spaces. .e role of materials,” Solar Energy,
vol. 77, no. 2, pp. 231–249, 2004.

[12] K. L. Uemoto, N. M. N. Sato, and V. M. John, “Estimating
thermal performance of cool colored paints,” Energy and
Buildings, vol. 42, no. 1, pp. 17–22, 2010.

[13] C. S. S. Kumar, S. Suresh, L. Yang et al., “Flow boiling heat
transfer enhancement using carbon nanotube coatings,”
Applied )ermal Engineering, vol. 65, no. 1-2, pp. 166–175,
2014.

[14] M. Zheng, L. Han, F. Wang, H. Mi, Y. Li, and L. He,
“Comparison and analysis on heat reflective coating for as-
phalt pavement based on cooling effect and anti-skid per-
formance,” Construction and Building Materials, vol. 93,
pp. 1197–1205, 2015.

[15] M. Zheng, L. He, X. Gao et al., “Performance analysis of
thermal reflective coating on asphalt pavement,” Journal of
Traffic and Transportation Engineering, vol. 13, no. 5,
pp. 10–16, 2013.

10 Advances in Materials Science and Engineering



[16] C. Wang, Y. Wang, X. Sun et al., “Development and per-
formance evaluation of road cooling coatingmaterials,”China
Journal of Highway and Transport, vol. 28, no. 8, pp. 14–21,
2015.

[17] M. Zheng, C. Cheng, Y. Wang et al., “Study on asphalt
pavement cooling technology based on improving pavement
albedo,”)e Journal of Highway and Transportation Research
and Development, vol. 8, no. 9, pp. 63–66, 2012.

[18] W. Su, Study on )ermal Reflective Waterborne Coating
Material for Asphalt Pavement, Southeast University, Nanjing,
China, 2016.

[19] H. Wang, Study on Performance and Application of )ermal
Reflection Coating for Asphalt Pavement, Harbin Institute of
Technology, Harbin, China, 2013.
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Reactive powder concrete (RPC) was confined by the circular steel tube to obtain the required ductility.,e axial compression test
results of 139 columns from different scholars were collated and compared to study the axial compression and bearing capacity of
a reactive powder concrete-filled circular steel tube, of which the confining coefficient is 0.057–2.312 and the RPC strength is
76.6–178.2MPa. Load-displacement curves have been categorized into four stages: (1) elastic; (2) elastic-plastic; (3) descending;
and (4) strengthening. ,e failure mode can be divided into three types according to the different confining coefficients as (1) wall
buckling; (2) diagonal shear; and (3) drum-shaped. ,e confining coefficient, core RPC strength, steel fiber volume, steel tube D/t
ratio, and loading mode on the ultimate bearing capacity were analyzed. ,e results showed the confining coefficient to be the
main factor affecting ultimate bearing capacity. ,e equation for determining ultimate bearing capacity was established based on
the limit equilibrium theory, with the lateral confining coefficient of RPC (k) determined to be 2.86, less than that of normal
concrete at 4.1. Based on the experimental analysis results and China’s “Design and Construction Code for Concrete-Filled Steel
Tube Structure” (CECS 28-2012), the design proposal for an RPC-filled steel tube was recommended.

1. Overview of Experiments

Reactive powder concrete (RPC) is the direction for further
development of high-strength concrete (HSC) and ultrahigh
performance concrete (UHPC), with a relatively new type of
cement-based composite material successfully developed by
Richard in 1993, which has ultrahigh strength, good volume
stability, and excellent durability [1, 2]. ,e science behind
the development of RPC is mature, and many studies have
focused on its mechanical properties for further broad ap-
plication in engineering [3–5]. However, RPC is very dense
and uniform since it does not contain coarse aggregate;
therefore, the pinning effect provided by coarse aggregates in
normal concrete (NC) is weakened or even absent in RPC,
and most RPCs are “explosive” and are destroyed by top-
down longitudinal splitting after compression [5]. Measures
to decrease brittleness and increase ductility of RPC are used
for structures with ductile seismic performance re-
quirements. RPC has been used in concrete-filled steel tubes

(RPCFTs) [6]. ,e steel tube restrains transverse de-
formation of the core RPC to allow the superior compressive
performance of RPC to be fully utilized and its ductility to
meet the requirements of the column design. ,e successful
application of steel tube RPC in the construction of the
Sherbrooke Bridge, Quebec, Canada, demonstrated its su-
perior mechanical properties and economic benefits [7].
Although both RPC and NC are cement-based composite
materials, their water/binder ratios, composition of raw
materials, and mechanical properties differ considerably [8].
,erefore, the theory and method for calculating the ulti-
mate bearing capacity of CFT cannot be directly applied to
RPCFT.

,e present study aimed at analyzing the axial com-
pressive mechanical behavior and ultimate bearing capacity
of RPCFTs. Many studies have focused on the experimental
determination of the axial compression performance and
ultimate bearing capacity of RPCFTs. ,e present study
collated the experimental results of past studies on the axial
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compression performance of 139 RPCFTs during 2003 to
2016, including Meng Shiqiang [8], Zhang Jing [9], Yang
Wusheng [10], Wu Yanhai [11], Feng Jianwen [12], Yan
Zhigang [13], LuoHua [14], Yang Guojing [15], and JianWei
[16]. Among the studies, tube diameter, wall thickness, and
strength varying between 102mm and 273mm, 1mm and
12mm, and 210MPa and 425MPa, respectively, were
considered to cause variation of the steel tube confining
coefficient (ξ) in the range of 0.057–2.312. RPC strengths in
the range of 76.6MPa–178.2MPa were affected by the RPC
water/binder ratio (0.16–0.26), RPC steel fiber content
(0%–2%), and curing methods (standard curing, 90°C steam
curing, and curing in an autoclaved reactor with a maximum
temperature and pressure of 200°C and 1.3MPa, re-
spectively). ,e main parameters are shown in Table 1.

2. Test Results

2.1. Load-Displacement Relationship. A review of the 139
RPCFT axially compressed experiments conducted in past
studies found that the vertical stress and strain of the steel
tube and core RPC gradually increased with increasing axial
load due to pressure, and the core RPC was compressed in
three directions because of constraints placed by the steel
tube.,e RPC peak strain under pressure varied from 0.0035
to 0.008 and increased by 3% to 32%, respectively. ,e
ultimate bearing capacity of RPCFT increased between 2%
and 58% over the sum of the bearing capacity of the steel
tube and RPC, and brittle failure of the core RPC was not
found with effective restraint, plastic deformability of the
components was gradually reduced, and the integrity of
samples with larger confining coefficients remained after
sizeable deformations of 5%, thereby demonstrating excel-
lent ductility. Figure 1 shows the load-displacement curve of
the specimen. ,e mechanical characteristics of RPCFT
could be divided into four stages: (1) elasticity; (2) elastic-
plastic; (3) descending; and (4) strengthening.

2.1.1. Elastic Stage (OA). Vertical deformation of the steel
tube and RPC increased proportionally with increased load,
and no significant deformation of the steel tube surface was
observed. ,e proportional ultimate load of RPCFT ranged
from 85% to 95% of the ultimate bearing capacity, whereas the
value of CFT was 70%, smaller than that of RPCFT, thereby
explaining the disproportionately high strength of RPC in
relation to NC. RPC had a uniform and denser internal
structure, with mechanical properties closer to elastic mate-
rial. RPC remained elastic at the ultimate load of 80–95%with
no significant volume expansion and maintained Poisson’s
ratio at 0.2–0.4. CFT at 40% of the ultimate load experienced
rapid expansion of the cracks in the interface between ag-
gregate and cementite, with sharp increases in deformation
and significant expansion of volume, resulting in the ap-
pearance of the Lüder J slip line. Figure 2 compares the
longitudinal and transverse strains between RPC and NC.

2.1.2. Elastic-Plastic Stage (AB). With the increasing axial
load, yielding of the steel tube occurred due to compression

and redistribution of internal force between RPC and steel
tube. ,us, there were sharp increases in RPC compressive
stress and internal microcracks emerged. In addition, there
was continuous expansion of the widths and lengths of
cracks, along with increases in transverse volume expansion
deformation. ,e overall stiffness was degraded and the
load-deformation curve showed a significant nonlinearity.
Since RPC does not contain coarse aggregates, the fracture
surface was relatively smooth, the steel fiber at the fracture
surface was almost broken, and cracks were filled with
powdery material. After the steel tube was extruded, the
surface was partially convex, the rust began to peel off, and
the Lüder J slip line appeared.

2.1.3. Descending Stage (BC). At the attainment of the ul-
timate load, a large amount of internal energy accumulated
inside the core of RPC due to compression deformation
being suddenly released. Internal cracks rapidly expanded to
form a fracture surface. When the steel fiber was almost
broken at the fracture surface, the strain energy was rapidly
released and the sample broke into pieces. A sound of a
sudden splitting failure could then be heard, indicating a
load-deformation curve on the decline in the bearing ca-
pacity (BC). ,e sudden drop of bearing capacity involved a
process where strain energy was rapidly released, which was
dependent on the confining coefficient. RPCFT with a small
confining coefficient experienced a small confining force
provided by the steel tube. After reaching the ultimate load,
the drop in longitudinal stress in the steel tube was higher
than that of the restraining effect on the RPC strength
provided by the steel tube. ,ere was a marked drop in
bearing capacity, and the slope ratio of the descending
segment became almost equal to the RPC. An increasing
confining coefficient resulted in a significant increase in the
confinement effect of the steel tube on the core RPC, and the
load-deformation curve showed that the load amplitude did
not descend obviously or no obvious decrease after reaching
the ultimate bearing capacity was evident. Taking specimens
XG1-1 and G1 ofWu Yanhai [11] as examples, the confining
coefficient of XG1-1 was small; thus, the steel tube had little
restraining effect on RPC and the specimen emitted a
bursting sound after reaching the ultimate load. ,e bearing
capacity then drastically dropped and the remaining bearing
capacity became only 65% of the ultimate load. ,e speci-
men showed significant brittle failure, whereas G1 had a
large confining coefficient, the steel tube had a strong
constraint on the RPC and the ultimate load bearing capacity
descended slowly. ,e remaining bearing capacity reached
as high as 95% of the ultimate load, the curve of the
descending section was gentle, and the specimen underwent
ductile failure.

2.1.4. Strengthening Stage (CD). ,e steel tube entered the
strengthening stage after the plastic flow stage under a
sufficiently thick steel tube wall, and the strong restraint
provided by the steel tube continued to slow down the
decline in the core RPC bearing capacity. ,e entire test
bearing capacity entered a rebound state when the increased
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Table 1: ,e main parameters of the axial compression experiments of reactive powder concrete-filled steel tubes (RPCFTs)

Index Section fcu (MPa) fy (MPa) ξ Fiber (%) Nu (kN)
1 100 × 4.5 × 200 141.5 210 0.434 2.00 2178
2 100 × 4.5 × 200 141.5 210 0.434 0.00 2070
3 100 × 4.5 × 200 141.5 210 0.434 2.00 2121
4 125 × 1 × 438 155.4 250 0.057 0.00 1700
5 125 × 1 × 438 155.4 250 0.057 0.00 2000
6 125 × 1 × 438 155.4 250 0.057 0.00 1840
7 127 × 2 × 445 155.4 245 0.113 0.00 1930
8 127 × 2 × 445 155.4 245 0.113 0.00 1790
9 127 × 2 × 445 155.4 245 0.113 0.00 1850
10 133 × 3.5 × 465 155.4 289 0.231 0.00 2420
11 133 × 3.5 × 465 155.4 289 0.231 0.00 2360
12 133 × 3.5 × 465 155.4 289 0.231 0.00 2490
13 133 × 5 × 465 155.4 319 0.378 0.00 2450
14 133 × 5 × 465 155.4 319 0.378 0.00 2480
15 133 × 5 × 465 155.4 319 0.378 0.00 2350
16 133 × 3.5 × 465 167.1 289 0.221 0.00 2180
17 133 × 3.5 × 465 167.1 289 0.221 0.00 2480
18 133 × 3.5 × 465 167.1 289 0.221 0.00 2440
19 133 × 3.5 × 400 167.1 289 0.221 0.00 2430
20 133 × 3.5 × 400 167.1 289 0.221 0.00 2500
21 133 × 3.5 × 400 167.1 289 0.221 0.00 2565
22 102 × 1 × 324 148 328 0.101 0.00 1310
23 102 × 1 × 324 172 328 0.088 1.20 1335
24 104 × 2 × 416 172 328 0.178 1.20 1463
25 104 × 2 × 416 172 328 0.178 1.20 1486
26 106 × 3 × 378 172 328 0.27 1.20 1780
27 106 × 3 × 378 172 328 0.27 1.20 1853
28 106 × 3 × 378 172 328 0.27 1.20 1760
29 121 × 5 × 484 172 350 0.439 1.20 2608
30 121 × 5 × 484 172 350 0.439 1.20 2576
31 121 × 5 × 484 172 350 0.439 1.20 2612
32 128 × 2 × 466 172 315 0.138 1.20 2256
33 128 × 2 × 466 172 315 0.138 1.20 2228
34 128 × 2 × 466 172 315 0.138 1.20 2218
35 128 × 2 × 466 172 315 0.138 1.20 2224
36 128 × 2 × 466 148 315 0.158 0.00 2190
37 128 × 2 × 466 148 315 0.158 0.00 2213
38 130 × 3 × 455 172 315 0.208 1.20 2496
39 130 × 3 × 455 172 315 0.208 1.20 2510
40 130 × 3 × 455 172 315 0.208 1.20 2523
41 130 × 3 × 455 172 315 0.208 1.20 2508
42 130 × 3 × 455 172 315 0.208 1.20 2489
43 130 × 3 × 455 172 315 0.208 1.20 2467
44 133 × 3 × 400 122.4 290 0.257 0.00 2000
45 133 × 3 × 400 122.4 290 0.257 0.00 2005
46 133 × 3 × 400 172.2 290 0.182 0.00 2300
47 133 × 3 × 400 172.2 290 0.182 0.00 2350
48 133 × 4.5 × 400 122.4 318 0.439 0.00 2250
49 133 × 4.5 × 400 122.4 318 0.439 0.00 2200
50 133 × 4.5 × 400 172.2 318 0.311 0.00 2700
51 133 × 4.5 × 400 172.2 318 0.311 0.00 2750
52 133 × 6.5 × 400 122.4 318 0.666 0.00 2300
53 133 × 6.5 × 400 122.4 318 0.666 0.00 2350
54 133 × 6.5 × 400 172.2 318 0.472 0.00 2950
55 133 × 6.5 × 400 172.2 318 0.472 0.00 2950
56 133 × 8.5 × 400 122.4 290 0.837 0.00 2500
57 133 × 8.5 × 400 122.4 290 0.837 0.00 2550
58 133 × 8.5 × 400 172.2 290 0.592 0.00 2950
59 133 × 8.5 × 400 172.2 290 0.592 0.00 2960
60 133 × 10 × 400 122.4 376 1.329 0.00 3200
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Table 1: Continued.

Index Section fcu (MPa) fy (MPa) ξ Fiber (%) Nu (kN)
61 133 × 10 × 400 122.4 376 1.329 0.00 3100
62 133 × 10 × 400 172.2 376 0.941 0.00 3450
63 133 × 10 × 400 172.2 376 0.941 0.00 3450
64 133 × 12 × 400 172.2 336 1.067 0.00 3500
65 133 × 12 × 400 172.2 336 1.067 0.00 3650
66 110 × 5 × 300 133.9 310 0.562 0.00 1580
67 113 × 6.5 × 300 133.9 321 0.768 0.00 2076
68 113 × 6.5 × 300 133.9 321 0.768 0.00 2048
69 110 × 5 × 300 125.5 310 0.552 0.50 1620
70 110 × 5 × 300 125.5 310 0.552 0.50 1621
71 110 × 5 × 300 125.5 320 0.57 0.50 1645
72 110 × 5 × 300 125.5 320 0.57 0.50 1709
73 110 × 5 × 300 125.5 320 0.57 0.50 1655
74 113 × 6.5 × 300 125.5 321 0.754 0.50 2096
75 113 × 6.5 × 300 125.5 321 0.754 0.50 2172
76 113 × 6.5 × 300 163 321 0.65 0.00 2379
77 113 × 6.5 × 300 163 321 0.65 0.00 2415
78 108 × 6 × 300 170 391 0.72 1.00 2141
79 108 × 6 × 300 170 391 0.72 1.00 2146
80 110 × 5 × 300 178.2 320 0.464 2.00 1693
81 110 × 5 × 300 178.2 320 0.464 2.00 1641
82 110 × 5 × 300 178.2 320 0.464 2.00 1734
83 110 × 5 × 300 125.5 310 0.552 0.50 1789
84 110 × 5 × 300 125.5 310 0.552 0.50 1730
85 110 × 5 × 300 125.5 320 0.57 0.50 1865
86 110 × 5 × 300 125.5 320 0.57 0.50 1745
87 110 × 5 × 300 178.2 320 0.464 2.00 1886
88 110 × 5 × 300 178.2 320 0.464 2.00 1745
89 110 × 5 × 300 133.9 310 0.562 0.00 1789
90 110 × 5 × 300 125.5 310 0.552 0.50 1760
91 110 × 5 × 300 125.5 310 0.552 0.50 1780
92 108 × 6 × 300 170 391 0.72 1.00 2127
93 108 × 6 × 300 170 391 0.72 1.00 2170
94 108 × 6 × 300 170 391 0.72 1.00 2034
95 108 × 6 × 300 170 391 0.72 1.00 2090
96 152 × 5 × 500 87.4 314 0.595 0.00 2704
97 152 × 5 × 500 87.4 314 0.595 0.00 2679
98 152 × 5 × 500 87.4 314 0.595 0.00 2799
99 152 × 5 × 500 76.6 314 0.639 0.00 2287
100 152 × 5 × 500 76.6 314 0.639 0.00 2306
101 121 × 6 × 450 85.4 316 0.979 0.00 1907
102 121 × 6 × 450 85.4 316 0.979 0.00 1902
103 102 × 4 × 450 85.4 291 0.689 0.00 1183
104 102 × 4 × 450 85.4 291 0.689 0.00 1140
105 152 × 5 × 450 85.4 322 0.625 0.00 2833
106 152 × 5 × 450 85.4 322 0.625 0.00 3057
107 121 × 6 × 450 113.6 316 0.734 0.00 2165
108 121 × 6 × 450 113.6 316 0.734 0.00 2173
109 102 × 4 × 450 113.6 291 0.517 0.00 1326
110 102 × 4 × 450 113.6 291 0.517 0.00 1275
111 152 × 5 × 450 113.6 322 0.469 0.00 2961
112 152 × 5 × 450 113.6 322 0.469 0.00 2870
113 133 × 4.5 × 400 96.8 351 0.621 0.00 1817
114 133 × 4.5 × 400 96.8 351 0.621 0.00 1814
115 133 × 4.5 × 400 96.8 351 0.621 0.00 1837
116 133 × 4.5 × 400 96.8 351 0.621 0.00 1843
117 133 × 6 × 400 96.8 330 0.808 0.00 2039
118 133 × 6 × 400 96.8 330 0.808 0.00 2128
119 133 × 6 × 400 96.6 330 0.808 0.00 1966
120 133 × 6 × 400 96.6 330 0.808 0.00 1978
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bearing capacity of the steel tube was sufficient to offset the
decline of the core RPC bearing capacity, with the amplitude
of its rebound dependent on the confining coefficient of the
specimen itself. ,e larger the confining coefficient, the
greater the magnitude of the rebound. Yang Wusheng [10]
obtained a similar conclusion when analyzing these test
results, namely, under a confining coefficient < 0.4, the
bearing capacity of the specimen did not rebound and the
curve was flat or continued to decrease, whereas when the
bearing capacity was >1.3, the curve enhancement segment
could experience sustainable growth.

2.2. FailureMode. It was found that the failure modes of the
139 RPCFTs could be categorized into three types, as showed
in Figure 3.

2.2.1. Steel Tube Buckling Failure. ,e CFT research results
showed that under a large steel tube diameter-thickness ratio
(D/t), the straight steel tube underwent a “bowstring effect”
under the axial pressure, and the specimen formed a “string”
buckling instability by brittleness failure when the ultimate
bearing capacity was reached. ,e CFT design specification
of every country provides the D/t limit, and China’s
“Technical Specification for CFT” (GB50936-2014) stipulates
D/t to be: (20∼135)(235/fy). However, Zhang Jing [9]
studied A1-1 specimens with a diameter of 125mm and a
wall thickness of 1mm, and Yang Wusheng [10] studied
specimens of a diameter of 104mm and a wall thickness of
1mm, withD/t of 125 and 104, respectively, thereby meeting
the requirements of the technical specifications for CFT.

Table 1: Continued.

Index Section fcu (MPa) fy (MPa) ξ Fiber (%) Nu (kN)
121 133 × 8 × 400 96.6 338 1.162 0.00 2550
122 133 × 8 × 400 96.6 338 1.162 0.00 2552
123 133 × 8 × 400 96.6 338 1.162 0.00 2430
124 133 × 8 × 400 96.6 338 1.162 0.00 2512
125 133 × 10 × 400 96.8 313 1.419 0.00 2890
126 133 × 10 × 400 96.8 313 1.419 0.00 2894
127 133 × 10 × 400 96.8 313 1.419 0.00 2583
128 133 × 10 × 400 96.8 313 1.419 0.00 2510
129 133 × 12 × 400 96.8 402 2.312 0.00 3374
130 133 × 12 × 400 96.8 402 2.312 0.00 3396
131 133 × 12 × 400 96.6 402 2.312 0.00 3260
132 133 × 12 × 400 96.6 402 2.312 0.00 3262
133 219 × 8 × 657 118 450 0.737 2.00 6569
134 219 × 10 × 657 118 430 0.908 2.00 7095
135 219 × 12 × 657 118 375 0.98 2.00 7318
136 245 × 8 × 735 118 425 0.615 2.00 7747
137 245 × 12 × 735 118 383 0.877 2.00 8761
138 273 × 8 × 819 118 412 0.529 2.00 9211
139 273 × 10 × 819 118 380 0.625 2.00 9666
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Figure 1: Load-displacement curve of the reactive powder con-
crete-filled steel tube (RPCFT).
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However, “string” buckling instability remained, mainly
because deformation of NC increased rapidly reaching 40%
of the ultimate load, and the volume of the core concrete
expanded significantly, thereby playing a certain role in
supporting the steel tube wall. ,e transverse strain and
volume expansion of RPCFT did not markedly change be-
fore reaching the ultimate load. ,e core concrete cannot
support or restrain the tube wall. ,erefore, it is recom-
mended that the D/t ratio of RPCFT be determined in ac-
cordance with the “Code for Design and Construction of
CFT” (CECS 28 : 90) as (20∼80)(235/fy).

2.2.2. Oblique Shear Failure. ,e internal energy accumu-
lated in the core RPC was suddenly released to form a
fracture surface after the RPC reached the ultimate strength.
,e fracture surface generated a misalignment and formed
two wedge blocks above and below, which were able to slide
along the shear surface, resulting in local convexity of the
steel tube. However, the increase in the confining coefficient
resulted in a strengthening of the restraining effect of the
steel tube, an increased restriction of sliding, a slowing down
of the development speed of the internal shear crack, and a
decrease in the bearing capacity of the steel tube RPC. Yang
Wusheng [10] observed a significant shear slip plane after
cutting the specimen with shear failure. An inclination angle
of 25°–31° was evident; the steel fiber at the shear failure
surface was removed, and powdery particles were observed
at the RPC contact surface.

2.2.3. Drum-Shaped Failure. Under a large confining co-
efficient, although the upper and lower wedge blocks of core
RPC were able to slide to form a shear slip plane, slide was
prevented because the wedge block was placed under a large

lateral constraint.,e core RPC formed a second shear plane
in the opposite direction, thereby increasing the transverse
deformation of the specimen to form a partially roughened
portion, eventually forming a multifold shear failure,
i.e., drum bending in the position of the top and bottom
roofs of the bearing capacity. ,e RPC was severely crushed
and could be peeled off by hand. For NC, Zhang Sumei [17]
found that CFTwith a confining coefficient of approximately
0.8 would suffer from drum-type damage. ,e character-
istics of RPC material and the results of 139 RPCFT showed
that the critical confining coefficient is suggested to occur in
oblique shear failure and waist drum failure.

3. Analysis of Factors Affecting RPCFT Axial
Compression Bearing Capacity

3.1. Confining Coefficient. ,e confining coefficient (ξ) is a
comprehensive index that reflects the extent to which the
core RPC is constrained by the steel tube and is the key factor
affecting the ultimate bearing capacity and failure mode of
the RPCFT. ,e fitting curve between ξ and Nu/Acfc by the
test results of 87 RPCFT without steel fibers in Table 1 is
shown in Figure 4.

Figure 4 shows that ξ is proportional to Nu/Acfc, and
the proportional factor is 1.394; however, the factors for HSC
and NC were 1.8 and 2, respectively. ,e factor decreased
with increasing strength due to the weakened confining
coefficients of HSC and RPC. ,is was mainly because when
NC was loaded to 40% of the ultimate load, expansion of
microcracks in the transition zone between cement stone
and coarse aggregate caused discontinuity of the displace-
ment field, resulting in a rapid increase of the transverse
deformation coefficient of the concrete. ,e large sum
exceededs Poisson’s ratio of the steel tube, and a large
confining force was formed after the steel tube was extruded.
,e water-binder ratio was smaller, and the internal
structure was denser for HSC or RPC. RPC was in particular
close to an elastic material. Poisson’s ratio of RPC did not
change much before the RPC was loaded 80%–90% of the
ultimate load. ,e transversal strain and vertical strain ratio
developed proportionally. ,e lateral deformation co-
efficient of RPC struggled to exceed Poisson’s ratio of the
steel tube, and the confining force of the steel tube was
difficult to initiate:

Nu

Acfc

� 1.394ξ + 1.103. (1)

3.2. Diameter to 4ickness Ratio of Steel Tube. When ap-
plying a fixed steel tube outer diameter (D), the confining
coefficient increased with increasing steel tube thickness (t)
and the ultimate bearing capacity continued to increase.
Figures 5 and 6 show the fit of the relationship between D/t
and Nu/Acfc from the results of Yang Guojing [15] and Wu
Yanhai [11], respectively. From the figures, it is evident that,
under a relatively small D/t, the change in D/t had a greater
influence on the ultimate bearing capacity, whereas under a
larger D/t, variation of D/t had little effect on the ultimate
bearing capacity, and the critical D/t ratio was 25–30.

(a) (b)

Figure 3: (a) Oblique shear failure and (b) waist drum-shaped
failure of reactive powder concrete-filled steel tube (RPCFT).
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3.3. Core RPC Strength. Figure 7 shows the fitting re-
lationship between ξ and Nu/Acfc by Yang Guojing [15]
using the results of 20 RPCFT with an RPC strength of
96.6MPa. Figure 8 shows the above relationship from the
study of Zhang Jing [9] and Wu Yanhai [11] with RPC
strengths of 167.1MPa and 172.1MPa, respectively. Evident
from Figures 7 and 8 is that the scale factor between ξ and
Nu/Acfc under a strength of 96.6MPa is 1.43 and under the
strengths of 167.1MPa and 172.2MPa is 1.37. ,erefore,
with an increase of RPC strength, the effect of the steel tube
on RPC restraint was further weakened, and its proportional

coefficient was reduced from 1.43 to 1.37. However, the
change was merely 4.2%, which can be neglected for
practical applications.

3.4. Steel Fiber Content in RPC. Table 2 shows the effect of
steel fiber content on the ultimate bearing capacity of
RPCFT. It is evident from Table 2 that, for a steel fiber
content of 1.2%, RPC axial compressive strength increased
by 15%, and the total axial compressive strength of RPC and
steel tube should be increased by approximately 10%,
whereas the actual ultimate load of the test samples were
increased by an almost negligible amount of 0.7% to 3.8%.
,e axial compressive strength of RPC increased by 25%
under a steel fiber content of 2%. Considering the contri-
bution of RPC to strength, the theoretical ultimate capacity of
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Figure 5: ,e relationship between D/t and Nu/Acfc provided by
Yang Guojing [15].
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RPCFT resulting from an increase of the axial compressive
strength of RPC increased by approximately 14%, whereas the
ultimate load bearing capacity of the actual test increased by
merely from 2.4% to 3.8%. Almost no effect on the ultimate
bearing capacity could be expected. ,erefore, although the
steel fiber content could increase the axial compressive
strength of RPC, the contribution to the ultimate bearing
capacity of RPCFT was negligible, consistent with the con-
clusion of Dallaier [18], mainly because of differences in the
actionmechanism between steel fibers and steel tubes in RPC.
,e main role of steel fiber was to withstand some of the
tensile stress placed on the RPC principal stress section,
thereby increasing the strength of RPC. However, the core
RPC confined by the steel tube was compressed in three
directions, and the principal compressive stress failure was
foundwhen the ultimate load reached.,erefore, the addition
of steel fiber to steel tube RPC did not contribute considerably
to the bearing capacity. To reduce costs, the addition of steel
fiber to RPCFT is not recommended.

3.5. Loading Method. ,e most commonly used loading
methods for CFT as shown in Figure 9 include full-section

load and core-loaded concrete. Table 3 compares the ultimate
bearing capacity from the study of Yang Guojing [15] under
different loading methods. ,e differences in bearing ca-
pacities under both loading modes were within 5%. It can be
considered that the loading method was applied to the me-
chanical properties of the axially compressed short columns
of steel tube RPC.,e impact could be regarded as negligible.

4. Analysis of RPCFT-Bearing Capacity
Based on Limit Equilibrium Theory

Methods of determining the ultimate bearing capacity of
CFT can be divided into two categories: (1) numerical
analysis methods and (2) limit analysis methods [19]. A
numerical analysis method analyzes the material stress-
strain relationship to simulate the load history and pro-
cess, thereby determining the force and deformation char-
acteristics of the entire process from elasticity to failure. ,e
limit analysis method is based on the force balance re-
lationship evident when components are in a limit bearing
capacity state. ,is method can calculate the ultimate
bearing capacity and is independent of the loading history
and the deformation process. At present, research on the
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Figure 8: ,e relationship between ξ and Nu/Acfc provided by Zhang Jing [9].

Table 2: ,e effect of the ultimate bearing capacity by the fiber ratio in reactive powder concrete (RPC).

Reference Sample no. Steel fiber (%) fc Ac Nu f′/f (%) (fc
′ −fc)Ac/Nu (%) Nu

′ −Nu/Nu (%)

[8] B21 0 141 6504 2070 2.4B22 2 — 6504 2121

[10]

L-1 0 131 7854 1310 115 11 1.9H-1 1.2 150 7854 1335
L-2A 0 131 12076 2190 115 10 3.0H-8A 1.2 150 12076 2256
L-2B 0 131 12076 2213 115 10 0.7H-8B 1.2 150 12076 2228

[12] CFT1 0 116 7854 1580 125 14 3.8CFT8-2 2 145 7854 1641
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stress-strain relation of RPC remains inadequate, and no
constitutive relationship is available to form a widely ac-
cepted constraint for RPC.,us, this method does not meet
the conditions for numerical analysis. ,erefore, the limit
analysis method was used to explore the ultimate bearing
capacity of steel RPCFT axially compressed short columns.

,e parameters are shown in Figure 10 so that the RPC
core area and steel tube area are

Ac �
πdc

2

4
, (2)

As �
π D2 − dc

2
 

4
≈ πdct.

(3)

According to the internal force balance, the relationship
between annular tension and confining force of the steel tube
is

σrdc � −2σ2t. (4)

Synthesis (equations (2)–(4)) can be obtained:

σ2 � −
σrdc

2t
� −σr

2Ac

As

. (5)

,e steel tube conforms to the von Mises yield criterion,
which is

σ1
2

+ σ2
2 − σ1σ2 � fy

2
. (6)

Equation (6) can be solved as follows:

σ1 �

��������

fy
2 −

3
4
σ2
2



+
σ2
2

. (7)

,e study of confined concrete showed that there is a
linear relationship between confined concrete strength and
confining force:

f3 � fc + kσr. (8)

,erefore,
N � σcAc + σ1As,

� fc 1 + k
σr

fc

 Ac +

�������

fy
2 −

3
4
σ22



+
σ2
2

 As,

� fcAc + kσrAc +

���������������

f2
y −

3
4
−σr

2Ac

As

 

2




− −σr

Ac

As

 As,

� fc +(k− 1)σr Ac +

������������

fy
2As

2 − 3σr
2Ac

2


.

(9)

When N reached the ultimate bearing capacity:
dN

dσr

� 0. (10)

,at is, under equation (10), when the ultimate bearing
capacity was reached, the confining force was:

σr �
fyAs

Ac

k− 1
�����������

9 + 3(k− 1)2
 . (11)

Substituting confining force into equation (9):

N � fcAc + fyAs

(k− 1)2 + 3
�����������

9 + 3(k− 1)2
 � fcAc

+ fyAs

����������

(k− 1)2 + 3
3



,

(12)

replaced in (12),

N

N

(a)

N

N

(b)

Figure 9: Loading pattern of the RPC-filled circular tube used in
the experiment. (a) Loading on the reactive powder concrete (RPC)
and tube. (b) Loading only on the reactive powder concrete (RPC).

Table 3: Effect of the ultimate bearing capacity according to the
loading pattern.

Sample no. Loading pattern ξ Nu Nu(A)/Nu(B) (%)

A-4.1 A 0.621 1817

99A-4.2 A 0.621 1814
B-4.1 B 0.621 1837
B-4.2 B 0.621 1843
A-6-1 A 0.808 2039

106A-6-2 A 0.808 2128
-6-1 B 0.808 1966
B-6-2 B 0.808 1978
A-8-1 A 1.162 2550

103A-8-2 A 1.162 2552
B-8-1 B 1.162 2430
B-8-2 B 1.162 2512
A-12-1 A 2.312 3374

104A-12-2 A 2.312 3396
B-12-1 B 2.312 3260
B-12-2 B 2.312 3262
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Nu � fcAc 1 +

����������

(k− 1)2 + 3
3



ξ⎛⎝ ⎞⎠. (13)

5. Calculation of Bearing Capacity of RPCFT

By referring to the “Technical Specifications for Concrete-
Filled Steel Tubular Structures” (GB50936-2014) and the
analysis results presented in Figure 4 and Equation (13), it is
recommended that the value of RPC should be 1.394. ,e
equation for calculating the bearing capacity of RPCFT is

N � 0.9Acfc(1 + 1.394ξ). (14)

6. Conclusion

Circular steel tube-confined RPC is an effective method to
increase ductility, and the following conclusions could be
drawn from the results obtained for the analyzes:

(1) Results for a total of 139 RPCFT axial compression
columns showed that the load-displacement curves
can be divided into four stages: (1) elastic; (2) elastic-
plastic; (3) descending; and (4) strengthening.
Moreover, the elastic limit could reach the ultimate
limit of 90%.,e failure modes could be divided into
three categories: (1) wall buckling instability failure;
(2) oblique shear failure; and (3) waist drum damage.
It was suggested that the D/t ratio of RPCFT should
be kept below 80(235/fy) to avoid buckling and
brittle failure of the tube wall. Oblique shear failure
and drum-type damage could both result in ductile
failure, and it was recommended that the critical
confining coefficient be set to 1.

(2) ,e larger the confining coefficient, the greater the
increase in bearing capacity of RPCFT.,e core RPC
strength, loading method, and steel fiber content of
RPC had little effect on the RPC bearing capacity of
the steel tube. To reduce cost, it was recommended
that no steel fiber be added to the steel tube RPC.

(3) Steel tube has less of a constraining effect on RPC
than NC and HSC. ,e increase in the coefficient of
steel tube-constrained RPC was 1.394. ,e equation
for the ultimate bearing capacity of the steel tube

RPC was proposed in reference to the “Technical
Specifications for Concrete-Filled Steel Tube Struc-
ture” (GB50936-2014).
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A comprehensive linear model for an elastic solid reinforced with fibers resistant to extension and flexure is presented. ,is
includes the analysis of both unidirectional and bidirectional fiber-reinforced composites subjected to in-plane deformations.
Within the prescription of the superposed incremental deformations, the fiber kinematics are approximated and used to de-
termine the Euler equilibrium equations. ,e constraints of bulk incompressibility and admissible boundary conditions are also
discussed for completeness. In particular, the complete systems of differential equations are obtained for the cases of Neo-
Hookean and Mooney–Rivlin types of materials from which analytical solutions can be obtained.

1. Introduction

,e mechanics of microstructured solids have consis-
tently been the subject of intense research [1–5] for their
practical importance in materials science and engineer-
ing. In particular, a considerable amount of attention is
committed to the development of continuum models and
analyses in an effort to predict the mechanical responses of
fiber-matrix systems subjected to external forces and/or
induced deformations (see, for example, [6, 7] and ref-
erences therein). Continuum-based approaches postulate
continuous distribution of fibers within the matrix ma-
terials so as to establish the idealized description of ho-
mogenized fiber-matrix composites. ,is is framed in the
setting of anisotropic elasticity where the response
function depends on the first gradient of deformations,
typically augmented by the constraints of bulk incom-
pressibility and/or fiber inextensibility. ,e latter condi-
tion often results highly constrained prediction models so
that the corresponding deformation fields are essentially
kinematically determinate, especially that arises in fibers
[6, 7]. ,e approach has clear advantages in the prediction
of deformation profiles of the system via the deforma-
tion mapping of an individual fiber, yet rather insufficient
in the estimation of overall material properties of the

fiber-matrix system. Nonetheless, the aforementioned
models have been widely adopted in the analysis of
composite materials for their merit in the continuum
description and the associated mathematical framework
[5–7]. For the estimation of resultant properties, one may
also consider multiscale modeling method which in-
tegrates the material properties of continua assigned in
different length scales by means of the Cauchy–Born rule.
Examples of such practice can be found in the works of
Shahabodini et al. [8, 9].

A considerable advance in the continuum theory of
fiber-reinforced solids was made in recent years. ,is in-
cludes the incorporation of the bending resistance of fibers
into the models of deformations where elastic resistance is
assigned to changes in curvature of the fibers [10–12]. More
precisely, the fibers are regarded as convected curves so that
the bending deformation of fibers can be formulated via the
second gradient of deformations explicitly [13]. ,e con-
cept has been successfully adopted in a wide range of
problems arising in materials science [14–17], and the
mathematical perspective of the subject is discussed in
[18–20]. ,e authors in [21] proposed a general theory for
the mechanics of an elastic solids with fibers resistant
to flexure, stretch, and twist within the simplified setting
of the Cosserat theory of nonlinear elasticity [10, 22].
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Further, the second gradient theory of elasticity for the
mechanics of meshed structures is presented in [23–25]. To
this end, the authors in [26–29] developed continuum-
basedmodels in the analysis of fiber-reinforced composites,
where the extension and bending resistance of fibers are
incorporated via the computations of the first and second
gradient of deformations. ,e majority of the aforemen-
tioned studies address nonlinear continuum theory of fiber
composites so that little has been devoted to the devel-
opment of compatible linear models describing the me-
chanics of an elastic medium reinforced with fibers.

In the present work, we present comprehensive linear
theory of the strain gradient elasticity for the mechanics of
fiber-reinforced composites with fibers resistant to bending
and extension.,e kinematics of fibers is approximated with
the prescription of the superposed incremental de-
formations. We formulate, in cases of Neo-Hookean types of
materials, complete expressions of the linearized Piola
stresses from which the Euler equilibrium equations and the
admissible boundary conditions are obtained. Bidirectional
fiber composites are accommodated via the decomposition
of the deformation gradient tensor along the directions of
fibers. In addition, the reduction of simultaneous differential
equations into a single differential equation is demonstrated
by utilizing the compatibility conditions of the response
function. More importantly, we show that, even with the
introduction of the second gradient of deformations, two
different bases (referential and current coordinate) do in-
deed merge for “small” deformations superposed in large.
Lastly, Mooney–Rivlin types of materials are elaborated
where we show that the resulting Euler equilibrium equa-
tions are of the same form as those obtained from the Neo-
Hookean model. ,e corresponding Piola stresses, on the
other hand, are distinguished in that they demonstrate clear
dependency on both the first and second invariant of the
deformations gradient tensor. ,e obtained model can be
easily adopted in the study of composite structures subjected
to small in-plane deformations. For example, in the design
stage of crystalline nanocelluloses (CNCs) composite, the
overall responses and deformation profiles can be pre-
determined by utilizing the proposed model. In addition, the
underlined theory can also be extended to the deformation
analysis of lipid membranes (e.g., budding and thickness
distension) [30–32], where phospholipids (microstructure)
are aligned to the normal direction of the membrane, and
therefore, their deformations can be mapped and computed
using the proposed model.

,roughout the paper, we make use of a number of well-
established symbols and conventions such as AT, A−1, A∗,
and tr(A). ,ese are the transpose, the inverse, the cofactor,
and the trance of a tensor A, respectively.,e tensor product
of vectors is indicated by interposing the symbol ⊗ , and the
Euclidian inner product of tensors A and B is defined by
A · B � tr(ABT); the associated norm is |A| �

�����
A · A

√
. ,e

symbol |∗| is also used to denote the usual Euclidian norm of
three vectors. Latin and Greek indices take values in {1, 2}
and, when repeated, are summed over their ranges. Lastly,
the notation FA stands for the tensor-valued derivatives of
a scalar-valued function F(A).

2. Incremental Elastic Deformations and
Equilibrium Equations

,e incremental deformation is defined by (see, for example,
[33] and the references therein) the following equation:

χ � χo + ε _χ, |ε|≪ 1, (1)

where (∗)o denotes configurations of ∗ evaluated at ε � 0
and ( _∗) � z(∗)/zε. In the forthcoming derivations, we
define _χ � (zχ/zε) � u for the sake of convenience and
clarity. From equation (1), the gradient of the deformation
function χ(X) can be approximated up to the leading order
as shown in the following equation:

F �
z χo + ε _χ( 

zX
� Fo + ε∇u, (2)

where _F � (z _χ/zX) � ∇u.
In the above equation, we assume that the body is ini-

tially undeformed and stress free at ε � 0, that is, Fo � I and
Po � 0, where P is the Piola stress. ,us, equation (2) be-
comes the following equation:

F �
z χo + ε _χ( 

zX
� I + ε∇u, (3)

and successively yields

F−1 � I− ε∇u + o(ε), (4)

which can be found by using the identity FF−1 � I. ,e
determinant of F can be approximated similarly as

J � Jo + ε _J + o(ε), (5)

where we evaluate _J � (JF)o · _F � Jotr(F−1o _F) and _F �

(gradu)Fo. Since tr(F−1o _F) � tr(gradu) � divu, we obtain
from equation (5) that

J � 1 + εdivu + o(ε). (6)

In addition, the Euler equilibrium equation can be ex-
panded as the following equation:

Div(P) � Div Po( 1 + εDiv _P + o(ε) � 0. (7)

Dividing the above equation by ε and letting ε⟶ 0, we
obtain

Div _P � 0, (8)

which serves as the linearized Euler equilibrium equation.,e
expression of Piola stresses in the case of fiber composites
reinforced with fibers resistant to flexure is given by [27]:

P � WF −pF∗ −CDiv(g⊗D⊗D), (9)

where W, p, and C are the energy density function, Lagrange
multiplier, and material constant of fibers (C � constant),
respectively. Also, g is the geodesic curvature of fibers’
trajectory (i.e., g � G(D⊗D)) and D is the initial director
filed of fibers’ where D � (zX(S))/zS. Here, S is the arc
length parameter on the reference configuration. In general,
most of fibers are straight prior to deformations. Even
slightly curved fibers can be regarded as “fairly straight”
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fibers, considering their length scales with respect to that of
matrix materials. ,us, from here and forthcoming deri-
vations, it is assumed that

zD
zX

� 0,

_D �
zD
zε

� 0.

(10)

Accordingly, we find Div(D) � 0 and thereby reduce
equation (10) to the following equation:

P � WF −pF∗ −C∇g(D ⊗D), (11)

where the last term of the above equation is obtained by
using the identity gi,BDADB(ei ⊗EA) � ∇g(D⊗D). ,us,
from equation (11), _P can be evaluated as the following
equation:

_P � WF( 
· − pF∗( 

· −[C∇g(D ⊗D)]
·

� WFF · _F− _pF∗o −po
_F∗ −C∇ _g(D⊗D).

(12)

In the case of an incompressible Neo-Hookean material,
the energy density function is given by the following
equation:

W(F) �
μ
2

(F · F− 3), (13)

and we find

_P � μ _F− _pF∗o −po
_F∗ −C∇ _g(D⊗D), ∵WFF � μ. (14)

In view of equations (8) and (14), the linearized Euler
equilibrium equation then satisfies

Div(μ _F)−Div _pF∗o( −Div po
_F∗ −CDiv(∇ _g(D⊗D)) � 0.

(15)

,e evaluation of equation (15) is essential to extract
boundary value problems (BVPs); nonetheless, the details
are often heavily omitted in the literature (see, for example,
[26–29]). To see this, we first compute the following
equation:

Div(μ _F) � Div(μ∇u) � μui,AAei. (16)

In the above equation, caution needs to be taken, in
which ∇(∗) and div(∗) are the operators in the reference
frame. Although, there are no clear distinction between the
reference and current configurations for “small” in-
cremental deformations, the mathematical procedure
should reasonably address their connections especially
when dealing with tensors with mixed bases (e.g., ∇u, F).
,e collapse of bases for the present problem will be
discussed in the later sections. ,e second term in equation
(15) becomes

Div _pF∗o(  � Div _p F∗o( iAei ⊗EA  � _p F∗o( iA Aei

� _pA F∗o( iAei � _piei,
(17)

where we use the Piola identity (i.e., F∗iA,A � 0) and
(F∗o )iA � δiA. Similarly, it can be easily shown that

Div po
_F∗  � po( A

_F∗iA + po
_F∗ 

iA,A
 ei � po( A

_F∗iAei.

(18)

However, in order to recover the initial stress free state at
ε � 0, we require from equations (11) and (13) that

Po � μFo −poF
∗
o −C∇go(D⊗D) � μI−poI � 0, (19)

and thus find po � μ � constant. ,erefore, equation (18)
becomes

Div po
_F∗  � μA

_F∗iAei + μ Div F∗( ( 
·
� 0,

∵ po( A � (μ)A � 0,
(20)

and Div(F∗) � 0 (Piola’s identity). Also, Div(∇ _g(D⊗D))

can be evaluated as

Div _gi,BDADB ei ⊗EA(   � _gi,BDADB 
A
ei

� _GiAB,CDDADBDCDCei,
(21)

where gi � GiABDADB (see [27]) andG � GiAB(ei ⊗EA ⊗EB)

is the second gradient of deformations (i.e., ∇F � G).
Consequently, by substituting equations (16), (17), (20), and
(21) into equation (15), the linearized Euler equation can be
obtained as follows:

μui,AA − _pi −Cui,ABCDDADBDCDD ei � 0ei,

∵ _GiAB � _Fi,AB � ui,AB.
(22)

For a single family of fibers (i.e., D � E1, D1 � 1,

D2 � 0), equation (22) reduces to

μ ui,11 + ui,22 − _pi −Cui,1111 ei � 0ei. (23)

3. Boundary Conditions and Solution to the
Linearized System

,e corresponding boundary conditions are given by [27]

t � PN−
d

ds
[Cg(D · T)(D · N)],

m � Cg(D · N)
2
,

f � Cg(D · T)(D · N),

(24)

where t, m, and f are, respectively, the expressions of
edge tractions, edge moments, and the corner forces. Fur-
ther, N and T are unit normal and tangent to the boundary.
,e “small” increment of boundary forces are then com-
puted as follows:

_t � _PN−
d

ds
[C _g(D · T)(D · N)],

_m � C _g(D · N)
2
,

_f � C _g(D · T)(D · N).

(25)

,e expression of _P can be obtained from equation (14)
that
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_P � _PiA ei ⊗EA( 

� μui,A − _p F∗iA( o −po
_F∗iA −C _gi,BDADB  ei ⊗EA( ,

(26)

_giei � _GiABDADBei � _FiA,BDADBei � ui,ABDADBei. (27)

In order to apply boundary tractions (e.g., _P11), it is
necessary to compute equation (26) as a function of
u � u(X1, X2). For the purpose, we first find the following
equation:

F∗iA( o � Jo FT
iA 
−1
o � δiA( 

−1
� δiA, (28)

where (FiA)o � δiA at ε � 0. Also, to compute _F∗iA(ei ⊗EA),
we use the chain rule in the form of the following equation:

_F∗iA ei ⊗EA(  � F∗F( o[ _F] �
zF∗iA
zFjB

 
o

_FkC ei ⊗EA ⊗ ej ⊗EB  ek ⊗EC( 

�
zF∗iA
zFjB

 
o
uj,B ei ⊗EA( .

(29)

Here, the expression of (zF∗iA/zFjB) can be found via the
connection [34]:

J
zF∗iA
zFjB

  � F∗iAF
∗
jB −F

∗
jAF
∗
iB. (30)

,us, at ε � 0, we have from the above equation that
zF∗iA
zFjB

 
o

� δiAδjB − δjAδiB, δiA: Kronecker delta( ,

(31)

and thereby obtain
zF∗iA
zFjB

 
o
uj,B � δiAδjB − δjAδiB uj,B � δiA(Divu)− uA,i.

(32)

Consequently, substituting equations (27), (28), and (32)
into equation (26) furnishes

_PiA ei ⊗EA(  � μui,A − _pδiA −po δiA(Divu)− uA,i 

−Cui,BCDDADBDCDD ei ⊗EA( ,

(33)

from which the expression of boundary tractions is com-
pletely determined in terms of u.

Remark 1. In the above equation, δiAδjBuj,B is interpreted as
δiAuB,B resulting δiAδjBuj,B � δiADivu in the reference
configuration (Eulerian). However, one may also find
δiAδjBuj,B � uj,j and thus obtain δiAδjBuj,B � δiAdivu in the
current configuration (Lagrangian). ,is confirms the well-
known result from the linear elasticity theory that the bases
collapse in the event of small deformations superposed on
large (i.e., Divu � divu and EA � ei). In the present prob-
lem, the result allows one to formulate linearized Euler
equations without conflicting bases mismatch especially

when operating linear transform of mixed basis tensors.
Although there are no clear distinctions between the current
and deformed configurations, caution needs to be taken that
the Euler equation (Div _P) is, in principal, defined in the
reference frame together with the boundary conditions.

Now, in view of equations (5) and (6), the constraints of
bulk incompressibility reduce to the following equation:

(J− 1)
·
� _J � F∗o · _F � tr F−1o _F  � tr(gradu) � divu � 0.

(34)

Equation (34) serves as the linearized bulk incompres-
sibility condition (i.e., ui,i � 0), which needs to be solved
together with equation (23). In addition, since Divu � Divu
for small deformations (see Remark 1), we find
Divu � Divu � 0 and thereby reduce equation (33) to the
following equation:

_PiA ei ⊗EA(  � μui,A − _pδiA + pouA,i

−Cui,BCDDADBDCDD ei ⊗EA( ,

(35)

which serves as an explicit form of the linearized Piola stress
for elastic solids reinforced with single family of fibers. In
particular, if the fibers’ directions are either normal or
tangential to the boundary (i.e., (D · T)(D · N) � 0), equa-
tion (25) becomes

_t � _PN,

_m � C _g(D · N)
2
,

_f � 0,

(36)

and therefore, we compute, for example,
_tiei � μui,A − _pδiA + pouA,1 −Cui,111δ1AD1D1D1  ei ⊗EA( E1

� μui,1 − _pδi1 + pou1,i −Cui,111 ei,

(37)

where N is assumed to be parallel to the fiber’s director field
(i.e., N � D � E1). Lastly, from equations (27) and (36), the
expression of boundary moments are obtained by

_miei � Cui,ABDADBei. (38)

3.1. Solutions to the Linearized System. In the case of single
family of fibers (i.e., D � E1), the linearized system of partial
differential equations (PDEs) is given by

μ ui,11 + ui,22 − _pi −Cui,1111 ei � 0,

ui,i � 0.
(39)

,e second one in the above equation can be auto-
matically satisfied by introducing the following scalar field φ:

u � k × ∇φ, k(unit normal),

ui � ελiφλ,
(40)

so that u1,1 + u2,2 � φ12 −φ21 � 0. Now, we recast the first
one of equation (39) and thereby find the following equation:
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_piei � μελi φλ11 + φλ22( −Cελiφλ1111 ei. (41)

In addition, using the compatibility conditions of pi (i.e.,
_pij � _pji), the first one of equation (41) becomes
_p21 − _p12 � μ φ1111 + 2φ1122 + φ2222( −C φ11 + φ22( 1111 � 0.

(42)

Consequently, equation (42) further reduces to

∇H− αH1111 � 0, where H � Δφ,

α �
C

μ
> 0.

(43)

An analytical solution of the above exists (see [27]) and is
completely determined by imposing admissible boundary
conditions as discussed in equation (25). For example, the
symmetric bending can be imposed as

_m � _m1e1 + _m2e2 � Cu1,11e1 + 0e2 � −Cφ112e1, (44)

which serves as the boundary conditions for the equation
(42).

4. Extensible Fibers

,e Piola stress in the case of initially straight and extensible
fibers is given by Zeidi and Kim [28]:

P � WF +
E

2
(FD · FD− 1)(FD⊗D)−pF∗ −C∇g(D⊗D),

(45)

where E is the elastic modulus of fibers (extension). Further,
the fibers’ stretch λ can be computed as

λ2 � FD · FD. (46)

In the case of Neo-Hookean type materials (see equation
(13)), equation (45) becomes

P � μF +
E

2
(FD · FD− 1)(FD⊗D)−pF∗ −C∇g(D⊗D).

(47)

,us, equations (1) and (47) can be approximated as
_P � μ _F + E _FD · FoD  FoD⊗D( 

+
1
2

E FoD · FoD− 1( ( _FD⊗D)−po
_F∗

− _pF∗o −C∇ _g(D⊗D).

(48)

Since Fo � F∗o � I, the above equation further reduces to
the following equation:

_P � μ _F + E( _FD · ID)(ID⊗D)−po
_F∗ − _pI−C∇ _g(D⊗D),

(49)

where FoD · FoD � D · D � 1. To obtain the desired ex-
pression, it is required to compute the following equation:

ID � δiA ei ⊗EA( DBEB � δiAδABDBei � Diei. (50)

In the above equation, the initial director field (D) is
represented by the current frame (i.e., ei). However, D is, in
principal, a vector in the reference coordinate (i.e.,
D � DAEA). ,is is due to the collapse of bases as discussed
in Remark 1. Caution needs to be taken when applying the
Einstein summation. ,us, we obtain from equations (32),
(34), (49), and (50) that

_PiA ei ⊗EA(  � μui,A + Euj,BDiDjDADB + pouA,i

− _pδiA −Cui,BCDDADBDCDD ei ⊗EA( ,

(51)

where _FD · ID � _FjBDjDB � uj,BDjDB. Equation (51) can
be used as the expression of boundary tractions in the
case of extensible fibers. For example, if D � E1 (single
family of fibers), the above equation yields the following
equation:

_PiA ei ⊗EA(  � μui,A + Eu1,1δi1δA1 + pouA,i

− _pδiA −Cui,111δA1 ei ⊗EA( .

(52)

Further, from equations (8) and (49), the corre-
sponding equilibrium equation then satisfies the following
equation:

Div( _P) � Div(μ _F)−Div _pF∗o(  + Div(E( _FD · ID)(ID⊗D))

−Div po
_F∗ −CDiv(∇ _g(D⊗D)) � 0.

(53)

,e evaluation of the above equation is well discussed
through equations (16)–(21) except the stretch term which is
now equated as

Div(E( _FD · ID)(ID⊗D)) � Div Euj,BDiDjDADB ei ⊗EA(  

� Euj,ABDiDjDADBei.

(54)

,erefore, we obtain the following equation:

μui,AA − _pi + Euj,ABDiDjDADB

−Cui,ABCDDADBDCDDei � 0.
(55)

,e linearized boundary conditions in the case of ex-
tensible fibers remain intact (see [28]), except the expression
of _P where the explicit expression is obtained in equation
(52). ,us, for example, in the case of unidirectional fiber
composited where a boundary vector N is parallel to the
fiber’s director field (i.e., N � D � E1), the complete set of
equations can be found as

μui,11 − _pi + Eu1,11δi1 −Cui,1111 ei � 0,

ui,i � 0.
(56)

Also, the corresponding boundary conditions are
given by
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_tiei � _PE1 � _Pi1ei,

_miei � C _g E1 · E1( 
2

� Cui,11ei,

_f iei � 0ei,

(57)

where from equation (52), _PiA � [μui,A + Eu1,1DiDA −po
(δiAu1,1 − uA,i)− _pδiA −Cui,111DA](ei ⊗EA). Lastly, we note
here that the value of po, in the case of extensible fibers, can
be obtained by evaluating the corresponding stresses (see
equation (47)) at ε � 0 which is again found to be po � μ. By
applying the similar scheme as applied in Section 3.1, we
rearrange equation (56) and thereby obtain

_p21 − _p12 � Δ Δφ−
C

μ
φ1111  +

E

μ
φ1122 � 0. (58)

,e solution of equation (58) is not accommodated by
conventional methods such as the separation of variables
method, Fourier transform, and polynomial solutions. In-
stead, a particular form of solution (φ � X(x)sin(my)) can
be proposed, inspired by the modified Helmholtz equation.

5. Extensible Bidirectional Fibers

In the forthcoming derivations, we confine our attention to
the case of initially orthogonal fiber families. ,e bi-
directional fibers can be accommodated by using the fol-
lowing decompositions of the deformation gradient:

F � λl⊗L + cm⊗M,

M · L � 0,
(59)

where L and M are the director fields of each fiber family in
the reference configuration and l and m are their coun-
terparts in the current configuration.,e fibers’ stretches are
computed similarly as in equation (46) that

λ2 � FL · FM,

c
2

� FM · FM.
(60)

Equations (59) and (60) complete the deformation
mapping, for example, L � LAEA and l � liei to yield

λliei � FL � FiALAei,

∵M · L � 0 for orthogonal fiber families.
(61)

Further, by employing the variational principles, the
Piola stress for the bidirectional and extensible fiber com-
posites can be found as

P � WF +
E1

2
((FL · FL− 1)(FL⊗L))

+
E2

2
((FM · FM− 1)(FM⊗M))−C1∇g1(L⊗L)

−C2∇g2(M⊗M)−pF∗,
(62)

where Ei and Ci are the material constants of fiber families,
respectively, to extension and flexure. Applying the similar

scheme as in Section 4, we approximate equation (62) and
successively obtain

_PiA ei ⊗EA(  � μui,A + E1uj,BLiLjLALB + E2uj,BMiMjMAMB

−C1ui,BCDLALBLCLD −C2ui,BCDMAMBMCMD

+ pouA,i − _pδiA ei ⊗EA( .

(63)

,erefore, equations (8) and (63) furnish

0ei � _PiA,Aei � μui,AA − _pi + E1uj,ABLiLjLALB

+ E2uj,ABMiMjMAMB −C1ui,ABCDLALBLCLD

−C2ui,ABCDMAMBMCMDei,

(64)

where we evaluate

Div pouA,i ei ⊗EA(   � pouA,iAei � po uA,A 
i
ei � 0,

∵uA,A � 0(bulk incompressibility),

Div _pδiA ei ⊗EA(   � _pAδiAei � _piei.

(65)

Compatible results can be also found directly from
equations (17) and (20) (i.e., Div( _pF∗o ) � _piei and
Div(po

_F∗) � 0). In the case of bidirectional and extensible
fibers, the corresponding boundary conditions are given by
(see [26]) the following equation:

t � PN−
d

ds
C1g1(L · T)(L · N) + C2g2(M · T)(M · N) ,

m � C1g1(L · N)
2+

+ C2g2(M · N)
2
,

f � C1g1(L · T)(L · N) + C2g2(M · T)(M · N).

(66)

Now, we approximate the above boundary conditions
and thus obtain

_t � _PN−
d

ds
C1 _g1(L · T)(L · N) + C2 _g2(M · T)(M · N) ,

_m � C1 _g1(L · N)
2+

+ C2 _g2(M · N)
2
,

_f � C1 _g1(L · T)(L · N) + C2 _g2(M · T)(M · N).

(67)

If the fibers’ directions are aligned with the axes of
Cartesian coordinates (i.e., L � E1 and M � E2) and are
either normal or tangential to the boundary (i.e.,
(L · T)(L · N) � (M · T)(M · N) � 0), equations (64) and
(67) further reduces to the following equation:

μui,AA − _pi + E1u1,11δi1 + E2u2,22δi2

−C1ui,1111 −C2ui,1111ei � 0,

_t � _PN,

_m � C1 _g1(L · N)
2

+ C2 _g2(M · N)
2
,

_f � 0,

(68)
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which together with the incompressibility condition (ui,i � 0)
constitutes the complete set of the PDEs system to solve the final
deformation profiles. Similarly, equation (63) now becomes

_PiA ei ⊗EA(  � μui,A + E1 u
⟶

1,1δi1δA1 + E2u2,2δi2δA2

−C1ui,111δA1 −C2ui,222δA2

+ pouA,i − _pδiA ei ⊗EA( .

(69)

For example, if the unit normal of a boundary is N � E1,
the boundary traction can be computed as follows:

_tiei � _PE1 � μui,A + E1u1,1δi1δA1 + E2 u
⟶

2,2δi2δA2

−C1ui,111δA1 −C2ui,222δA2 + pouA,i − _pδiA ei ⊗EA( E1

� μui,1 + E1u1,1δi1 −C1ui,111 + pou1,i − _pδi1 ei.

(70)

Again, by introducing the scalar field φ (see equation (40))
and employing the compatibility conditions (i.e., _pij � _pji),
we reduce the above equation to the following equation:

_p21 − _p12 � Δ Δφ−
C1

μ
φ1111 −

C2

μ
φ2222 

+
E1

μ
−

E2

μ
 φ1122 � 0.

(71)

A complete analytical solution for equation (71) is
available via the methods of iterative reduction and the
principle of eigenfunction expansion (see, more details,
[35–37]). Figures 1–4 illustrate the deformation profiles for
the cases discussed through Sections 3–5. As the equations
become mathematically compact, the corresponding de-
formation fields experience less oscillatory behaviors. ,is is
clearly demonstrated by the results in Figures 3-4, bi-
directional cases, which show a close agreement with the
predictions from nonlinear models. We also mention here
that equation (71) reduces to equations (42) and (58) in the
limit of vanishing C2 and E2, respectively. ,is, in turn,
suggests that unidirectional cases can be assimilated within
the systems of equation (71) by setting C2 � E2 � 0 (see
Figure 5). In fact, the latter model is recommended to use,
since the bidirectional and extension fibers case is the most
general and compact form (with minimal singular behaviors)
and therefore produces more accurate prediction results.

To elaborate the proposed model, we present comparisons
with the experimental data obtained from the 3-point bending
test of CNC fiber composite (C � 150 GPa, μ � 1 GPa). ,is
is a particular case of the proposedmodel, whenC/μ � 150 and
vanishing E (i.e., equation (20)). Using the method presented
in Section 3.1, we find the solution of equation (20) as

φ(x, y) � 

∞

m�1
e

amx −Cm cos bmx + Dm sin bmx( 

+ e
−amx

Cm cos bmx + Dm sin bmx(  × sin
π
2d

 y,

(72)

where

m �
πn

2d
,

α �
C

μ
,

am �

���������
2m

��
α

√
+ 1



2
��
α

√ ,

bm �

��������
2m

��
α

√
− 1



2
��
α

√ ,

(73)
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and the unknowns Cm and Dm can be determined via the
applied moment in the form of Fourier expansion; i.e.,

_m1 � Cu1,11 � −φ211 � 
30

n�1

20
πn

(−1)
n−1/2 cos

πn

2d
 y. (74)

Using equation (74), we compute the maximum de-
flections of the CNC composite and illustrate the results in
Figure 6. It is shown in Figure 6 that the proposed model
successfully predicts the normal deflections of the CNC
composite strip. Since the slope of the graph in Figure 6
indicates the moduli of the composite (when divided by the
corresponding length scale), it can also be used in the
estimation of the overall material properties of the com-
posite. However, due to the paucity of available data, we are
not able to provide the quantitative analysis other than

those presented in Figure 6 at this time. ,e study is
currently underway, and our intention is to present else-
where when ready. We also mention here that the overall
responses of composite materials can also be estimated
using multiscale modeling methods (see, for example,
Shahabodini et al. [8, 9]).

Lastly, we assimilate the case of single family of fiber
composites subjected to the axial tension.,e linear solution
obtained from equation (56) demonstrates good agreement
with the compatible nonlinear model [28] for small de-
formations superposed on large, while it shows discrep-
ancies in the prediction of large deformations (See Figure 7).
It is also noted here that we reserve the details in solving the
corresponding differential equations (equation (56)) for the
sake of conciseness. However, the procedures for the par-
ticular case of the present example can be found in [28].

6. Further Considerations

For the analysis of soft materials-based composites, such as
carbon rubber-fiber composites and polymer composites,
a different type of energy potential may be suggested instead
of the Neo-Hookean model discussed in the previous sec-
tions. ,e Mooney–Rivlin model is one of the most com-
monly used energy potentials for the aforementioned cases
(see, for example, [33]). In the forgoing development, we
present a compatible linear model for the Mooney–Rivlin
types of materials for the desired applications. ,e ex-
pression of the Mooney–Rivlin potential is given by the
following equation:

W(F) �
μ
2

(F · F− 3) +
λ
2

1
2
(trF)

2 − tr(F)
2

 , μ, λ > 0.

(75)

,e derivative of equation (75) with respect to the de-
formation gradient tensor then yields the following
equation:

WF � μF + λF (F · F)I−FTF . (76)

Substituting equation (76) into equation (9) furnishes
the following expression of the Piola stresses:

P � μF + λF (F · F)I− FTF −pF∗ −CDiv(g⊗D⊗D).

(77)

Now, by applying the same schemes as adopted in the
previous sections, we find the following equation:

_P � μ _F− λF (F · F)I−FTF  
·
− _pF∗o −po

_F∗ −C∇ _g(D⊗D),

(78)

where the second term of the right side of equation (78) can
be evaluated at ε � 0 as

λF (F · F)I− FTF  
·
� λ _F Fo · Fo( I−FToFo 

+ λFo 2 _F · Fo Io − _FTFo −F
T
o

_F .

(79)
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Since FTo � Fo � I, the above equation becomes the
following equation:

λ _F δAA − 1(  + λ 2( _F · I)I− _FT − _F 

� λ _FiA + 2λ _FBBδiA − λ _FAi − λ _FiA  ei ⊗EA( , δAA � 2.

(80)

,us, from the results in equations (2), (27), (28), (33),
(78), and (80), we find the following stress expression for the
cases of unidirectional fiber composites as

_PiA ei ⊗EA(  � μui,A − _pδiA + pouA,i

−Cui,BCDDADBDCDD ei ⊗EA( ,

(81)

where _FBB � uB,B � 0 from the conditions of bulk incom-
pressibility (see equation (34)). Consequently, the corre-
sponding Euler equilibrium equation satisfies the following
equation:

Div( _P) � λuA,iμui,AA − λuA,iA −pi + pouA,iA

−Cui,ABCDDADBDCDDei � 0ei.
(82)

Using the compatibility condition of uA,iA (i.e.
uA,iA � uA,Ai) and the constraints of bulk incompressibility,
we find that uA,Ai � (uA,A)i � 0 and thereby reduce equation
(83) to the following equation:

μui,AA −pi −Cui,ABCDDADBDCDD ei � 0ei. (83)

,e resulting equilibrium equation (equation (83))
implies that there is no clear distinction between the Neo-
Hookean model and Mooney–Rivlin model as far as the
superposed incremental deformations with the augmented
bulk incompressibility conditions are considered.,is is due
to the fact that the divergence of high-strain terms identically
vanishes upon the imposition of linearized bulk incom-
pressibility conditions (i.e., Divu � divu � 0). However,
the expressions of Piola stresses are affected by the in-
troduction of Mooney–Rivlin type materials (see equations
(33) and (81)). ,us, for example, if N � D � E1, we com-
pute from equation (25) that

_tiei � _PE1 � μui,A − λuA,i − _pδiA + pouA,i

−Cui,111δ1AD1D1D1 ei ⊗EA( E1

� μui,1 − λu1,i − _pδi1 + pou1,i −Cui,111 ei,

(84)

which is the boundary tractions for the case of the
Mooney–Rivlin energy potential. Lastly, from equation (77),
we find at ε � 0 that

Po � μI + λI[I− I]−poI−CDiv(I⊗D⊗D) � 0, (85)

and thereby obtain μ � po. Equation (83) together with the
imposed boundary conditions (i.e., equations (25) and (84))
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constitutes a complete set of PDEs systemwhich can be solved
using the similar schemes as presented in Section 3.1. Further,
because the resulting equilibrium equations are of the same
form (see equations (22) and (84)), equations (81) and (84)
may be used in the determination of the parameters asso-
ciated with high-strain terms (λ) by comparing stresses in
equations (33) and (81). Investigations in this respect (in-
cluding the implementations of the developed linear theory)
are currently underway. Our intention is to report elsewhere.

7. Conclusions

We present complete linear models for the mechanics of an
elastic solid reinforced with fibers resistant to flexure and
extension. Within the prescription of the superposed in-
cremental deformations, the first and second gradient of
deformations is approximated through which the kinematics
of fibers is explicitly determined. ,e linearized Euler
equilibrium equations and the Piola stress are then for-
mulated for the Neo-Hookean types of materials. We also
derive the corresponding boundary conditions and the
conditions of bulk incompressibility for the sake of com-
pleteness. In addition, the cases of the bidirectional fiber
composites are considered via the fiber decomposition of the
deformation gradient tensor. It is found that the systems of
PDEs for the bidirectional and extensible fibers reduce to
those from single family of fibers in the limit of vanishing
material parameters of fibers.

In particular, we demonstrate the well-known result
from the linear theory of elasticity that the merging of the
bases remains valid even with the incorporation of fibers’
bending and extension into the models of deformations. A
Mooney–Rivlin material is also elaborated, where we show
that there is no clear distinctions in the resulting Euler
equations obtained from the two different strain energy
models (i.e., Neo-Hookean and Mooney–Rivlin) as long as
the small deformations are concerned. However, the
resulting Piola stresses are of different forms in that the one
from the Mooney–Rivlin model demonstrates clear de-
pendency on both the first and second invariant of de-
formation gradient tensors, whereas the Piola stress, in the
case of the Neo-Hookean model, depends only on the first
invariant. Lastly, we mention here that the present model
can be used in the approximation of the nonlinear theory of
strain gradient elasticity arising in finite plane elastostatics.
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Semiflexible mixture is a composite paving material combining the advantages of both asphalt and cement concrete materials. It
consists of matrix asphalt skeleton and cement mortar. Due to the different volume characters between asphalt structure and
cement mortar, stress concentration always happens in this semiflexible mixture, leading to internal cracking..e objective of this
study is to alleviate the internal cracking concern of the semiflexible mixture by adjusting the material components. To this end,
optimal material design and numerical simulation have been conducted. Matrix asphalt structures with four different air voids
were incorporated with different dosages of cement mortar. .e contraction strain and expansion strain of cement mortar as well
as the indirect tensile strength of matrix asphalt structure were measured. .e results were input into ABAQUS for numerical
simulation..e results indicated that (1) the internal stress in this semiflexible mixture is mainly determined by the contraction of
cement mortar, rather than expansion; (2) larger air void of matrix asphalt structure and less volumetric variation of cement
mortar reduce the internal stress; (3) once the air void of matrix asphalt structure is decided, both maximum contraction and
expansion deformations of cement mortar should meet specific requirement to ensure less internal cracking. .is is a practical-
ready paper that provides reference for the anticracking design of semiflexible pavement.

1. Introduction

Semiflexible pavement material is a composite pavement
material, which consists of porous asphalt structure and
cement mortar. .e main advantages of semiflexible pave-
ment include high carrying capacity, high wearing re-
sistance, high shear resistance, high water stability, and
driving comfort. Semiflexible pavement material has very
bright application prospects and is suitable for intersection
turner, gas station, parking, bus station, airport runways,
and other sections [1–6]. However, the insufficient volume
stability resulted from the defects in the material compo-
sition and structure of semiflexible pavement leads to fre-
quent cracking. .e cracks occurring in semiflexible
pavement materials can be divided into three types based on
their causes: fatigue cracking under the action of traffic load,
temperature contraction cracking and dry contraction
cracking caused by temperature and humidity variation, and
reflection cracks of semirigid base cracking [7]. Fatigue crack

and reflection crack are mainly caused by traffic load. In
addition, temperature contraction cracking and dry con-
traction crack result from the different volume stability of
asphalt mixture matrix and cement mortar. .e volume of
cement mortar can be greatly changed when the water re-
action period or ambient temperature varies greatly. Con-
sequently, the volume deformation of the asphalt mixture
matrix and cement mortar cannot be coordinated. .is
incoordination leads to the stress concentration in semi-
flexible pavement, whichmakes the pavement more prone to
crack. .us, internal stress control of semiflexible pavement
is particularly critical for crack resistance.

.e effects of asphalt, aggregate, and cement mortar on
the volumetric stability and cracking resistance of semi-
flexible pavement were studied by Huang [7], who
researched and developed an easy-to-pour small contraction
deformation polymer cement mortar. Wang and Wu [8]
evaluated the cracking resistance of semiflexible pavement
materials based on the fracture toughness using the
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J-integral theory and three-point bending semicircular beam
test. Huang et al. [9] studied the cracking resistance of
semiflexible pavementmaterials based on cement-emulsified
asphalt mortar. At present, studies of the anticracking of
semiflexible pavement have been mainly focused on con-
trolling the volumetric stability of the cement mortar and the
overall cracking resistance of semiflexible pavement mate-
rials. However, few researchers have mechanically studied
the internal cracking resistance and anticrack design of
semiflexible pavement. .erefore, to improve the cracking
resistance of semiflexible pavement from the material
composition, the control of the internal stress of the cement
mortar and matrix asphalt mixture in semiflexible pavement
is particularly critical. In other words, the prerequisite for
the anticracking design of semiflexible pavement materials is
that the expansion stress and contraction stress of the ce-
ment mortar must be lower than the ultimate tensile
strength of the asphalt mixture matrix.

In this paper, the expansion strain and contraction strain
of cement mortar and the matrix were determined firstly.
.e ultimate tensile strength of the asphalt mixture matrix
was measured. .en digital images of semiflexible pavement
cross section were collected using a CCD digital camera. .e
locations of the cement mortar, asphalt, aggregate, and voids
were obtained using AutoCAD software. .e finite element
analysis method was employed for the mechanical analysis
of the digital image results. Taking the internal stress peak as
the control index, this paper put forward the standard of
strain control of cement mortar, which can effectively
control the cracking of semiflexible pavement materials.

2. Materials and Methods

2.1.Materials. .e performance indicators of materials used
to prepare the cement mortar and the matrix of semiflexible
pavement are shown in Tables 1–4.

2.2. %e Expansion Strain and Contraction Strain of Cement
Mortar. .e expansion strain and contraction strain of
cement mortar are the main reasons for the internal stress in
semiflexible pavement. In order to explore the anticracking
performance of semiflexible pavement, this paper measured
the maximum expansion strain and contraction strain of
cement mortar.

Referring to “Explain for General Code of Asphalt
Pavement Engineering” [10], the cement mortar fluidity,
compressive strength, flexural strength, and amount of
contraction were used as the evaluation index. Based on the
orthogonal test method, taking water-cement ratio and
dosage of mineral filler and sand as the influencing factors,
the indoor relevant experimental study would be processed
to measure the flow performance, bending resistance, and
volume stability of cement mortar. .rough the range
analysis, the best mix ratio of cement mortar can be de-
termined, which is shown in Table 5.

2.2.1. %e Expansion Strain of Cement Mortar. It has been
shown that the thermal expansion coefficient of cement

Table 1: Gradation of standard sand.

Sieve size
(mm) 1.18 0.6 0.3 0.15 0.075 Content of clay

(%)
Passing rate
(%) 100 98.5 92.7 51.5 2.2 0.5

Table 2: Technical indexes of mineral filler.

Testing indexes

Expressway or
first

grade highway
requirement

Other grade
highway

requirement
Value

Apparent relative
density
(g/cm3)

≥2.50 ≥2.45 2.761

Water content (%) ≤1 ≤1 0.27
Hydrophilic coefficient
(%) <1 <1 0.33

Plasticity index ≤4 ≤4 2.4

Table 3: Technical indexes of asphalt.

Testing indexes Technical
requirement Value

Penetration 25°C, 100 g, 5 s, 0.1mm 60–80 68
Softening point TR&B (°C) min ≥46 49.5
Ductility 5°C, 5 cm/min, cm >15 65
Ductility 15°C, 5 cm/min, cm ≥100 >100
Solubility (%) min ≥99.5 99.6
Flash point (°C) min ≥260 285
Wax content (%) ≤2.2 1.8
Dynamic viscosity 60°C ≥180 215

Rotate the film to heat the
test residue (163°C, 85min)

Quality
change ±0.8 −0.02

Penetration
ratio: 25°C ≥61 76.5

Ductility:
10°C,

cm/min
≥6 25.2

Table 4: Technical indexes of aggregate.

Testing indexes Value Technical
requirement

Crushing value (%) 11 ≤26
Los Angeles wear value (%) 12 ≤28
Stone polishing value (BPN) 55 ≥42
Coarse aggregate ruggedness (%) 4 ≤12
Coarse aggregate needle sheet content (%) 4 ≤15
Sand equivalent (%) 53 ≤65
Methylene blue value (g/kg) 1.1 ≤2.0

Table 5: Optimal mix ratio of cement mortar.

Cement mortar
indicators

Water-cement
ratio

Dosage of mineral
filler (%)

Dosage of
sand (%)

Value 0.61–0.63 10 20
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mortar is time-dependent, whose largest value is 48 με/°C
during the initial setting [11]. After the initial setting, the
coefficient of thermal expansion decreases and reaches the
lowest value of approximately 11 με/°C during the final
setting. As time goes by, the coefficient of thermal expansion
will increase slowly to the second largest value of 13.6 με/°C
and will then gradually stabilize at 13.1 με/°C. .erefore, the
thermal expansion deformation becomes the largest when
the cement mortar undergoes a hydration reaction.
According to the actual project time, semiflexible pavement
is generally constructed during the summer. Using the most
unfavorable climatic conditions as a reference, the maxi-
mum surface temperature difference in Guangdong Prov-
ince of China is about 40°C in summer, and the maximum
expansion strain of cement mortar may be 1.92 × 10−3.

2.2.2. %e Contraction Strain of Cement Mortar.
Contraction deformation of cement mortar can be divided
into dry contraction, temperature contraction, plastic con-
traction, self-contraction (hardening contraction), and
carbonation contraction. Among them, dry contraction is
not only the most common deformation type of cement
mortar but also the main reason for the cracking of materials
[12]. In this paper, the maximum contraction strain of ce-
ment mortar is determined by a contraction test. According
to the optimal mix ratio of cement mortar described in
Table 5, a triple-test-molded dry contraction specimen with
a standard size of 25mm × 25mm × 250mm was created.
After the specimen was formed, it was maintained for 24
hours in a curing room at a temperature of 20 ± 3°C and
a relative humidity of 98%. .en, the specimens were re-
moved and their initial lengths were measured. .e speci-
mens were moved into a box with constant temperature and
humidity (20 ± 1°C and relative humidity of 50 ± 3%). .e
contraction deformations of the cement mortar were
measured at 1, 3, 7, 14, 28, 35, 60, 90, 120, 150, and 180 days.
.e average contraction strains were calculated, and the
results of which are shown in Figure 1.

As shown in Figure 1, the average contraction strain of
cement mortar increases with time and finally tends to be
stable. After 180 days of hardening, the maximum con-
traction strain is 1.33 × 10−3.

2.3. %e Expansion Strain and Contraction Strain of the
Matrix. .e expansion strain and contraction strain of the
asphalt matrix can go a long way to influence the internal
stresses of the semiflexible pavement and therefore must be
accounted for in the study. According to prior research [13],
the coefficients of thermal contraction and expansion of AC
are nonlinear with temperature, as shown in Table 6.

According to data of Table 6, the largest coefficients of
thermal contraction and expansion of AC were determined
to be 31.1 and 31.2 με/°C, respectively. Using the most un-
favorable climatic conditions as a reference, the maximum
surface temperature difference in Guangdong Province of
China is about 40°C in summer, and the maximum con-
traction strain and expansion strain of AC may be 1.24 ×

10−3 and 1.25 × 10−3.

Based on the research results [13], gradation of aggregate
and air void of the sample do not affect the coefficients of
thermal contraction and expansion significantly. .erefore,
the maximum contraction strain and expansion strain of the
asphalt matrix are referenced to 1.24 × 10−3 and 1.25 × 10−3
in this paper.

2.4. Indirect Tensile Test of the Matrix. .is study adopted
the multistage aggregate skeleton space-filling method
[14, 15] to design the gradation of the matrix under the
target air void (15%, 20%, 25%, and 30%) and combined the
drainage test and the Cantabro test to determine the op-
timum asphalt content. .e grading design results are
shown in Table 7.

.e ultimate tensile strength of the matrix is directly
related to the cracking resistance of the semiflexible
pavement materials. In this study, the MTS testing ma-
chine was used for the indirect tensile strength test to
measure the indirect tensile strength of the matrix spec-
imens with different air voids. .en, the splitting strength
of the matrix would be calculated. .is study used the
indirect tensile strength of the matrix as the ultimate
tensile strength. .e ultimate tensile strength of the matrix
is shown in Table 8.
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Figure 1: Contraction curve of cement mortar.

Table 6: Measured coefficients of thermal contraction and ex-
pansion at different temperature ranges.

Temperature
range (°C)

.e coefficients of thermal contraction and
expansion (με/°C)

.e coefficient of
thermal

contraction

.e coefficient of
thermal
expansion

−20 to −5 3.3 31.2
−5 to 10 19.2 28.1
10–25 29.4 23.8
25–40 31.1 25.6
40–55 25.7 26.3
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2.5. Semiflexible Pavement Molding. After the specimens
were molded, they would be placed statically for 24 hours.
.e specimens were fixed to the vibration platform, and the
cement mortar was poured into the matrix mixture until the
surface voids were filled under multiple vibrations. .e
specimens were then stored in a curing box at constant
temperature and humidity (temperature 20°C ± 3°C and
humidity >90%) for 7 days. To identify the grouting depth of
cement mortar, a small amount of Sudan dye was added to
color the cement mortar.

.e voids of the matrix can be divided into closed voids
and connected voids. It is difficult to pour cement mortar
into the closed voids. In order to ensure the accuracy, the
amount of cement mortar grouting would be measured. As
shown in the formula (1), the actual air void would be
calculated to select the specimens whose actual air void is
close to target air void. .e density of cement mortar is
1.87 g/cm3. .e test results are shown in Table 9.

Vactual air void �
m

ρ × v
, (1)

where Vactual air void is the actual air void of the matrix, m is
the amount of cement mortar grouting quantity, ρ is the
density of cement mortar, ρ � 1.87 g/cm3, and v is the volume
of the specimen.

As shown in Table 9, by comparing the actual air void
and target air void, the specimens 15-2, 15-3, 15-4, 20-2, 20-
3, 20-6, 25-3, 25-4, 25-5, 30-2, 30-5, and 30-6 were selected
for the follow-up study.

2.6. FiniteElement Simulation. In this study, the semiflexible
pavement structure was used as the simulation prototype,
and the internal stress of the semiflexible pavement was
analyzed by using the two-dimensional plane strain finite
element method. .e peak stress and stress level of the
matrix were calculated considering the expansion and
contraction deformations of the cement mortar. Asphalt
mixture is a typical viscoelastic material, but in order to
simplify the calculation, the linear elastic model is used to
characterize the constitutive model of the asphalt mixture
matrix and cement mortar in the semiflexible pavement
structure. .e basic assumptions are as follows:

(1) .e semiflexible pavement structure consists of the
asphalt mixture matrix and cement mortar. .e
asphalt mixture matrix is a homogeneous and iso-
tropic material.

(2) As cement mortar and matrix asphalt mixture both
produce contraction deformation and expansion
deformation, in order to facilitate the finite element
calculation, the volume of the matrix asphalt mixture
is locked in the finite element model, and the vol-
umetric deformation of cement mortar is defined as
the relative volumetric deformation of the matrix
asphalt mixture and cement mortar.

(3) .e influence of the road surface weight is not
considered.

(4) .e adhesion between matrix and cement mortar is
good, without any separation phenomenon.

To obtain a semiflexible pavement cracking resistance
model, this study cut semiflexible pavement specimens with
different air voids and then used a CCD digital camera to
collect the screenshots of the specimens, as shown in
Figure 2.

Table 7: .e grading design results of the asphalt mixture matrix with different target air voids.

Sieve size (mm) Percent passing
Asphalt content (%)

19 16 13.2 9.5 2.36 1.18 0.6 0.3 0.15 0.075

Air voids (%)

15 100 81.9 60.1 29.2 23.6 14.5 13.1 8.6 5.1 3.4 4.6
20 100 78.7 57.3 25.4 19.4 13.6 12.5 8.4 4.8 3.2 4.2
25 100 74.1 54.0 17.2 15.1 13.7 11.4 8.2 4.5 3.0 3.8
30 100 71.4 51.4 15.2 13.7 12.4 10.6 7.6 4.2 2.7 3.4

Table 8: Ultimate tensile strength of the matrix.

.e air void of the matrix
(%)

Ultimate tensile strength of the matrix
(MPa)

15 0.36
20 0.34
25 0.31
30 0.28

Table 9: .e quantity of grout to the asphalt mixture matrix.

Target air
void (%)

Specimen
number

Cement mortar
grouting volume (g)

Actual air
void (%)

15

15-1 124.16 13.2
15-2 133.57 14.2
15-3 134.51 14.3
15-4 132.63 14.1
15-5 126.04 13.4
15-6 121.34 12.9

20

20-1 171.19 18.2
20-2 181.54 19.3
20-3 178.72 19.0
20-4 167.43 17.8
20-5 163.67 17.4
20-6 177.78 18.9

25

25-1 217.28 23.1
25-2 210.70 22.4
25-3 225.75 24.0
25-4 224.81 23.9
25-5 227.63 24.2
25-6 216.34 23.0

30

30-1 269.01 28.6
30-2 273.72 29.1
30-3 249.26 26.5
30-4 259.61 27.6
30-5 272.78 29.0
30-6 272.78 29.0
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.e images of the semiflexible pavement were imported
into AutoCAD software, and sectional information view was
extracted to indicate the distributions of cement mortar,
matrix, and air, as shown in Figure 3.

Taking the CAD images of the semiflexible pavement as
the calculation model, the CAD images were imported into
the finite element software. .e material parameters were
input, and the contact type was defined. For the boundary
conditions, the upper boundary was bounded, the lower
boundary was fixed (U1 � UR1 � UR2 � 0), the left and right
boundaries were horizontally constrained (U1 � UR1 � UR2
� 0), the meshing partition was controlled using a triangular
element (Tri), and the model had about 300,000 microcells.
.e meshing partition results are shown in Figure 4.

In Figure 4, the green part represents the aggregate, the
white part indicates the cement mortar, and the red part is
the asphalt. By changing the expansion and contraction of
cement mortar, the stress distributions of aggregate and
cement mortar were calculated. Due to the large size of the
model, the computation takes a great deal of time..erefore,
five cross sections of each semiflexible pavement material
with different air voids would be chosen to calculate the
average value.

According to prior research [16–19], the material pa-
rameters of the semiflexible pavement were set up using the
finite element analysis, as shown in Table 10.

Based on Sections 2.2 and 2.3, the contraction strain and
expansion strain range of cement mortar is from −1.33 × 10−3
to 1.92 × 10−3, and the contraction strain and expansion strain
range of the matrix is from −1.24 × 10−3 to 1.25 × 10−3.
.erefore, the relative deformation range of the internal
structure of the matrix and cement mortar is −2.58 × 10−3 to
3.16×10−3. In this paper, the volume of thematrix was locked,
and the volume deformation rate range of cement mortar
during the finite element simulation was set from −4 × 10−3 to
4 × 10−3, with an analysis calculation every 0.5 × 10−3. .e
peak stress of the matrix was calculated under the conditions
of contraction and expansion of the cement mortar.

Taking a 20% air void of the matrix as an example, the
finite element analysis charts of the semiflexible pavement
are as shown in Figure 5.

3. Results and Discussion

3.1. Stress Peak Analysis. .e finite element simulation re-
sults show that the internal stress of the matrix mixture is
related to the contraction and expansion deformations of
cement mortar, as indicated in Figure 6.

Figure 6 shows the following:

(1) Contraction and expansion deformations of the
cement mortar both produce tensile stress in the
matrix. In addition, the stress level of the contraction
deformation is significantly higher than that of the
expansion deformation. Taking a matrix mixture of
15% air void as an example, when the cement mortar
shrinks by 0.2%, the internal stress of the matrix
asphalt mixture is 0.46MPa, but when the cement
mortar expands by 0.2%, the internal stress of the
matrix asphalt mixture is only 0.16MPa; that is, the
contraction stress is 2.8 times greater than the ex-
pansion stress. Meanwhile, the internal stress of the
matrix mixture under the contraction of cement
mortar grows obviously faster than that under the
expansion deformation. It can be seen that the
contraction deformation of cement mortar is the
dominant factor that affects the stress growth of
semiflexible pavement materials. .erefore, if the
stress peak of semiflexible pavement is taken as an
anticracking indicator, the cement mortar contrac-
tion stress should be controlled.

(2) When the cement mortar expands, the internal stress
of the matrix mixture has a good linear relationship
with the expansion deformation. When the con-
traction deformation of the cement mortar is greater
than 0.2%, the internal stress and contraction

(a) (b)

(c) (d)

Figure 2: Cross-sectional images of semiflexible pavement. (a) 15% air void of the matrix; (b) 20% air void of the matrix; (c) 25% air void of
the matrix; (d) 30% air void of the matrix.
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deformation of the matrix mixture show a linear
growth relationship. When the contraction de-
formation is less than 0.2%, the internal stress of the
matrix mixture is a nonlinear growth model, and the
internal stress growth rate decreases with the in-
crease of the deformation amount. It is shown that

the matrix mixture is more sensitive to the change in
stress when the contraction of the cement mortar is
small.

When the cement mortar shrinks and expands, the re-
lationship between air void of the matrix and stress level is as
shown in Figure 7.

It can be seen from Figure 7 that the internal stress of the
matrix increases with the increase of the contraction of
cement mortar. And the air void of the matrix affects the
growth rate of stress. Under the same deformation condi-
tions, the smaller the air void of the matrix mixture is, the
greater the stress and stress growth rate is. For example, the
stress growth rate is about 1.7MPa/% for 15% air void of the

(a)

(b)

(c)

(d)

Figure 4: Finite element model of the semiflexible pavement. (a) 15% air void of the matrix; (b) 20% air void of the matrix; (c) 25% air void
of the matrix; (d) 30% air void of the matrix.

(a)

(b)

(c)

Figure 3: Sectional information view of the semiflexible pavement (15% air void). (a) Aggregate distribution; (b) cement mortar dis-
tribution; (c) distribution of materials.

Table 10: Material parameters of the semiflexible pavement.

Material Poisson’s ratio Elastic modulus (MPa)
Asphalt (25°C) 0.35 1250
Aggregate (granite) 0.28 120000
Cement mortar 0.30 15000
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asphalt mixture matrix, whereas the stress growth rate is
1.3MPa/% for 30% air void of the asphalt mixture matrix.
.us, the lower the air void of the matrix mixture is, the
more sensitive the stress generated by the contraction of the
cement mortar becomes. It can be seen that an appropriate
increase in the air void of the matrix, to a certain extent, can
reduce the cracking caused by the contraction of cement
mortar.

In contrast with the contraction of cement mortar, the
larger the air void of the matrix mixture is, the higher the
internal stress level under an expansion deformation

becomes. In addition, the internal stress produced by ex-
pansion deformation is much lower than that by contraction
deformation.When the air void of thematrix is between 15%
and 25%, the internal stress under the same deformation is
basically the same. When the air void of the matrix asphalt
mixture is more than 25%, the internal stress of the matrix
mixture slowly increases. In general, an increase in the air
void of the matrix has little effect on the internal stress
growth caused by expansion deformation.

According to the analysis above, larger air void of
matrix asphalt structure and less volumetric variation of
cement mortar reduce the internal stress. In the actual
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Figure 5: Matrix mixture stress cloud. (a) 20% air void, 0.2% expansion; (b) 20% air void, 0.2% contraction.
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Figure 6:.e relationship between internal stress of the matrix and
deformation of cement mortar.
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project, after measuring the ultimate tensile strength of
matrix asphalt structure with target air void, the cement
mortar with suitable volume stability can be selected by the
peak stress.

3.2. Strain Control Analysis of Cement Mortar. As a pre-
requisite for the anticracking design of semiflexible pave-
ment materials, the contraction stress and expansion stress
of cement mortar should be less than the ultimate tensile
strength of the matrix asphalt mixture. .erefore,
a threshold value of stress can be set to control the peak
stress of cement mortar. As described in Table 7, the
threshold value of the ultimate deformation of the cement
mortar can be obtained by controlling the ultimate tensile
strength of the matrix mixture. When the deformation is
negative, it indicates a contraction deformation of the ce-
ment mortar, whereas a positive value indicates an expan-
sion deformation.

.e relationship between the stress curve caused by the
contraction and expansion deformations of cement mortar
under different air voids and the corresponding ultimate
tensile strength is shown in Figure 8. .e results calculated
by the interpolation method show that when the air void of
the matrix mixture is 15%, the maximum contraction of
cement mortar should be less than 0.13%, and the maximum
expansion should be less than 0.4%. When the air void of the
matrix is 20%, the maximum contraction of cement mortar
should be less than 0.14%, and the maximum expansion
should be less than 0.4%. When the air void is 25%, the
maximum contraction of cement mortar should be less than
0.12%, and the maximum expansion should be less than
0.38%. When the air void is 30%, the maximum contraction
should be less than 0.12%, and the maximum expansion
should be less than 0.31%.

.erefore, for the matrix and cement mortar used in this
paper, the maximum allowable deformation values of ce-
ment mortar are summarized in Table 11.

According to the above analysis, this study proposes an
anticracking design method of semiflexible pavement ma-
terials. Firstly, the ultimate tensile strength of matrix asphalt
structure with target air void is measured, and the results are
input into a mechanical model for numerical simulation to
determine the maximum allowable strain of cement mortar.
To avoid the cracking of semiflexible pavement, cement
mortar whose maximum contraction strain and expansion
strain are both below the maximum allowable strain is se-
lected to alleviate the internal cracking concern of the
semiflexible mixture.

4. Conclusions

.is study proposed an anticracking design method of
semiflexible pavement materials. .e ultimate tensile
strength of matrix asphalt structure with target air void was
measured, and the results were input into a mechanical
model for numerical simulation to determine the maximum
allowable strain of cement mortar. Based on the laboratory
test results and FEM simulation, the following findings were
obtained:

(1) Both contraction and expansion deformations of
cement mortar produce tensile stress in the asphalt
mixture matrix. .e stress of cement mortar from
contraction deformation is significantly higher than
that from expansion deformation. .e contraction
deformation of cement mortar is the dominant factor
causing internal stress in semiflexible pavement. In
addition, the matrix mixture is more sensitive to the
changes in stress when the less contraction de-
formation of the cement mortar occurs.
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(2) .e expansion deformation of cement mortar
shows a good linear relationship with the internal
stress of the matrix, and the tensile stress produced
by the expansion of cement mortar is much lower
than that caused by contraction. In addition, the
increase in air void of the matrix has little effect on
the internal stress growth caused by expansion
deformation.

(3) Larger air void of matrix asphalt structure and less
volumetric variation of cement mortar reduce the
internal stress. For real projects, the ultimate tensile
strength of the matrix with target air void can be
measured and the peak stress can be used as the
control index to select cement mortar with suitable
volume stability.

.is paper mainly puts forward the research method of
semiflexible pavement internal crack resistance. As the
deformation of asphalt matrix and cement mortar changes
dynamically with temperature and time, and the variation
trend is different, the relative deformation of cement mortar
and asphalt matrix considered in this paper is not very
accurate. In future research, the expansion strain and
contraction strain-time curve of cement mortar and asphalt
matrix will be further studied, and the expansion and
contraction deformations of cement mortar and asphalt
matrix will be simulated by the finite element method, and
the stress change of semiflexible pavement internal structure
will be accurately calculated.
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Stone powder cement (SPC) is widely used as a novel cement substitute material in concrete for its good gelling performance and
low cost. In order to reduce the backfilling cost and assess the potential of SPC backfilling materials, a series of experiments were
conducted to analyze the strength and hydration reaction mechanism of stone powder cement tailings backfill (SPCTB). ,e
analysis was based on SPC and tailings, which were used as the gelling agent and the aggregate, respectively. ,e results showed
that the strength of the backfill was greatly reduced at an early stage and slightly reduced in the final stages. ,e stone powder
content was less than 15%, which met the requirement of mining procedure.,e addition of stone powder reduced the content of
adsorbed water and capillary water in the early stages, while it increased in the middle stages. ,e SiO2 contained in stone powder
reacted with the hydration products at later stages, which is the reason why the growth of strength is rapid between the groups with
the addition of stone powder. ,e addition of stone powder improved the microstructure of backfill and produced a denser three-
dimensional (3D) network structure; however, the plane porosities of Groups A and B gradually increased with the increase in the
content of stone powder. ,e cement powder mixed appropriately with the stone power could meet the strength requirement and
reduce the cost of backfilling materials.

1. Introduction

When manufacturing crushed aggregate, the process creates
a stone powder, which could be collected and used to
produce SPC. ,e majority of particles of stone powder
range from 1 µm to 100 µm, making them difficult to handle,
transport, and recycle. ,e quantity of stone powder pro-
duced from crushed aggregate factories in China is ap-
proximately 10 million tons per year, most of which is
dumped in soil. ,e disposal of stone powder is a major
environmental problem, and therefore, there is a great in-
terest to find solutions for its safe utilization [1]. Portland
cement is used as a gelling agent in traditional backfill in
mines, whereas the high cost of cement needs a suitable and
sustainable low-cost substitute. In China, most of the mines
are in mountainous areas surrounded by quarries where the
stone powder is thrown out every year and causes a lot of

environmental pollution [2]. However, it can be collected
and utilized in backfill. Figure 1 shows a quarry.

Al-Kheetan et al. [3, 4] introduced crystalline material
along with a curing compound in fresh concrete to protect
and extend its service life and developed hydrophobic
concrete by adding dual-crystalline admixture during the
mixing stage. Choi et al. [1] examined the microstructure
and strength of alkali-activated systems using stone powder
sludge, which had some water content as a replacement
material in alkali-activated mixtures that strengthened the
concrete’s ability to withstand extreme variable tempera-
tures and loads. Compared to ordinary concrete, other
properties, including early gain in compressive strength,
durability, and high acid and fire resistance, make it an
appealing construction material. Compressive strengths of
four different natural pozzolans with the replacement level
of 10–25% at various ages were studied [5]. ,e results
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showed that, with the increase in natural pozzolans content,
natural pozzolans replacements reduced the compressive
strengths of concrete due to reduction in cement content
in the mixture. However the compressive strength increases
with age. Several investigations [6, 7] showed that the
compressive strength of mortars with different cements and
incorporating 10% silica fume was about 30–50% higher
than that of plain cements after 28 days.,e strength of silica
fume mortars depends on the water to binder ratio of the
mixture. ,e compressive strength of mortars containing
10% silica fume decreases with the decrease in the fineness of
parent Portland cement. However, it is always higher than
the strength of plain Portland cement after 28 days. In
addition, a previous study [7] showed the reduction of
chloride penetration of silica fume mortars and concretes in
rapid chloride penetration tests (RCPTS). However, there
are a few materials used in mine backfilling, and the research
on these materials is limited.

,e results showed that the stone powder is not completely
inert diluent for the cement. A chemical reaction between
CaCO3, C3A, and C4AF generates C3A·X·CaCO3·11H2O and
ettringite [8]. As the center of hydration process, stone powder
can increase the early rate and degree of hydration [9]. In
addition, SPC results in a smaller consumption of water than
that of the cement of the same standard; when comparing the
bleeding rate of SPC and ordinary cement, Albeck and Sutej
[10–12] found that the bleeding rate of SPC is always less than
that of the ordinary cement, and it also stops bleeding more
quickly. According to El-Didamony et al. [13], the set time of
cement decreases with the increase in the stone powder
content, which means that the SPC has a high early strength.
Consequently, as substituted minerals are added in the cement
paste, stone powder can promote the hydration of cement,
induce the crystallization of cement hydrate products, accel-
erate the hydration of cement, and participate in the hydration
reactions [14]. Previous studies have found that the powder of
silicate minerals could be used as sustainable replacements of
cement. Abd Elmoaty et al. [15] used granite dust to replace
cement with 5–15%, which could improve concrete’s
compressive strength and tensile strength. Kannan et al. [16]
reported that high-performance concrete can be produced

with significant replacement of between 20% and 40% of
Portland cement with ceramic waste powder. Berriel et al.
and Akhlaghi et al. [17, 18] showed that a combination
of calcined clay, limestone, and gypsum, used as the sub-
stitution of Portland cement for up to 50%, can provide
economic benefits while maintaining the mechanical
properties of the cement. However, if the stone powder
content exceeds a certain value, the water demand of the
cement paste will increase, and the fluidity will reduce.
,erefore, in the current work, the possibility of reasonably
using waste stone powder as a partial replacement for ce-
ment has been explored. ,e comprehensive use of stone
powder having the same main ingredients as the mother
rock conforms to the concept of green building materials
and is conducive to sustainable developments in the con-
struction industry [19, 20].

Based on the abovementioned properties of SPC, the
experimental study of stone powder cement tailings backfill
(SPCTB) can be developed. In this study, the physico-
chemical properties and the particle-size distribution of
stone powder and tailings were analyzed using X-ray fluo-
rescence (XRF) and laser particle size analyzer (LPSA). In
addition, the strength characteristics of backfill with dif-
ferent ratios were analyzed to evaluate the feasibility of SPC
used as the cementitious material. ,e microscopic mor-
phology, composition, water evolution, and pore changes of
SPCTB at different ages were examined, and the reaction
mechanism of SPCTB was studied using X-ray diffraction
spectroscopy (XRD), scanning electron microscopy (SEM),
and nuclear magnetic resonance (NMR). ,e use of SPC as
the cementitious material not only reduces the backfilling
costs for mountainous mines but also benefits the con-
struction of “green mines” and achieves no-waste mining.

2. Experimental

2.1. Tailings, Stone Powder, and Cement. Tailings were ob-
tained from Gaofeng mine in Guangxi Province, China,
and were divided into two types (tailings A and tailings B).
,e types of tailings were produced by different benefici-
ation processes. ,e stone powder was obtained from the

Figure 1: Quarry around the mine.
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quarry around the Gaofeng mine (Figure 2). ,e particle-
size distributions of the tailings and the stone powder were
analyzed using a mastersizer 2000 obtained from Malvern
Instruments Inc., UK (Figure 3). ,e characteristic median
diameters d50 of tailings A and tailings B were 25.243 µm
and 31.168 µm, respectively, based on which the tailings
could be considered as ultrafine tailings. ,e median di-
ameter d50 of the stone powder was 16.639 µm due to which
it belonged to the category of ultrafine particles. ,e
nonuniformity coefficient (Cu) and the curvature co-
efficient (Cc) of tailings A and tailings B were (14.56, 0.72)
and (40.02, 0.71), respectively, indicating that the gradation
of tailings A was good, though the tailings B had a wider
range.

,e apparent density, the bulk density, and the contents
of surface water of tailings and stone powder were analyzed

according to the standard GB/T 50080-2016 “Standard Test
Method for Performance of Ordinary Concrete Mixtures.”
,e corresponding results are presented in Table 1. ,e
elemental and chemical compositions of tailings and stone
powder were obtained using XRF and XRD, and the re-
spective results are provided in Table 2 and Figure 4.
According to the chemical composition index [21], the al-
kaline coefficients of tailings A, tailings B, and stone powders
were 3.21, 0.53, and 1.53, respectively. ,ese results showed
that tailings A belonged to the alkaline tailings and tailings B
belonged to the acid tailings.

,e cement from the Xinxing cement factory in
Changsha, China, meets the national standard GB 175-2007
“Common Portland Cement.” ,e mineral composition of
the cement is provided in Table 2. Furthermore, tap water
was used for the experiments.

(a) (b) (c)

Figure 2: Physical appearance of (a) tailings A, (b) tailings B, and (c) stone powder.
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2.2. SpecimenPreparation. In this work, SPC and the tailings
were used as the cementitious material and the aggregate,
respectively. ,e ratios between the two materials, which
were tested in this work, are presented in Table 3. ,e SPC
tailings ratio `(SPCTR), the mass fractions, and the stone
powder dosage of Group A using tailings A and those of
Group B using tailings B were the same.

,e SPCTB components, including stone powder, ce-
ment, tailings, and water, were weighted using a high-
precision electronic scale having an accuracy of 0.01 g.
Mixtures with 10 different formulations (mixing ratios) were
mixed in the laboratory blenders for 5min to ensure ho-
mogeneity. ,en, the mixtures were casted in plastic cubical
molds with the side length of 7.07 cm. A total of 180 sex-
tuplicate specimens (three for UCTand three for NMR) were
prepared (Figure 5).,e specimens were cured in a humidity
chamber at 20°C and 95% relative humidity for different

durations (3, 7, and 28 days) until the prescribed age
reached. After that, the samples were analyzed for their
physicochemical properties.

2.3. Uniaxial Compressive Tests. ,e uniaxial compressive
strength (UCS) at a given time is the most important pa-
rameter to evaluate the mechanical performance of SPC.
Until the predetermined curing time, the SPCTB specimens
were analyzed for USC using a computer-controlled uni-
versal pressure mechanical device (WDW-2000). ,e tests
were performed following the procedure given in the
standard ASTM D2166/D2166M-16. ,e specimens were
loaded under a constant vertical displacement rate of
1mm/min. To reduce the error, the tests were conducted in
triplicates, and the average values were used to determine the
UCS of SPCTB (accurate to 0.1MPa) (Figure 6). ,e in-
dividual strengths of three specimens, molded with the same
characteristics, should not deviate more than 15% from the
mean strength.

2.4. NMR Analysis. During the hardening of backfilling
slurry, the water, pore distribution, and strength of the
backfilling slurry would change with age, and backfill is
formed after hardening. ,e UCS of the backfill is closely
related to the water content in different binding states. ,e
NMR, performed using 1H relaxation signal, can be used to
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Figure 4: XRD patterns of the tailings and stone powder.

Table 3: Backfilling slurry of stone powder cement tailings ratio
(SPCTR), mass fractions, stone powder content, and cement
content.

Group SPCTR Mass
fractions (%)

Stone powder
contenta (%)

Cement
content (%)

A/B 1

1 : 4 70

0 100
A/B 2 10 90
A/B 3 15 85
A/B 4 20 80
A/B 5 100 0
a,e proportion of stone powder in SPC.

Table 1: Physical properties of the tailings and the stone powder.

Class Apparent density Packing density Surface moisture content
Tailings A 3.49 1.24 0.128
Tailings B 2.77 1.17 0.135
Stone powder 2.89 0.99 0.162

Table 2: Elemental composition of the tailings and the stone powder along with the chemical composition of Portland cement (%).

Elemental composition O Fe S Ca Si Mg Al
Tailings A 34.699 23.098 15.857 14.025 4.476 2.117 1.113
Tailings B 44.376 12.662 8.877 9.091 16.24 0.403 3.057
Stone powder 58.301 0.942 0.298 23.279 14.901 0.471 1.273
Chemical composition 3CaO·SiO2 2CaO·SiO2 3CaO·Al2O3 4CaO·Al2O3·Fe2O3
Portland cement 52.8 20.7 11.5 8.8
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measure the porous content in the slurry and the backfill.
,e T2 distribution can be used to analyze the variation in
pore distribution, which has the advantages of non-
destructive detection and good repeatability [22].

,e NMR tests used theMiniMR-60 magnetic resonance
imaging (MRI) analysis system, which was manufactured by
Shanghai Newmai Co. Ltd., China. ,e main magnetic field
of the device was 0.51 T, and the H proton resonance fre-
quency was 21.7MHz.

,e analysis was performed in triplicates, and the av-
erage value for further analysis was calculated. After the
SPCTB specimens reached the specified age (3 d, 7 d and
28 d), the SPCTB specimens were taken out from the
constant temperature and constant humidity curing box and
subjected to NMR relaxation measurements. During the
tests, the SPCTB specimens were wrapped in a cling film to
reduce the impact of water evaporation.

2.5. SEM and XRD Analyses. At the curing times of 3 d, 7 d,
and 28 d, the SPCTB specimen of 1mm2 area was taken from
the core of the specimen and dehydrated with absolute
ethanol to stop the hydration. ,e specimen was dried at
45°C to constant weight and analyzed using XRD and SEM
analyses. ,e experiments used a Siemens D500 X-ray
diffractometer and a TESCAN MIRA3 field-emission
scanning electron microscope for these analyses.

3. Strength Characteristics

,e (statistical) average strength of each group of specimens
and part of the stress-strain curves of these specimens are
shown in Figures 7 and 8, respectively.

(1) At the curing time of 3 days (d), the UCS of Group A
was 0.4-0.5MPa, while that of the Group B was

Metering
water

(a)

A2 A3

B2 B3

(b)

A4 A5

B4 B5

(c)

Figure 5: Production process for the backfill (including metering water and backfilling paste).

Before testing Testing After testing
Gradually destroyed

Figure 6: UCT and destruction process of a 28-day SPCTB specimen containing 10% stone powder.
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0.2MPa. At the curing time of 7 d, the USC of Group
A was 0.6–1.0MPa, whereas that of Group B was
0.6–0.7MPa, which gradually decreased with the
increase in the content of stone powder. At the curing
time of 28 d, the UCS of Group A was 1.6–1.7MPa,
while the USC of SPCTB specimens mixed with the
stone powder was basically the same as 1.6MPa. ,e
USC of Group B was 1.2–1.6MPa, which tended to
decrease with the increase in stone powder’s USC. In
addition, the USC suddenly increased to 1.5MPa at
the stone powder content of 20%.

(2) ,eminimum requirements for the backfill strength of
mine stopes at the curing times of 3 d, 7 d, and 28d
were 0.25MPa, 0.7MPa, and 1.4MPa, respectively.
Group A met the 3d backfill strength requirements,
while the strength’s value for Group B was too low.,e
content of stone powder in Group A was varied to

values of 0%, 10%, and 15%, while Group B1, which
was not doped with stone powder, satisfied the re-
quirements of 7 d backfill strength.While for the curing
time of 28d, only Groups B3 and B4 did not meet the
backfill strength requirements. Furthermore, Groups
A1, A2, and A3 met the requirements of the backfill
strength with less than 15% of the stone powder
content. ,e backfill strength of groups that met the
requirements had a certain safety factor, which could
be changed according to the actual conditions of the
stopes andwas based on theminimum requirements of
the mine. ,e ratio of the backfill material and the
content of the stone powder were adaptable to the
environmental parameters of the stopes, which ensured
that safe and efficient recovery of backfill material ratio
parameters can be selected for the mine.

(3) ,e intensity ratio after the curing times of 3 d, 7 d,
and 28 d for Group A gradually changed from 1 : 2 : 4
to 1 : 2 : 6 with the increase in the content of stone
powder. After the stone powder was mixed, the UCS
of the SPCTB specimens was reduced, which increased
rapidly after 7 days. Additionally, themore the powder
added, the faster the increase in the USC value.

(4) With the increase in the content of stone powder,
the peak strength and the elastic modulus of the
specimen gradually decreased. In addition, the peak
strength appeared under the condition of larger
strain. ,e strength and the elastic modulus of the
specimens after the curing time of 3 d were low, and
the plastic deformation of the specimens was large.
,e elastic modulus of Group A3 after the curing
time of 28 d was lower than that of Group A1 after
7 d. ,e increase in the content of stone powder
reduced the elastic modulus of the backfill. ,e
residual strengths of the six groups of backfill
specimens in the postfailure were large and de-
creased slowly and gradually to stable values, which
ensured that the backfill had sufficient strength to
keep the backfill and stopes stable.

4. Results and Discussion

4.1. Various States of Bound Water. With the hydration of
backfilling slurry, a part of the water in the slurry did not
participate in the hydration reaction, which was either se-
creted or evaporated into the air. ,e rest remained in the
backfill. Water in the hydration backfilling slurry was divided
into free water, capillary water, adsorbed water (physical
adsorption through hydrogen bonding), interlayer water, and
chemically bound water.,e loss of water gradually increased
as the fluidity of the water gradually deteriorated.

After the NMR sampling, the T2 distribution of the
slurry, which was obtained by T2 inversion software, is
shown in Figures 9(a) and 10(a). In these figures, the hor-
izontal axis is the relaxation time T2, while the vertical axis is
the signal intensity. ,e peaks from left to right are defined
as Peak 1, Peak 2, and Peak 3. Previous relevant studies have
shown that different bound states have different T2

0 1 2 3 4 5
0.0

0.4

0.8

1.2

1.6

A3-3d

A3-28d

A4-7d
A3-7d

A2-7d

A
xi

al
 st

re
ss

 (M
Pa

)

Axial strain (%)

A1-7d

Figure 8: Stress-strain curves at the curing time of 7 d of Group A
and at the curing times of 3 d and 28 d of Group A3.

A1 A2 A3 A4 B1 B2 B3 B4
0.0

0.5

1.0

1.5

2.0

Standard strength
of 7d = 0.7MPa

Standard strength
of 28d = 1.4MPa

U
ni

ax
ia

l c
om

pr
es

siv
e s

tr
en

gt
h 

(M
Pa

)

Group

3d
7d
28d

Figure 7: Uniaxial compressive strength of each group of speci-
mens at the curing times of 3 d, 7 d, and 28 d (according to the mine
information 7 d and 28 d compressive strengths need to reach
0.7MPa and 1.4MPa, respectively. A5 and B5 groups are not
analyzed for compressive strength).

6 Advances in Materials Science and Engineering



distributions of water. Each peak represents a particular
bound state of water. ,e tighter the water bound is, the
worse mobility the water has and the shorter the relaxation
time T2 is [23–25]. Since the time of relaxation of chem-
isorbed water in the slurry and interlaminar water is short
and the Carr–Purcell–Meiboom–Gill (CPMG) experiment
cannot acquire the NMR signal, Peak 1 could be considered
as the relaxation signal generated by the adsorbed water.
Peak 2 was generated by the capillary water, and Peak 3 was
generated by the free water. ,e relaxation time represented
the various states of bound water, whereas the signal in-
tensity represented the content of water and the spectral area
represented the content of water of the same type.

(1) ,e relaxation times of Peak 1 of Groups A and B
were nearly the same, followed by those of Peak 2 and
Peak 3. In the T2 spectrum, the amplitudes, the
signal peak intensities, and the peak areas of Peak 1
and Peak 2 in Group B were larger than those in
Group A, which indicated that there were more
adsorbed water and capillary water in Group B.
With the increase in the curing time, the relaxation
time did not change significantly, and the peak
amplitude decreased, indicating that the contents of
various types of water in the backfill specimen de-
creased with the increase in curing time. In Groups A
and B, the proportion of Peak 1 was more than 97%,
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FIGURE 9: (a) NMR T2 spectrum distribution and (b) areas of Peak 1, Peak 2, and Peak 3 after the curing time of 3 d.
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Figure 10: (a) NMR T2 spectrum distribution and (b) areas of Peak 1, Peak 2, and Peak 3 after the curing time of 7 d.
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indicating that the majority of adsorbed water was
contained in the backfill specimen.

(2) After the curing time of 3 d, the contents of adsorbed
water and capillary water in the backfill specimen
gradually decreased with the increase in the content
of stone powder, while the content of free water
increased. Under the same proportioning parame-
ters, the content of bound water in Group B exceeded
than that in Group A, which indicated that different
tailings had some influence on the change in water
content in the backfill specimen.

(3) Since some free water adsorbed on the stone powder
particles (SPPs) after 3 d, which caused the decrease in
capillary water and the content of adsorbed water in
the system, there was no medium for hydration re-
action and the rate of hydration reaction was reduced.
,e adsorbed water and the free water in the backfill
specimen decreased with the increase in the content of
stone powder, whereas the content of capillary water
increased as well. However, with the hydration re-
action going on, the free water adsorbed on SPP
gradually entered the pores and became the medium
of hydration reaction. ,is was also the reason why
the strength of SPCTB increased significantly in the
later stage of the addition of stone powder.

,e three peak relaxation time ranges and the corre-
sponding water categories are provided in Table 4. Each group
NMR T2 spectrum distribution and the peak areas after the
curing times of 3 d and 7 d are shown in Figures 9 and 10.

4.2. Analysis of the Pore Structure. ,e microstructure of the
cross section of the specimen with different proportions after
28 d was obtained using SEM with the magnification of 5000
times. Figures 11(a) and 11(b) show the two micromor-
phologies of Groups A4 and B4. ,e results show that the
gelled structure was fairly compact, though there were some
pores around the particles. As can be seen, the structural
stability was good when the particles were densely packed.
,e cementing mesh structure was compact, and the pores
were small. ,e gray areas in SEM images were small, based
on which the variation in plane porosity in different pro-
portions can be observed [26, 27].

,e images were binarized to ensure the preciseness of
the pore results. ,e process is also known as the threshold
segmentation. In view of the differences between the
grayscale distribution and the values of the pixels of the
particles, the cementing structure, and the pores, the pores in
the image could be calculated using the binarized image.
Assuming that the size of the SEM image was M × N, f(x)

represented the gray area of the pixel located in the line
(x− 1) and column (y− 1) of the image. ,e principle of
binarization of the SEM image is given as follows:

f(x, y) �
0, f(x, y)<T,

1, f(x, y)>T,
 (1)

where T represents the threshold grayscale. ,e SEM image
can be binarized and converted to a black-and-white image,

which is represented by a matrix of black-and-white pixels,
in which 0 is the white pixel and 1 is the black pixel, and
represents the pores and particles, respectively. With the
help of Image-Pro Plus software, and for the threshold of 35,
the SEM image of every group was processed (Figures 11(c)
and 11(d)). ,e number and the area of pores contained
within each group were calculated, and the plane porosity
was determined. Each image consisted of four sets of data in
four different positions to avoid any accidental error. ,e
plane porosities of Groups A and B were linearly fitted and
are shown in Figure 12.

(1) Fitting curves of Groups A and B are represented
by the equations: Y � 0.1594X + 2.033 and Y �

0.8894X + 8.178, respectively. It can be seen that the
plane porosities of Groups A and B gradually in-
creased with the increase in the content of stone
powder, which led to the decrease in the intensity of
the SPCTB specimen.

(2) For the same ratio, the plane porosity of Group B was
larger than that of the Group A. Because of this, not
only the stone powder but also the nature of tailings
will have an effect on the change in pores. ,e plane
porosity of Group B increased faster, indicating that
the addition of stone powder exhibited a greater
influence on the plane porosity of SPCTBmade up of
tailings B.

4.3. Analysis of the Hydration Products. ,e results for the
component analysis (done using XRD) are shown in Fig-
ure 13. ,e figure shows the hydration products of backfill
specimens after different curing times. Based upon the re-
sults, the following conclusions can be drawn:

(1) ,ere was no hydration product in the backfill in the
absence of cement, indicating that the stone powder
was in an inert state, and therefore, the hydration
reaction did not occur. Gypsum existed throughout
the hydration process, while in CTB and SPCTB,
gypsum almost disappeared after the curing time of
28 d, indicating that the gypsum in tailings and the
cement were involved in the hydration reaction.

(2) Some C-S-H gel dispersions and hydroxide diffrac-
tion peaks appeared in the SPCTB and CTB after the
curing time of 3 d, though they were not very obvious.
With the increase in the hydration time, some dis-
persive peaks with low intensity and discrete dif-
fraction angles appeared after the curing time of 28
days. ,ese were ascribed to C-S-H dispersion. At the
same time, there was an increase in the diffraction

Table 4: Relaxation time range of Peak 1, Peak 2, and Peak 3 and
the corresponding bound state water.

Peak Peak 1 Peak 2 Peak 3
Relaxation time range,
T2 (ms) 0.3∼3 7∼60 78∼310

Bound-state water Adsorbed
water

Capillary
water

Free
water

8 Advances in Materials Science and Engineering



peak of the hydroxide, which indicated that the hy-
dration reaction continued with the increase in curing
time. AFt and some AFm in hydration products after
the curing time of 3 d gradually decreased after 7 d
and 28 d, which indicated that the hydration products
at the early stage were mainly AFt, while at the later
stage, they were the C-S-H gel.

(3) Comparing Figure 13(a) with Figure 13(b), it can be
seen that the intensities of AFt and AFm diffraction
peaks in SPCTB were weaker at 3 d, while AFt was
the main reason for the early strength of backfill.
,erefore, the early strength of SPCTB would be
lower. At 28 d, Ca(OH)2 diffraction peaks were
weaker and C-S-H gel dispersion peaks were basi-
cally the same, indicating that the stone powder
consumed Ca(OH)2 to generate C-S-H gel after the
hydration reaction, which was more stable than AFt.
,is ensured the poststrength and volume stability of
SPCTB.

4.4. Analysis of the Micromorphology. Figure 14 shows the
microstructural and micromorphology features of different
cementitious materials at different curing times. Based upon
the results, the following conclusions are drawn.

(1) For the curing time of 7 d, a large amount of hydration
products, including a large amount of acicular AFt
crystals, some amorphous C-S-H gel, some stone
powder, and tailings particles were formed in the CTB
and SPCTB. Acicular AFt crystals grew on the surface
and in the pores of the particles, which developed into
a three-dimensional (3D) network structure that was
covered with SPP and tailings particles, having some
early strength. AFt of the SPCTB acicular crystal grew
sparser, though themicrostructure was more compact
than the CTB. ,is was due to the reason that the

10μm

(a)

10μm

(b)

(c) (d)

FIGURE 11: Microtopography and its binarized image; (a) magnified SEM image of Group A4; (b) magnified SEM image of Group B4;
(c) Group A4 after binarization; (d) Group B4 after binarization.
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plane porosity of Groups A and B after the curing time of 28 d.
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shape of SPP can fill the pores formed by the rod-
shaped tailings particles.

(2) For the curing time of 28d, the AFt crystals of acicular
structure almost disappeared. ,e amorphous C-S-H
gel grew on the surface of tailing particles and closely
combined with it. Compared with the results for the
curing time of 7 d, the microstructure was more
compact. ,e strength of backfill and the other aspects
were improved for amorphous and rod-like C-S-H gel
structure, which grew in the original pores and was
tightly combined with the tailings particles. ,e SPP

became obscure, while the smooth surface became
uneven, indicating that the stone powder reacted with
the hydration products to generate secondary products.
,e growth of a rod-like structure in the pores and the
overall absence of obvious pores indicated that the
microstructure was basically similar to that of the CTB.

4.5. ReactionMechanism of SPC in Backfill. According to the
different times and the characteristics of hydration between
the SPCTB and CTB, the hydration process of backfilling
material system can be divided into following four stages:
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Figure 13: XRD patterns of the hydration products; (a) cement tailings backfill (CTB); (b) stone powder cement tailings backfill; (c) stone
powder tailings backfill (SPTB). AFt represents ettringite; AFm represents monosulfate hydrate.
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dissolution period, condensation period, infiltration period,
and hardening period. Figure 15 shows the model of hy-
dration process of SPCTB.

(1) Dissolution Period. One mechanism [28] of hydra-
tion of Portland cement shows that the through-
solution hydration involves the dissolution of an-
hydrous compounds into their ionic constituents,
which results in the formation of hydrates in the
solution.,is phenomenon happens due to their low
solubility and eventual precipitation of the hydrates
from the supersaturated solution. From SEM images
of 3D hydrating cement pastes (Figure 15), it appears
that the through-solution mechanism is dominant in
the early stages of cement hydration. ,e hydration
reactions are most violent during the dissolution
period. C3A and C4AF in the cement particles dis-
solved first and produced large amounts of [AlO4]−,
[SO4]2−, [Ca]2+, and [OH]− ions. However, both SPP
and tailings dissolved in water containing these ions.
Water acted as a reaction medium in the violent
hydration reaction of these ions.

(2) Condensation Period. Depending on the concen-
tration of aluminate and sulfate ions in the solution,
the precipitating crystalline product is either calcium
aluminate trisulfate hydrate or calcium aluminate
monosulfate hydrate. In solutions saturated with

calcium and hydroxyl ions, the former crystallizes as
short prismatic needles and is also referred to as high
sulfate or by its mineralogical name, ettringite (AFt
crystals).,emonosulfate is also called low sulfate and
crystallizes (AFm crystals) as thin hexagonal plates.
,e relevant chemical reactions may be expressed
using the reaction equations [28].

Ettringite:

AlO4 
−

+ 3 SO4 
2−

+ 6[Ca]
2+

+ aq.⟶ C6AS3H32 (2)

Monosulfate:
AlO4 

−
+ SO4 

2−
+ 4[Ca]

2+
+ aq.⟶ C4ASH18 (3)

,e hydration reaction produced a large number of
acicular AFt crystals and hexagonal plate-shaped AFm
crystals. AFt is the main cause of the early strength of the
specimens and represents the generation of AF. It is also the
beginning of coagulation period and reaches the final co-
agulation state until the complete formation of AFt crystals.
At the same time, the hydration reaction will also generate
a part of amorphous C-S-H gel, which is attached to the
surface of tailings particles and SPP.

(3) Infiltration Period. At later ages of hydration re-
action, when the ionic mobility in the solution
becomes restricted, the hydration of residual

SPP

AFt Micro
structure

10μm

(a)

Pores

SPP

AFt

10μm
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C-S-H
gel

SPP
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SPPMicro 
structure
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Figure 14: SEM image of the hydration product in the backfill; (a) CTB at 7 d; (b) SPCTB at 7 d; (c) CTB at 28 d; (d) SPCTB at 28 d.
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cement particle may occur through solid-state re-
actions. Meanwhile, stone powder acts as nucle-
ation sites for hydration products [29]. It is not
surprising that the inclusion of stone powder in-
creases the rate of hydration. At the same time,
according to Section 4.3 of hydration products, the
proportion of SiO2 decreased in 7 d and 28 d, which
means that SiO2 reacted with hydration products.
In this period, C3S and C2S in cement dissolve in
water in large quantities and start the hydration
reaction. A large amount of C-S-H gel, [Ca]2+, and
[OH]− are formed to produce the strong alkaline
environment. AFt crystals and AFm crystals formed
in the coagulation period under the strong alkaline
environment rapidly dissolve and are converted
into more stable C-S-H gel. ,e unstable structure
of the surface of stone powder will be destroyed by
the strong alkaline environment, and the strong
alkali and active SiO2 of stone powder react to
generate C-S-H gel covering the surface of the stone
powder. When the osmotic pressure and other
factors are not sufficient to drive the continued
inward layer reaction, the hydration reaction on the
surface of the stone powder would stop. Figure 16
shows the relative amount of hydration products
during hydration age.

(4) Hardening Period. According to the micromor-
phology analysis of 28 d, the products of C-S-H gel in
the pores and on the surface of the stone powder are
gradually formed, whereas the C-S-H gel of every
part gradually contacts with other parts to form
a stable 3D network-like gel structure, which tends to
be stable. In this case, the reaction medium is the
little amounts of capillary water and free water.
Afterwards, the hydration reaction slows down, and
the hydration reaction time continues to increase
even for several years.

During the condensation period, the amount of the
cement SPP system is relatively small, and many parts are
needed to be cemented.,e existing infiltration period slows
down the rate of hydration reaction, resulting in low early
strength of the SPC system. In the later stage of the in-
filtration period and the hardening period, the stone powder
begins to participate in the hydration reaction, and the
strength of the SPC system increases rapidly. At present, the
strength has been analyzed only for the curing time of 28 d,
while the increasing trend of strength even after 28 d has not
been studied.,is part of the experiment needs to be studied
in a future work to further discuss the reaction mechanism
of the SPC in backfill.

5. Conclusions

In this paper, the backfill specimens consisting of stone
powder, cement, and tailings were analyzed to study whether
the strength of SPCTB meets the requirements of mine
backfilling or not. ,e reaction mechanism of SPC in
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backfilling slurry hardening process has also been analyzed.
,e analysis was conducted using techniques, including
uniaxial compressive tests (UCTs), nuclear magnetic reso-
nance (NMR), scanning electron microscopy (SEM), and
X-ray diffraction (XRD).,emain conclusions are as follows:

(1) With the increase in the stone powder content, the
strength of each age gradually decreases, whereas
different types of tailings also affect the strength of
backfill specimens. ,e strength of Group A with the
content of stone powder less than 15% meets the
requirements of mine backfilling strength, and
therefore, it is more practical for potential applica-
tions inmines.,e incorporation of stone powder will
reduce the early strength of the backfill specimens,
while it promotes the strength growth during the
hydration reaction in the middle and later stages.

(2) ,e incorporation of the stone powder will affect the
proportion of all kinds of bound states of water in the
backfill specimens. With the increase in the stone
powder content, the adsorbed water decreases
gradually, while the capillary water increases at 3 d,
which reduces the rate of hydration reaction.
However, it decreases for 7 d period, which results
from the free water adsorbed on SPP that gradually
enters the pores and becomes the medium of hy-
dration reaction. ,is was also the reason why the
strength of SPCTB increased significantly in the later
stage of the addition of stone powder.

(3) ,e incorporation of stone powder will increase the
plane porosity of backfill specimens for 28 d curing
period, which will lead to the decrease of strength.
Different types of tailings will affect the plane po-
rosity. ,e backfill specimens consisting of tailings B
have larger plane porosity.

(4) When only the stone powder is used as the ce-
mentitious material, the hydration reaction would
not occur, while the hydration reaction occurred in
Groups 2, 3, and 4. ,e results showed that SiO2
contained in stone powder reacted with hydration
products at later stages of hydration reaction. ,e
hydration products of SPCTB were mainly AFt at the
early stages and amorphous C-S-H gel in the final
stage. ,e stone powder particles disappeared in the
final stage, indicating that the stone powder reacted
with the cement hydration product in themiddle and
later stages. Additionally, it participates in the hy-
dration reaction, which further promoted the in-
crease in strength of the backfill specimens.
Meanwhile, the C-S-H gel and the stone powder
hydration products are closely combined, forming
a close three-dimensional mesh structure.

(5) ,e hydration process of the backfilling material
system can be divided into following four stages:
dissolution period, condensation period, infiltration
period, and hardening period. At the third and
fourth stages of hydration reaction, the stone powder
acts as nucleation sites for the hydration products. At

the same time, the unstable structure of the surface of
stone powder will be destroyed by the strong alkaline
environment, and the strong alkali and active SiO2 of
stone powder react to generate C-S-H gel covering
the surface of the stone powder. When the osmotic
pressure and other factors are not sufficient to drive
the continued inward layer reaction, the hydration
reaction on the surface of the stone powder would
stop.
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+eMarshall method is today considered the standardmethod of asphalt mixture design for practical engineering applications. By
using this method, engineering designers reap the benefits of its easy implementation and inexpensive equipment requirements.
However, the Marshall method also has shortcomings and limitations, such as the difficulty in simulating the actual working
conditions of a road under heavy load.+erefore, it is desirable to develop alternative methods for designing asphalt mixtures that
can simulate the actual conditions under which the road will be used and so enable technically superior road construction. +e
emergence of the gyratory testing machine (GTM) method represents a new direction in asphalt mixture design that could plan
more effectively for heavy loads in a hot and humid environment. In this paper, the two design methods are compared on the basis
of the oil-stone ratio, high-temperature stability, water stability, and rutting resistance of the mixes they recommend. We put
forward an improved GTM method suitable for the high temperatures and heavy traffic in Guangdong Province. +is work
provides a foundation for the large-scale popularization and application of the GTM method.

1. Introduction

+e premature destruction of asphalt pavement in high-
grade Chinese highways mainly occurs through the for-
mation of grooves, oil pan, and water damage. Studies have
shown that these early failure phenomena are attributable to
a high asphalt content, the low density of the mixture, the
degree of compaction, high porosity, or poor gradation
[1–4]. At present, the most commonly used asphalt mixture
design methods are the Marshall method, the Wim method,
the superpave volume method, and the gyratory testing
machine (GTM) method. +e formation process with the
GTM method simulates the actual conditions experienced
by the road, enabling the design of an asphalt mixture with
good antirutting performance. Due to this major advantage,
GTM is gaining increasing attention in national road en-
gineering circles [5–10].

At present, asphalt mixtures designed using the Marshall
method cannot control the density of the final specimen

formed, which means that the porosity cannot be adequately
controlled. In theory, GTM design takes the final density of
the pavement mixture as a design constraint. +is signifi-
cantly remedies some of the flaws inherent in the Marshall
design method. +e early GTM design method was mainly
aimed at preventing the deformation of the rut and did not
pay special attention to the durability, aging resistance, and
fatigue resistance of the pavement structure. And the GTM
method has not proposed a special method for the selection
of aggregate gradation; hence, only the traditional grading
specifications and determining methods were used (used in
the Marshall design method). In addition, it is still con-
troversial for how to use GSI and GSF indicators to de-
termine the best asphalt ratio of asphalt mixtures. +erefore,
the early GTM design method is necessary to be improved.

+e density of a GTM-designed asphalt mixture at
equilibrium is determined by instrumental parameters
such as the machine angle, vertical pressure, and test
temperature. However, it can be challenging to determine

Hindawi
Advances in Materials Science and Engineering
Volume 2018, Article ID 7328791, 7 pages
https://doi.org/10.1155/2018/7328791

mailto:ljbzh@126.com
http://orcid.org/0000-0002-6270-1844
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/7328791


the optimal oil-stone ratio for the GTM method due to
a lack of consensus as to the appropriate gyratory stability
index (GSI), with some scholars advocating for using a GSI
of 1, and others, a GSI of 1.03. Additionally, the perfor-
mance of mixtures designed using the GTM method is not
demonstrably superior, indicating that the method still
needs improvement.

2. A Comparative Analysis of the Improved
GTM and Marshall Methods

2.1. Selection of Raw Materials

2.1.1. Selection of Asphalt and Minerals. +e asphalt used in
this study is Grade A No. 70 asphalt produced by the China
National Petroleum Company (CNPC). Its technical in-
dicators are in accordance with the requirements of current
Chinese regulations [11] (Table 1). +e coarse aggregate is
granite gravel produced by Qingyuan (stone specifications:
11–22mm, 11–16mm, 6–11mm, and 3–6mm), and fine
aggregates are granite produced by Qingyuan. +e filler is
ground limestone produced by Conghua, and the anti-
stripping agent is a cement produced in Pingtang Town. Its
technical indicators are in accordance with the requirements
of current Chinese regulations [11] (Table 2). To minimize
variability in the test data, the aggregates were washed and
sieved and then backmatched.

2.1.2. Selection of Mineral Aggregate Gradations. GTM ro-
tary compaction andMarshall compaction tests were carried
out on four kinds of AC-16-type asphalt mixtures commonly
used in Guangdong Province.+e high-temperature stability
and water stability of the mixes produced using the two
methods were compared and analyzed.+e gradations of the
mineral aggregate tested are listed in Table 3.

2.2. Determination of the Best Oil-Stone Ratio Using the
Marshall Method. Marshall asphalt mixture tests were
carried out according to the current standard practice in
China, being compacted 75 times on both sides at a com-
paction temperature of 140°C–150°C. +e best oil-stone
ratios for each gradation were determined by plotting the
data and are shown in Table 4. Both light and heavy traffic
were considered in determining the optimum oil-stone ratio,
for which design porosities of 4.0% and 5.0%, respectively,
were adopted.

Table 4 indicates the following:

(1) +e characteristics of gradations 1 and 2 are very
similar to each other and are consistent with past
experience; gradations 3 and 4 also show very similar
characteristics to each other but differ significantly
from 1 and 2. It is necessary to use a higher pro-
portion of asphalt to achieve the same porosity for
gradations 3 and 4.

(2) +e VMA (voids in mineral aggregate, calculated by
theoretical maximum relative) with the best oil-stone
ratio for gradations 1 and 2 does not meet the

requirements of the specification [11]. To meet the
requirements, the porosity would need to be reduced
to 3.5%, significantly increasing the amount of as-
phalt required.

(3) New technical specifications for asphalt pavement
construction have recently been published [11].
Because the absorbency of asphalt is taken into ac-
count in the calculation of mineral aggregate po-
rosity, the calculated VMA is ∼1–2% lower than that
with the previous method. +is has rendered it the
most difficult requirement to meet in gradation
design. For the materials used in this case, the
composition of gradations 1 and 2 should be ad-
justed according to the actual materials that would be
used. Adjusting the size of the gradation is the
simplest way to make the indicators of the Marshall
test meet the requirements.

(4) When designing for heavy traffic, the best oil-stone
ratio of AC-16 asphalt was reduced by 0.3–0.5%.
However, only the porosity and not the saturation
and mineral aggregate gap met the requirements
[12].

2.3. Improved Optimal Design of the Oil-Stone Ratio Using the
GTM Method. In the GTM test, each asphalt mixture was
molded according to ASTMD3387.+e rotation parameters
were set to a vertical pressure of 0.7MPa and a machine
angle of 0.8° (oil pressure gauge); the specimen model was
controlled as a limit equilibrium. +e sample diameter was
set at 101.6mm and the mold temperature at 60°C, and the
initial temperature of compaction was 140–150°C. +e test
results are shown in Figures 1–6.

Figures 1–6 indicate that the gyratory shear factor (GSF)
of the asphalt mixtures tested is greater than 1.3 and the
rotation stability coefficient, GSI, is less than 1.05. It is not,
however, possible to meet the requirements of the design
[11] (Table 5) using either the initial GTM design method
(when the gyratory stability index, GSI, is close to 1.0, the
corresponding amount of asphalt is the maximum amount
of asphalt in the mixture, and when the GSF of the mixture is
greater than 1.0, the mixture density reaches the maximum
value) or the results of relevant research (GSI � 1.05, oil-
stone ratio for GSF >1.3) as the best asphalt mix dosage
standards.

It is therefore necessary to find an alternative method for
determining the optimum amount of asphalt for the GTM
mixture. We have devised an improved GTM asphalt
mixture design methodology for selecting the best oil-stone
ratio, as follows:

(1) As in Figures 1–6, data are plotted using the oil-stone
ratio or weight of asphalt as the abscissa and the
volume index andmechanical indicators of the GTM
specimens on the vertical axis. A smooth curve is
plotted to fit the results.

(2) Firstly, the asphalt dosage range OACmin–OACmax
(OAC � optimum asphalt content) that would meet
the technical standards for GTM design of an asphalt
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Table 3: Selected AC-16 asphalt mixture design gradations.

Gradation number
Sieve hole (mm) pass rate (%)

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
1 100 100 95.0 80.0 60.0 40.0 29.5 22.0 17.5 13.0 9.5 6.5
2 100 100 97.5 80.0 60.0 35.0 26.5 22.0 17.5 13.0 9.5 6.5
3 100 100 97.5 82.5 68.0 52.5 41.0 29.5 22.0 16.0 11.0 6.0
4 100 100 97.3 78.5 56.9 30.0 23.0 19.3 15.6 11.9 9.0 6.5

Table 4: Summary of the oil-stone ratios for asphalt mixtures selected using the Marshall method.

Gradation
number

Selected
oil-stone
ratio (%)

+eoretical
maximum
relative

density (g/cm3)

Measured
density (g/cm3)

Porosity
(%)

Mineral material
clearance rate (%)

Saturation
(%)

Marshall
stability (kN)

Flow
value (0.1mm)

1 Light load 4.47 2.502 2.401 4.0 13.0 68.9 13.05 35.0
Overload 4.17 2.512 2.387 5.0 13.2 62.3 13.20 33.5

2 Light load 4.56 2.504 2.405 4.0 13.0 69.6 11.70 33.0
Overload 4.15 2.518 2.391 5.0 13.1 61.5 12.50 28.0

3 Light load 4.84 2.488 2.388 4.0 13.5 70.2 13.30 23.9
Overload 4.50 2.499 2.374 5.0 13.7 63.5 14.80 24.4

4 Light load 4.98 2.488 2.388 4.0 14.0 71.3 9.60 34.9
Overload 4.60 2.501 2.375 5.0 14.2 64.5 9.70 34.9

Table 2: Aggregate physical and mechanical indicators.

Material name
Test project

Apparent relative
density (g/cm3)

Gross volume relative
density (g/cm3)

Needle particle
content (%)

Crushing
value (%)

<0.075 particle
content (%)

Water
absorption (%)

11–22mm gravel 2.740 2.699 5.5 — 0.3 0.56
11–16mm gravel 2.744 2.701 4.8 11.7 0.2 0.63
6–11mm gravel 2.752 2.692 — — 0.4 0.82
3–6mm gravel (≥2.36mm) 2.726 2.652 — — 2.1 1.02
3–6mm gravel (<2.36mm) 2.705 2.644 — — 0.96
0–3mm gravel (≥2.36mm) 2.725 2.639 — — 4.8 1.21
0–3mm gravel (<2.36mm) 2.714 2.639 — — 1.06
Filler 2.784 — — — — —
Cement 3.099 — — — — —

Table 1: No. 70 asphalt test results.

Test Method Specified value Measured value

Penetration (0.1mm)
25°C, 100 g, 5 s 60–80 61
15°C, 100 g, 5 s — 20
30°C, 100 g, 5 s — 113

Penetration index (PI) — −1.5 to +1.0 −1.42

Ductility (cm) 5 cm/min, 15°C ≮100 >100
5 cm/min, 10°C ≮15 >100

Softening point (°C) Ring and ball method ≮46 47.0
Dynamic viscosity (Pa·s) 60°C ≮180 191.9
Kinematic viscosity (Pa·s) 135°C — 0.365
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mixture (Table 5) is determined. +e selected range
of bitumen usage must cover the full range of po-
rosity. Furthermore, it should cover as much of the
range in the asphalt saturation requirements as
possible and produce a peaked GSF curve. If the full
range of design porosity is not covered, the test must
be repeated.

(3) +emaximum density, a1, themaximum shear safety
factor GSF, a2, the target void fraction (or median),
a3, and the asphalt dosage, a4, in the asphalt satu-
ration range are taken from the curves. If the range of
asphalt used in the test fails to cover the required
range of asphalt saturation, the average value of a1,
a2, and a3 is taken as OAC1. If the GSF or the density
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does not reach a peak value, we take the goal porosity
corresponding to bitumen quantity a3 as OAC1.
OAC1 must be in the range OACmin–OAC max, or
else the design should be remixed.

(4) +e median value of OACmin–OAC max with in-
dicators in line with technical standards (excluding
VMA) is used for OAC2.

(5) +e median of OAC1 and OAC2 is used as the best
asphalt OAC.

(6) On the basis of the optimum amount of asphalt, we
determine the voidage and check whether the VMA
meets the technical requirements.

Applying this improved GTM design methodology to
the experimental results shown in Figures 1–6, we de-
termined the best oil-stone ratio for each gradation (Table 6).

2.4. Contrastive Analysis of the Two Design Methods

(1) For an asphalt mixture with the same proportions,
the GTM specimen density was 1.52–3.36% higher
than that from the Marshall method (Table 7). +e
percentage density increase varies with gradation
and also differs for different oil-stone ratios at the
same gradation level. +e density decreases with an
increase in the asphalt content.

(2) Changes in the density, porosity, and mineral void
ratio of GTM specimens with a change in the oil-
stone ratio are similar to those observed with the
Marshall method. When the oil-stone ratio is
identical, the porosity and mineral aggregate clear-
ance rate in asphalt concrete designed by GTM are
much lower than in that designed with the Marshall
method. +is is advantageous for the stability and
durability of the road.

(3) With a change in the oil-stone ratio, the change in
GTM GSF is similar to that of Marshall, and there is
a peak or abrupt change point. +e GSF can be used
as an indicator of shear strength. It can also be used
to evaluate the sensitivity of gradation shear strength
to variation in the mass ratio. When the GSF for

asphalt changes slowly, it can be considered that
the shear strength is less sensitive to the amount
of asphalt. Asphalt has better high-temperature
performance when the GSF for asphalt changes
slowly.

(4) +e asphalt content that would be selected on the
basis of the Marshall method is higher than the
maximum quantity determined with the GTM
method at 0.7MPa pressure. +is may lead to rutting
and the emergence of oil pan. Even when using the
heavy traffic standard in the Marshall method, this
problem is not fundamentally resolved. Additionally,
the increased porosity would lead to poor water
stability, and the degree of compaction would need
to be increased to 99%.

3. Performance Test of an Antirutting Asphalt
Mixture Designed with the GTM Method

3.1. High-Temperature Stability. To evaluate the high-
temperature stability of the asphalt concrete, a rutting test
was performed, applying JTJ052-2000 regulations [13].
Specimens measuring 300mm × 300mm × 50mm and with
100% compaction were used. +e density of the Marshall
and GTM specimens were used as the standard density. +e
test results are shown in Table 8.

Table 7 indicates the following:

(1) +e dynamic stability of different gradations does
not increase monotonously with an increase in
coarse aggregate content [2, 14]; indeed, extremely
high gradation may have a negative impact on high-
temperature stability. When using the heavy traffic
variation of the Marshall method, the dynamic
stability of the rutting test improves [15–17].

(2) A mixture designed using GTM shows better dy-
namic stability than the one designed using Marshall
and in some cases meets the requirements of
a modified asphalt mixture. In addition, GTM-
designed mixtures show lower relative de-
formation than Marshall-designed mixtures.

(3) Asphalt mixtures of the same grade may have dif-
ferent high-temperature properties under the two
methods. Of the four selected AC-16 mixes, grada-
tion 4’s high-temperature performance was the worst
under the Marshall method but the best with GTM.

3.2. Water Stability. For evaluating the water stability of
asphalt mixtures, the Lottman freeze-thaw splitting method
currently shows the best correlation with the behavior of
actual road surfaces [11, 18]. +erefore, GTM and Marshall
mixtures were tested for water stability using this method.
+e results of this analysis indicate the following:

(1) +e splitting strength indicates that a mixture
designed using the GTM method is significantly
more resilient than the one designed using the
Marshall method: the splitting strength of AC16 was

Table 5: Technical standards for an asphalt mixture designed by the
GTM method (0.7Mpa).

Pilot projects Technical indicators
Dimensions of the specimen (mm) 101.6 × 100

Standard density
GTM final density
about rotational
compaction

Porosity (%) 2.0∼4.0
Saturation VFA (%) 60∼80
Rotation stability GSI ≯1.05
Shear stability GSF ≮1.30
1e minimum VMA requirement corresponding to the nominal
particle size (mm)
Nominal particle size (mm) 26.5 19.0 16.0 13.2
Mineral material clearance rate VMA (%) 10.0 10.0 10.5 11.0
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24.6% higher before freezing and 31.1% higher after
freezing.

(2) +e freeze-thaw splitting residual strength ratio also
indicates that a mixture designed using GTM is an
improvement on the one designed using the Mar-
shall method: it is, on average, 5.1% higher for AC16-
type mixtures.

In summary, because of the differences in oil-stone ratio
and void ratio between the mixtures designed by the two
methods, they have significantly different degrees of water
stability. It is generally believed that the water stability of the
asphalt mixture is better when the oil-stone ratio is higher or
the asphalt film is thicker.

4. Conclusions

(1) For asphalt mixtures with the same proportions, the
density of a GTM specimen is 1.52–3.57% higher

than that of a Marshall specimen. +e amount of
density increase varies with gradation. For a given
gradation, the density decreases with an increase in
the oil-stone ratio. +erefore, simply reducing the
oil-stone ratio to adapt to heavy traffic conditions in
the Marshall method has limited usefulness, as one
cannot rely on a consistent relationship between the
two variables to replicate the GTM method.

(2) When using the different methods, asphalt mixtures
with the same gradation may have completely dif-
ferent high-temperature performance. Especially for
coarsely graded mixtures, special measures must be
taken to prevent the selection of asphalt with poor
high-temperature performance, such as an appro-
priate increase in porosity or the use of GTM design.

(3) +e GTM method simulates conditions in the field,
and its design performance indices (final density,
GSF, GSI, etc.) are directly linked to the mechanical

Table 6: Summary table of the optimal oil-stone ratio for selected asphalt mixtures according to the GTM method.

Gradation
number

Selected
oil-stone
ratio (%)

+eoretical
maximum relative
density (g/cm3)

Measured
density (g/cm3)

Porosity
(%)

Mineral material
clearance rate (%)

Saturation
(%)

Shear safety
factor GSF

Rotation
stability

factor GSI
1 4.1 2.520 2.454 2.6 10.8 75.7 1.91 1.00
2 4.0 2.518 2.445 2.9 11.0 73.6 1.93 1.00
3 4.2 2.507 2.426 3.2 11.6 72.1 1.85 1.00
4 4.3 2.511 2.436 2.9 11.6 74.2 1.89 1.00

Table 7: Difference in bulk density for the two methods of asphalt mixture design.

Percentage increase of GTM forming density relative to Marshall compaction in different asphalt ratios (%)

Gradation number Oil-stone ratio
3.5 4.0 4.5 5.0 Average

1 3.36 2.64 2.62 1.52 2.54
2 2.75 2.60 2.46 2.15 2.49
3 2.84 3.33 2.40 2.59 2.79
4 2.60 2.88 2.87 2.05 2.60
Average 2.89 2.86 2.59 2.08 2.60

Table 8: Results of a rutting test on the selected asphalt mixtures.

Gradation number Design method Test temperature
(°C)

Test
pressure (MPa)

Dynamic
stability (mm/time) Deformation rate (%)

1 Marshall method Light load 60 0.7 1512 8.0
Overload 60 0.7 2080 8.4

GTM method 0.7MPa 60 0.7 3315 5.2

2 Marshall method Light load 60 0.7 1632 9.6
Overload 60 0.7 2172 9.1

GTM method 0.7MPa 60 0.7 3480 5.7

3 Marshall method Light load 60 0.7 1690 8.1
Overload 60 0.7 2356 8.4

GTM method 0.7MPa 60 0.7 3320 5.0

4 Marshall method Light load 60 0.7 828 10.8
Overload 60 0.7 1940 9.6

GTM method 0.7MPa 60 0.7 3753 5.6
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parameters of the road. However, it abandons the use
of the asphalt mixture volume index, which was the
result of much practical experience. Its design per-
formance indices are the result of theoretical rea-
soning, and there is still some debate as to the
optimal values. Because of these issues, a valuable
approach is to combine GTM mechanical design
with traditional volume design and so benefit from
the advantages of both. +e antirutting performance
of an asphalt mixture designed in this manner is
improved over that of the one designed using the
Marshall method, as is the water stability due to
a reduction in the void fraction.
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/is article intends to study the influence of macrotexture and microtexture on the skid resistance of four types of aggregates. For
this purpose, fractal dimension (D), root mean square height (Rq), and Polished Stone Value (PSV) were tested. /e Pearson
correlation coefficients between PSV and D or Rq in the interval of different polishing cycles were calculated and analyzed with
correlation analysis. /e relationships between PSV and Rq were also established. /e results showed that the PSV development
was approximately divided into 3 stages including accelerated attenuation stage, decelerated attenuation stage, and stabilization
stage. /ere is a critical point of the entire polishing cycles. When the number of the polishing cycles exceeds this critical point,
microtexture replaces macrotexture to play a major role in the skid resistance of aggregates. In the accelerated attenuation stage,
macrotexture plays a major role in the skid resistance of aggregates. In the decelerated attenuation stage and stabilization stage,
microtexture gradually plays a major role in the skid resistance of aggregates. Because of roughest microtexture in the stabilization
stage, bauxite can provide the highest levels of skid resistance for high friction surface treatment over the long-term period.

1. Introduction

High friction surface treatment (HFST) is the application of
very high quality aggregate with an epoxy binder, which is
designed to improve friction of the pavement in the location
with high crashes, such as horizontal curves and in-
tersections. As an approach widely used in the pavement
construction and maintenance, HFST has been demon-
strated to provide significant increases in friction [1–3].

Due to surface texture characteristics directly affecting
the skid resistance of the pavement, lots of researchers focus
on the influence of surface texture on the skid resistance of
HFST. Heitzman et al. [4] evaluated the HFST test slabs with
eight aggregates including bauxite, granite, flint, basalt, silica
sand, steel slag, emery, and taconite under accelerated
laboratory polishing and testing procedures./ey found that
all eight surfaces maintained predominately greater than
1.0mmmean profile depth (MPD), and however, there is no
correlation between HFSTsurface friction and particle shape

and angularity. Li et al. [5] reported that friction surfacing
such as HFST with larger surface MPD does not necessarily
produce greater surface friction. Chen et al. [6] put forward
that the surface of the coarse aggregate tended to have
a smooth microstructure due to the reducing actual effective
contact area of the road surface greatly. Even if with the same
macrostructure depth of the road surface, the skid resistance
ability of the road surface would be also decreased. Most of
the studies have found that not only macrotexture varies
with aggregate geometric properties (shape and size) but also
microtexture has significant influence on the skid resistance
of HFST. However, their effects have not been quantified.

Because aggregate in the pavement materials accounts
for more than 90%, surface texture of aggregate is important
for friction of HFST. /e appearance of aggregates is mainly
divided into two levels: macrotexture and microtexture. /e
first level is characterized by a shape that reflects the change
in the size of a particle, that is, the macroscopic overall
variation of the aggregate particles and the state. /e second
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level is characterized by texture used to describe the surface
of a body in an irregular range./e impact of texture is often
so small which cannot affect the shape or edges and corners,
reflecting the aggregate particles microscopic-scale changes
within the scope of the situation. In order to understand the
relationship between surface texture and skid resistance of
aggregates, the effect of macrotexture and microtexture was
quantified, and their contributions to the skid resistance of
aggregates were studied in this paper.

2. Materials and Methods

2.1. Raw Materials. Four types of aggregates (bauxite,
granite, limestone, and basalt) were used in this research.
/e bauxite, used for antiwear purposes in pavement en-
gineering, was calcined to 1600°C, which is commonly used
in HFST [7]. /e alternative aggregates granite and basalt
were also selected. Limestone was chosen as a control group,
which is commonly used in wear course. /e bauxite
samples were obtained from Yangquan city, China. /e
other aggregates samples were obtained from Xi’an city,
China. Aiming at measurement of surface morphology and
antipolishing, these four types of aggregates were de-
termined with different test methods on grains with a size of
9.5/13.2mm.

2.2. Experimental Method

2.2.1. PSV Test. As the key factor in estimating the quality of
aggregates used for HFST, Polished Stone Value (PSV) was
used to evaluate the friction resistance of aggregate. /e PSV
test was carried out according to the Chinese standard JTG
E42-2005 [8]. Samples of coarse aggregate were mixed up in
resin to form the specimens which were coupled onto the
circumference of a wheel in an accelerated polishing ma-
chine. Fourteen specimens were clamped around the pe-
riphery of the wheel and subjected to two phases of polishing
by wheels with rubber tyres. To eliminate the effect of the
aggregate manufacturing process on the microtexture of
aggregate, the preparatory phase was of abrasion by corn
emery for 40000 cycles. /e polishing action was carried out
with a velocity of 320 ± 5 r/min and with a load of 725 ±
10N. /en, 40000, 80000, 120000,160000, 200000, 240000,
and 280000 cycles of polishing with emery flour were fol-
lowed. /e degree of polish of the specimens was then
measured by means of the British Pendulum device. Results
were expressed as Polished Stone Value (PSV), the mean of
the fourteen test specimens of each aggregate.

2.2.2. Macrotexture Measurement. Fractal dimension is an
index for characterizing fractal patterns or sets by quanti-
fying their complexity as a ratio of the change in detail to the
change in scale. Many researchers have found that fractal
dimension is the suitable parameter for characterizing
a pavement surface, and it is an effective measure to describe
shape and angularity of the surface [9, 10]. With increasing
complexity or surface roughness, the fractal dimension
increases [11]. For the purpose of obtaining the

macrotexture characteristics of aggregate, the images of the
specimens in different polishing cycles were collected by the
Sony DSC-RX100M2 digital camera. /e resolution of the
images was 200 µm. A red-green-blue (RGB) image was
converted to grayscale first. /e images can be considered as
a 3D space, in which the two coordinates (X, Y) represent the
2D position and the third coordinate I represents the image
grey level intensity. /en, image data were converted to
a numeric array, and box-counting dimension (D) was
calculated by MATLAB software.

2.2.3. Microtexture Measurement. 3D color laser micro-
scope system was mainly used for 3D surface analysis and
characterization. /e laser is used to scan the surface in the
XYZ directions and collect data throughout the entirety of
a specified range./e result is a high-resolution, large depth-
of-field, color image with nanometer-level height resolution
for accurate profile and roughness measurements [12, 13].
As shown in Figure 1, the 3D color laser microscope system
which was produced by Keyence Inc was used to measure
and calculate the root-mean square height of four aggregates
in this work. To reduce the acquisition error of the mi-
croscopic test data, five surfaces of aggregates on a polished
specimen were observed. According to the BS EN ISO 4287:
2000 standard, the surface texture parameter (the root-mean
square height Rq) was obtained by the VK-Analyzer [14].
VK-Analyzer is the software module which complies with
ISO 25178 and allows users to complete measurements of
several surface parameters.

3. Results and Discussions

3.1. Variation of PSV during the Long-Term Polishing Process.
Figure 2 showed that the four types of aggregates exhibited
approximately the same PSV development trend.

From Figure 2, it can be seen that the value of PSV
decreases with the increase of polishing cycles. /e atten-
uation rate of PSV increased first and then decreased. After
the polishing cycles reached a certain value, the value of PSV
stayed roughly the same. In order to distinguish the in-
flection point of increase and decrease of attenuation rate of
PSV, the second-order differential results of the PSV curves
are obtained by using Origin software dealing with the PSV
curves. Differential results of the PSV curves can show the
change rate of attenuation rate of PSV, which is described in
Figure 3.

From Figure 3, it can be seen that the change rate of
attenuation rate of PSV increases first and then decreases
with the increase of the polishing cycles. /e peak point was
the inflection point of increase and decrease of attenuation
rate of PSV. When attenuation rate of PSV was first close to
0, the point was the inflection point of decrease and steady of
attenuation rate of PSV. /e PSV development was ap-
proximately divided into 3 stages including the accelerated
attenuation stage, decelerated attenuation stage, and stabi-
lization stage.

In the PSV test, different types of aggregates exhibit
different skid resistance during the long-term polishing
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process. /e value of PSV of bauxite was decreased by 32%,
and the final value of PSV was around 52. Skid resistance of
bauxite was maintained at a relatively high level. Granite and

basalt ranked second and third, respectively. Limestone has
the lowest value of PSV in the stabilization stage. /erefore,
bauxite was more suitable for the wearing course, especially
high friction surface treatment.

3.2. Variation of D and Rq during the Long-Term Polishing
Process. Figure 4 presents variation of D during the long-
term polishing process. D is calculated by image analysis.
/e images are obtained by a digital camera, and the res-
olution of the images is 200 µm. /is test method meets the
accuracy requirements for testing macrotexture.

As seen from Figure 4, the value of D decreases with the
increase of polishing cycles. When the polishing cycles reach
240,000 times, the values of D of different aggregates are
similar. Figure 5 shows the change of macrotexture after the
long-term polishing process.

From Figure 5, it can be seen that the angularity of the
aggregate surface is polished, and the macrotexture of ag-
gregates become smooth and were difficult to distinguish.
/erefore, the value of D in the stabilization stage is similar;
that is, the macrotexture of different aggregates is similar.

Figure 6 presents variation of Rq during the long-term
polishing process. Rq is obtained by the 3D color laser
microscope system. /e 3D color laser microscope system is
a laser scanning microscope to perform noncontact 3D
observations and measurements of surface features at 10
nanometer resolutions. /is equipment meets the accuracy
requirements for testing microtexture.

From Figure 6, it can be seen that the Rq curve is similar
to the PSV curve. /e value of Rq decreases with the increase
of polishing cycles. Figures 7–10 display the change of
micromorphology of surface of different aggregates before
and after the polishing process.

From Figures 7–10, it can be found that the mineral on
the aggregate surface was first destroyed rapidly, and it was
peeled off from the surface of aggregate or become powder
filled in pores. /e surface microtexture is destroyed by the
external friction obviously, and the surfaces of aggregates
become smooth. After the polishing cycles reach a certain
time, the value of Rq stayed roughly the same. /e Rq de-
velopment was approximately divided into 2 stages in-
cluding the attenuation stage of microtexture and the
stabilization stage of microtexture. Figure 11 is a schematic
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Figure 1: Illustration of 3D laser microscopy measurement.
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diagram of microtexture change during the long-term
polishing process.

According the value of Rq of different aggregates after the
long-term polishing process, bauxite can provide the

roughest surface against external forces. Granite and basalt
ranked second and third, respectively. Limestone has the
smoothest surface and has the lowest value of Rq. Due to
different mineral compositions, the final microtexture of
different aggregates is different. /e main mineral compo-
sition of limestone is calcite and dolomite. /e Mohs
hardness of the two minerals are similar (3∼4) [15]. /e
mineral particles are soft and easy to be polished. /erefore,
the microtexture of limestone is smoother than the other
aggregates. /e main crystal phase of bauxite is composed of
corundum and mullite. /e Mohs hardness of corundum
and mullite are 9 and 6.5, respectively [15]. /e mineral
particles are hard and difficult to be polished. /is is the
reason why the microtexture of the bauxite surface is
roughest and has good ability to resist the damage of external
friction.

3.3. )e Correlation between PSV and D or Rq. According to
the above analysis, the macrotexture and the microtexture of
aggregates affect the value of PSV of aggregates together.
However, the degree of influence is different. In order to
analyze the difference in the degree of influence, the cor-
relation coefficient between PSV and D or Rq in the interval
of different polishing cycles were calculated with Pearson
correlation analysis. /e results are shown in Figures 12 and
13.

From Figures 12 and 13, it can be seen that the Pearson
correlation coefficient between D and PSV is higher than the
Pearson correlation coefficient between Rq and PSV in the
early stage of the polishing process, and the macrotexture
has a greater influence on PSV. With the increase of the
polishing cycles, the Pearson correlation coefficient between
D and PSV decreases, and the degree of influence of mac-
rotexture on skid resistance of aggregates becomes smaller.
While the Pearson correlation coefficient between Rq and
PSV increases, the degree of influence of microtexture be-
comes larger. /e microtexture has the larger degree of
influence on PSV in the late stage of the polishing process. It
can be inferred that there is a critical point of the polishing
cycles, and when the number of the polishing cycles exceed
this point, microtexture will replace macrotexture to play
a major role in the skid resistance of aggregates.

In order to find out the critical point, 4 × 104, 8 × 104, 12 ×

104, 16 × 104, and 20 × 104 polishing cycles are assumed to be
demarcation points, respectively. /e Pearson correlation
coefficients of PSV andD in the front interval (0∼4 × 104, 0∼8
× 104, 0∼12 × 104, 0∼16 × 104, and 0∼20 × 104 times) and the
Pearson correlation coefficients of PSV and Rq in the after
interval (4 × 104∼28 × 104, 8 × 104∼28 × 104, 12 × 104∼28 ×

104, 16 × 104∼28 × 104 and 20 × 104∼28 × 104 times) are
calculated, which are shown in Figure 14.

From Figure 14, it can be found that when 4 × 104 times
is selected as the demarcation point, the Pearson correlation
coefficients of PSV and D in the front interval (0∼4 × 104
times) is higher than the Pearson correlation coefficients of
PSV and Rq in the after interval (4 × 104 ∼ 28 × 104 times).
Macrotexture plays a major role in the skid resistance of
aggregates. When 8 × 104 times is selected as the
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Figure 6: Variation of Rq during the long-term polishing process.
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(a) (b)

(c)

Figure 7: Micromorphology of the bauxite surface: (a) before the polishing process; (b) after 20 × 104 polishing cycles; (c) after 28 × 104

polishing cycles.

(a) (b)

(c)

Figure 8: Micromorphology of the granite surface: (a) before the polishing process; (b) after 20 × 104 polishing cycles; (c) after 28 × 104

polishing cycles.
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(a) (b)

(c)

Figure 9: Micromorphology of the limestone surface: (a) before the polishing process; (b) after 20 × 104 polishing cycles; (c) after 28 × 104

polishing cycles.

(a) (b)

(c)

Figure 10: Micromorphology of the basalt surface: (a) before the polishing process; (b) after 20 × 104 polishing cycles; (c) after 28 × 10 4

polishing cycles.
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Figure 11: Schematic diagram of microtexture change during the long-term polishing process.
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Figure 12: Pearson correlation coefficient between PSV and D at
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demarcation point, the Pearson correlation coefficients of
PSV and Rq in the after interval (0∼8 × 104 times) is higher
than the Pearson correlation coefficients of PSV andD in the
front interval (8 ×104∼28 × 104 times)./emicrotexture had
replaced macrotexture to play a major role in the skid re-
sistance of aggregates./erefore, the critical point is between
4 × 104 times and 8 × 104 times.

/is point may have a relationship with the inflection
point of increase and decrease of attenuation rate of PSV,
which is shown in Figure 3. In the accelerated attenuation
stage, macrotexture plays a major role in the skid resistance
of aggregates. When the aggregate is subjected to friction,
the angularity of the aggregates is destroyed, and the value
of PSV decreases in acceleration. In the decelerated at-
tenuation stage, microtexture gradually plays a major role
in the skid resistance of aggregates. /e microtexture is
destroyed by the external friction slowly, and the value of
PSV decreases in the deceleration stage. In the stabilization
stage, under the effect of friction, the mineral crystal
gradually emerges, and the microtexture maintains a stable
state.

In summary, macrotexture has significant influence on
the early skid resistance performance of aggregates, and
microtexture has significant influence on the long-term skid
resistance performance. Due to the fact that polishing of the
aggregate in the pavement is the long-term process,
microtexture is more important for long-term skid re-
sistance of aggregates. Rq is a suitable indicator to evaluate
the long-term skid resistance of aggregates. /e correlations
between PSV and Rq were studied by a mathematical fitting,
which is illustrated in Figure 15. From Figure 15, it can be
seen that the correlation coefficient of the linear-fitted
equation is 0.92, which shows the good linear correlation
between PSV and Rq.

4. Conclusions

(1) /e PSV development is approximately divided into
3 stages including the accelerated attenuation stage,
decelerated attenuation stage, and stabilization stage.

(2) /ere is a critical point in the entire polishing cycles.
When the number of the polishing cycles exceeds
this critical point, microtexture replaces macro-
texture to play a major role in the skid resistance of
aggregates.

(3) Rq in the stabilization stage is a suitable indicator to
evaluate the long-term skid resistance of aggregates.

(4) Due to the highest value of Rq in the stabilization
stage, bauxite had higher skid resistance during the
long-term polishing process, and it was suitable for
the wearing course, especially high friction surface
treatment.
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Recently, China has started paying more attention to environmental protection, and the efficient utilization of exhaust gases
produced by smelting has emerged as a key problem concern. +e silica fume collected from the exhaust gases produced by
smelting ferrosilicon or industrial silicon was often used as a cement concrete admixture. Using silica fume as an asphalt modifier
can make exhaust gases profitable. In this study, silica fume/SBS composite-modified asphalt mortar was prepared to improve the
performance of asphalt. +e effects of the silica fume content, temperature, and ratio of filler asphalt on the composite-modified
asphalt mortar were studied through the cone penetration, softening point, viscosity, dynamic shear rheological (DSR) test, and
bending beam rheometer (BBR) test. +e thermal stability of composite-modified asphalt was analyzed through the thermal
analysis test. +e results showed that with the increase of silica fume content and ratio of filler asphalt, the high-temperature
performance of asphalt mortar was improved; the content of silica fume had a great influence on the low-temperature performance of
asphalt mortar, the optimum silica fume content was 7%; increasing the ratio of filler asphalt reduced the low-temperature cracking
resistance of asphalt mortar; the incorporation of silica fume enhanced the initial decomposition temperature, thermal residual rate,
temperature in which the weight loss rate reaches the maximum, and the endothermic peak of maximum temperature and improved
the properties of asphalt.

1. Introduction

Asphalt pavement constitutes more than 90% of the ex-
pressway in China for its good smoothness, low noise,
convenience, and ease of maintenance [1, 2]. +erefore, the
study of the high-quality modified asphalt and its mixtures
has become an important research area in the field of road
traffic, for reducing the early disease and prolonging the
service life of asphalt pavement. SBS-modified asphalt is
widely used in highway construction because of its excellent
comprehensive performance. However, rutting, translation,
bleeding, shoving, bulging and cracking, aging, and other
diseases arising from the use of the pavement are also dif-
ficult problems that have been plaguing road practitioners
for long [3–5]. +erefore, it is imperative to study the
composite-modified asphalt mixture to meet the re-
quirements of high flow, heavy load, stability, durability, and
high strength.

It has been found that silica fume has many properties,
such as abundant reserves, low cost, large specific surface
area, low thermal conductivity, strong thermal stability, and
strong adsorption capacity. It has great advantages in im-
proving asphalt’s high- and low-temperature performance,
fatigue performance, and water stability [6–11]. Wei et al.
studied the diatomite and SBS composite-modified asphalt
by using regression analysis and amodified greymodel.+ey
found that diatomite could reduce the air void and improve
the indirect tensile strength and indirect tensile stiffness
modulus of crumb rubber-modified stone mastic asphalt
(SMA) [12]. Luo et al. analyzed a modified mechanism of
diatomite-modified asphalt by using the infrared (IR)
spectrum and scanning electron microscope (SEM). +ey
also inferred a model diagram of the modification process
with four components of asphalt [13]. Tan et al. carried out
the low-temperature bending test, low-temperature com-
pression test, and contraction coefficient test of matrix
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asphalt mixture and diatomite-modified asphalt mixture.
+eir test results indicated that the addition of silica fume
could improve the low-temperature performance and in-
crease the contraction coefficient of the mixture [14].

In this paper, the preparation of silica fume/SBS
composite-modified asphalt was investigated. +e high-
temperature performance and low-temperature perfor-
mance of silica fume/SBS composite-modified asphalt
mortar were evaluated by the cone penetration, softening
point, viscosity, DSR, and BBR. +e mechanism of modi-
fication and the microscopic characteristics of composite-
modified asphalt were analyzed through a thermal analysis
test.

2. Test Preparation

2.1. Materials. +e matrix asphalt used in this experiment
was AH-90 (Panjin) asphalt, and the modifiers were made of
SBS (4601, LCY Rubber Co., Ltd., Huizhou, Guangdong
Province of China) and silica fume (Anmei International
Trade Industrial Development Co., Ltd., Anshan, Liaoning
Province of China). +e technical indicators of the raw
materials are shown in Table 1.

2.2. Preparation of Composite-Modified Asphalt. In this
study, a high-speed shear stirred emulsifier (FLU-
KOAF25) for modified asphalt was used to prepare
modified asphalt. Firstly, the matrix asphalt was heated to
a molten state. +en, SBS (mass fraction 4%) and dry silica
fume were added into the matrix asphalt. Shearing was
initiated at a speed of 5000 r/min at 170°C to 190°C. +e
shearing duration was performed for one hour. Finally,
the finished silica fume/SBS composite-modified asphalt
was made by stirring for 30min. Composite-modified
asphalt mortars were obtained by adding fillers into the
modified asphalt.

+e effects of silica fume content on composite-modified
asphalt were studied by fixing the ratio of filler asphalt at 1.0
and varying the amount of silica fume (mass fraction 1%, 4%,
7%, 10%, and 13%). Similarly, the effects of the ratio of filler
asphalt on composite-modified asphalt were studied by
fixing the content of silica fume at 7% and varying the ratio
of filler asphalt (0.6, 0.8, 1.0, 1.2, and 1.4).

2.3. Experimental Methods

2.3.1. Cone Penetration Test. Silica fume/SBS composite-
modified asphalt mortar is a heterogeneous material, and
the discreteness of data would be very large if the con-
ventional penetration test is used to evaluate its denseness
[15–17]. In this paper, the cone penetration test was used to
evaluate the consistency of the asphalt mortars. +e angle of
the cone was 30°, and the cone was made of stainless steel.
+e inner diameter of the dish was 70mm, and the inner
depth was 45mm. +e total weight of the cone, the con-
necting rod, and the balancing weight were 195 g. +e test
temperature was 25°C (ASTM D5/D5M-2013).

2.3.2. Softening Point Test. +e softening point test is an-
other test that can be used to measure the denseness of the
asphalt mortar. +e ring and ball method was used to de-
termine the softening point (ASTM D36/D36M-2014).

2.3.3. Brookfield Viscosity Test. Brookfield viscosity is an
important index of rheological properties of asphalt. +e
high-temperature performance of asphalt is evaluated by
measuring the torque of the shaft rotating at certain speed in
the asphalt. In this study, the test was conducted at a tem-
perature of 177°C (ASTM D4420).

2.3.4. Dynamic Shear Rheological (DSR) Test. +e flow
characteristics of the polymer materials are evaluated by
rotational shearing at a certain speed. In this paper, a stress
control mode was adopted. +e stress level was 0.1 kPa, and
angular frequency was 10 rad/s.+e diameters of the samples
were 25mm (the thickness is 1mm) and 8mm (the thickness
is 2mm) (AASHTO T315-09).

2.3.5. Bending Beam Rheometer (BBR) Test. +e flexural
creep stiffness (S) and creep rate (m) were obtained by
studying the stiffness modulus of a bituminous beam under
creep load in the BBR test. +e low-temperature cracking
resistance of asphalt mortars is evaluated from S and m. +e
size of the bituminous beam: the length was 102.00mm, the
width was 12.70mm, and the height was 6.35mm (AASHTO
T313-09).

2.3.6. 7ermal Analysis Test. +ese experiments were con-
ducted in the analysis and testing center of Northeast
Forestry University. +e data were acquired using the
synchronous thermogravimetric analyzer (STA409PC,

Table 1: Indicators of raw materials.

Materials Property Value

Matrix asphalt

Penetration (25°C, 0.1mm) 83
Ductility (15°C, cm) >100
Softening point (°C) 46
Penetration index −1.4

Dynamic viscosity (60°C, Pa·s) 175
Density (g/cm3) 1.004

SBS

Block ratio 30/70
Tensile strength (MPa) 21.6
Elongation at break (%) 850
Relative molecular mass 28×104

Silica fume

Appearance Grey
SiO2 content (%) >92

pH 6∼8
Particle size distribution (μm) 0.1∼0.3

Granularity (mesh) 300∼500
Loose density (g/cm3) 0.1∼0.2

Tight heap density (g/cm3) 0.3∼0.4
Specific surface area (m2/g) >25

Burning loss (%) <5
Impurity content (%) <8
Water content (%) <5
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NETZSCH Instrument Company, Germany). +e atmo-
sphere was nitrogen gas atmosphere, the rate of ventilation
was 120ml/min, the heating rate was 20°C/min, and the
range of temperature was 35∼600°C Figures 1 and 2.

3. Results and Discussion

3.1. Cone Penetration. As could be seen from Figure 3, the
cone penetration of the asphalt mortar decreased with the
increase in the content of silica fume. +e results showed
that the shear strength of the asphalt mortar was enhanced
by the addition of silica fume. +e saturated and aromatic
components in the asphalt were sucked into the pores of
silica fume, which increased the content of asphaltene and
pectin relatively. +us, asphalt became thicker, the shear
strength increased, and the cone penetration decreased
[18, 19]. Figure 4 shows that the cone penetration of asphalt
mortar decreased with the increase in filler content. It could
be seen that increasing the ratio of filler asphalt greatly
improves the high-temperature performance of asphalt
mortar.

3.2. Brookfield Viscosity at 177°C and Softening Point.
According to the data in Figure 5, the viscosity at 177°C and
the softening point of silica fume/SBS composite-modified

asphalt mortar increased obviously with increasing the content
of silica fume. +ese data suggested that the small particle size
and large specific surface area of silica fume cause the particles
to come in closer contact with the asphalt. +e strong
adsorbability of silica fume was beneficial in strengthening the
intermolecular force and increasing the thickness of the
structural asphalt [18]. +us, the coherence between the as-
phalt and the aggregate was enhanced, and the high-
temperature stability of the asphalt mortar was improved.

As is shown in Figure 6, the softening point and the
Brookfield viscosity of the asphalt mortar were improved
greatly because of the increase in the ratio of filler asphalt. It
was similar to the researches conducted byWu et al. [20] and

Figure 1: Silica fume.

Figure 2: SBS.
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Zhang et al. [21]. +ey assumed that the increase of the
content of filler would enhance the adsorption between
asphalt and filler. +erefore, the ratio of structural asphalt
was increased, and the viscosity and strength of asphalt were
enhanced.

3.3. DSR. According to the data from Table 2, as the content
of silica fume increased, the complex shear modulus (G∗)
increased gradually, whereas the phase angle (δ) decreased
gradually. It could be concluded that the addition of silica
fume enhanced the ability of asphalt mortar to resist stress,
increased the relative proportion of the elastic components
in the asphalt, and reduced the permanent deformation. +e
rutting factor (G∗/sin δ) increased with the increase in the
content of silica fume. With increase in the content of silica
fume, the ability of the asphalt mortar to resist the high-
temperature rutting increased.

When the content of silica fume was the same, through
comparing G∗ and δ of 58°C, 64°C, 70°C, 76°C, and 82°C, it
was found that with the increase in the test temperature, the
complex shear modulus (G∗) of asphalt mortar decreased
and δ increased. +e results showed that the asphalt mortar
was a typical temperature-sensitive material. +e change in
temperature could change the ability of asphalt mortar to
resist stress rapidly. As the temperature increased, some of
the elastic components of the asphalt mortar changed into
viscous components, resulting in the decrease of G∗/sin δ,
which indicated the decline of high-temperature perfor-
mance of the asphalt mortar.

+e relationship between the rutting factor and the ratio
of filler asphalt is illustrated in Figure 7. It could be observed
that the rutting factor (G∗/sin δ) increased gradually with the
increase in the ratio of the filler asphalt. It is indicated that

the increase of the content of filler is helpful to improve the
high-temperature performance of the asphalt mortar.
Adding filler into asphalt mortar would increase the volume
of mortar significantly because of the specific surface area of
the filler. +erefore, the proportion of structural asphalt
would increase and the cohesive force of asphalt mortar
would be improved. +us, the high-temperature stability of
the asphalt mortar would be improved.

In order to obtain rheological properties of asphalt in
wider frequency range, the frequency sweep test was carried
out. As is shown in Figures 8 and 9, with the increase of
frequency, the complex modulus of three kinds of asphalt
increased. However, the phase angle had a downtrend as
a whole. +e complex modulus of silica fume/SBS
composite-modified asphalt at low frequency (high tem-
perature) was larger than SBS-modified asphalt, and the
complex modulus was smaller than SBS-modified asphalt at
high frequency (low temperature). On the contrary, it was
proved that the addition of silica fume further improved the
high- and low-temperature performance of asphalt.

3.4. BBR. +e creep rate (m) reflects the stress relaxation
performance of the asphalt mortar and the sensitivity of
the stiffness with time, and the creep stiffness (S) reflects the
flexibility of the mortar. +e higher the value of m was, the
better the anticracking performance of the asphalt mortar at
low temperature would be. Moreover, the smaller the S was,
the better the flexibility of the asphalt mortar at low tem-
perature would be. As could be seen from Figure 10, with
the increase in silica fume content, the bending creep
stiffness of asphalt mortar at −12°C, −18°C, and −24°C
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Table 2: Results of DSR.

Test parameters Temperature (°C)
Silica fume content (%)

1 4 7 10 13

G∗ (kPa)

58 19.8 20.091 20.125 20.156 20.847
64 9.716 9.847 10.123 10.234 10.319
70 4.966 5.086 5.222 5.229 5.286
76 2.693 2.724 2.771 2.771 2.805
82 1.531 1.538 1.544 1.556 1.58

Δ (°)

58 76.14 76.12 75.52 75.07 74.33
64 79.3 78.81 77.6 77.17 76.66
70 81.44 81.33 79.85 78.89 78.39
76 84.46 83.88 83.2 81.19 79.66
82 84.94 84.71 83.97 82.56 80.45

(G∗/sin δ) (kPa)

58 20.394 20.695 20.785 20.860 21.652
64 9.888 10.038 10.474 10.496 10.605
70 5.022 5.145 5.305 5.329 5.396
76 2.706 2.740 2.791 2.804 2.872
82 1.537 1.545 1.553 1.569 1.602
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decreased initially and then increased, indicating that a small
amount of silica fume was helpful to improve the low-
temperature anticracking performance, however, more
than 7% would damage its low-temperature performance. It
could be seen from Figure 11 that the creep rate of asphalt
mortar increased initially and then decreased with the in-
crease in the silica fume content, indicating that the stress
relaxation ability was the best for approximately 7% silica
fume content. +erefore, the recommended percentage of
silica fume is not more than 7%.

Figures 12 and 13 show that the bending creep stiffness
of the asphalt mortar increased and the creep rate decreased
with the increase in the ratio of silica fume. It was indicated
that the addition of filler would reduce the fluidity of
structural asphalt and reduce the flexibility of the mortar.
+erefore, the increase in the ratio of filler asphalt was not
beneficial to the improvement of the anticracking perfor-
mance of the asphalt mortar at low temperature.

4. Thermal Analysis Test

+e thermogravimetric test will generate a thermogravi-
metric analysis (TGA) curve, which takes the temperature or
time as the transverse coordinate and the mass change as the
longitudinal coordinate. +e pyrolysis properties of the

asphalt, such as the initial decomposition temperature,
maximum decomposition rate, and the mass residual rate,
can be obtained from the TGA curve. +e differential
thermogravimetry (DTG) curve is the first derivative of the
TGA curve to temperature (or time), and it reflects the
relationship between the change rate of the quality of asphalt
(dm/dt) and temperature (or time): dm/dt� f(T) or f(t). +e
rate of weight loss can be analyzed using the DTG curve.+e
differential scanning calorimetry (DSC) test shows that
the peak, peak width, and peak area of the DSC curve are
closely related to the microstructure characteristics of the
sample. +e macroperformance of composite-modified as-
phalt is mainly affected by the aggregation state of asphalt and
modifier, while the aggregation state of asphalt and modifier
in the range of endothermic peak temperature is also reflected
in the location and area of endothermic peak [22]. +e
thermal analysis curves of matrix asphalt, SBS-modified as-
phalt, and silica fume/SBS composite-modified asphalt are
shown in Figures 14–16.

+e analysis of the TGA curve showed that the thermal
weight loss rate of the matrix asphalt was 100% when the
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temperature was within the range of (35°C, 220°C). When
the temperature increased to 220°C, the thermal weight loss
rate of matrix asphalt began to decrease, which indicated
that the matrix asphalt began to decompose at 220°C. When
the temperature was above 350°C, the TGA curve decreased
rapidly and the mass residual rate of the sample decreased
rapidly until it was almost lost. At the end of the test, the
mass residual rate was approximately 12%. In the same way,
the SBS-modified asphalt was decomposed at 235°C, and the
final mass residual rate of the sample was approximately
16%. +e silica fume/SBS composite-modified asphalt was
decomposed at about 255°C, and the final mass residual rate
of the sample was approximately 20%.

By analyzing the DTG curve, it was found that the matrix
asphalt had a peak at 468°C, indicating that the de-
composition rate of the asphalt was the fastest at 468°C.
When the weight loss rate of SBS-modified asphalt reached
the maximum value, the temperature was 474°C, and the
temperature of the weight loss rate of the silica fume/SBS
composite-modified asphalt reached the maximum value at
477°C.

As we could see from the DSC curve, the slope of the
curve was larger when the temperature of the matrix asphalt
was 35°C and 50°C. +en, the curve began to slow down
when the temperature exceeded 50°C. It was shown that with
the increase of temperature, the heat absorption of asphalt
was larger before the softening point was reached, and the
absorption heat was reduced after reaching the softening
point. When the temperature reached 350°C, the DSC curve
dropped rapidly and the heat absorption increased obvi-
ously. +e curve reached the peak of an endothermic peak at
468°C and the area of the absorption peak was 2681mJ.
When the temperature reached 475°C, the curve of SBS-
modified asphalt reached the peak of heat absorption and the
area of the absorption peak was 3189mJ. When the tem-
perature reached 473°C, the curve of silica fume/SBS
composite-modified asphalt reached the peak of heat ab-
sorption and the area of the absorption peak was 6014mJ.
Compared with the matrix asphalt and SBS-modified as-
phalt, the trend of the DSC curve of silica fume/SBS
composite-modified asphalt is relatively gentle in the early
stage. +e whole endothermic peak is relatively backward.
+e temperature of the heat absorption peak is larger, and
the acreage of the endothermic peak is larger. On the
contrary, it indicated that the addition of silica fume im-
proved the high-temperature performance of asphalt.

To sum up, the high-temperature performance of
composite-modified asphalt is better than that of SBS-
modified asphalt. +erefore, the addition of silica fume
and SBS has a positive effect on the high-temperature
performance of asphalt. Because the thermal conductiv-
ity of silica fume is very low. Adding this material to
the asphalt will definitely reduce the thermal conductivity
of composite-modified asphalt, improve its thermal re-
sistance, and make it stable at high temperatures. More-
over, being a porous filler, silica fume has a lot of excellent
characteristics such as small particle size of microvoids,
large dead volume, strong adsorption capacity, low
packing density, high filling amount, and large specific
surface area. Silica fume is homogeneously dispersed in
asphalt after physical mixing, and a homogeneous sus-
pension system is formed. +en, the effective flow volume
of the system would be reduced. At the same time, the large
specific surface area and absorbability give it large surface
energy; therefore, it can selectively adsorb light compo-
nents in asphalt. +e bonding strength of the adsorp-
tion layer of the boundary is enhanced, which greatly
reduces the flow characteristics of modified asphalt and
increases the rheological resistance. +erefore, the
composite-modified asphalt shows better high-temperature
performance.

5. Conclusions

In this paper, a series of tests were performed on matrix
asphalt, SBS-modified asphalt, and silica fume/SBS
composite-modified asphalt to study their properties.
From the cone penetration test and DSR, it was observed
that the cone penetration and the phase angle (δ) decreased
with increase in silica fume content. However, the softening
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point, Brookfield viscosity, complex shear modulus (G∗),
and the rutting factor (G∗/sin δ) increased, indicating that
the addition of silica fume could significantly improve the
high-temperature performance of the asphalt mortar. +e
creep stiffness (S) decreased initially and then increased,
whereas the creep rate (m) increased initially and then
decreased. +erefore, the recommended percentage of silica
fume was fixed at 7%. An increase in the ratio of filler asphalt
increased the high-temperature performance of the asphalt
mortar greatly; however, the anticracking performance of
the asphalt mortar deteriorated at low temperature. +e
addition of silica fume and SBS could improve the initial
decomposition temperature, residual rate of thermog-
ravimetry, the temperature in which the weight loss rate
reached the maximum, and the area of the absorption peak.
+erefore, the high-temperature stability was enhanced.
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1Pará Federal University, 66075-110 Belém, PA, Brazil
2Chemical Engineering Department, Santa Catarina Federal University, 88040-900 Florianópolis, SC, Brazil
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Sustainable civil construction in the future, besides having low energy consumption and greenhouse gas emissions, must also
adopt the principle of reusing wastes generated in the production chain that impact the environment. )e aluminum production
chain includes refining using the Bayer process. One of the main wastes produced by the Bayer process that has an impact on the
environment is fly ash. Geopolymers are cementitious materials with a three-dimensional structure formed by the chemical
activation of aluminosilicates. According to studies, some are proving to be appropriate sources of Al and Si in the geo-
polymerization reaction. )e research reported here sought to assess the possibility of reusing fly ash characteristic of the
operational temperature and pressure conditions of Bayer process boilers in geopolymer synthesis. Geopolymerization reaction
was conducted at an ambient temperature of 30°C, and the activator used was sodium hydroxide (NaOH) 15 molar and sodium
silicate (Na2SiO3) alkaline 10 molar. Fly ash and metakaolin were used as sources of Al and Si. XRD, XRF, and SEM Techniques
were used for characterizing the rawmaterials and geopolymers. As a study parameter, the mole ratios utilized followed data from
the literature described by Davidovits (year), so that the best results of the geopolymer samples were obtained in the 2.5 to 3.23
range. Resistance to mechanical compression reached 25MPa in 24 hours of curing and 44MPa after 28 days of curing at
ambient temperature.

1. Introduction

)e chain for producing aluminum from bauxite to primary
aluminum includes refining using the Bayer process. One of
the main waste products of the Bayer process is the fly ash
collected from the cyclone overflow of the fluidized bed
boilers at operational conditions of 900°C of temperature
and 120 kPa of pressure. )e pressure and temperature
conditions influence the specification andmorphology of the
ash waste generated [1].

In the Bayer process, the circulating-type fluidized bed
boilers operate at specific conditions of 900°C and 120 kPa as
a means of guaranteeing maintenance of the bed and generate

a specific fly ash characteristic of that process. Fly ashes are
classified into two types. )ese are C type class with a higher
amount of calcium oxide and F type class with a lower amount
of calcium oxide [2].

When the sum of the levels of silica, alumina, and iron
oxide is greater than 70%, the fly ash is classified as class F [3].

Geopolymers are synthesized at a different temperature
by the alkaline activation of aluminosilicates derived from
natural minerals, calcined clay or industrial by-products
2008. )is activation is generally done with metakaolin
silicates of sodium or potassium. Geopolymers are inorganic
ligands with good resistance to high temperatures and deg-
radation by acid, as well as good mechanical properties. )ey
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are thus an attractive alternative to Portland-type cement,
and their use makes it possible to recycle large quantities
of industrial wastes. )e mechanical properties of geo-
polymeric materials depend upon the alkaline cation (Na+),
the SiO2/Al2O3 molar relation as used by Davidovits and the
conditions under which the reaction occurs [4, 5].

)e term “geopolymer” describes the chemical proper-
ties of aluminosilicate-based inorganic polymers. Geo-
polymers present properties of cement and therefore have
great potential for use in the civil construction industry [6].

)e water trapped in a network of geopolymers gen-
erates porosity, which results in a reduction of mechanical
properties. )eir three-dimensional structure is made up
of SiO2 and MAlO4t tetrahedrons, where M is a mono-
valent cation, typically Na+. )is network is comparable to
some zeolites but differs in its amorphous character. )e
polymeric character of those materials increases with the
SiO2/Al2O3 relation, as the aluminum atoms cross the SiO2
tetrahedron chains [7].

Changing the SiO2/Al2O3 relation in geopolymers thus
enables the synthesis of materials with different structures.
)e geopolymerization mechanism is particularly difficult
due to the kinetics of the reaction. However, the majority of
authors agree that the mechanism involves dissolution,
followed by gel polycondensation [8, 9].

Studies show that the mechanical forces of geopolymers
increase with elevation of the temperature of kaolin calci-
nation in order to generate metakaolin; however, the ideal
temperature for calcination of kaolin is around 700°C for 2
hours [10, 11].

)e development of ash-based geopolymer derived from
burning coal shows promise as a means of reusing that
waste. )e worldwide demand for coal will continue to grow
up to 2030, achieving a duplication in relation to current
demand. With the increasing consumption of coal for
generating energy, there will be an increased production of
ashes as a byproduct of burning coal [12].

)e cements produced by alkaline activation of alumi-
nosilicates were studied in a search for materials with
bonding properties more resistant than those of current
Portland cements, as well as materials that can be produced
with low cost raw materials, little expenditure of energy, and
especially with low levels of toxic gas emissions into the
atmosphere [13].

)ose studies point to excellent possibilities for being
implanted around the world and such materials can be
produced on a large scale, suppressing the demand for
cement in a market that is growing every year. In that
context, this study was performed with the objective of
assessing the microstructural properties and resistance to
compression of geopolymeric materials produced using the
light ash characteristic of the Bayer process.

2. Materials and Methods

Fly ash waste was collected from the cyclone overflow of the
fluidized bed circulating-type boilers of the Bayer process at
conditions of 900°C of temperature and 120 kPa of pressure.
)at waste was utilized as a source of Si and Al in

geopolymer synthesis. Besides the fly ash, another source of
Si and Al was metakaolin produced by the calcination of
kaolin at a temperature of 800°C for two hours.

To analyze the crystalline structure of ash, kaolin, and
metakaolin, X-ray diffractometry (XRD–Bruker LyuxEye)
was utilized. For chemical analyses, X-ray fluorescence was
employed using equipment from AxiosMinerals (PAN-
alytical), with a ceramic X-ray tube and rhodium anode. For
the morphology study, we made use of the scanning electron
microscopy (SEM) technique using Zeiss MEO 1430
equipment. Ash and metakaolin were submitted to gran-
ulometric analysis of their particles, in a Fritsch Analysette
22 Micro tec plus laser granulometer.

)e mole ratios utilized by Davidovits (SiO2/Al2O3) are
an important parameter for orienting the best compositions
for geopolymer synthesis [14]. Ten compositions of geo-
polymers were formulated using fly ash and metakaolin as
a base, with different mole ratios among SiO2/Al2O3. Table 1
presents the geopolymers studied with their respective
SiO2/Al2O3 ratios.

)e alkaline activator used for synthesizing the geo-
polymer was composed of a solution of sodium hydroxide
(NaOH) micro pearl (neon, 97% purity). A solution of al-
kaline sodium silicate (Na2SiO3) (Manchester Quı́mica do
Brasil S.A., SiO2/Na2O� 3.2) was also used. Table 2 shows
the composition of the activator.

)e compositions were prepared in a mechanical mixer
and placed in cylindrical molds with 100mm height and
diameter of 50mm. After molding, the molds were sub-
mitted to curing at an ambient temperature of 30°C.
Geopolymers at 24 hours and 7 and 28 days of curing were
submitted to compression resistance testing in an Emic
SSII300 press. Geopolymers before and after synthesis
were submitted to XRD analysis in order to assess their
degree of polymerization. SEM tests were performed after
the geopolymer synthesis.

Table 1: Compositions formulated using fly ashes and metakaolin
for obtaining geopolymers.

Geopolymers Fly ash (mass %) Metakaolin
(mass %) SiO2/Al2O3

1 100 0 4.4
2 94.24 5.76 4.11
3 90.39 9.61 3.94
4 84.62 15.38 3.72
5 75 25 3.4
6 69.2 30.8 3.23
7 61.54 38.46 3.041
8 53.85 46.15 2.87
9 42.31 57.69 2.65
10 34.62 65.38 2.52

Table 2: Molar concentration and proportions of the activating
solution.
Activator NaOH Na2SiO3
Molar concentration 15 10
Proportion (NaOH :Na2SiO3) 1 : 3 in mass of solution
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3. Results

Table 3 presents the results of the XRF analyses of thematerials
used in geopolymer synthesis. One may observe (Table 3) the
42.531% level of SiO2 and 16.399% level of Al2O3 in the fly ash
used, which indicates that ash is a rich source of Al and Si.
Metakaolin (Table 3) is composed of 43.58%Al2O3 and 63.36%
SiO2 which characterizes it as a predominant source of alu-
minum in proportion [15–18].

)e use of fly ash waste from burning charcoal as
a source of Si and Al favors the geopolymerization reaction
and guarantees good durability for the geopolymer [19–23].

According to the result from XRF, the fly ash generated
in the Bayer process under the operational temperature and
pressure conditions may be classified as C class type fly ash,
due to the sum of the levels of silica, alumina, and iron oxide
being lower than 70%.

Figure 1 presents the result of the XRD test of fly ash, of
kaolin, and of metakaolin calcined at 800°C for 2 hours.

As shown in Figure 1, the calcination of kaolin at 800°C
for two hours was satisfactory because it generated a change
in the crystalline phase, transforming into an amorphous
phase, which characterizes metakaolin.

)e change occurring in the material after thermal
treatment frees Al and Si for the geopolymerization reaction.
Kaolin calcined at a range from 600°C to 800°C for a time
interval from 2 to 4 hours, shows itself to be adequate for
obtaining metakaolin applied to the development of geo-
polymer [24–26].

)e fly ash generated in aluminum refineries presents
quartz and calcite in its composition as shown in the dif-
fractogram for ash in Figure 1.

)e distribution of the particle size for the raw materials
used in synthesizing the geopolymer resulted in an average

Table 3: Chemical composition in % of ash and of metakaolin.

Material SiO2 Al2O3 CaO Fe2O3 Na2O MgO TiO2 P2O5 Loi
Ash 42.531 16.399 19.005 7.081 0.941 0.264 0.897 0 12.882
Metakaolin 53.36 43.58 0 0.6 0.33 0 1.51 0.13 0.49
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Figure 1: XRD of kaolin, of metakaolin, and of fly ash.
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diameter (d50) of 24 μm for the fly ash and 88 μm for the
metakaolin. Figure 2 presents the results of the laser
granulometric analysis for fly ash and metakaolin.

Nath et al. [27] worked on a synthesized geopolymer
with fly ash at a granulometry of 4.7 μm and studied the
geopolymerization reaction using metakaolin with an av-
erage diameter of 18 μm.

Figure 3 presents the result of the XRD analysis for
geopolymers 2, 7, and 9 with the arrow showing the halo
before and after synthesis. According to Salih et al. [5] the
geopolymer with the best formed and defined halo indicates
larger amorphous zones and thus greater regions of reaction
occurrence. In his studies, Salih et al. [5] showed that the
greater displacement of the halo after synthesis indicates
geopolymers with a greater degree of geopolymerization and
thus greater mechanical resistance.

According to the data presented in Figure 3, geopolymer
2 presented a low halo formation, indicating a lower degree
of geopolymerization in relation to geopolymer 7. Geo-
polymer 9 presented a good definition and displacement of
the halo before and after the synthesis. )at agrees with
Figure 4 that presents the results of mechanical compressive
strength in MPa, indicating that geopolymer 9 has greater
mechanical compressive strength to geopolymers 7 and 2.

Geopolymers with a ratio in the 2.5 to 3.23 range, as
indicated by Davidovits, presented mechanical resistance to
geopolymers with a greater ratio. Geopolymer 9 with a ratio
of 2.65 presented a high compressive strength, reaching
values of 25MPa, 36.22MPa, and 44MPa in 24 hours, 7
days, and 28 days of cure, respectively, at ambient tem-
perature. From the results of Figure 4, the geopolymers from
samples 8, 9, and 10 in 24 hours achieved the resistance of
conventional Portland-type concrete at 28 days of curing,
but compressive strength continues to increase in the tested
range and is thus higher [28].

Figure 5 presents the result of scanning electron mi-
croscopy (SEM) with 500x expansion of geopolymer 9 in (a)
and of geopolymer 4 in (b).

In Figure 5, one may observe that geopolymer 9 pre-
sented a denser and more homogenous morphology when
compared to geopolymer 4. )e more uniform morphology

of geopolymer 9 is in accord with the results obtained in the
compression resistance tests and also indicated a greater
degree of geopolymerization after the reaction. Salehi et al.
[29] found in his studies that the denser and more uniform
morphological aspects provide greater mechanical perfor-
mance to the geopolymers and thus greater advance in the
geopolymerization reaction.

4. Conclusion

)is research made it possible to develop a geopolymer from
metakaolin and industrial waste from the Bayer process that
contained amorphous aluminosilicates in their composition.
)e waste utilized was fly ash generated in the operational
conditions of the Bayer process. As seen in the procedures,
the synthesis of the geopolymer according to the 2.5 to 3.3
mole ratios utilized by the researcher Davidovits was fa-
vorable to the process, and geopolymers with greater me-
chanical compressive strength were obtained. Geopolymers
synthesized at ambient temperature with an activator having
a composition of 15 molar of sodium hydroxide and 10
molar of alkaline sodium silicate appear to be a viable al-
ternative for supplying demands for cement, achieving re-
sistance superior to that of conventional concretes derived
from Portland-type cement. Furthermore, the geopolymers
were produced with low emissions of CO2, when compared
with conventional cements, which is environmentally
favorable. With the characterization of the synthesized
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Figure 5: Scanning electron microscopy (SEM): (a) Geopolymer 9
increase 500x; (b) Geopolymer 4 increase 500x.
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geopolymers, it was concluded that the waste from the Bayer
process presents a characteristic favorable to the synthesis of
geopolymeric materials, classified by the study as class C ash.
Our research concludes that synthesized geopolymers have
great potential for production of geopolymeric materials.
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