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Abstract: As a closed space, the functional requirements of the tunnel pavement are very different
from ordinary pavements. In recent years, with the increase of requirements for tunnel pavement
safety, comfort and environmental friendliness, asphalt pavement has become more and more
widely used in long tunnels, due to its low noise, low dust, easy maintenance, and good comfort.
However, conventional tunnel asphalt pavements cause significant safety and environmental concerns.
The innovative polyurethane thin overlay (PTO) has been developed for the maintenance of existing
roads and constructing new roads. Based on the previous study, the concept of PTO may be a
feasible and effective way to enrich the innovative functions of tunnel pavement. In this paper,
the research aims to evaluate the functional properties of PTO, such as noise reduction, solar reflection
and especially combustion properties. Conventional asphalt (Open-graded Friction Course (OGFC)
and Stone Mastic Asphalt (SMA)) and concrete pavement materials were used as control materials.
Compared with conventional tunnel pavement materials, significant improvements were observed in
functional properties and environmental performance. Therefore, this innovative wearing layer can
potentially provide pavements with new eco-friendly functions. This study provides a comprehensive
analysis of these environmentally friendly materials, paving the way for the possible application in
tunnels, as well as some other fields, such as race tracks in stadiums.

Keywords: tunnel pavement; sustainable pavement material; polyurethane thin overlay; combustion
properties; noise reduction; solar reflection

1. Introduction

As a closed space, the functional requirements of the tunnel pavement are very different from
ordinary pavements, e.g., a higher requirement on the reduction of the pavement noise, proper light
reflection to ensure safety and save tunnel lighting energy, closure of the construction process, better
pollutant discharge and air purification.

For a long time, cement concrete pavement has been widely used in tunnels, due to its long service
life and better lighting effect. However, the long construction period, the high noise during operation,
large dust and the fast deterioration rate of the skid resistance at the entrance and exit sections, which
significantly influence the tunnel safety and environmental protection, have become a limitation for
the further application of the cement concrete on the tunnel construction.

In recent years, with the increase of requirements for tunnel pavement safety, comfort and
environmental friendliness, asphalt pavement has become more and more widely used in long tunnels,
due to its low noise, low dust, easy maintenance and good comfort [1]. However, conventional tunnel
asphalt pavements also cause significant safety and environmental concerns. At high temperatures
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and under the vertical and horizontal loads during the starting, accelerating, decelerating and braking,
shear deformation distresses, such as rutting and upheaval, may occur on the asphalt pavements [2].
In the construction of tunnel asphalt pavement, a large amount of smoke, exhaust gas and dust will be
generated. When a fire occurs in a tunnel, the combustion-supporting effect of the asphalt will increase
the risk of tunnel fires, especially in long tunnels.

Recently, two main flame retardant methods haven been proposed. The first method is adding
flame retardant, which mainly makes asphalt pavement achieve an ideal flame retardant effect. It mainly
includes two forms: Directly adding flame retardant to asphalt or flame retardant mineral powder.
The second method is gasoline escape, which makes use of the large void characteristics of the asphalt
mixtures to make the gasoline escape quickly beyond the pavement, therefore, reduces the amount of
gasoline involved in combustion, and achieves the purpose of flame retardant.

At present, most of the research on flame retardant asphalt pavement is to apply mature flame
retardants in the field of flame retardant to asphalt. Usually, flame retardants are directly mixed
with asphalt at about 160 ◦C to prepare flame retardant asphalt, and then mixed with coarse and
fine aggregates, mineral powder and fibers to form asphalt pavement. Most of the research results
of flame retardant asphalts are applied to asphalt felt and asphalt coating. Among them, Jolitz and
Kirk [3] used organic bromide, potassium citrate, amine and other flame retardants; Walter [4] used
borate flame retardant; Grube and Frankoski [5] used borate flame retardant; Brown et al. [6] used
bauxite, brucite, etc.; Graham [7] used halogen flame retardant; Slusher et al. [8] used intumescent
flame retardants. In order to determine the flame retardant and mechanism of asphalt synergistic
flame retardant by decabromodiphenyl ethane (DBDPE) and Sb2O3, Zuo et al. [9] studied the effects of
DBDPE and Sb2O3 on the flame retardant and thermal decomposition characteristics of SBS asphalt.
The test used was based on the results of the limiting oxygen index test, the smoke density test, and the
thermal gravimetric and differential thermal test. Cong et al. [10] explains the mechanism of asphalt
burning and elucidates the different forms of flame retardants. Xu et al. [11] conducted horizontal
burning, limiting oxygen index (LOI) and direct burning tests to evaluate the effects of magnesium
hydroxide (MH) on flame retardancy for asphalt. Jia et al. [12] evaluated the effect of three different
combinations of flame retardant additives on an asphalt binder flaming using the oxygen index test
method. Zhao et al. [13] studied the flame flame-retardant asphalt for a tunnel containing various kinds
of flame retardants, including decabromodiphenyl oxide (DBDPO), DBDPE, Sb2O3, ZnBO3, Mg(OH)2,
and Al(OH)3 under different additive concentrations. Zhang et al. [14] conducted horizontal burning
and limiting oxygen index (LOI) to evaluate the effects of mixed decabrombromodiphenyl ethane
(DBDPE) and antimony trioxide (Sb2O3) on flame retardancy for epoxy asphalt binder. The influence
of DBDPE/Sb2O3 on the rotational viscosity, the thermal and mechanical properties of epoxy asphalt
binder was assessed by thermogravimetric (TG) analysis, differential scanning calorimetry (DSC), and a
tensile test. Wu et al. [15] investigated the flame retardant mechanism of hydrated lime (HL) on asphalt
mastics via a range of analytical techniques, including the cone calorimeter test, and thermogravimetry
and differential scanning calorimetry analysis.

The structural performance of asphalt under heavy traffic loading is a vital aspect for pavement
practitioners [16]. However, the effects of flame retardant have an unpropitious impact on the
performance of the asphalt, and have not formed a special flame retardant system. There are still many
problems, such as toxicity, smoke, and construction difficulties.

In recent years, the demand for functional pavements has kept increasing. New materials
and technologies are being developed to improve the functionality of new roads. This innovative
polyurethane thin overlay (PTO) was developed for the maintenance of existing roads and constructing
new roads. The performance-related mechanical properties of the PTO specimens were evaluated with
several preliminary methods in previous studies [17], and the basic strength of the specimen was tested
through a uniaxial compression test. From this test, the PTO showed excellent mechanical behavior
with roughly 6.6 GPa Youngs’ modulus. Furthermore, dynamic stability was evaluated with cyclic
compression tests. It presented a superior performance in the long-term durability of the materiel,
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which was more than ten times higher than conventional porous asphalt. The fatigue resistance was
assessed by the indirect tensile strength test. From which test, the strong inherency tensile strength
was also examined. Porous PTO can also facilitate stormwater infiltration and increase the driving
safety and maneuverability of automobiles [18–21]. Apart from mechanical properties, the hydraulic
conductivity and the durability against clogging have also been verified much larger than conventional
porous pavement materials, due to excellent void connectivity and pore structures [22].

Based on the previous study, the concept of PTO may be a feasible and effective way to enrich the
innovative functions of tunnel pavement. In this paper, the research aims to evaluate the functional
properties of PTO. Apart from conventional functionalities, e.g., skid resistance and drainage, some
properties, such as noise reduction, solar reflection, and especially combustion properties, have aroused
great interest in tunnels of metropolitan cities. A conventional asphalt (open graded friction course
(OGFC) and stone mastic asphalt (SMA)) and concrete pavement materials were used as control
materials. Compared with conventional tunnel pavement materials, significant improvements were
observed in mechanical and functional properties, as well as environmental performance. Therefore,
this wearing layer can potentially provide pavements with new eco-friendly functions. This study
provides a comprehensive analysis of these environmentally-friendly materials, paving the way for a
possible application in tunnels, as well as some other fields, such as in race tracks in stadiums.

2. Methods

2.1. Materials and Preparation of the PTO Specimens

To achieve a high permeability, a void-rich thin overlay, such as OGFC, is currently the most
feasible and effective way [23,24]. Although potentially beneficial, permeable pavement materials face
some challenges, due to the high-void content (less stone-to-stone contact regions) and the viscous
nature of bitumen. In conclusion, the poor mechanical durability [25] and unfavorable clogging
behavior [24,26] represent the main obstacle inhibiting a wide application of permeable pavements [27].
The latest research substituted conventional bitumen with bio-based polyurethane (PU) in order to
create a sustainable permeable pavement. The bio-based polyurethane consists of various polymers
that are synthesized by a poly-addition reaction of a di-isocyanate or a polymeric isocyanate with a
polyol. Specifically, among the polyol components, traditional petroleum raw materials are replaced
by organic oils. The synthesis is based on the connection of isocyanates and hydroxyl groups that lead
to the formation of a urethane group [28]. Polyurethane elastomers consist of the polyol component
and the isocyanate component. By modifying the components, a wide range of material properties,
ranging from brittle to elastic, can be designed. Preliminary research conducted at RWTH Aachen
University (Germany) suggests that PU-bound porous pavement structures exhibit high permeability,
high strength, high resistance to permanent deformation and increased fatigue resistance [17,29].

The mechanical and morphological properties of aggregate are essential for the functional and
mechanical properties of conventional OGFC [30–32]. Various investigations have focused on using
natural or recycled aggregate in pavements [33].

In producing the PTO mixture, the conventional natural aggregate within the particle size
range of 2.0–5.6 mm was replaced, and the remaining 30% was filled with natural sand (0–0.2 mm).
A 2-component polyurethane product was selected as the binder for the PU specimens. The basic
components of PU are shown in Figure 1.
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(a) (b) 

 

(c) (d) 

Figure 1. Raw materials for polyurethane (PU) specimens: (a) TiO2-coated aggregate; (b) Bio-based
polyurethane binder; (c) Compaction process; (d) PU specimen.

Conventional OGFC, SMA and cement were selected as reference materials in this study.
The conventional OGFC and SMA specimens were composed of crushed diabase aggregate, limestone
powder, and a polymer modified bitumen binder. The mixtures were prepared by means of Marshall
compaction (50 impacts per side). The grain size distribution and detailed mixture design of the PU,
OGFC and SMA reference specimens were based on the porosity and the maximum density process,
which are given in Figure 2 and Tables 1–3 respectively.

Figure 2. Grain size distribution of PU, open graded friction course (OGFC), and stone mastic asphalt
(SMA).
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Table 1. Mix design of PU mixture.

PU Materials Grain Size (mm) Mass Percentage (%) Apparent Density (g/cm3)

Limestone 0−0.063 5.0 2.820
Diabase 0.063−2 15.0 2.850

2−5.6 52.0 2.850
5.6−8 100.0 2.850

Polyurethane 2-component polyurethane, 6.5 M.−% 1.09
PU Mixtures Air void content 28.9 Vol.−% 1.93

Table 2. Mix design of OGFC mixture.

OGFC Materials Grain Size (mm) Mass Percentage (%) Apparent Density (g/cm3)

Limestone 0−0.075 4.0 2.820
Basalt 0.075−2.36 10.2 2.820

2.36−9.5 62.3 2.820
9.5−16 23.5 2.820

Bitumen Polymer modified bitumen 40/100–65 A, 4.5 M.−% 1.472
OGFC Mixture Air void content 21.2 Vol.−% 2.090

Table 3. Mix design of SMA mixture.

SMA Materials Grain Size (mm) Mass Percentage (%) Apparent Density (g/cm3)

Limestone 0−0.075 10.0 2.820
Basalt 0.075−2.36 9.5 2.820

2.36−9.5 35.5 2.820
9.5−16 40.0 2.820
16−19 5.0

Bitumen Polymer modified bitumen 40/100–65 A, 5.4 M.−% 1.472
SMA Mixture Air void content 3.1 Vol.−% 2.471

The preparation of different PU specimens followed a similar procedure to hot-mix asphalt
(OGFC and SMA). However, mixing polyurethane can be conducted at room temperature, because
the polymerization reaction and viscosity of polyurethane are not strongly affected by temperature.
After the two components of polyurethane were thoroughly mixed, the binder is added to the aggregate.
The components are mixed for a few minutes to obtain a homogenous mixture in which all surfaces of
the aggregate are coated with binder. After mixing, a pre-determined amount of polyurethane-bound
mixture is placed into a mold to obtain specimens of the desired bulk density. A heavy roller is used
for compaction of the mixture. After approximately 24 h, the hardening process is completed, and the
specimens can be removed from the mold.

Another reference specimen had a grade of C40/10 which is conventionally used in PCC pavements
in Germany. Table 4 shows the batching proportions for C40/10 used in this study. The design slump
values for PCC mixtures were 80.

Table 4. Mix design of the cement (kg/m3).

Cement
Pulverized
Fuel Ash

20 mm 10 mm Fines Water
Aggregate

Cement Ratio
Water Cement

Ratio

330 110 725 345 620 185 3.84 0.42

2.2. Acoustic Performance

Existing studies have shown that tire-road noise mainly happens based on the inner resonance of
the tire surface and pavement cavities (Pcavity), air flow around the vehicle body (Vehicle) and tire
vibrations (Pvibration) [34]. Pcavity, which determines the noise absorption, is researched by a huge
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amount of research as the most important factor when evaluating the acoustic performance of the PU
specimens [20,35].

In order to examine the sound absorption capacity of pavement material, the impedance tube test
according to DIN EN ISO 10534-2 was adopted, which has been widely applied for noise absorption
evaluation in previous studies [36,37]. This test method uses an impedance tube, two microphones,
an amplifier, and a recorder to evaluate the sound absorption coefficient (see Figure 3). Due to the
shape of the tube, the sound waves propagate as flat waves inside the tube. A frequency sweep
is generated and played back via the connected amplifier and loudspeakers. The generated sound
frequencies are measured with the microphones installed at the tube. The acoustic transfer functions
of the two microphone signals are used to calculate the reflection factor and the absorption factor
at normal incidence and the impedance ratio of the test material according to DIN EN ISO 10534-2
(https://www.perinorm.com/document.aspx). All test samples, including PU, OGFC, SMA, and cement,
were regulated in the same dimension of normal pavement samples with 100 mm diameter and 40 mm
height, so that it corresponds to the practical layer thickness. There are three parallel test pieces of each
variant; all specimens were measured three times each.

 

(a) (b) 

Figure 3. Installing the impedance tube for characterizing the noise absorption of PU samples:
(a) Connecting the sample holders; (b) completely installed impedance tube device.

2.3. Reflection Test

The reflection rate is an indicator of how reflective a pavement is of solar radiant. Higher reflection
rate means more radiant energy could be reflected back into the air, and pavement will absorb less
energy. It has been reported that the reflection rate depends strongly on pavement surface color,
service condition, and texture features. In general, the reflection rate of pavement falls in the range
of 0.10–0.30 [33], with brighter pavements higher reflection rates. The reflection rate may be not a
big problem under a tunnel section, but it is worthy of being investigated for the application of the
innovative material in the entrance and exit sections of the tunnel, where is not sealed under the tunnel
section. Furthermore, these results can offer comprehensive information and may benefit the readers
who would like to apply the innovative material in other practical fields.

In this research, UV/VI/IR Spectrophotometer (see Figure 4), a device commonly applied to detect
substance based on the absorption spectrum, was used to test the reflection rate of different samples.
Samples were radiated by different lights within the wavelength range of 400–2000 nm with a step
length of 5 nm, followed by detection of the reflected energy. Then, the reflection rate of different
wavelength light was automatically calculated.

6
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Figure 4. UV/VI/IR Spectrophotometer.

To further test the samples’ heat reflection, a specially-designed iodine tungsten lamp device
(Figure 5), with a radiant energy of 820 W/m2, was used to simulate solar radiation. All samples
were surrounded by thermal insulation cotton in the bottom and four sides. The temperatures were
measured by a sensor placed 2.5 cm in the sample. The setup of this test was defined according to our
previous research, which can efficiently test and evaluate the samples’ heat reflection in the laboratory.
A calibration factor or shift factor which can convert the laboratory results to the field will be studied
in the future.

 

Figure 5. Simulation of solar radiation using an iodine tungsten lamp.

2.4. Flammability Evaluation Method

The ignition of a vehicle is the main cause of the tunnel fire. However, for the pavement engineers,
how to reduce the harm caused by the ignition of the pavement materials is the main concern.
Especially, the smoke may be extremely harmful to the drivers trapped within the tunnel. Therefore,
the combustion performance of the materials was evaluated in this study. The cone calorimeter was
designed by Dr. Babrauskas of the National Institute of Standards and Technology (NIST) in 1982
based on the principle of oxygen consumption. It is a vital test instrument for evaluating materials’
combustion performance. As shown in Figure 6, the cone calorimeter is mainly composed of a carrier,
a combustion chamber, a ventilation system, a flue gas measuring system and a gas analyzer.
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Figure 6. Appearance and components of the cone calorimeter.

The main test parameters it can include the heat release rate (HRR), total heat release (THR),
effective combustion heat (EHC), ignition time (TTI), smoke and toxicity parameters, and mass change
parameters (MLR). These parameters can be used to evaluate the combustion performance or flame
retardancy of materials. Compared with the traditional test method, the cone calorimeter can get
more data in one experiment. In addition, the combustion test environment of the cone calorimeter is
similar to the real combustion environment, and the test results have a good correlation with the real
conflagration, which has a good reference value for the evaluation of the combustion performance
of materials.

In this test, it is required that the cross section of the tested specimen be 100 mm × 100 mm square,
and the mass should not exceed 200 g. The experimental power of the cone calorimeter is 50 kW/m2,
and the corresponding temperature is 780 ◦C. Before the test, the side and bottom of the sample were
wrapped with aluminum foil, and then the measured sample will be forced to ignite under 50 kW/m2

thermal radiation intensity. The data obtained during combustion will be collected by a computer.

3. Results and Discussion

3.1. Results of the Acoustic Test

The acoustic absorption coefficients of all specimens are shown in Figure 7. The figure indicates
that the acoustic behavior of the four types of material is distinctively different. In general, the acoustic
absorption properties of porous pavement material (both PU 8 and OGFC) are far higher than
the conventional SMA and concrete specimens. In the relevant frequency range of 800–2500 Hz,
PU specimens show a peak absorption coefficient of about 84% at 1400 Hz, whereas the OGFC
specimens show a peak absorption coefficient of about 70% at 1000 Hz. The SMA and concrete only
show a relatively lower peak noise absorption about 30% and 20% at 800 and 1080 Hz respectively.
However, the noise frequency near pavement is usually in the range from 1200 Hz to 1600 Hz if the
travel speed around 70 [34,36]. In which case, the PU material can have the highest noise absorption
property among all materials. The peak noise absorption frequency is a function of the sample height
and the pore structures. During the test, the specimens of PU, OGFC, SMA and concrete were kept
in the same height of 4 mm. In this case, the difference can be mostly attributed by the porosity
and pore structures. The absorption coefficients of PU samples surpass that of the other samples
throughout the entire frequency domain. In comparison with the conventional OGFC, the PU exhibits
higher coefficients of absorption across a wider range of frequencies, rendering it a material with far
superior acoustic properties. The excellent noise reduction ability is mainly due to the large connective
void content within the PU, which can expand the frequency range of absorption. Therefore, the PU
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material is the most suitable for the application in tunnel pavement, due to the relatively high noise
frequency level.

Figure 7. Acoustic absorption-coefficient curves.

3.2. Results of Heat Reflection

Figure 8 presents the results of the heat reflection tests subjected to light in the wavelength of 400
to 2000 nm. It can be observed that the light reflection rate varied significantly among different surfaces.
Freshly manufactured asphalt, which is black, has the lowest light reflection in the whole range of
wavelength. In other words, the majority of solar radiation will be absorbed by asphalt, thus increasing
the road surface temperature. In which case, the OGFC and SMA, that use bitumen as a binder material,
exhibit lower heat reflectance values, which in most cases is less than 0.1%. The surface temperature of
OGFC and SMA is also relatively high, reaching 74 degrees after 6h solar radiation.

Figure 8. Simulation of solar radiation using iodine tungsten lamp.

In contrast, PU and granite have the highest light reflection rates in wavelength rage of 800 to
2000 nm. PU experiences a continuously upward trend in terms of heat reflection and eventually
reaches a peak at 2000 nm, with a reflection rate of around 0.5. Infrared mainly contributes to the most
thermal effect of light, especially in practice. The infrared wavelength is in the range of 760–2500 nm,
which falls into the highest reflection wavelength range of PU and granite. In this case, PU and granite
in the actual application of heating rate are lower.

When exposed to the same simulated solar radiant energy of 820 W/m2, the surface temperature
of PU is lower than that of normal asphalt surface during the testing period (see Figure 9). After about
five hours of heating, the temperature of both samples becomes steady. The eventual temperature
of PU was 20 ◦C lower than that of the normal asphalt surface after ten hours of heating. The result
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indicates that PU, which is brighter, provides higher heat reflection rate in comparison with the black
normal asphalt surface, which significantly reduces the pavement surface temperature. Therefore,
this innovative pavement surface treatment method can potentially lessen the urban heat island effect.

Figure 9. The different reflection results of a heat reflection surface.

3.3. Results of Combustion Tests

3.3.1. Ignition Time (TTI)

TTI is an important parameter for evaluating the combustion properties of materials. It refers to
the time spent from heating the surface of materials to continuous combustion at a preset incident heat
flux, and its unit is second. It can be used to evaluate and compare the refractory properties of materials.
The longer the TTI is, the harder the material is to ignite under the specified experimental conditions.

As shown in Figure 10, the TTI of OGFC is smaller than that of SMA. This is because the air void
of OGFC is larger than that of SMA, resulting in the larger exposed asphalt area and air contact area,
thus it is easier to ignite. The TTI of porous polyurethane mixture is larger than that of OGFC and
SMA, indicating that PU is more difficult to ignite than asphalt. Because there is no obvious ignition
phenomenon of cement, it is regarded as incapable of ignition, and its TTI is not shown in the figure.

Figure 10. Comparison of ignition time (TTI) among PU, OGFC and SMA.

3.3.2. Heat Release Rate (HRR)

HRR refers to the heat release rate per unit area after the material is ignited under the preset
radiation intensity, and its unit is kW/m2. The maximum value of HRR is the peak value of the heat
release rate (pkHRR). The peak value indicates the maximum degree of heat release during combustion.
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The greater the HRR and pkHHR are, the greater the heat released from the burning of the material,
and the greater the fire hazard.

Figure 11 shows that the heat release rate curve of OGFC, with the highest pkHRR of 120.38 kW/m2,
is relatively left-centralized, meaning the quickest complete combustion and the greatest risk of fire.
The HRR curve of SMA, with the second largest pkHRR, basically encloses that of PU, which indicates
that SMA emits more heat per unit time and the heat release of it lasts for a longer time than that of PU.
By comparing the curves of PU, SMA and OGFC, it can be seen that PU has better flame retardancy
than asphalt. Finally, the HRR curve of cement fluctuates at 0, indicating that the cement will not
be ignited.

Figure 11. Comparison of heat release rate (HRR) among PU, OGFC and SMA.

3.3.3. Total Heat Release (THR)

THR refers to the sum of heat released by materials from ignition to flame extinction at a preset
incident heat flux in the unit of MJ/m2. Combining HRR with THR can better evaluate the combustibility
and flame retardancy of materials, which has a more objective and comprehensive guiding role for
fire research.

Figure 12 shows that SMA has the largest THR of 24.34 MJ/m2, because it has the largest asphalt
content. Besides, the THR of OGFC is 16.73 MJ/m2, close to that of PU of 16.04 MJ/m2, but the ignition
time of OGFC is small, and the heat release of it is concentrated and intense. Therefore, asphalt
pavement is more dangerous than polyurethane pavement when they are on fire. Finally, the total heat
released of cement is very small but still exists, because the cement has only seven days age and has
not been fully hydrated.

Figure 12. Comparison of total heat release (THR) among PU, OGFC and SMA.
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3.3.4. Specific Extinction Area (SEA) and Total Smoke Release (TSR)

SEA is a dynamic parameter to characterize the amount of smoke emitted at every moment in
the combustion process, which can reflect the ratio of volatile matter per unit mass to smoke (unit:
m3/kg), while the TSR can reflect the total amount of smoke generation and release per unit area
in the fire field (unit: m3/m2). These data have a good correlation with the smoke parameters of
large-scale experiments.

Figure 13 shows that SMA has the largest average smoke emission and total smoke emission,
followed by OGFC, PU and cement. In fires, excessive smoke may lead to asphyxiation, hypoxia and
death. Therefore, asphalt pavement is more harmful to the environment and the human body than
polyurethane pavement when burning.

 
(a) (b) 

Figure 13. Comparison of the results among PU, OGFC and SMA. (a) mean for the specific extinction
area (SEA); (b) total smoke release (TSR).

3.3.5. Fire Proceeding Index (FPI)

FPI combines ignition time and peak heat release rate, and is the ratio of ignition time to peak
heat release rate (unit: s*m2/kW). The larger the FPI value, the stronger the fire resistance.

Figure 14 shows that the FPI of OGFC is smaller than that of SMA, and the FPI of asphalt mixture is
smaller than that of polyurethane mixture, which indicates, as previously analyzed, that polyurethane
pavement has better flame retardancy than asphalt pavement. Besides, the pkHRR of cement is almost
zero, so its FPI value is extraordinary and not shown in the figure.

Figure 14. Comparison of fire proceeding index (FPI) among PU, OGFC, and SMA.
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4. Summary and Conclusions

In this paper, the functional properties of PTO were evaluated, and compared, with the conventional
asphalt (OGFC and SMA) and concrete pavement materials regarding the noise reduction, solar
reflection and combustion properties. Significant improvements were observed in functional properties,
as well as environmental performance. The following summarizes the main findings of this study:

• Based on the evaluation by the acoustic tube test, both PU and OGFC show superior acoustic
properties in comparison with conventional SMA and concrete pavement materials. However,
comparing to OGFC, PU has a wider range of noise absorption. Especially for high frequency
noise, which more likely exists in the tunnel, PU exhibits a maximum noise absorption coefficient,
while other materials have almost no noise absorption within this range. Concluding, PU is more
efficient in noise reduction of tunnel pavement.

• The light reflection rate varied significantly among different pavement surfaces. Based on the heat
reflection tests, the OGFC and SMA which use bitumen as a binder material, exhibit the lowest
heat reflectance values. The concrete presented the highest reflection rate and followed by PU
in wavelength it ranged from 800 to 2000 nm. On the other hand, an increase of the radiation
time results in a significant increase in the surface temperature of the PU and asphalt material.
However, compared to the asphalt material, the increase of temperature on the PU surface is
almost 30% less. Therefore, this PU pavement surface can potentially lessen the urban heat island
effect. It is meaningful when the PU is applied in the entrance and exit sections of the tunnel,
where it is not completely sealed under the tunnel section.

• By comparing the results of the combustion tests, it can be seen that PU has a better flame
retardancy than asphalt (OGFC and SMA). Particularly, the TTI of PU is larger than that of OGFC
and SMA, indicating that PU is more difficult to ignite than asphalt. Asphalt (OGFC and SMA),
with the higher pkHRR than PU, can result in faster combustion and a greater risk of fire. SMA
has the largest THR, indicating that the largest amount of heat is released. The THR of OGFC
is close to that of PU, but the ignition time of OGFC is small, and thus the heat release is more
concentrated and intense. SMA has the largest average smoke emission and total smoke emission,
followed by OGFC, PU and cement. FPI of asphalt is smaller than that of PU.

Overall, this study has demonstrated that this innovative wearing layer can potentially provide
tunnel pavements with new eco-friendly functions compared with the conventional asphalt materials.
In further research, the PTO will be applied and analyzed in the construction of model tunnels.
The relative production and laydown direct cost relation for all the mixtures will be investigated in the
next step. More comprehensive tests will be carried out to investigate the mechanical and functional
properties of the PTO materials, i.e., long-term performance of PTO under repeated dynamic loading
(traffic loading in the field) needs to be investigated carefully through dynamic fatigue and fracture
tests [38]. The possibility of the PTO applied in race tracks in the stadiums will also be investigated.
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Abstract: High-viscosity modified asphalt is mainly used as a binder for porous asphalt in China
and Japan. In order to meet the demand for using porous asphalt under high temperature condition
in Africa, high-viscosity asphalt made from low-grade matrix asphalt, which is commonly used
in Africa is investigated. Based on simulation of local climate in Africa, the suitable range of high
viscosity additive content for different matrix asphalt was obtained by analyzing dynamic viscosity of
the asphalt. Through PG high temperature grading, multi-stress repeated creep, accelerated fatigue,
temperature sweep and other tests, changes of high temperature, anti-fatigue and anti-shear indicators
before and after modification were compared and analyzed and effects of different matrix asphalt were
also studied. Finally, considering engineering requirements, mixing and compaction temperatures of
various high-viscosity modified asphalt were determined through study of viscosity-temperature
characteristics. This research provides a support for preparation of high-viscosity modified asphalt
and porous asphalt mixture by using low grade asphalt. The research achievements can help to guide
the material design and application of porous asphalt in Africa and other high temperature areas.

Keywords: high-viscosity modified asphalt; low grade asphalt; porous asphalt; rheological property;
viscosity-temperature characteristic

1. Introduction

Compared with dense-graded asphalt pavement, porous asphalt has the advantages of reducing
water mist in rainy days, increasing driving safety, anti-skid, noise reduction and effectively alleviating
urban heat island effect because of its large voids content. However, during the application of porous
asphalt, performance of the pavement is highly dependent on materials and environment where it is
used. When studying the performances of porous asphalt, it is necessary to considering the combined
effect of traffic, the climate of the project site, as well as the material properties.

At the beginning of the application of porous asphalt, straight run asphalt or natural asphalt was
mainly used as binders. For example, 40/60 straight-run was generally used in the United States. Due to
the low viscosity of such binders, porous asphalt was easily damaged, which limited its promotion.
And many countries began to use modified asphalt, which greatly improved service life of porous
asphalt [1]. Based on improvement and optimization of European experience and according to climate
and traffic characteristics of various regions in the country, the Japanese road engineering community
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focused on study of binders and proposed high-viscosity modified asphalt (HVMA). And it became
a key technology for high temperature stability and anti-raveling of porous asphalt in the country [2–4].
At present, HVMA is also use as binder for porous asphalt in China and the dynamic viscosity at
60 ◦C can be over 100,000 Pa·s [5]. High-viscosity modified asphalt can be prefabricated by blending
matrix asphalt and high-viscosity additive (HVA), which is called “wet method” of modification and
the technology by putting HVA directly during mixing process of mixture is called “dry method.”
The HVA is generally a particle shape, with a length between 2~5 mm. It can be melted and dispersed
rapidly and evenly in the mixing process of asphalt mixture.

In previous studied, it has been revealed that the main component of HVA is thermoplastic
rubber, which forms a polymer network structure between the polymer in the HVA and the asphalt
component [6], which generally results a higher viscosity in comparison of SBS modified asphalt.
Qin et al. used temperature sweep and frequency sweep tests to investigate the influence of temperature
and frequency on anti-rutting performance of high-viscosity modified asphalt and the methods are
considered better presents a practical load in the road surface [7]. Tan et al. studied the composite
modification of matrix asphalt using a thermoplastic elastomer and SBS polymer modified asphalt.
It found that the thermoplastic elastomer particles as high elastic interlocking units are uniformly
distributed in the network structure in the modified asphalt, which leads to good high and low
temperature performance based on Performance Grade (PG) grading [8]. Cai et al. carried out
research on environmental friendly alternative binders for permeable asphalt mixture by recycling
engineering wastes including crumb rubber powder and recycled oil to prepare high-viscosity asphalt
binders. The results showed that the performance can meet the specification requirements in China [9].
Xu et al. investigated the ageing mechanism of the high-viscosity asphalt and developed rejuvenator
material for preventive maintenance [10]. In addition, studies were also performed on the noise
reduction properties of porous asphalt using HVMA as a binder [11,12]. However, it showed that
the high-viscosity binder mainly improves the mechanical performance of the pavement and has less
influence of sound absorption. In existing studies, the high-viscosity asphalt are mainly made from
matrix asphalt with grade 70 or composite modification of SBS asphalt. The compatibility of low-grade
asphalt, the penetration at 25 ◦C of which is generally 30~50 (0.1 mm), for preparing high-viscosity
asphalt are not studied yet. And there is also little knowledge on performances of HVMA made from
low grade asphalt.

This paper focuses on rainy environments in Africa, which is characterized by high temperature
in summer and heavy rainfall in spring and summer. When used in such conditions, theporous
asphalt mixture should have sufficient resistance to high temperature stability, moisture damage and
structural durability. As the average lowest temperature in such areas are higher than 20 ◦C, the low
temperature properties are not taken into account in this study. At the same time, different from
existing studies in China and Japan, matrix asphalt used in Africa is mainly low-grade asphalt due to
high temperatures in summer. Besides, the performance and chemical composition of matrix asphalt
from different sources are also quite different. Therefore, study is carried out for verifying the feasibility
of preparing high-viscosity modified asphalt based on low-grade matrix asphalt and the performances
of these high-viscosity asphalt used for African highways are investigated. The research will provide
a technical support for using HVMA in Africa and other areas with high temperatures in summer and
it contributes to promotion and application of porous asphalt based on HVMA.

2. Materials and Methods Study on Optimum Mixing Content of HVA

The mixing proportion of HVA is the main factor affecting the performance of high-viscosity
modified asphalt. Therefore, the optimum mixing content of HVA for four low-grade matrix asphalt
commonly used in Africa was studied first.
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2.1. Matrix Asphalt

The indicators of the four types of matrix asphalt used in West Africa are shown in Table 1.
The four types of asphalt are numbered B1, B2, B3 and B4 respectively. Tests were carried out according
to European Standard BS EN12591-2009. The chemical analysis results of the four-component tests are
shown in Table 2. It can be seen from Tables 1 and 2 that asphaltene content in B1 and B4 asphalt is
high, resulting in relatively high softening point but penetration index after aging is relatively low.
Asphaltene content in B3 asphalt is the lowest, so its softening point is relatively low but performance
declines least after aging.

Table 1. Test results on matrix asphalt.

Items Unit
Technical

Requirement

Test Value

B1 B2 B3 B4

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 30–45 44 37 40 41.1
Softening point values (TR&B) ◦C 52–60 54 53.5 50.8 55.4

Flashpoint ◦C ≥240 322 316 308 346
Solubility % ≥99 99.79 99.92 99.69 99.83

Dynamic viscosity (60 ◦C) Pa·s ≥260 485 394 265 566
Residue mass change after TFOT % ≤0.5

Residual penetration (25 ◦C) 0.1 mm - 31 25.9 32.6 27.5
Penetration ratio % ≥53 70.5 70 81.5 67

Table 2. Test results of four-component for matrix asphalt.

Asphalt Type Asphaltene (%) Saturate (%) Aromatic (%) Resin (%)

B1 20.74 13.93 39.20 23.50
B2 16.10 9.80 47.32 25.43
B3 11.28 8.26 51.35 28.84
B4 17.05 14.16 40.03 27.41

2.2. Preparation of HVMA

(1) Test equipment

The equipment required for preparation of high-viscosity asphalt binder includes high-speed
shear mixer, heating furnace, thermometer, glass stirring rod. Preparation of high-viscosity asphalt
using high-speed shear mixer is shown in Figure 1.

(2) Preparation Process

Preparation of high-viscosity modified asphalt in laboratory is as follows:

(1) Take a certain amount of matrix asphalt and heat the asphalt to about 180 ◦C or 190 ◦C (for
SBS modified asphalt), then weigh the asphalt. Calculate the amount of high-viscosity additive
according to the proportion of the designed content and add it into the asphalt, mix it evenly
with glass rod;

(2) Place the sample cup under the high-speed shear machine, set rotation speed to 5000 rpm and
shearing shall be continued for 30 min. The temperature during the whole process is controlled
between 180 ◦C and 190 ◦C;

(3) After shearing and blending, place the prepared HVMA in an oven at 180 ◦C for 30 min. Then
take it out for various tests.
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Figure 1. Preparation of HVMA using high-speed shear mixer.

2.3. Selection of Key Indicators for High-Viscosity Asphalt Binder

Existing studies show that [5], with the increase of dynamic viscosity of asphalt at 60 ◦C,
compressive strength, splitting strength and bending strength of porous asphalt mixture are obviously
increased. Besides, dynamic stability and other road performance are also significantly improved.
A reasonable value of dynamic viscosity at 60 ◦C ensures porous asphalt to be used under high
temperature conditions and without big increase in cost. Therefore, it is necessary to analyze the
combined effect of temperature, load and dynamic viscosity on rutting performance of porous asphalt.

Among them, temperature and load are external factors, while dynamic viscosity is an internal
factor and dominates the effect. According to existing research [5], the relation between dynamic
stability of high-viscosity modified asphalt mixture and dynamic viscosity is as follows:

lgDNS = 0.535lgη− 0.0653t− 0.63p + 5.592
(
R2 = 0.892

)
, (1)

where,

DNS—Rutting test dynamic stability, times/mm;
η—Asphalt dynamic viscosity at 60 ◦C, Pa·s;
t—Test temperature, ◦C;
p—Loading pressure, MPa.

At present, 60 ◦C is usually chosen as test temperature to evaluate high temperature performance
of asphalt mixture in many countries. According to meteorological data of some countries in Africa,
the project is located in low latitude area and its climate is humid, hot and rainy, with high temperature
in summer. The average maximum temperature for 7 consecutive days can reach 45.5 ◦C, as shown in
Figure 2.
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Figure 2. Average maximum temperature for 7 consecutive days over 30 years in certain African region
(Data are from the reference [13]).

Calculation formula for design temperature of pavement is given in SHRP research [14], as shown
by Equation (2). The temperature used to calculate PG high temperature grade is that of 2 cm below
road surface.

T20mm = Tair − 0.00618Lat2 + 0.2289Lat + 42.2× 0.9545− 17.78, (2)

where:

T20 mm—the maximum temperature at 2 cm below road surface (◦C);
Tair —average maximum air temperature for 7 consecutive days (◦C);
Lat—local latitude (◦).

According to Equation (2), the highest design temperature of local pavement is 67.9 ◦C. Therefore,
evaluation of high temperature performance of asphalt and mixture at 60 ◦C does not reflect actual
working condition of pavement in summer. In this paper, considering a long life design of the pavement,
70 ◦C is used as the temperature for evaluating ultimate temperature performance of mixture and
0.7 MPa is used as load for rutting test load. In order to meet the needs of pavement material
design for application, the dynamic stability of porous asphalt is not less than 3000–5000 times/mm.
Considering an application for light traffic case, this paper suggests that 3000 times/mm is quite
reasonable. Calculated by Equation (1), the required dynamic viscosity of asphalt at 60 ◦C shall be no
less than 260,124 Pa·s. Then 270,000 Pa·s is chosen as lower limit of dynamic viscosity at 60 ◦C, so as to
ensure the performance of the mixture at locally high temperatures.

At the same time, as HVMA has greater viscosity than ordinary modified asphalt, construction
workability must be considered in evaluating performance of modified asphalt. A large number of
engineering practices show that Brookfield viscosity of high-viscosity modified asphalt at 170 ◦C shall
not exceed 3 Pa·s [5].
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2.4. Influence of HVA Content on Performance of Asphalt

Firstly, high-viscosity asphalt samples are prepared in the lab by using the four kinds of different
base materials (as shown in Tables 1 and 2) and HVA with different contents. Then performances of
high-viscosity asphalt are tested, including penetration, softening point, dynamic viscosity at 170 ◦C
and dynamic viscosity at 60 ◦C. Variations of these parameters caused by different HVA contents are
analyzed as well. Five different mixing contents of HVA are used, namely 8%, 10%, 12%, 14% and
16%. The relationship between penetration and softening point of high-viscosity asphalt prepared by
different matrix asphalt and HVA content is shown in Figure 3. Dynamic viscosity at 60 ◦C for different
HVA content is shown in Figure 4. For better illustration of the tendency of the dynamic viscosity
changing with the HVA content, the dynamic viscosity at 60 ◦C is shown in logarithmic form.
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Figure 3. Penetration, softening point values of four HVMA with different HVA mixing proportion.
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Figure 4. Dynamic viscosity at 60 ◦C of asphalt with different HVA mixing proportions.

(1) Penetration

In many countries, penetration is regarded as an index for asphalt grade, which reflects the
asphalt consistency. It can be seen from Figure 3 that the penetration of the four matrix asphalt after
modification is significantly reduced, which is mainly due to absorption of light components in asphalt
by HVA addition. It makes the asphalt thicken and become harder. When HVA content increases
from 0% to 14%, penetration values for B1 to B4 matrix asphalt reduces by 19%, 21%, 17% and 26%,
respectively. In terms of reduction in penetration, B4 is more sensitive to HVA modification.

(2) Softening point

As shown in Figure 3, the softening point of the four modified asphalt increases with the HVA
content but the increasing trends slow down after it rises to 14%. Compared with matrix asphalt, the
softening points of the four asphalt are all above 90 ◦C when 14% HVA is added.

(3) Dynamic viscosity at 60 ◦C

In Figure 4, it shows that dynamic viscosities of the four modified asphalt increase exponentially
with HVA content. For asphalt B4, when HVA content is 8%, its dynamic viscosity at 60 ◦C reaches
43,914 Pa·s and its dynamic viscosity is the most sensitive to mixing content of HVA. The variation
on dynamic viscosity at 60 ◦C of asphalt B1 is less affected by content of HVA, which shows a poor
compatibility between the matrix asphalt and the modifier at current contents.

2.5. Determination on Optimum Range of HVA Content

Based on test results, dynamic viscosity at 60 ◦C and Brookfield viscosity at 170 ◦C of different
HVMA are correlated with HVA mixing proportion and regression curves are shown for expressing
the relationships in Figure 5. From Figure 5, it can be seen that when expressed in logarithmic form,
there are good linear relationships between the dynamic viscosity at 60 ◦C and HVA contents, as well
as for Brookfield viscosity at 170 ◦C.
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Figure 5. Cont.
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Figure 5. Dynamic viscosity and Brookfield viscosity for different HVA mixing proportion.

According to analysis in Section 2.3, Brookfield viscosity at 170 ◦C (not more than 3.0 Pa·s) is used
as an index to control maximum content of HVA and dynamic viscosity at 60 ◦C (not less than 270,000
Pa·s) is used as index to determine minimum content of HVA. The proper ranges of HVA content
corresponding to different matrix asphalt are calculated based on the regression relationship in Figure 5.
The results for B1–B4 are respectively: 15.5%~18.2%, 12.5%~16.6%, 12.3%~17.3% and 11.0%~17.2%.

3. Experimental Study on Rheological Properties of High-Viscosity Modified Asphalt

In this section, rheological properties of HVMA made from various matrix asphalt are studied.
In order to facilitate the investigation and considering the cost effective for using HVA in practical
engineering, the HVA content 14% is used for the high-viscosity modified asphalt preparation, namely
the ratio between the mass of asphalt and HVA is 86:14. For matrix asphalt B1, dynamic viscosity at
60 ◦C after mixing of 14% HVA cannot meet the requirement in Section 2.3, so it is not further studied
in the experimental research on rheological properties in this paper.

3.1. High Temperature Performance Grade

High temperature performance grade (PG) is calculated from complex shear modulus |G*| and
phase angle δ, which are measured by dynamic shear rheometer. In this section, dynamic shear
rheometer (DSR) is used for the test. The experimental parameters are set to be 10 rad/s as angular
frequency, 1 mm above and below of parallel plate, 12% of strain value for original asphalt and 10% for
aged asphalt. In the Strategic Highway Research Program (SHRP) research program, rutting resistance
is characterized by rutting factor |G*|/sinδ. PG grading requires |G*|/sinδof original asphalt to be greater
than or equal to 1.0 kPa and |G*|/sinδof short-term aging residue to be greater than or equal to 2.2 kPa.
PG grading of asphalt sample is carried out and the test results are shown in Table 3.

It can be seen from Table 3 that: The PG grade for matrix asphalt B2, B3 and B4 are 70, 64
and 70 respectively. After modified by 14% HVA, there are increases by three grades for the three
types of matrix asphalt, which means great improvement of high temperature performance. PG high
temperature grade of B3 + 14% HVA can reach PG82 which is the highest temperature grade and that
of the other two even exceeds the highest grade.
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Table 3. Test results of high temperature performance grade.

Test Temperature (◦C) B2 B2 + 14%HVA B3 B3 + 14%HVA B4 B4 + 14%HVA

Original asphalt(|G*|/sin(δ) (|KPa|))

58 8.51 - 5.87 21.8 10.9 -
64 3.6 - 2.47 11.5 4.71 -
70 1.63 - 1.13 7.26 2.14 -
76 0.779 - 0.55 5.26 1.04 9.93
82 - 4.84 - 4.14 - 6.9
88 - 3.15 - 3.33 - 5.04

After short-term aging(|G*|/sin(δ) (|KPa|))

58 13.4 - 10.1 - 22.8 -
64 5.59 - 4.04 - 9.81 -
70 2.48 - 1.76 - 4.39 -
76 1.16 - - - 2.06 -
82 - 4 - 2.74 - 7.97
88 - 2.31 - 1.68 - 4.61

3.2. Asphalt Temperature Sweep Test

DSR measurement is used for temperature sweep. The temperature sensitivity of different asphalt
is analyzed by measuring complex shear modulus |G*|, phase angle δ and rutting factor |G*|/sinδ of
asphalt. With a fixed loading frequency of 10 rad/s and a stress level of 0.1 kPa, temperature sweep test
of the three kinds of matrix asphalt and corresponding high-viscosity modified asphalt with 14% HVA
are carried out at test temperature from 30 ◦C to 80 ◦C. Parallel plate of 25 mm is used and the space
between upper and lower parallel plates is fixed at 1 mm. For different kinds of asphalt, complex shear
modulus |G*|, phase angle δ and rutting factor |G*|/sinδ in accordance with different temperature are
shown in Figure 6.

 
(a) Dynamic shear modulus 

Figure 6. Cont.
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(b) Phase angle 

 
(c) Rutting factor 

Figure 6. Temperature sweep test results.

As can be seen from Figure 6a, the dynamic shear modulus of all the asphalt samples have little
difference from 30 ◦C to 45 ◦C. This is because of the low penetration and high consistency at low
temperatures of matrix asphalt. When test temperature is higher than 45 ◦C, with the increase of
temperature, the dynamic shear modulus of the three matrix asphalt decreases rapidly. For HVMA,
with the increase of temperature, swelling effects between the HVA and light component in asphalt
causes the increase of heavy component content in the asphalt, which in turn makes the asphalt viscous
and hard macroscopically, meanwhile the flexibility is improved and higher value of shear modulus
is obtained. The dynamic shear modulus of B4 + 14% HVA is the largest among the three types of
high-viscosity modified asphalt.

In Figure 6b, it shows that phase angle of B4 is the smallest at the same test temperature among
three matrix asphalt, which indicates that it has less viscous components and better resistance to
permanent deformation. The phase angles of three matrix asphalt are greatly reduced after adding
14% of HVA, indicating that addition of HVA improves resistance ability to permanent deformation.
Phase angles of three matrix asphalt gradually become larger as the test temperature increases, which
shows more viscous properties. However, with the increase of temperature, phase angles of three
high-viscosity asphalt firstly increase and then decrease, with small overall phase angle, showing
greater elastic properties.
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As can be seen from Figure 6c, with the increase of test temperature, rutting factor |G*|/sinδ of both
matrix asphalt and high-viscosity asphalt added with HVA gradually decreases and the asphalt rutting
factor and test temperature show an exponential decreasing trend. Compared with matrix asphalt,
the three high-viscosity asphalt binders are less sensitive to temperature. As sweep temperature rises
above 70 ◦C, the sequence of rutting factor value for different high-viscosity asphalt is: B4 + 14% HVA
> B3 + 14% HVA > B2 + 14% HVA.

3.3. Multiple Stress Creep Recovery Test

The multiple stress creep recovery (MSCR) test method is incorporated in AASHTO TP70 [15],
which is a new-generation test method for evaluating elasticity resuming performance of modified
asphalt. MSCR specimen is characterized by less test loading times and easy calculation of
parameters [16,17]. A dynamic shear rheometer set with 25 mm parallel plate and 1 mm gap is
used in MSCR test. Loading stress at the first stage is 0.1 kPa and that at the second stage is 3.2 kPa.
Under controlled-stress mode, different stress levels are used for repeated loading-unloading tests of
asphalt, with 10 cycles per stage. For each cycle, asphalt is loaded for 1 s and unloaded for 9 s.

At the test temperature of 70 ◦C, the strains obtained at different loading times for the three
matrix asphalt and high-viscosity modified asphalt after adding 14% HVA are shown in Figures 7
and 8 respectively.

(a) Time-strain diagram of matrix asphalt under 0.1 kPa stress

(b) Time-strain diagram of matrix asphalt under 3.2 kPa stress
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Figure 7. MSCR test results of matrix asphalt.
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(a) Time-strain diagram of three high-viscosity asphalt under 0.1 kPa stress 

 
(b) Time-strain diagram of three high-viscosity asphalt under 3.2 kPa stress 
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Figure 8. Test results of high-viscosity modified asphalt.

As can be seen from Figures 7 and 8, with increasing loadings cycles, strain of asphalt is enlarged
and creep recovery decreases. Strain of the same kind of asphalt increases significantly under a larger
stress level. When placed under load, matrix asphalt has greater strain than high-viscosity asphalt.
Besides, after loading stage, matrix asphalt has weak recovery ability, without strong resistance
to deformation.

In AASHTO [15], deformation recovery capacity and high temperature rutting resistance of asphalt
are evaluated by deformation recovery rate R and non-recoverable creep compliance Jnr. Essentially,
Jnr represents the viscosity (non-recoverable) in creep compliance of the material. The two parameters
are calculated as follows:

R = (rp − rnr)/(rp − r0) (3)

Jnr = (rnr − r0)/τ (4)

where rp represents peak strain in a loading cycle, rnr represents residual strain in a loading cycle,
r0 represents initial strain in a loading cycle and τ the shear stress.
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R and Jnr of the first 10 creep cycles are calculated according to Equations (3) and (4) respectively.
Then the average creep recovery rate (R0.1) and average non-recoverable creep compliance (Jnr0.1) at
stress level of 0.1 kPa are obtained. In a similar way, average creep recovery rate (R3.2) and average
non-recoverable creep compliance (Jnr3.2) at stress level of 3.2 kPa can be obtained as well. The results
of R0.1, R3.2, Jnr0.1 and Jnr3.2 of three matrix asphalt and high-viscosity asphalt with addition of 14%
HVA are shown in Table 4.

Table 4. Results of creep recovery rate and non-recoverable creep compliance.

Asphalt Type
Parameters

R0.1 (%) Jnr0.1 (kPa−1) R3.2 (%) Jnr3.2 (kPa−1)

B2 0.0265 27.5500 0.0068 31.9725
B2 + 14%HVA 0.8926 0.7057 0.8426 0.6644

B3 −0.0199 40.1736 −0.0201 43.9400
B3 + 14%HVA 0.9570 0.3833 0.9427 0.6235

B4 0.0030 37.4957 −0.0422 47.7564
B4 + 14%HVA 0.9091 0.1650 0.8836 0.3931

From Table 4, it is known that at the same temperature, there is a dramatic increase of recovery
rate and a significant reduction of non-recoverable creep compliance after modification by 14% HVA.
The creep recovery rate of B3 is negative at both 0.1 kPa and 3.2 kPa, which may be due to poor thermal
stability of matrix asphalt and the test temperature of 70 ◦C exceeds its softening point. As stress level
increases from 0.1 kPa to 3.2 kPa, recovery rate of all asphalt is reduced, which proves that actual
pavement is more likely to produce rutting when subjected to higher pressure. At stress levels of
0.1 kPa and 3.2 kPa, the B3 + 14% shows highest deformation recovery capability among the three,
which is mainly due to the greater content of aromatic and resin of the matrix asphalt. As to the
non-recoverable creep compliance, the B4 + 14% modified asphalt presents a lowest value at both stress
levels of 0.1 kPa and 3.2 kPa. This is because of a higher content of asphaltene in the matrix asphalt,
which makes it less sensitive to a loading impact at high temperature. Jnr indicates capability of asphalt
to recover from deformation and its value has negative correlation with rutting resistance, that is, the
higher is non-recoverable creep compliance, the poorer performance on deformation resistance of
asphalt pavement.

3.4. Accelerated Fatigue Test

The asphalt accelerated fatigue test [18] can quickly evaluate and predict asphalt fatigue
performance to determine fatigue resistance of asphalt qualitatively. In this paper, DSR linear
amplitude sweep (LAS) is used to test the shear stress with different shear strain value. The test method
is as follows: firstly, short-term aging of asphalt is carried out and then measurement is carried out
under the condition of 10 Hz, 20 ◦C (lower than the working temperature of asphalt in this area), strain
sweep range 0.1%~30%, sweep rate LAS-5. The stress-strain curves of the three types of matrix asphalt
and high-viscosity modified asphalt with 14% HVA are shown in Figure 9.

From Figure 9, it can be seen that shear stress of matrix asphalt first appears a peak value with
increase of strain, then it decreases continuously, which is mainly due to elastic and plastic deformation
is generated in the process. The gradual decrease of shear stress after the peak value indicates that
yield stress of asphalt occurs under corresponding strain, which is called yield strain. In general, the
higher the yield strain, the better the elastic properties are.

The high stress levels are observed when the strain is between 5% and 10% and the decline is
relatively rapid. After addition of 14% HVA, B3 asphalt can maintain high stress for a larger range
of strain in comparison with the matrix asphalt B2. B2 + 14% HVA and B4 + 14% HVA asphalt do
not show a decreasing trend of stress within 30% of the strain and does not reach the fatigue failure
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point within 30% strain range, which indicate a better fatigue resistance performances after modified
by HVA.

 

Figure 9. Stress-strain curves of three kinds of matrix asphalt and high-viscosity asphalt with 14% HVA.

4. Study on Viscosity-Temperature Characteristics of Low-Grade High-Viscosity
Modified Asphalt

This section mainly aims at appropriate temperature range for the construction of porous asphalt
with different high-viscosity modified asphalt. For porous asphalt mixture prepared by high-viscosity
modified asphalt, the viscosity range of ordinary asphalt cannot be used for determining the construction
temperature range. So a new method is needed to determine mixing and compaction temperatures of
the mixtures.

The relationship between viscosity and temperature of high-viscosity modified asphalt can be
expressed by the Saal formula:

lglgη× 103 = n−mlg(T + 271.13) (5)

where,

T—Temperature, ◦C:
η—Viscosity, Pa·s:
n—Regression constant, the higher the value, the greater the viscosity at the same temperature;
m—Regression constant, indicating asphalt temperature sensitivity. The larger the absolute value,
the worse the temperature sensitivity.

Brookfield viscosity of three types of HVMA (Asphalt: HVA= 86:14) at 135 ◦C, 150 ◦C, 175 ◦C are
measured by Brookfield viscometer and the curve of regression by Saal formula is shown in Figure 10.

According to the relation given by Saal formula and based on above data, the viscosity-temperature
curves of three different asphalt with 14% HVA are as follows:

B2 + 14%HVA: y = −2.3404x + 6.5527 (R2 = 0.9942)
B3 + 14%HVA: y = −3.4245x + 9.3507 (R2 = 0.9968)
B4 + 14%HVA: y = −3.4914x + 9.5844 (R2 = 0.9964)

(6)
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Figure 10. Viscosity-temperature curve of three asphalt with 14% HVA on double logarithmic
coordinates.

From existing studies, the viscosity range for mixing and compaction temperatures of modified
asphalt are considered [19]:

Mixing temperature : η = 0.275± 0.03Pa·s

Compaction temperature : η = 0.550± 0.04Pa·s
Based on the viscosity range above and the viscosity-temperature curve, the mixing and compaction

temperatures of HVMA with 14% HVA are obtained and shown in Table 5. From the table, it can
be seen that HVMA has a relatively high-viscosity at low temperature in use such as 60~70 ◦C but
temperatures required for mixing and compaction are not too high. Besides, porous asphalt mixture
generally has coarse aggregates content, it is favorable for the high-viscosity additive to be grinded in
the mixing. For B3 + 14% HVA, considering the heating temperature and the workability of the mixing,
it is also suggested the mixing temperature to be 160 ◦C. Then, from the study, the mixing temperature
for HVMA from low grade asphalt is considered to be 160 ◦C and the compaction temperature is
between 130 ◦C and 145 ◦C, depending on the matrix asphalt type.

Table 5. Mixing and compaction temperature for different HVMA.

Asphalt Type Mixing Temperature (◦C) Compaction Temperature (◦C)

B2 + 14%HVA 160 139
B3 + 14%HVA 143 130
B4 + 14%HVA 160 145

5. Conclusions and Recommendations

Performances of high-viscosity modified asphalt prepared by typical low grade asphalt in Africa
were studied in this research. The conclusions drawn from the research are as follows:

(1) According to temperature characteristics of rainy environments in Africa, the lower limit
of dynamic viscosity at 60 ◦C is considered to be 270,000 Pa·s for satisfying the rutting
resistance requirement.
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(2) The high-viscosity modification process can greatly improve PG high temperature grade and
high rutting resistance of the low grade asphalt, as well as reducing the sensitivity of asphalt to
loading frequency.

(3) For matrix asphalt with higher asphaltene content, a larger dynamic viscosity at 60 ◦C is achieved
after high-viscosity modification and it also shows relatively good resistance to deformation
caused by high temperature and shearing. For a matrix with lower asphaltene content but
higher aromatic and resin, the most outstanding elastic recovery capability can be obtained after
high-viscosity modification.

(4) For application in porous asphalt in Africa, the suitable mixing temperature is considered to be
160 ◦C, while the compaction temperature is suggested to be from 130 ◦C to 145 ◦C for various
types of high-viscosity modified asphalt binders.

The research can help guide the design of porous asphalt mixture based on low-grade and
high-viscosity modified asphalt and provide a basis for implementation on the trial section of asphalt
pavement in Africa. Studies on mixtures by using high-viscosity modified asphalt and observations of
trial section will be further carried out in future work.
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Abstract: When a fire takes place in a tunnel, the surface of the asphalt pavement will burn and
release a large amount of smoke, which is toxic to human health. Thus, in order to prevent the
combustion of the asphalt pavement under fire, it is necessary to propose some methods to retard its
physical and chemical reaction under the high temperature. In this study, ten different combinations
of fire retardants and a control case where no fire retardant was applied were prepared for evaluation.
The thermogravimetric (TG)–mass spectrometry (MS) tests were used to evaluate their effect on the
fire retardance from mass and energy perspectives and the Fire Dynamics Simulator (FDS) software
was used to evaluate the fire retardance from temperature and smoke distribution perspectives.
In experimental analysis, the TG (thermogravimetric) and DTG (differential thermogravimetric)
curves were used to analyze the mass loss rate and residual mass of the asphalt and the activation
energy was calculated and analyzed as well. In addition, decay rate of mass loss rate and increasing
rate of activation energy were proposed to evaluate the ease of combustion of the asphalt with and
without fire retardants. The results show that in laboratory experiments, the fire retardant combination
which includes 48% aluminum hydroxide, 32% magnesium hydroxide, 5% expanded graphite, and
15% encapsulated red phosphorous would lead to an improved effect of fire retardance. In numerical
modeling, the temperature and smoke height distribution over time were adopted to evaluate the fire
retardance effect. The temperature distribution was found to be symmetrical on both sides of the
combustion point and the same combination as proposed in experimental analysis was found to have
the best effect on fire retardance due to the largest decrease in temperature. Additionally, because
of the highest smoke height distribution, an improved effect on smoke suppression was also found
when this combination was applied.

Keywords: asphalt; fire retardance; smoke suppression; thermogravimetry; differential thermogravimetry;
activation energy; temperature distribution; smoke height distribution

1. Introduction

Asphalt binder is a kind of complex mixture composed by macromolecular hydrocarbons and
non-hydrocarbons. It contains carbon, hydrogen, and a small number of other elements like sulfur,
nitrogen and oxygen [1]. Asphalt mixture is a composite of three-phase materials consisting of
aggregates, asphalt binder, and air voids. Under different conditions, the asphalt mixture would

Materials 2019, 12, 1283; doi:10.3390/ma12081283 www.mdpi.com/journal/materials35
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represent linear or nonlinear viscoelastic properties, leading to different road performances [2–4].
The modification of the asphalt was found to have an impact on the mechanical or rheological properties
of the pavement. Karimi (2018) found that activated carbon modification was a robust binder-based
conductive component for induced heating and healing of asphalt mixtures [5]. Jahanbakhsh (2016)
evaluated the modified asphalt with commonly used modifiers in low temperature performance and
found that 0.1 weight% of sulfur could improve thermal cracking resistance [6]. From the existing
studies of the asphalt, it can be inferred that the modification could, to some extent, improve the asphalt
property, making the asphalt pavement perform better. Normally, the asphalt pavement constructed
by base asphalt is easy to combust under fire and will release CO, CO2, SO2, NO, NO2, CH4, and other
gases, making the environment dangerous for people to survive in due to poisoning or suffocation [7].
Once a fire occurs in a tunnel, it is difficult for people to escape and the difficulty of rescue, evacuation,
and fire protection is much higher than that of ordinary roads [8]. Therefore, it is necessary to research
the potential modification of asphalt to improve its fire retardance and make it more stable under fire.
The study of the fire retardance mechanism of asphalt can fundamentally reduce casualties caused by
tunnel fires. Moreover, the impact of recycled asphalt and mixture gradation on the combustion needs
further investigation [9–11].

Currently, there are many methods that can be used to analyze the combustion process, including
experimental and numerical methods. Thermogravimetric (TG)–mass spectrometry (MS) detection is a
typical experimental method. It has been applied to many thermal decomposition studies; the material
mass change can be monitored and used for building material combustion dynamics models and
for speculating the combustion process of the micro-reaction [12–14]. Xu et al. (2011) established a
multi-order combustion model by using thermogravimetrics and a Fourier infrared spectrometer to
study the combustion process [15]. Michelle et al. (2011) studied the thermal degradation parameters of
three different asphalt samples and found that one asphalt had the highest activation energy according
to the thermogravimetric curve obtained from TG–MS results [16].

For numerical analysis, the Fire Dynamics Simulator (FDS) is a computational fluid dynamics
(CFD) model which describes the flow of the smoke [17]. It could be used to analyze the performance
of the proposed combinations of fire retardants. Temperature and smoke distribution around the
fire point could also be obtained to demonstrate the effectiveness of the fire retardants. It solves the
Navier–Stokes equations using an explicit finite difference scheme [18]. FDS has been subjected to
numerous validation and calibration studies; some cases can be found elsewhere [19]. Currently,
FDS has been applied for the performance-based fire safety design, design of smoke control systems,
sprinkler/detector activation studies, and so on. M.O. et al. (2013) used FDS to analyze the main feature
of fire smoke on human body injury and discussed the impact of smoke and temperature change in
the train personnel in emergency evacuation [20]. Kang et al. (2015) adopted FDS to make a risk
management of main control board and estimate the time for main control board abandonment [21].
Additionally, Oliveira et al (2019) evaluated how the FDS correlated with experimental fire heights and
temperature profiles around a small-scale pool fire and finally provided detailed temperature field
around the height of the fire [22].

The aim of this study is to figure out whether the modifiers, i.e., fire retardants, could achieve
satisfactory results of fire retardance and evaluate the effect of different modifiers through experimental
and numerical analysis. In this study, the base asphalt with ten different fire-retardant combinations
and a control case were used to evaluate their fire retardance in both laboratory experiments and
numerical modelling. The effects of the different fire-retardant combinations on smoke suppression
were also analyzed in numerical modeling.
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2. Experimental Materials and Methods

2.1. Combinations of Fire Retardants and Asphalt

Aluminum hydroxide and magnesium hydroxide are two kinds of widely used fire retardants.
Their fire retardance mechanisms are to reduce the combustion temperature by dehydration during
the combustion process, thus limiting the combustion speed. Because they can catalyze and oxidize
the gas, the amount and the escape rate of the smoke can be reduced [23,24]. Furthermore, the MgO
and Al2O3 generated by aluminum hydroxide and magnesium hydroxide can absorb the smoke and
precipitate it into ash [25]. Thus, the aluminum hydroxide and magnesium hydroxide can suppress
the smoke during combustion as well. Encapsulated red phosphorous is also an effective fire retardant;
it has a strong thermal stability and can reduce the oxygen content on the surface of the combustor,
which can limit the occurrence of combustion. Expanded graphite is another effective fire retardant;
it can expand and rapidly increase its surface area to form an insulating layer when heated, thus
reducing the rate of combustion [26]. Therefore, these four components were selected as basic fire
retardants. From the smoke suppression perspective, aluminum hydroxide and magnesium hydroxide
were chosen to be the main fire-retardant components. The asphalt used in this study is 70# base
asphalt and the appearance of the fire retardants are shown in Figure 1. The related characteristics of
fire retardants used in this study are shown in Table 1.

Figure 1. Four fire retardants. (a) Aluminum hydroxide; (b) magnesium hydroxide; (c) expanded
graphite; (d) encapsulated red phosphorous.
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Table 1. Fire retardant characteristics.

Aluminum
Hydroxide

Magnesium
Hydroxide

Expanded
Graphite

Encapsulated Red
Phosphorous

Moisture Content 0.15% 0.3% 0.1% 0.65%
Mean Size 20 nm 1.2 μm 7.5 μm 12.5 μm

Density 0.15 g/cm3 2.36 g/cm3 2.1 g/cm3 2.2 g/cm3

Purity 99.9% 96.0% 99.0% 70%
Specific Surface Area 5 m2/g 200 m2/g 150 m2/g -

2.2. TG–MS Test

The combustion experiments were carried out with a TG–MS system, including a NETZSCH
STA 409 thermogravimetric analyzer (TGA) (Bavaria, Germany) and a NETZSCH QMS 403C mass
spectrometer (Bavaria, Germany). To start an experiment, a sample of about 10 mg was tiled at the
bottom of an Al2O3 crucible and the internal atmosphere of the TGA was set to simulate the air
atmosphere. The N2 was set to be 40 mL/min and O2 was 10 mL/min. During the test, the temperature
remained unchanged at 220 ◦C. The scanning mode of the mass spectrometry analyzer was ion scanning,
which was performed every 105 s. The heating rate was 15 K/min and at least two parallel tests were
conducted. The results include TG (thermogravimetric) curves and differential thermogravimetric
(DTG) curves, which represent the residual mass of the asphalt and the mass loss rate, respectively.

2.3. Manufacturing Technique and Sample Preparation

First of all, the asphalt was heated to about 180 ◦C, then different combinations of fire retardants
were added into the asphalt equally four times. The mixture was mixed manually until the fire retardants
were evenly distributed in the asphalt and no powdery floaters could be seen. The high-speed shear
emulsifier was used to ensure the fire retardants were fully distributed in the asphalt. The asphalt
was kept to over 100 ◦C to ensure its rheological property and the initial shear speed was set to be
1000 r/min for 5 min, then increased to 3000 r/min for 10 min, and finally decreased to 1000 r/min
for 5 min. After shearing, the modified asphalt was stirred manually for 2 min and was used after
natural cooling.

2.4. Evaluation Index in Laboratory Experiments

2.4.1. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes in physical
and chemical properties of materials are measured as a function of increasing temperature (with
constant heating rate) or as a function of time (with constant temperature and/or constant mass loss).
It provides a rapid quantitative method to examine the overall combustion process, especially under
non-isothermal conditions, and enables one to estimate the effective kinetic parameters for the overall
decomposition reactions. The TG and DTG curves obtained from the TG–MS tests were two main
methods in TGA. This technique has been widely used in recent years for investigation of combustion
or structural characteristics of fossil fuels. The TG curve represents the variation of the residual mass
of the asphalt as the temperature increases and a higher residual mass indicates a better fire retardance.
DTG is the difference in thermogravimetry ratio of measurement of Dm (weight loss or weight increase)
at heating/cooling/isotherm, with interpretation by Dm over temperature or time. In other words,
it indicates the variation of mass loss as the temperature increases and the mass loss rate can also be
obtained. The mass loss rate represents the efficiency of the mass loss during the combustion process.
A higher mass loss rate means that the asphalt is easier to burn. In addition, to compare the difficulty
of the asphalt to combust before and after adding fire retardants, decay rate of the maximum mass
loss rate was proposed. A higher decay rate of mass loss rate corresponds to a better effect on fire
retardance. The definition of the decay rate of mass loss rate is shown in Equation (1).
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η =
DTGO −DTGA

DTGO
×100%, (1)

where DTGO =maximum mass loss rate of asphalt during combustion without fire retardant (%/min);
DTGA =maximum mass loss rate of asphalt during combustion or pyrolysis with fire retardant (%/min);
η = decay rate of mass loss rate (%).

2.4.2. Growth Rate of Activation Energy

Activation energy is an internal factor that determines the rate of the chemical reaction; it can
be used to evaluate the ease of combustion [27]. The higher the activation energy is, the more
energy is needed for the combustion of the material and vice versa. In this study, the Coats–Redfern
integral method was adopted to calculate the activation energy, which has been applied elsewhere [28].
In addition, the growth rate of activation energy was proposed in this study to evaluate the ease of
combustion before and after adding fire retardants. The definition of activation energy is shown in
Equation (2).

λ =
AEA −AEO

AEO
×100%, (2)

where AEO = activation energy of asphalt during combustion without fire retardant (KJ/mol);
AEA = activation energy of asphalt during combustion with fire retardant (KJ/mol); λ = growth
rate of activation energy.

2.5. Thermodynamic Properties of Four Basic Fire Retardants

The thermodynamic properties of basic fire-retardant components may be different, therefore, it is
necessary to analyze their thermodynamic behaviors accurately to determine the appropriate ratio of
each component. The thermodynamic characteristics of the four basic fire retardants were studied
in order to evaluate their fire retardance effects and provide a theoretical basis for the design of fire
retardant combinations. Figure 2 shows the TG and DTG curves of the four basic fire retardants.

Figure 2. Thermogravimetric–differential thermogravimetric (TG–DTG) curves of four fire
retardants. (a) Aluminum hydroxide; (b) magnesium hydroxide; (c) encapsulated red phosphorous;
(d) expanded graphite.
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As shown in Figure 2, the aluminum hydroxide had two peak temperatures: 269 ◦C and 383 ◦C,
respectively. Its peak thermal weight loss rate was only −4% per minute, while its duration was
long and the operating temperature ranged from 200 to 480 ◦C. It can be inferred that aluminum
hydroxide is a relatively long-lasting fire retardant, but its fire retardance efficiency is relatively low.
Thus, its proportion in the fire-retardant combination should be relatively high in order to improve
the fire retardance efficiency. Magnesium hydroxide had a peak temperature of 285 ◦C and a peak
thermal weight loss efficiency of −8% per minute. However, its duration was short and its working
temperature ranged from 200 to 350 ◦C. It can be inferred that magnesium hydroxide is not a very
lasting fire retardant, but its fire retardance efficiency is high. Thus, its content should be relatively low
in the fire-retardant combination. With regard to the encapsulated red phosphorous, it had a peak
temperature of 495 ◦C and its peak thermal weight loss efficiency was −8% per minute. However,
its duration was very short and its working temperature ranged from 450 to 500 ◦C. It can be inferred
that the fire retardance effect of encapsulated red phosphorus only works when the asphalt component
exhibits a relatively high peak temperature. Additionally, there were two peak temperatures of
expanded graphite at an early stage of the combustion, which were 212 ◦C and 254 ◦C, respectively.
Its peak thermal weight loss efficiency was−8% per minute. Because the expanded graphite is primarily
used for heat insulation, its chemical reaction should precede that of other fire retardants to effectively
form a heat insulation layer. Therefore, its dosage should be strictly controlled to avoid affecting the
road performance because it would cause great expansion when heated.

2.6. Experiment Design

Given that the expanded graphite would expand greatly after heating, some preliminary
experiments were conducted to determine the appropriate ratio of basic fire retardants. According
to the test results, the dosage of the expanded graphite was limited to 5% of the total mass of the
fire retardants and the best ratio of the encapsulated red phosphorous to the expanded graphite was
decided to be 3:1. Table 2 shows the different combinations of fire retardants.

Table 2. Fire-retardant combinations.

Combination
Number

Aluminum
Hydroxide (%)

Magnesium
Hydroxide (%)

Expanded
Graphite (%)

Encapsulated Red
Phosphorous (%)

1 0 100 0 0
2 20 80 0 0
3 40 60 0 0
4 60 40 0 0
5 80 20 0 0
6 100 0 0 0
7 16 64 5 15
8 32 48 5 15
9 48 32 5 15
10 64 16 5 15
11 0 0 0 0

Note: The mass ratio of the fire retardants is determined to be 10% of the asphalt.

3. Numerical Analysis Model and Methods

3.1. Model Establishment

In this study, FDS was adopted to simultaneously calculate the temperature and smoke field in a
fire. The size of the tunnel model in this study was 100 m long, 10 m wide, and 7.2 m high. 20-cm thick
concrete was built in the tunnel and the pavement at the bottom of the tunnel was divided into three
layers. Two asphalt surface layers were, respectively, 4 cm and 6 cm from top to bottom and the third
concrete layer was set to be 10-cm thick. Figure 3 shows the numerical model and its grid division.
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Figure 3. Numerical model and grid generation of the tunnel.

According to the model size, the grid was divided into 100 grids (1 m for each grid) in the
longitudinal direction of the tunnel, 40 grids (0.25 m for each grid) in the transverse section, and
28 grids (0.26 m for each grid) in the vertical direction. Two kinds of materials, which were, respectively,
cement concrete and asphalt concrete, were created in the model. The surface parameters of the fire
source, asphalt concrete, and cement concrete were established in the “SURFACE” module. A tunnel
model was established by the “OBSTRUCTURE” module and a fire source (2 m × 2 m on the road
surface at the center of the tunnel), two asphalt pavement layers, a cement concrete layer, and vents
on both sides of the tunnel were set in the “VENT” module in FDS. Observation points were created
at different horizontal and vertical distances from the fire source to record the distribution of the
temperature and smoke during the combustion process. Finally, the running time of FDS was selected
to be 100 s in this study.

The temperature and smoke height distributions over time were recorded. The monitor points of
the temperature were along the transverse and longitudinal directions of the tunnel; 9 of them were
along the transverse direction and 6 of them were along the longitudinal direction. For the smoke
height, a total of 6 monitor points was set up along the longitudinal direction of the tunnel.

3.2. Evaluation Index in Numerical Analysis

In the numerical modeling, the distribution of the temperature field after combustion can directly
reflect the effect of fire retardance. The rate of increase in temperature would be reduced due to the fire
retardants, which would in turn affect the distribution of the temperature field. In addition, the height
distribution of the smoke can also be obtained in simulation; it is an important index for evaluating the
survival probability of disaster victims [29,30] and is also an important parameter for analyzing the
smoke suppression effect of fire retardants. As the smoke height decreased, its density correspondingly
decreases, making the smoke flow upward. Therefore, the higher the smoke distributes, the better the
smoke is suppressed. Furthermore, the cloud charts in FDS could be used to show the smoke height
distribution over time [31]. Therefore, the temperature and smoke height distribution were used to
evaluate the fire retardance and smoke suppression in the numerical analysis.

4. Results

4.1. Experimental Analysis of Fire Retardance Effects Based on the TG Curve

Figure 4 shows a typical TG curve of the asphalt with the combination of fire retardants. From
Figure 4, it can be noted that the fire retardants do have an effect on retarding combustion due to the
reduced mass loss. Compared to the control case, the temperature for the asphalt with fire retardants
increased more than 300 ◦C before dehydration, which can ensure the asphalt a stable status under the
high temperature. Thus, the fire retardants can help the asphalt maintain the mass. The residual mass
percentage is listed in Table 3. From the results of combination 1 and combination 6, it can be found that
the aluminum hydroxide solely had a better fire retardance than magnesium hydroxide because of its
higher residual mass percentage. Furthermore, adjusting the basic fire-retardant content in the asphalt
only leads to a little variation in fire retardance and no remarkable trend or relationship is found. Among
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all the tests, combination 9, which included 48% aluminum hydroxide, 32% magnesium hydroxide, 5%
expanded graphite, and 15% encapsulated red phosphorous, results in the best fire retardance and
combination 5, which included 80% aluminum hydroxide and 20% magnesium hydroxide leads to the
least remarkable effect.

Table 3. Residual mass results of the asphalt.

Combination
Number

Aluminum
Hydroxide (%)

Magnesium
Hydroxide (%)

Expanded
Graphite (%)

Encapsulated Red
Phosphorous (%)

Residual Mass
Percentage (%)

1 0 100 0 0 14
2 20 80 0 0 16
3 40 60 0 0 15
4 60 40 0 0 20
5 80 20 0 0 12
6 100 0 0 0 17
7 16 64 5 15 17
8 32 48 5 15 19
9 48 32 5 15 23
10 64 16 5 15 19
11 0 0 0 0 0

Figure 4. Typical TG curve of the asphalt with or without fire retardant.

4.2. Experimental Analysis of Fire Retardance Effects Based On the DTG Curve

Figure 5 shows the typical DTG (differential thermogravimetric) curve of the asphalt with the
combination of fire retardants. As seen, the largest mass loss rate of the asphalt without the fire
retardants was larger than that with fire retardants, indicating that the fire retardants can retard the
asphalt combustion and in turn retard the mass loss. Table 4 shows the maximum mass loss rate
and the decay rate of mass loss rate of different cases. It can be found that the variation in the basic
fire-retardant content only leads to a little change in the two indexes and the aluminum hydroxide
indicated a better fire retardance than magnesium hydroxide due to its lower maximum mass loss rate
and higher decay rate of mass loss rate, which are similar to the results in TG curve analysis. Among
all the cases, combination 9 shows the lowest mass loss rate and the highest decay rate of mass loss
rate, indicating the best fire retardance effect. This result is the same as the analysis based on the TG
curves. However, the combination which leads to the least remarkable fire retardance differs from that
in the analysis based on the TG curves.
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Table 4. Decay rate of mass loss rate of the asphalt.

Combination Number Maximum Mass Loss Rate (%/min.) Decay Rate Of Mass Loss Rate (%)

1 −7.9 13.4
2 −7.9 13.4
3 −8.0 12.3
4 −7.4 18.9
5 −7.9 13.4
6 −7.8 14.5
7 −7.8 14.5
8 −7.5 17.8
9 −7.2 21.1
10 −7.8 14.5
11 −9.2 -

Figure 5. Typical DTG Curve of the Asphalt.

4.3. Experimental Analysis of Fire Retardance Effects Based on Activation Energy

Table 5 shows the activation energy and the corresponding increasing rate of each combination
of fire retardants. As seen, the aluminum hydroxide had a higher activation energy and increasing
rate than magnesium hydroxide, indicating a better fire retardance effect. Combination 9 shows the
highest activation energy and increasing rate, which means the asphalt is the most difficult to burn
when these fire retardants are added. This result correlates well with the analysis based on the TG and
DTG curves. However, the lowest activation energy and increasing rate were found in combination 1,
so this combination may have the least remarkable effect on fire retardance, which is different from
neither TG analysis nor DTG analysis. Thus, further research is needed.

Table 5. Activation energy and its increasing rate of the asphalt.

Combination Number Activation Energy (kJ/mol) Increasing Rate of Activation Energy (%)

1 117.12 5.17
2 124.8 12.07
3 126.72 13.79
4 128.64 15.52
5 120.96 8.62
6 126.72 13.79
7 124.8 12.07
8 126.72 13.79
9 132.48 18.97

10 120.96 8.62
11 103.62 3.21
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4.4. Numerical Analysis of Fire Retardance Effects Based on Temperature Distribution over Time

Figure 6 shows the distribution of the temperature along the transverse direction at the combustion
point (0 m, 1 m, 2 m, 3 m, 4 m in the transverse direction of the combustion point) when no fire
retardant was added and Figure 6b shows a typical distribution of the temperature along the transverse
direction at the combustion point when fire retardants were added. It can be found that the temperature
approximately presented a symmetrical distribution from the center of the combustion point. In the
control case where no fire retardant was applied, the maximum temperature at each time point
increased as the temperature increased and the highest temperature reached nearly 900 ◦C. However,
after the addition of fire retardants, the temperature at all points decreased to different degrees and
the decrease in the maximum temperature of the asphalt with fire-retardant combination 9 was only
759 ◦C, which fully demonstrated that the addition of fire retardants effectively inhibited the increase
of temperature. Also, the asphalt with fire-retardant combination 6 exhibited a lower temperature at
all points from the combustion point than combination 1, indicating that the aluminum hydroxide had
a better effect on fire retardance than magnesium hydroxide.

Figure 6. Distribution of temperature along the transverse direction; (a) without fire retardant; (b) with
fire retardant.

Figure 7 shows a typical distribution of the temperature at the combustion point (0 m, 5 m, 10 m,
15 m, 20 m, 25 m in the longitudinal direction of the combustion point). It can be found that the
temperature increased with time and the temperatures were all lower than 50 ◦C when it was 5 m
away from the combustion point, indicating that the affected distance of the combustion along the
longitudinal direction was less than 5 m.

Figure 7. Distribution of the temperature along the longitudinal direction.
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4.5. Numerical Analysis of Fire Retardance Effects Based on the Smoke Height Distribution over Time

Figure 8 shows the smoke height distribution over time when no fire retardant was added. Due to
the restriction of the software function in the current version, only the smoke cloud chart without a
legend could be obtained and many other researchers had used it to achieve satisfactory results [31,32].
Its distribution was analyzed to evaluate the effect on smoke suppression.

It can be seen that after the combustion, the smoke gradually expanded to the exits on both
sides of the tunne and the height of the smoke in the tunnel decreased continuously. Due to the
limitation of paper space, the smoke height distribution in the following analysis was reflected by
smoke height distribution instead of cloud charts. Figure 9 shows the smoke height distribution along
the longitudinal direction at the combustion point when no fire retardant was added. It shows that the
smoke height was 2 m when it was 5 m away from the combustion point. Given that the height of
people is normally under 2 m, thus, people in this range would be poisoned by the smoke in the tunnel.

Figure 8. Smoke height distribution over time without fire retardant additive.

Figure 9. Smoke height distribution along the longitudinal direction (without fire retardant).
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Figure 10 is a typical smoke height distribution along the longitudinal direction. Among them,
the smoke height increased to different degrees when it was 5 m away from the combustion point and
combinations 1 and 9 whose smoke height were the highest led to the best effect on smoke suppression.
Taking the temperature distribution into consideration, the combination of fire retardants which would
lead to optimal fire retardance and smoke suppression was combination 9. It is also consistent with the
test results in laboratory experiments.

Figure 10. Smoke height distribution along the longitudinal direction (with fire retardants).

5. Conclusions

In this study, in order to research the effect of different modifiers on fire retardance, various
combinations of fire retardants were added into the base asphalt and analyzed by laboratory experiments
and numerical modeling. The following conclusions were drawn:

1. Among all the combinations of fire retardants used in this study, the combination of 48%
aluminum hydroxide, 32% magnesium hydroxide, 5% expanded graphite, and 15% encapsulated
red phosphorous leads to the best effect on fire retardance in experimental analysis. In numerical
modeling, that combination also leads to an improved smoke suppression effect, while further
research is needed to evaluate it in the real scenario.

2. The aluminum hydroxide indicated a better effect on fire retardance and smoke suppression than
the magnesium hydroxide in both experimental and numerical analysis.

3. The temperature distribution on both sides of the combustion point is basically symmetrical.
When the fire retardants were added, the temperature at each time and space point decreased to
different degrees. Among all the combinations adopted in this study, it led to the largest decrease
when 48% aluminum hydroxide, 32% magnesium hydroxide, 5% expanded graphite, and 15%
encapsulated red phosphorous were added into the asphalt.

4. When no fire retardant was added, the smoke height at 5 m away from the combustion point was
about 2 m. Among all the combinations adopted in this study, when fire retardants were added,
the smoke height increased to different degrees and the height distribution became the highest
when 48% aluminum hydroxide, 32% magnesium hydroxide, 5% expanded graphite, and 15%
encapsulated red phosphorous were added.
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Abstract: Asphalt mixtures used in stress absorbing membrane interlayers (SAMIs) play a significant
role in improving the performance of asphalt pavement. To investigate the rheological properties
and phase transition characteristics of asphalt mixtures used in SAMI with temperature changes,
twenty-seven candidate mixtures with different binders, gradation types and binder contents were
selected in this research. During the study, dynamic mechanical analysis method was employed
to evaluate their temperature-dependent properties and a series of wide-range temperature sweep
tests were conducted under a sinusoidal loading. Some critical points and key indexes from the
testing curves such as glass transition temperature (Tg) can be obtained. Test results show that phase
transition characteristics can better reflect the rheological properties of asphalt mixtures at different
temperatures. Crumb rubber modified asphalt mixtures (AR) provide a better performance at both
high and low temperatures. Additionally, the range of AR asphalt mixtures’ effective functioning
temperature ΔT is wider, and the slope K value is greater than the others, which indicates that AR
asphalt mixtures are less sensitive to temperature changes. Additionally, gradation type and asphalt
content also influence the properties: finer gradation and more asphalt content have a good effect on
the low-temperature performance of the asphalt mixtures; while mixtures with a coarser gradation
and less asphalt content perform better at high temperature and they are less sensitive to temperature
changes. Finally, AR asphalt mixture is more suitable to be applied in the SAMI due to its phase
transition characteristics from this method.

Keywords: stress absorbing membrane interlayer; dynamic mechanical analysis; temperature sweep
test; phase transition; crumb rubber modified asphalt mixture

1. Introduction

Stress Absorbing Membrane Interlayer (SAMI) is a thin and soft layer composed of asphalt
layers [1], which is widely used as a functional layer between semi-rigid base and asphalt layer or
between old asphalt pavement and overlay. Usually, it is used to prevent the reflection cracking
and to prevent water entering the base course. Molenaar et al. [2] thought application of a SAMI
prevented reflection of cracks through an overlay. Some studies have indicated that the SAMI can
delay reflective cracking and plays a role in isolating the overlay from relative deflection of the
cracked underlying layer due to traffic loading [3]. For its function of absorbing stress and diffusing
deformation, researchers have mainly focused on the mechanical properties of SAMI, such as their
shear resistance, flexural-tensile and anti-fatigue characteristics [4,5]. However, their properties with
temperature changes have rarely been studied, and extreme weather conditions may lead them to
fail quickly.
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Asphalt mixtures are typical temperature-sensitive materials and exhibit totally different
characteristics at different temperatures. They are usually stiff at low temperature and deform
very little under stress, so thermal cracking is induced more easily when a larger thermal stress exceeds
their tensile limit; meanwhile, at high temperature, they become more like a fluid, and rutting may
occur [6]. With a gradual increase in temperature, the phase of asphalt mixture changes from a glassy
state to a highly elastic state, until it finally reaches a viscous state. In engineering applications,
asphalt binders are usually modified in order to improve their performance. There are several ways to
modify asphalt binders: sulphur, fatty acid amides, polyphosphoric acid, waxes and polymers [7,8].
Furthermore, among polymers, styrene-butadiene-styrene copolymer (SBS), styrene-butadiene rubber
(SBR), polyethylene (PE) and ethylene vinyl acetate (EVA) are the most widely used [9,10]. However,
the application of modified asphalt binders influences the phase transition process of mixtures, and their
rheological characterization requires further study [11]. Phase transition and rheological properties are
closely related to pavement distress, so it is very important to evaluate the performance of asphalt
mixtures by studying them.

Dynamic Mechanical Analysis (DMA) is an efficient method for studying the rheological properties
of viscoelastic materials. Relevant research has demonstrated that the viscoelastic behavior of asphalt
binder or cement and asphalt mortar can be studied by this method [12,13]. DMA can be simply
described as applying an oscillating force to a sample and analyzing the material’s response to that
force. As a typical viscoelastic material, asphalt mixture can be investigated by this method at
different temperatures.

From the literature review it can be concluded that recent studies mainly focused on the mechanical
properties of asphalt mixtures used in SAMI, such as shear resistance and anti-fatigue performance.
However, the effects of environmental factors on the characterization of mixtures have rarely been
considered. Investigating the phase transition characteristics of asphalt mixtures with changes in
temperature is a more efficient approach to evaluating the high- and low-temperature performance
and temperature sensitivity of asphalt mixtures. In this paper, different types of asphalt mixtures are
selected to determine which is more suitable for the material in SAMI.

The objective of the present study was to develop a new test method for exploring the rheological
and visco-elastic properties of asphalt mixtures used in SAMI with broad temperature changes, and
this method can be applied to selecting the optimum asphalt mixture for the SAMI layer. To achieve
these objectives, a dynamic mechanical analysis was considered, and temperature sweep tests were
conducted on multiple asphalt mixtures with a variety of binder types, gradations and binder contents.
High- and low-temperature performance and temperature sensitivity can be compared and evaluated
in order to select the optimum mixtures in the SAMI.

2. Materials and Methods

2.1. Asphalt Binder

Three typical kinds of asphalt were used to study the effect of them on properties of mixtures:
neat asphalt binder A70 (70 means the penetration of needle in a binder at 25 ◦C ranges from 60 to 80
according to the Chinese specification, JTG F40-2004 [14]), SBS modified asphalt, and crumb rubber
modified asphalt (AR). They are widely used in the actual production of asphalt mixtures but have
obvious differences in properties with temperature and load changing. Table 1 lists the technical index
of the three binders.

Table 1. Technical index of asphalt binder.

Technical Index A70 SBS AR

Penetration/0.1 mm (25 ◦C) 71.5 63.4 37.8
Softening point/◦C 48.4 72.7 70.0

Ductility/cm (5 cm/min, 5 ◦C) - 28.5 6.7
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2.2. Asphalt Mixture

2.2.1. Gradation

The gradations of asphalt mixtures in this paper were classified by smooth function curves that
were fitted by two critical control points. For AC-5 asphalt mixtures (the maximum nominal particle
size is less than 5 mm), the passing rate of nominal maximum size and 0.075 mm sieve size were marked
as two critical points: their coordinates were (dmax/dmax, passing rate at 4.75 mm) and (d0.075mm/dmax,
passing rate at 0.075 mm), respectively [15]. Based on the function of asphalt mixtures used for SAMI,
the passing rate of 0.075 mm sieve was set as 10%, and that of the nominal maximum size was 100%.
As a result, two points (1, 100) and (0.075/4.75 = 0.01579, 10) were calculated. Then, three different
functions (logarithmic, power and exponential respectively) were employed to fit the gradation curves,
as shown in Figure 1.

 
Figure 1. Fitting of gradation curves.

Finally, three different gradations were determined, marked as M, Z and D. As can be seen from
Figure 2, the mixture with gradation D has more fine aggregate, and that with gradation Z is coarser
than the other two.

 

Figure 2. Gradation of AC-5 mixtures.
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2.2.2. Asphalt Content

Not only the asphalt type and gradation, but also asphalt content directly affects the properties
of asphalt mixtures. To make a better comparison of three asphalt mixtures, three asphalt-aggregate
ratios were selected by weight for each mixture (5.5%, 6.5% and 7.5%).

To sum up, 27 asphalt mixtures were designed in this test with three asphalt types, three gradations
and three asphalt contents, shown in Table 2 and Figure 3.

Table 2. Asphalt mixture types.

Asphalt Type Gradation Asphalt Content

A70, SBS and AR M, Z and D 5.5%, 6.5% and 7.5%

 

Figure 3. 27 AC-5 asphalt mixtures.

2.3. Experimental Program

2.3.1. Specimen Preparation

The above mixtures were compacted by gyratory compaction method with a diameter of 150 mm.
Then both ends were cut to eliminate the uneven distribution of air void. The remaining parts were
cut into slices with a high-precision cutting machine (Presi, France). The slices were 60 mm in length,
15 mm in width and 3 mm in thickness. There are six parallel samples for each type of asphalt mixture
to ensure the reliability of results.

2.3.2. Experimental Device

Dynamic Mechanical Analysis (DMA for short) was a practical method to study the rheology
properties of viscoelastic materials [16,17]. A Dynamic Mechanical Analyzer called DMA Q800 (TA
Instruments, New Castle, DE, USA) was used in this test, shown in Figure 4. It can achieve a wider
range of temperature and frequency than other devices for asphalt mixtures and simulate the real
environment condition of asphalt pavement at a short time. A dual cantilever clamp was selected to
measure the samples under flexural load, shown in Figure 5.
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Figure 4. DMA Q800 device.

 
Figure 5. Sample with dual cantilever clamp.

2.3.3. Test Method

The temperature sweep test is an efficient method for studying the materials’ rheology properties
in a wide range of temperatures [18–20]. The materials were tested under a sinusoidal load with the
temperature continuously increasing or decreasing. According to a series of trials, experiments with
1 Hz frequency were chosen as the final parameters. The temperature range is from −40 ◦C to 80 ◦C,
and the heating rate was set as 2 ◦C/min, which is more applicable to asphalt mixture.

Before testing, the linear elastic range should be determined for each specimen to ensure elastic
deformation within a certain strain level. Finally, 25 με was used as the strain level of temperature
sweep test.

2.3.4. Parameter Acquisition

From the DMA test, a series of parameters can be obtained by measuring the specimen variation
under the sine wave load: Complex modulus E*, storage modulus E′, loss modulus E” and tangent
of phase angle tanδ (see Figure 6). The complex modulus E * is composed of real and imaginary
components, referred to as the storage modulus E′ and loss modulus E”. Their correlations can be
expressed by the following Equations (1)–(4). The phase transition process from glassy state to highly
elastic state and then to viscous state can be obtained by measuring the change in these parameters.

E′ = σ0cosδ/ε0, (1)

E” = σ0sinδ/ε0, (2)

E* = E′ + iE”, (3)

tanδ = E”/E′, (4)

where: σ0 is stress amplitude, MPa; ε0 is the strain amplitude; δ is the phase angle; E′ is storage
modulus, MPa; E” is loss modulus, MPa; E* is complex modulus, MPa; i =

√−1.
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Figure 6. Parameters from temperature sweep test.

3. Results

As can be seen from Figure 7, complex modulus-temperature is a smooth curve, and there exist
two platforms at high and low temperatures. With increasing temperature, the complex modulus
E* starts to decrease gradually, finally reaching a steady state at high temperature. According to the
characteristics of the curve, it can be fitted by the Bolzmann function [21], as shown in Equation (5).

y =
A1 −A2

1 + e
x−x0

dx

+ A2 (5)

where A1 is the maximum modulus; A2 is the minimum modulus; x0 and dx are two parameters that
describe the shape of the curve.

 
Figure 7. Complex modulus curve.

Additionally, there was an obvious peak in loss modulus-temperature curve (Figure 6) and the
Gauss function can be used to fit the curve and determine the value of the peak, shown in Equation (6).

y = y0 +
A

ω
√
π/2

e−2 (x−xc)2

ω2 (6)

where xc is the temperature where the maximum of loss modulus occurs; y0 is the minimum of the loss
modulus; A and ω are two parameters that describe the shape of the curve.
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Likewise, there was also a peak in the tangent of phase angle-temperature curve. The GaussAmp
function can be used to fit this curve better and estimate the value of the peak, as shown in Equation (7).

y = y0 + Ae−
(x−xc)2

2ω2 (7)

where y0 is the minimum of tanδ; xc is the temperature where the maximum of tanδ occurs; A and ω
are two parameters that describe the shape of the curve.

Based on the above functional fitting, critical points of different curves can be obtained and
rheological properties of asphalt mixtures with temperature change can be represented by these points.

3.1. Glass Transition Temperature Tg

Glass transition is the reversible transition from a glassy state into a viscous or rubbery state with
increasing temperature. Some researchers have stated that Tg is closely related to the low-temperature
performance of asphalt mixture [22]. There are several test methods that can obtain Tg, such as DSC,
NMR and DMA. Research indicates that the DMA method can measure the asphalt Tg of asphalt-filler
mastics accurately by applying a sine wave load on the sample [23]. Lower Tg temperature corresponds
to higher fracture energy, which means better low temperature performance of asphalt pavement [24].
Asphalt mixture with lower Tg means it transfers from the high-elastic state to the glassy state at
a lower temperature, which indicates that it has a better performance in resisting low-temperature
impact. From the DMA method, three critical points can be used as the Tg: onset temperature of E′
curve, temperature at peak of loss modulus and temperature at peak of tanδ.

The objective of study in this paper was asphalt mixture, which was a mix of asphalt, aggregate
and mineral powder. The corresponding temperature at peak of tanδ was usually above 40 ◦C, and it
was in the high-temperature region for asphalt pavement. At the same time, the onset temperature of
E′ was not easy to determine, because of the curve shape. Ultimately, the temperature at the peak of
the loss modulus was selected as the Tg. The results are shown in Figure 8.

 

Figure 8. Tg of asphalt mixtures.

Test results indicate that AR asphalt mixtures have a lower Tg (except SBS mixture with gradation
D and 5.5% asphalt content) no matter what the gradation or asphalt content is. It is indicated
that AR asphalt has a better low-temperature performance than the other two mixtures. Compared
with the other two mixtures, those with neat asphalt A70 have a higher Tg, which means that
polymer modifier and crumb rubber have a positive effect on the asphalt mixture to improve their
low-temperature performance.
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Additionally, gradation type also affected the value of Tg, but the results differed with different
asphalt types. For SBS and AR asphalt mixtures, there is a decreasing trend of Tg with the increasing
content of fine aggregates from Z to D. In particular, Tg of the finest gradation D decreased obviously
than the other two gradations. However, there is little change for Tg of A70 asphalt mixtures with three
gradations. It can be concluded from the result that the increasing of fine aggregate content would
benefit the low-temperature performance of asphalt mixtures, but it has little effect on the mixtures
with neat asphalt.

Moreover, the influence of asphalt content on the Tg was different for the three binder types.
For AR asphalt mixtures, Tg decreased a lot with increasing asphalt content, especially at 7.5%.
The sufficient asphalt rubber can help mixture release the thermal stress with decreasing temperature.
For A70 asphalt mixtures, there exists a peak at 6.5% with a higher Tg, and there was no clear law for
SBS asphalt mixtures.

In summary, asphalt type in the mixtures plays a more significant role to the low-temperature
performance, followed by gradation type and asphalt content. AR asphalt mixtures have a better
low-temperature performance than the other two mixtures.

3.2. Stiffness at Extreme Low Temperature E0*

The stiffness of asphalt mixtures at low temperature is also an indication of its performance. Some
studies have demonstrated that lower stiffness has a better low-temperature performance [18,22]. It can
be seen from Figure 7, the complex modulus approaches a constant when the temperature is extreme
low for asphalt pavement (usually below −30 ◦C). From the fitting curve of the complex modulus,
the critical point (T0, E0*) (Figure 7) can be obtained and E0* can be used to represent the stiffness of
mixture at extreme low temperature, shown in Figure 9.

 

Figure 9. E0* of asphalt mixtures (MPa).

Based on these results, asphalt mixtures with different asphalt types do not have obvious trends
in stiffness at extreme low temperature. For gradation M, the stiffness of asphalt mixtures was almost
the same among three asphalt types. Similarly, values of mixtures with different asphalt contents
fluctuated within a narrow range. This is due to the condition that the mixtures are in the glassy state.

On the contrary, gradation type played a key role on the stiffness. Mixtures with gradation Z had
a lower stiffness mainly due to their high air voids. A large number of holes can be seen on the sample
of A70 asphalt mixtures with gradation Z. As a result, asphalt mixtures with gradation Z may not have
advantage in resistance to water damage. The stiffness reached a peak at gradation M with increasing
compactibility, but higher stiffness means that they cannot make a larger deformation under the same
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stress. From the gradation M to D, the content of fine aggregates increased further, but the stiffness
decreased instead, which is an optimal condition for low-temperature performance of asphalt mixtures.

Factors that influence the stiffness were more complex than those on the Tg. For example,
increasing air void may decrease the stiffness of asphalt mixtures such as gradation Z of A70 asphalt,
but this was adverse to the low-temperature performance and waterproofness. Lower stiffness with
less air void, like gradation D, is more beneficial with respect to resistance to thermal cracking.

3.3. High-Temperature Properties Ttan

As mentioned previously, Tg can be determined by the peak of tangent of phase angle. However,
the value of peak was usually above 40 ◦C for the asphalt mixture, which is in the region of high
temperature for asphalt pavement. A higher Ttan means it transfers from a highly elastic state to a
viscous state at a higher temperature, which is beneficial to high-temperature performance. From the
test, it can be observed that after the peak point of tanδ, the sample started to yield, and the stiffness
of the asphalt remained at a lower level. Therefore, it can be used to evaluate the high-temperature
performance of asphalt mixtures and it has a clear physical meaning. The results of Ttan are shown in
Figure 10.

 
Figure 10. Ttan of asphalt mixtures.

The results show that AR asphalt mixtures have an obviously higher Ttan than the other two
mixtures. It can be found that they performed better at higher temperature. Additionally, gradation Z
with coarser aggregates have a higher Ttan. This is mainly because coarser aggregates interlock with
each other and form a skeleton structure to resisting permanent deformation.

3.4. Range of Effective Function Temperature ΔT

Based on the E* graph, the curve starts to turn with increasing temperature. T0 can be used to
describe the turning temperature of phase transition. With a gradual increase in temperature, it reaches
a platform, and T2 can also be marked as the turning temperature for another phase transition. As a
result, ΔT = T2 − T0 shows the range of temperature that can work well for this asphalt mixture, and
material in this range was neither too glassy nor too soft. A larger ΔT means it is highly adaptable to
temperature change and has a better performance. The results of ΔT are shown in Figure 11.
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Figure 11. ΔT of asphalt mixtures.

Results indicate that AR asphalt mixtures have a wider effective functional zone than the other
two mixtures. For A70 and SBS asphalt mixtures, the effects of gradation and asphalt content on ΔT
are not obvious. For AR asphalt mixtures, there are no obvious differences between different gradation
types. However, with increasing asphalt content, ΔT becomes smaller, which means more asphalt
makes its range narrower and mixtures are more sensitive to temperature change.

3.5. Temperature Sensitivity K Value

From the E* curve, the value of modulus decreases from 104 to 102 MPa with the temperature
increasing, which means a significant change to asphalt pavement. The slope K of the curve can be
used to represent the sensitivity of materials under the effect of temperature. K value can be calculated
by Equation (8). The results are shown in Figure 12:

K = (E2* − E0*)/(T2 − T0) (8)

 
Figure 12. K value of asphalt mixtures.

The results indicate that asphalt mixtures with gradation Z have a higher K, which means their
complex moduli have the minimum change with increasing temperature. One reason is that their
lower moduli at low temperature cause lower ΔE, on the other hand, coarser gradation has a better
ability to release stress than the other two mixtures.
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As for asphalt type, AR asphalt mixtures have a higher K value than the others, which indicates
that they have a smaller change of moduli. The K values of A70 mixtures are higher than those of SBS
mixtures. The results indicate that SBS asphalt mixtures are most sensitive to temperature changes.

As for binder content, the results show that AR asphalt mixtures containing more asphalt were
more sensitive to temperature changes. A70 asphalt mixtures with gradation Z and D have a similar
rule. There are no obvious rules for SBS asphalt mixtures.

In terms of gradation type, mixtures of gradation M have a lower K, followed by D and Z. If air
void is considered, gradation D is more applicable in SAMI.

In conclusion, the effects of asphalt type, gradation type and binder content on the different
indicators can be concluded in Table 3.

Table 3. Summary of the results.

Index Binder Type Gradation Type Binder Content

Tg * AR < SBS < A70 D <M ≈ Z 7.5 < 6.5 < 5.5 (AR)
E0* Not clear * Z < D <M Not clear
Ttan * AR > A70 ≈ SBS Z >M > D Not clear
ΔT * AR > SBS ≈ A70 Not clear 5.5 > 6.5 > 7.5 (AR)

K value AR > A70 > SBS * Z > D >M 5.5 > 6.5 > 7.5 (AR)

* means the key impact factor among three variables.

The above five indicators can be used to describe phase transition characteristics of asphalt
mixtures with temperature changes, and then a comprehensive evaluation of their performance can
be made. Tg and E* can characterize the low-temperature properties of mixtures. Ttan reflects their
stability at higher temperature. ΔT and K value show their temperature sensitivity and effective
function range. The test results indicate that the three variables have different effects on the five
indicators, and the key impact factor changes with each indicator.

4. Conclusions

Based on the testing and analysis, there are some conclusions that can be summarized as follows:

(1) By measuring the glass transition temperature Tg, it can be concluded that crumb rubber
modified asphalt mixtures AR with finer gradation D and higher asphalt content have a better
low-temperature performance. Asphalt type has the largest impact on the Tg, which shows that
asphalt plays a key role in low-temperature properties.

(2) For stiffness at extreme low temperature, values of E0* among different asphalt types are similar.
The gradation type plays a major role for E0* and mixtures with gradation M are larger than
the others. Stiffness of mixtures with gradation Z is very low due to its higher air void and it
is detrimental to waterproofness. AR asphalt mixtures with gradation D has a relative lower
stiffness and it is beneficial to the low-temperature performance.

(3) According to phase transition characterization, Ttan (temperature at peak of tanδ) can be used to
evaluate the high-temperature performance of asphalt mixtures. Coarser gradation has a good
effect on the high-temperature performance. Mixtures with AR asphalt have an obvious higher
Ttan and they have a better high-temperature stability.

(4) Range of effective function temperature ΔT can be used to describe the range of temperatures
where asphalt mixtures can stay in a high-elastic state and work well. Slope K value can be used
to evaluate the sensitivity of stiffness to temperature changes. Results show that AR asphalt
mixtures have a wider ΔT and a lower K, which indicates that they are less sensitive to various
temperatures. Besides, mixtures with more asphalt content and finer gradation are more sensitive
to temperature changes.
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(5) Considering the comprehensive evaluation of various indicators, AR asphalt mixtures are more
suitable materials to be applied in SAMI. An optimum gradation type and asphalt content can be
determined from the actual environmental condition and application requirement.
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Abstract: Semi-flexible composite mixture (SFCM) is developed based on a unique material design
concept of pouring cement mortar into the voids formed by open graded asphalt mixture. It
combines the flexibility of asphalt concrete and the stiffness of Portland cement concrete and has
many advantages comparing to conventional roadway paving materials. The main objective of this
paper was to evaluate the engineering properties of SFCM and assess the constructability of the
SFCM. A slab SFCM sample was fabricated in the laboratory to simulate the filling of cement mortar
in the field. Performance testing was carried out by indirect tensile (IDT) test because it was found to
be able to correlate with the field performance of asphalt mixtures at low, intermediate, and high
temperatures. They were used in this study to evaluate the thermal cracking, fatigue, rutting, as well
as moisture resistance of SFCM. A control hot mix asphalt (HMA) mixture was used to compare with
the results of SFCM. Based on the testing results, it was found that the designed SFCM showed good
filling capability of cement mortar. SFCM had higher dynamic modulus than the control HMA. It
had good resistance to rutting and moisture damage. Based on fracture work, SFCM showed better
resistance to thermal cracking while lower resistance to fatigue cracking.

Keywords: semi-flexible composite mixture; cement mortar; asphalt mixture; indirect tensile test

1. Introduction

High-performance cement pastes and pure cement paste (s) are respectively grouted into matrix
asphalt mixtures to service as semi-flexible pavement materials [1], The resultant composite structure
is referred as “resin modified pavement (RMP)” [2–4], combines the flexibility of asphalt pavement and
the stiffness close to concrete pavement. It has traditionally been used as a special pavement surfacing
due to its excellent rutting resistance and fuel spillage [5].

The advantages of the SFCM have been found which included but not limited to: (a) in contrast
to Portland cement concrete (PCC), the SFCM does not require joints that are used to accommodate
thermally induced movements [4,5]; (b) it has strong resistance to moisture damage due to the very
impermeable structure [6]; (c) it provides a tough and durable pavement surface that can better resist
rutting caused by heavy channelized traffic loads and traffic abrasion, and surface deterioration due to
fuel spillage [2], rutting resistance is also good at early curing stage [7]; and (d) it can be quickly open
to traffic, usually within 24 h after pouring cementious material [8].

Given the advantages of the SFCM, it has the potential of being used at heavy duty roads such as
airport pavements and bridge deck surfaces [2]. The SFCM can be precast as slab and transported to
the site to save construction time. The initial cost of a full depth of SFCM design using hot mix asphalt
is about 50 to 80 percent higher than a dense-graded asphalt concrete while 30 to 60 percent less than a
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comparable PCC pavement design, whereas its cost can be dramatically reduced by using cold mix to
substitute hot mix asphalt as core asphalt structure [4,8].

Limited research on SFCM has been carried out in both laboratory and fields. Using the specific
design reported by Anderton [4], the SFCM was found to have about the same indirect tensile strength
as AC (one type of asphalt mixture) at low testing temperatures, whereas two to three times higher
strength than AC at moderate to high testing temperatures (i.e., 50 ◦C or higher). Its flexural strength
and compressive strength were approximately 40–60% and 10–25% of a typical PCC mix, respectively.
The thermal coefficients of a SFCM mix was in the same general range as PCC, and about two to
three times lower than that of hot mix asphalt (HMA) mixture. Oliveira et al. [9,10] evaluated the
fatigue performance of the laboratory prepared SFCM with rest periods considered. It was found
that the fatigue performance was improved by using SFCM. A shift factor was also suggested by
Oliveira et al. [11] to convert laboratory fatigue testing results of SFCM to field fatigue life. Studies
by Hao and Ling [12,13] indicated that semi-flexible pavement have good low temperature cracking
resistance and excellent rutting resistance. Huang et al. [14] used six emulsified asphalt-to-cement
(A/C) ratios and found 0.3 was the optimum one that can balance performance of SFCM between
elastic modulus and fatigue life [14]. Al-Qadi et al. [2,6] studied SFCM as a possible alternative for
bridge deck overlays considering its improved engineering performance compared to a typical AC
wearing surface. The study concluded that SFCM was two to three times more resistant to moisture
and chloride intrusion than PCC due to its low air void content. Skid resistance of SFCM pavement
was evaluated using a self-watering Mark V Mu-Meter method on airfield pavements to be compared
with AC and PCC pavements of the same age [4]. This method is standard for the US Air Force and the
Federal Aviation Administration. The wet surface coefficient of friction was measured at two speeds,
65 km/h (low-speed test) and 96 km/h (high-speed test). It was found that the SFCM had about the
same coefficient of friction as control AC taxiways at low speed, and better coefficients of friction
than that of the PCC taxiway tested at high speed. A long-term performance survey of SFCM over a
five-year period indicates that there was no rutting observed throughout the duration of the project.
For comparison, the control HMA section used PG82-22 binder was paved at the same time and in the
same project with SFCM section. Rutting survey result by the end of the fourth year shows there is an
average rutting depth of 0.25 inches for the control section. The skid resistance of SFCM was noted as
a problem shortly after paving but it was improved within a few months, and kept at a good level by
the end of the fourth year. The pavement condition rating (PCR) value of SFCM, which is a parameter
to quantify pavement’s overall performance based on measurements of roughness, surface distress,
skid resistance and deflection, were acceptable by the end of the survey [14].

As seen, the current state-of-practice for SFCM is empirically developed based upon limited
experiences in European countries and some airfield and military projects in the United States.
Early performance data from test sections have shown great promise for expanded future usage of
this technology as an alternative sustainable application for modern transportation engineering [4].
However, the lack of research methodology and comprehensive understanding about its engineering
properties could hinder the quick and appropriate deployment of this technology. Moreover, the
pouring capability, as one of the most crucial properties, is usually evaluated based on standard
specimen size (i.e., 150 mm in height and 100 mm in diameter), which actually cannot simulate the
field flow ability of the materials especially considering the side effects. Furthermore, most previous
studies assumed that the materials are elastic whereas its very likely the materials would behave as
visco-elastic due to the existance of asphalt; or most studies simply applied strength and moisture tests,
whereas neglected advanced test methods such as fracture energy and dynamic modulus which could
better capture the properties and failure mode of the SFCM materials, in contrast to the conventional
HMA mixtures. Therefore, the objective of this paper is to assess the constructability of the SFCM
mixture and compare the mechanical properties (fatigue, thermal, rutting, moisture damage, and
dynamic modulus) of the SFCM with a typical hot mix asphalt (HMA) mixture. A higher PG grade
binder (PG70-22) was used in the control HMA mix to evaluate how the SFCM compares with a
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higher-grade mix. A SFCM slab was made in laboratory and cored into cylindrical specimens (100 mm
in diameter) for further testing. All the tests were performed under the indirect tensile mode which has
been found to be able to characterize the fatigue, rutting, and thermal cracking properties of asphalt
mixtures and reasonably correlate with field performance [15,16].

2. Mix Design and Sample Preparation of SFCM

The mix design of SFCM includes two components, asphalt mixture and cement mortar.
The strength and other mechanical properties of the SFCM were found to be greatly affected by
the proportion of the two components [17]. The main purpose of asphalt mixture design procedure
was to obtain optimum asphalt binder content, as well as target air voids. In contrast, the design of
cement mortar was targeted to balance cementious material with high strength and good fluidity.

2.1. Aggregate Gradation

Aggregate gradation was designed to form a mixture skeleton to allow adequate room for asphalt
binder and cement mortar. According to the recommendation by Battey and Whittington [17], gradation
used in this study is coarse graded to realize high air voids in asphalt mixtures. Figure 1 shows the
gradation used in this study.

Figure 1. Aggregate gradation of asphalt mixture.

2.2. Optimum Asphalt Content

This study used PG64-22 binder with 0.1% of anti-stripping agent (by weight of asphalt binder).
Optimum asphalt content (OAC) was calculated based on an empirical equation suggested by
Roffee [18], as shown in Equation (1),

Optimum asphalt content = 3.25aS0.2 (1)

where,

a = 2.65/SG
SG = apparent specific gravity of the combined aggregates
S = conventional specific surface area = 0.21G + 5.4S + 7.2s + 135f
G = percentage of material retained on 4.75 mm (No.4) sieve
S = percentage of material passing 4.75 mm (No.4) and retained on 600 μm (No.30) sieve
s = percentage of material passing 600 μm (No.30) and retained on 75 μm (No.200) sieve
f = percentage of material passing 75 μm (No.200) sieve
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The OAC was then determined as 3.6% by mass of aggregates. The OAC value is less than typical
results mainly due to the relative high ratio of coarse aggregates and high design air voids.

2.3. Mixing and Compaction of Asphalt Mixture

Asphalt mixture was mixed at a high temperature of 156 ◦C with mixing duration of 30 min.
As soon as the mixing was completed, they were loaded into a square mold with 530 mm in length and
width by 100 mm in depth. Mixtures were compacted slightly using a small vibration compactor to get
target sample height and an even surface. The mold was made of plywood and was well sealed to
avoid outflow. Preparation of slab sample allows simulating the field paving condition and evaluating
the mortar filling capability. Additional asphalt mixtures were also prepared to check the theoretical
maximum specific gravity (Gmm) according to AASHTO T209. The averaged Gmm value was calculated
as 1.848.

2.4. Mix Design of Cement Mortar

Materials and proportions (by weight) used to prepare cement mortar included water (25%,
13.15 kg in weight), type I-II cement (50%, 26.3 kg in weight), fly ash (23%, 12.1 kg in weight) and
superplasticizer (2%, 1.05 kg in weight), with the total weight of the specimen of 52.6 kg. Study
indicates that fly ash can enhance porosity, permeability and shrinkage characteristics of SFCM [3].
The dosage of superplasticizer was used as recommended by the literature [19] to reduce the water
to cement ratio at the same time maintain a high workability and fluidity of the mortar to assist
pouring process.

2.5. Viscosity Check of Cement Mortar

The viscosity of cement mortar was checked to determine its fluidity using the Marsh funnel
method (ASTM D6910). The Marsh funnel viscosity is defined as the time required for 964 mL of a
slurry to flow into a graduated cup from a funnel with specific dimensions. For 964 mL of water at
the temperature of 21 ± 3 ◦C, the flow duration is 26 ± 0.5 s. Following the method described in the
specification, cement mortar was prepared and tested in lab using the same proportions shown above.
The room temperature (25 ◦C) and the temperature of cement mortar (20 ◦C) were also recorded for
information purpose. Three replicates were performed and flow time were measured as 144, 146, and
148 s, which is very flowable compared with the testing results of fresh cement mortar (240–300 s)
without using superplasticizer [20].

2.6. Cement Mortar Pouring

The asphalt sample was waited for approximately 24 h to cool down before starting the pouring.
The cement mortar was mixed for several minutes to ensure the homogeneity. During pouring, high
workability and infiltration rate were observed and the total filling procedure finished in less than
20 min. After pouring was complete, the slab sample was cured for 14 days at room temperature.
Water was sprayed on sample frequently and the sample was sealed securely to maintain a humid
curing environment.

Figure 2a,b shows the asphalt mixture sample before and after filling, and Figure 2c presents
cement mortar during filling. Sample mold was removed after 14 days of curing and sample bottom
was well-filled with cement mortar as shown in Figure 2d.
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(a) (b) 

  
(c) (d) 

Figure 2. Sample preparation before and after cement mortar pouring. (a) Sample before filling cement
mortar, (b) sample after filling cement mortar, (c) cement mortar pouring, (d) sample bottom.

2.7. Samples Coring and Sawing

The demolded sample was cored into 9 specimens with 100 mm in diameter and 100 mm in height.
Figure 3a,b present figures during and after sample coring. Among the 9 specimens, four of them were
sawed into 63.5 mm in height to perform indirect tensile (IDT) strength testing and the rest were cut
into 38 mm in height to carry out other IDT testing. Figure 3c,d shows a comparison before and after
sample sawing. As seen, asphalt mixture was filled up with cement mortar pretty well.

  
(a) (b) 

Figure 3. Cont.
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(c) (d)  

Figure 3. Sample before and after sawing. (a) Sample coring, (b) slab sample after coring, (c) sample
before sawing, (d) sample after sawing.

3. Performance Testing

In this study, five types of IDT tests were carried out to evaluate the performance of SFCM
specimens, including IDT dynamic modulus testing, IDT fatigue and thermal testing, IDT tensile
strength, and IDT high temperature strength testing. IDT testing results of a control PG70-22 HMA
mixture was also presented to conduct a comparison with SFCM specimens. A higher PG grade binder
than the PG binder of the SFCM core asphalt structure (PG64-22) was used to show how SFCM could
compare with higher PG grade HMA.

This paper was majorly focusing on comparing the material properties of the SFCM specimens
with the conventional hot mix asphalt mixtures, whereas the performance comparison between the
HMA mixtures and other mixtures with modified binders (i.e., warm mix asphalt, polymer, rubber,
RAS, etc.) can be easily found within published articles. Actually, the performance comparison
between the HMA and the SFCM provides useful information in determining in which scenario the
SFCM can be best adopted.

3.1. IDT Dynamic Modulus Testing

IDT dynamic modulus testing was performed using three replicate specimens. Six temperatures
(−20, −10, 0, 10, 20, and 30 ◦C) and five frequencies (0.1, 1, 5, 10, and 20 Hz) were applied to conduct the
testing and 20 ◦C was selected as the reference temperature when plotting master curve. Control HMA
specimens were also tested using the same specimen geometry and testing conditions. The control
HMA specimens were compacted in the laboratory using loose mixtures taken from the plant. Other
mixture design properties include: PG70-22 binder, nominal maximal size of 19 mm, target air voids
of 4%, and 100 design numbers of gyrations. It should be noted that a higher PG grade (PG70-22
vs. PG64-22) binder was used for control mixture to compare the SFCM mixture with a higher grade
HMA mixture.

Figure 4 shows the dynamic modulus master curve in a log-log scale for SFCM and the control HMA
specimens using reference temperature of 20 ◦C. As shown, dynamic moduli of SFCM specimens are
much higher than that of HMA specimens at all frequencies (temperatures). In addition, the dynamic
modulus of SFCM varies with the change of frequency (temperature), indicating SFCM is also
a viscoelastic material in nature. However, the SFCM seems to be less sensitive to frequency
(temperature) change in contrast to the HMA mixture which indicates that SFCM can be used at
an extensive environmental condition. The extra high dynamic moduli of SFCM specimens can be
attributed to: (a) very low air voids of the mix; (b) high stiffness cementitious filling material; and (c)
additional confining effect of cement mortar to asphalt structure especially at high temperatures. It is
also interesting to note that the variability of the SFCM specimens at lower frequency was higher, which
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could be caused by the method that was utilized to generate the master curve: the current method
was developed majorly based on asphalt mixtures, although the SFCM specimens are essentially
visco-elastic whereas its properties are different from conventional from the conventional HMA samples.
Thus, the current method may need to be adjusted to better fit the master curve generation procedure
of the SFCM specimens.

Figure 4. Comparison of dynamic modulus between semi-flexible composite mixture (SFCM) and hot
mix asphalt (HMA) specimens.

3.2. IDT Tensile Strength Testing

IDT tensile strength ratio for wet and dry specimens, as recommended by AASHTO T283 test [21],
is used to evaluate the moisture susceptibility of SFCM and the control HMA mixture. All the samples
were sawed into 100 mm in diameter and 63.5 ± 2.5 mm in thickness. Two specimens were tested for
each set, dry and wet.

For dry specimens, they were wrapped with plastic and placed in a 25 ◦C water bath for 2 h before
testing. The other subset was firstly conditioned at a constant temperature of −16 ◦C for 24 h, and was
then placed in a 60 ◦C water bath for another 24 h. It should be noted that after 24 h conditioning in
the 60 ◦C water bath, a small quantity of asphalt binder was squeezed out from SFCM specimens. This
could be caused by the very low air voids of specimens and a continuous exposure to high temperature
environment. Specimens were then removed from the 60 ◦C water bath, wrapped and put into a
25 ◦C water bath for 2 h before testing. Chamber of MTS equipment which was used for IDT test was
also pre-conditioned at a temperature of 25 ◦C so that the specimens can keep the same temperature
during testing. Since SFCM specimens were assumed to have extremely low air voids, they were not
applied vacuum pressure, nor was the degree of saturation determined. However, vacuum pressure
was carried out on HMA specimens before conditioning. All the four dry and wet SFCM specimens
were tested on the same day to avoid effects of curing. Tensile strength and tensile strength ratio (TSR)
are calculated based on Equations (2) and (3).

St =
2000P
πtD

(2)

where:

St = tensile strength, kPa
P =maximum load, N
t = specimen thickness, mm
D = specimen diameter, mm
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TSR =
S2

S1
(3)

where:

S1 = average tensile strength of the dry subset, kPa (psi); and
S2 = average tensile strength of the conditioned subset, kPa (psi).

The testing results are summarized in Table 1. As shown, the calculated TSR value of SFCM
specimen is high, indicating that the SFCM has good resistance to moisture damage. When the
SFCM specimens were broken after strength test, no obvious stripping was observed, showing a good
bonding among asphalt binder, aggregates, and cement mortar. In contrast to the HMA specimens,
the higher TSR of SFCM specimens could be attributed to its extreme low air voids: the moisture takes
longer to penetrate into the specimens using the current moisture conditioning for HMA at lower air
voids, furthermore, the penetration of moisture into the surface between asphalt and cement was even
more difficult.

Table 1. Summary of indirect tensile (IDT) strength testing results (25 ◦C).

Sample
Sample Thickness,

mm
Sample Diameter,

mm
Maximum

Load, N
St, MPa

Average St,
MPa

TSR

Dry #1, SFCM 62.1 100 22,900 2.31
2.32

0.97

Dry #2, SFCM 64.6 100 24,000 2.33

Conditioned #1,
SFCM 64.9 100 23,100 2.23

2.24
Conditioned #2,

SFCM 64.4 100 23,200 2.26

Dry #1, HMA 63.2 100 20,300 2.04
2.04

0.89
Dry #2, HMA 64.1 100 20,500 2.04

Conditioned #1, HMA 63.1 100 18,050 1.82
1.81Conditioned #2, HMA 62.2 100 17,600 1.80

3.3. IDT Fatigue Testing

By determining the fracture behavior of SFCM at intermediate temperature, the IDT test can be
used to evaluate the fatigue cracking resistance of SFCM which takes into account both the strength
and the ductility of the mixture [15]. In this study, fatigue test was performed at a temperature of 20 ◦C
and a strain rate of 50.8 mm/min. Three replicate specimens were tested and stress-strain relationship
is shown in Figure 5 for both the SFCM specimens and the control HMA mixtures. The figure
indicates that generally the SFCM specimens experienced higher maximum stress than the control
HMA specimens, whereas the stress value of SFCM specimens decreases faster than that of HMA
specimens after the peak value, showing a more brittle behavior. Table 2 compares the maximum
stress and fracture work between the SFCM specimens and the HMA specimens. The maximum stress
corresponds to the stress value at which failure strain occurs, and fracture work is calculated as the
area under the stress-strain curve, which can be adopted to relate to the field fatigue performance of
asphalt mixture. The results in the table plus that in Figure 5 indicate that the fatigue resistance of the
SFCM specimens is not as strong as that of the control HMA specimens.
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Figure 5. Stress-strain relationship of fatigue testing.

Table 2. Summary of fracture work and maximum stress (20 ◦C).

HMA Specimens SFCM Specimens

Specimen No.
Fracture Work,

N·mm
Maximum
Stress MPa

Specimen No.
Fracture Work,

N·mm
Maximum
Stress MPa

#1 38,337.23 1.99 #1 23,601.33 2.63
#2 40,518.21 2.23 #2 25,366.62 2.79
#3 45,387.78 1.85 #3 21,465.77 2.79

Average 41,414.41 2.02 Average 23,477.91 2.74
CV, % 8.7 9.4 CV, % 8.3 3.3

3.4. IDT Thermal Cracking Testing

IDT thermal cracking test was found to be able to correlate with the thermal cracking resistance of
visco-elastic materials in the field [16]. By measuring load-deformation relationship at low temperature,
stress and strain values can be calculated and fracture work can be calculated accordingly as well. In this
study, thermal cracking was conducted at a temperature of −10 ◦C with a strain rate of 2.54 mm/min.
Three replicate specimens were tested.

A summary of the testing results as well as the stress-strain relationship for both the SFCM
specimens and the HMA specimens are shown in Figure 6 and Table 3. As presented, the average
maximum stress of SFCM (3.62 MPa) is slightly lower than that of HMA mixtures (3.96 MPa), whereas
the fracture work of SFCM (174,305 N·mm) is higher than that of the HMA mixtures (167,396 N·mm),
indicating an overall better resistance to thermal cracking of SFCM. The asphalt binder become brittle
at low temperatures which induces fast decrease of stress value with constant strain rate; in contrast,
the asphalt was somehow protected by the cement mortar in the SFCM and thus its stress release ability
still works well to endure load after failure strain. Additionally, it was observed that the variability of
the SFCM specimen was higher than that of the control HMA specimens, which could be caused by
the relative coarse aggregate gradation of the SFCM and will be validated in the future study.
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Figure 6. Stress-strain relationship of thermal cracking testing.

Table 3. Summary of fracture work and maximum stress (−10 ◦C).

HMA Specimens SFCM Specimens

Specimen No.
Fracture Work,

N·mm
Maximum

Stress, MPa
Specimen, No.

Fracture Work,
N·mm

Maximum
Stress, MPa

#1 166,267.90 4.15 #1 185,328.88 4.13
#2 163,591.74 3.77 #2 162,810.69 3.17
#3 172,328.52 3.95 #3 174,776.83 3.56

Average 167,396.05 3.96 Average 174,305.47 3.62
CV, % 2.7 4.8 CV, % 6.5 13.3

3.5. IDT High Temperature Strength

High temperature indirect tensile (HT-IDT) strength is a test that can be used to evaluate the rutting
resistance of HMA mixtures [22–29]. The test was conducted at a temperature of 42 ◦C with a loading
rate of 50 mm/min. The test temperature was selected as 10 ◦C lower than the 50% reliability, seven-day
average maximum pavement temperature determined based on LTPPBind program Version 3.1. For
both the SFCM mixture and the HMA mixture, three replicate specimens were tested and averaged.

Testing results are shown in Table 4 and the results indicate that the indirect tensile strength of
the SFCM specimens is 12% higher than that of the control HMA specimens, indicating better rutting
resistance. NCHRP report 673 [22] recommended minimum HT-IDT strength requirements based
on ESALs. Specifically, for ESALs ranged from 3 to 10 million, 10 to 30 million and ESALs larger
than 30 million, the minimum requirements are 270, 380, and 500 kPa, respectively. As seen from
Table 4, the tensile strengths of all the six SFCM and HMA specimens are greater than the minimum
requirement for 30 million ESALs (500 kPa), and the average values of SFCM (746.6 kPa) and HMA
(664.6 kPa) are 49.3% and 32.9% more than the minimum requirement, respectively.
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Table 4. High temperature indirect tensile strength testing results (42 ◦C).

Sample No. Maximum Load, N
Sample Thickness,

mm
Sample Diameter,

mm
Indirect Tensile
Strength, kPa

#1, SFCM 4140.0 38.1 100.0 691.8
#2, SFCM 5350.0 38.9 100.0 875.6
#3, SFCM 3950.0 37.4 100.0 672.4

Average,SFCM 4480.0 38.1 100.0 746.6
#1, HMA 4212.1 39.4 100.0 680.6
#2, HMA 4119.3 40.8 100.0 642.8
#3, HMA 3854.6 36.6 100.0 670.5

Average,HMA 4062.0 38.9 100.0 664.6

4. Conclusions and Recommendations

A slab SFCM sample was fabricated in the laboratory to simulate the mortar filling in the field,
with 2% of superplasticizer was included to achieve good filling characteristics. Cylindrical specimens
were cored from the slab to perform the IDT testing. By comparing the IDT testing results of SFCM
mixture (with PG64-22 binder) and a control PG70-22 HMA, the following findings are obtained. It
should be noted that the core asphalt structure was made out of a PG64-22 binder which is a lower
grade than the control HMA for the purpose of comparing SFCM with higher grade HMA mixture.
In addition, very limited compactive effort was applied to the SFCM slab sample while gyratory
compaction with Ndesign of 100 was used for the PG70-22 HMA mixture.

1. SFCM has good performance in rutting resistance and moisture susceptibility which was mainly
attributed to the addition of cemetious materials, its higher dynamic moduli in contrast to the
conventional HMA specimens, as well as the less sensitive to the temperature (frequency) change
of the SFCM materials.

2. Dynamic modulus testing results also show that SFCM is viscoelastic in nature. In addition, the
IDT fatigue testing shows that SFCM is less fatigue resistant compared with the control PG70-22
HMA mixture, based on fracture work property. IDT thermal cracking test results show that the
SFCM has better resistance to thermal cracking than control HMA at the low temperature, based
on fracture work property.

3. Based on its strong rutting resistance and thermal cracking resistance, as well as relative low
fatigue resistance, it is recommended to apply the SFCM materials on the top surface layer of a
pavement structure, since the surface layer endures more compressive stress and thermal stress,
and experiences very limited magnitude of tensile stress.

4. It should be noted that although the fatigue resistance of SFCM may be low due to the brittleness
of the material. However, the overall fatigue performance of the SFCM should be evaluated
comprehensively based on the pavement structure. The high strength high modulus properties
of SFCM can significantly reduce the tensile strain responses in the pavement layer, therefore,
compensate for its fatigue performance.

The good filling characteristics were concluded majorly based on eye observations during filling
process, as well as after the cores were drilled. It is suggested to apply more advanced method to
evaluate filling properties with deeper analysis. Additionally, the current method may need to be
adjusted to better fit the master curve generation procedure of the SFCM specimens.

Additionally, in contrast to the conventional sample preparation procedure which was fabricated
for mix design purpose, the sample preparation process proposed in this article can better simulate
the field construction procedure. However, more research work was necessary to evaluate how
the materials flow during paving, as well as how they are performing under real trafficking and
climatic conditions.

73



Materials 2020, 13, 342

Author Contributions: Conceptualization, W.Z.; methodology, S.S.; software, D.W.; validation, D.W. and J.Z.;
investigation, W.Z.; data curation, R.D.G.; formal analysis, R.D.G.; writing—original draft preparation, W.Z.;
writing—review and editing, W.Z. and S.S.; visualization, J.Z.; supervision, S.S.; All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Cai, J.; Pei, J.; Luo, Q.; Zhang, J.; Li, R.; Chen, X. Comprehensive service properties evaluation of composite
grouting materials with high-performance cement paste for semi-flexible pavement. Constr. Build. Mater.
2017, 153, 544–556. [CrossRef]

2. Al-Qadi, I.L.; Gouru, H.; Weyers, R.E. Asphalt portland cement concrete composite: Laboratory evaluation.
J. Transp. Eng. 1994, 120, 94–108. [CrossRef]

3. Anderton, G.L. User’s Guide: Resin Modified Pavement; U.S. Army Corps of Engineers Waterways Experiment
Station: Vicksburg, MS, USA, 1996.

4. Anderton, G.L. Engineering Properties of Resin Modified Pavement (RMP) for Mechanistic Design. In Final
Report ERDC/GLTR-00-2; U.S. Army Engineer Research and Development Center: Vicksburg, MS, USA, 2000.

5. Oliveira, J.; Thom, N.H.; Zoorob, S. Fracture and Fatigue Strength of Mortared Macadams. In Proceedings of
the 10th International Conference on Asphalt Pavements 2006, Quebec City, QC, Canada, 12–17 August 2006.

6. Al-Qadi, I.L.; Prowell, D.B.; Weyers, R.E.; Dutta, T.; Gouru, H.; Berke, N. Concrete Bridge Protection and
Rehabilitation: Chemical and Physical Techniques; SHRP-S-666; Strategic Highway Research Program, National
Research Council: Washington, DC, USA, 1993.

7. Hassan, K.E.; Setyawan, A.; Zoorob, S.E. Effect of Cemenetious Mortars on the Properties of Semi-flexible
Bituminous Pavements, Performance of Bituminous and Hydraulic Materials in Pavements. In Proceedings
of the Fourth European Symposium on Performance of Bituminous and Hydraulic Materials in Pavments,
Nottingham, UK, 11–12 April 2002.

8. Zoorob, S.E.; Hassan, K.E.; Setyawan, A. Cold mix, Cold Laid Semi-flexible Mortared Macadams, Mix Design
and Properties, Performance of Bituminous and Hydraulic Materials in Pavements. In Proceedings of the
Fourth European Symposium, Nottingham, UK, 11–12 April 2002.

9. Oliveira, J.; Zoorob, S.E.; Thoml, N.H.; Pereira, P.A.A. A Simple Approach to the Design of Pavements
Incorporating Mortared Macadams. In Proceedings of the 4th International Conference Bituminous Mixtures
and Pavements, Thesaloniki, Greece, 19–20 April 2007.

10. Oliveira, J.; Thom, N.H.; Zoorob, S.E. Design of Pavements Incorporating Mortared Macadams. J. Transp. Eng.
2008, 134, 7–14. [CrossRef]

11. Oliveira, J.; Sangiorgi, C.; Fattorini, G.; Zoorob, S.E. Investigating the fatigue performance of grouted
macadams. J. Proc. Inst. Civ. Eng. Transp. 2009, 162, 115–123. [CrossRef]

12. Hao, P.W.; Cheng, L.; Lin, L. Pavement Performance of Semi-flexible Pavement in Laboratory. J. Xi’an
Highw. Univ. 2003, 23, 1–6.

13. Ling, T.; Zhao, Z.; Xiong, C.; Dong, Y.; Liu, Y.; Dong, Q. The application of semi-flexible pavement on heavy
traffic roads. Int. J. Pavement Res. Technol. 2009, 2, 211–217.

14. Huang, C.; Liu, J.; Hong, J.; Liu, Z. Improvement on the crack resistance property of semi-flexible pavement
by cement-emulsified asphalt mortar. In Key Engineering Materials; Trans Tech Publications Ltd.: Zurich,
Switzerland, 2012; Volume 509, pp. 26–32.

15. Wen, H.; Bhusal, S. A Laboratory Study to Predict the Rutting and Fatigue Behavior of Asphalt Concrete
Using the Indirect Tensile Test. J. Test. Eval. 2013, 41, 299–304. [CrossRef]

16. Zborowski, A. Development of a Modified Superpave Thermal Cracking Model for Asphalt Concrete Mixtures Based
on the Fracture Energy Approach; Arizona State University: Tempe, Arizona, 2007.

17. Battey, R.L.; Jordan, S.W. Construction, Testing and Performance Report on the Resin Modified Pavement
Demonstration Project; Transportation Research Board: Washington, DC, USA, 2007.

18. Roffee, J.C. Salviacim-Introducing the Pavment; Jean Lafebvre Enterprise: Paris, France, 1989.
19. Chandra, S.; Björnström, J. Influence of Superplasticizer Type and Dosage on the Slump Loss of Portland

Cement Mortars-Part II. Cem. Concr. Res. 2002, 32, 1613–1619. [CrossRef]

74



Materials 2020, 13, 342

20. Svermova, L.; Sonebi, M.; Bartos, P. Influence of mix proportions on rheology of cement mortars containing
limestone powder. Cem. Concr. Comp. 2003, 25, 737–749. [CrossRef]

21. Azari, H. Precision Estimates of AASHTO T283: Resistance of Compacted Hot Mix Asphalt (HMA) to
Moisture-Induced Damage; Transportation Research Board: Washington, DC, USA, 2010; p. 166.

22. Christensen, D.W. A Manual for Design of Hot Mix Asphalt with Commentary; Transportation Research Board:
Washington, DC, USA, 2011; p. 673.

23. Christensen, D.W.; Bonaquist, R.; Anderson, D.A.; Gokhale, S. Indirect Tension Strength as a Simple Performance
Test. New Simple Performance Tests for Asphalt Mixes, Report E-C068; Transportation Research Board: Washington,
DC, USA, 2004; pp. 44–57.

24. Ding, X.; Ma, T.; Gu, L.; Zhang, Y. Investigation of Surface Micro-Crack Growth Behaviour of Asphalt Mortar
Based on the Designed Innovative Mesoscopic Test. Mater. Des. 2020, 185, 108238. [CrossRef]

25. Ma, T.; Zhang, D.; Zhang, Y.; Wang, S.; Huang, X. Simulation of Wheel Tracking Test for Asphalt Mixture
Using Discrete Element Modelling. Road Mater. Pavement Des. 2018, 19, 367–384. [CrossRef]

26. Zhang, Y.; Ma, T.; Meng, L.; De, Z.; Xiao, H. Prediction of Dynamic Shear Modulus of Asphalt Mastics
by Using the Discretized Element Simulation and Reinforcement Mechanisms. J. Mater. Civ. Eng. 2019,
31, 04019163. [CrossRef]

27. Ma, T.; Zhang, D.; Zhang, Y.; Huang, X. Effect of Air Voids on the High-temperature Creep Behavior of
Asphalt Mixture based on Three-dimensional Discrete Element Modeling. Mater. Des. 2015, 89, 304–313.
[CrossRef]

28. Ma, T.; Wang, H.; He, L.; Zhao, Y.; Huang, X.; Chen, J. Property Characterization of Asphalt Binders and
Mixtures Modified by Different Crumb Rubbers. J. Mater. Civ. Eng. 2017, 29, 04017036. [CrossRef]

29. Ding, X.; Chen, L.; Ma, T.; Ma, H.; Gu, L.; Chen, T.; Ma, Y. Laboratory investigation of the recycled asphalt
concrete with stable crumb rubber asphalt binder. Constr. Build. Mater. 2019, 203, 552–557. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

75





materials

Article

Effects of Aggregate Mesostructure on Permanent
Deformation of Asphalt Mixture Using
Three-Dimensional Discrete Element Modeling

Deyu Zhang 1,2, Linhao Gu 1 and Junqing Zhu 1,*

1 School of Transportation, Southeast University, Nanjing 210096, China; zhangdy@njit.edu.cn (D.Z.);
gulinhao@seu.edu.cn (L.G.)

2 School of Architecture Engineering, Nanjing Institute of Technology, Nanjing 211167, China
* Correspondence: zhujunqing@seu.edu.cn; Tel.: +86-151-5065-9102

Received: 26 September 2019; Accepted: 31 October 2019; Published: 2 November 2019

Abstract: This paper investigated the effects of aggregate mesostructures on permanent deformation
behavior of an asphalt mixture using the three-dimensional (3D) discrete element method (DEM).
A 3D discrete element (DE) model of an asphalt mixture composed of coarse aggregates, asphalt
mastic, and air voids was developed. Mesomechanical models representing the interactions among
the components of asphalt mixture were assigned. Based on the mesomechanical modeling, the
uniaxial static load creep tests were simulated using the prepared models, and effects of aggregate
angularity, orientation, surface texture, and distribution on the permanent deformation behavior of
the asphalt mixtures were analyzed. It was proven that good aggregate angularity had a positive effect
on the permanent deformation performance of the asphalt mixtures, especially when approximate
cubic aggregates were used. Aggregate packing was more stable when the aggregate orientations
tended to be horizontal, which improved the permanent deformation performance of the asphalt
mixture. The influence of orientations of 4.75 mm size aggregates on the permanent deformation
behavior of the asphalt mixture was significant. Use of aggregates with good surface texture benefitted
the permanent deformation performance of the asphalt mixture. Additionally, the non-uniform
distribution of aggregates had a negative impact on the permanent deformation performance of the
asphalt mixtures, especially when aggregates were distributed non-uniformly in the vertical direction.

Keywords: asphalt mixture; aggregate mesostructure; permanent deformation; discrete element
method

1. Introduction

With the increase of traffic and heavy vehicles, rutting has become one of the main distresses of
asphalt pavement, which seriously affects driving safety and comfort. The permanent deformation
behavior of asphalt mixtures has become an important issue for road researchers. Within asphalt
mixtures, aggregates account for more than 90% by weight and 80% by volume. Aggregates, as the main
component of asphalt mixtures, have a significant impact on the permanent deformation behavior of
asphalt mixtures. Previous studies on the effects of aggregates on the permanent deformation behavior
of asphalt mixtures have been mainly related to aggregate gradations. It is difficult to investigate
the effects of the mesostructural characteristics of aggregates on permanent deformation behavior of
asphalt mixtures, due to the limitations of available laboratory tests.

In previous studies, X-ray computed tomography (CT) techniques and image processing technology
have been used for aggregate mesostructural analysis. Masad proposed computer-automated image
analysis procedures to quantify the internal structure of asphalt concrete in terms of aggregate
orientation, aggregate contacts, and air void distribution, and developed a finite-element model of
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asphalt concrete mesostructure to study the influence of localized strain distribution on the mechanical
response of asphalt concrete [1–3]. Kose investigated strain distribution within a binder using digitized
images analyzed using finite-element procedures [4]. Wang developed a method to quantify the local
volume fractions of voids and their spatial gradients using X-ray tomography imaging and image
analysis [5,6]. You predicted the dynamic modulus of asphalt mixtures using both the two-dimensional
and three-dimensional discrete element method, generated using X-ray computed tomography [7].
However, pre-compacted specimens should have been prepared in the laboratory for control purposes
in the studies mentioned above. Variability of the components within specimens have inevitably
occurred, and the distribution, morphological characteristics of aggregates, and air voids are not
the same even within two mixture specimens of the same kind. Therefore, there are many factors
that might disrupt investigation of the effect of a single mesostructure on the behavior of asphalt
mixtures. Moreover, the mesostructures of the components cannot be desirably controlled in the
laboratory, and the results to date have been consequently unconvincing. Therefore, it is necessary
to control the internal structures of asphalt mixtures in order to accurately analyze the effects of a
single mesostructure.

At present, commonly used numerical simulation methods at the meso-scale include the finite
element method (FEM) [8], the discrete element method (DEM) [9], and the combined finite–discrete
element method (FDEM) [10]. In recent years, DEM, as a numerical simulation method used to solve
the problem of discontinuity media, has been used to analyze the mechanical properties of asphalt
mixtures. Chang developed a model called ASBAL (TRUBAL for ASphalt) based on the discrete
element method by modifying the TRUBAL program to simulate hot-mix asphalt mixtures [9]. Buttlar
presented a microfabric discrete-element modeling approach (MDEM) for modeling asphalt concrete
mesostructures using image analysis techniques [11]. You predicted the asphalt mixture complex
modulus in extension/compression across a range of test temperatures and load frequencies using
the MDEM approach, and simulated and analyzed the creep responses of an asphalt mixture with a
3D-mesostructure-based DE viscoelastic model [12,13]. Abbas presented a methodology for analyzing
the viscoelastic response of asphalt mixtures using the DEM [14]. Liu developed a viscoelastic model of
asphalt mixtures using the discrete element method, where the viscoelastic behaviors of asphalt mastics
are represented by a Burger’s model [15]. Chen built a mesomechanical model to investigate the
stiffness anisotropy of asphalt concrete using the DEM [16,17]. Ma conducted simulated wheel-tracking
tests on asphalt mixtures, predicted the rutting deformation of asphalt mixtures, and analyzed the
mesomechanical response of aggregate skeletons within the asphalt mixtures during the tests [18,19].
Ma also investigated the effects of different parameters related to air voids on the creep behavior of
asphalt mixtures based on a 3D DEM [20]. Ding proposed a new modeling method to reconstruct
hollow shapes of aggregate particles using the DEM to accurately characterize the mesostructures of
aggregates and efficiently predict the mechanical properties of aggregate skeletons [21]. It has been
proven that the DEM can accurately capture the internal structure of asphalt mixtures, and desirably
control the mesostructural characteristics of aggregates, asphalt binder, and air voids within the
mixtures [22–25]. However, few researchers have focused on the permanent deformation behavior
of asphalt mixtures, especially the effects of aggregate mesostructure on the permanent deformation
behavior of asphalt mixtures using the DEM.

The objective of this study was to investigate the effects of aggregate mesostructures on the
permanent deformation behavior of asphalt mixtures using the DEM. A 3D DE model of asphalt
mixture including aggregates, asphalt mastics, and air voids was developed using the DEM software
Particle Flow Code in three dimensions (PFC3D). Three-dimensional discrete element simulations
of uniaxial static creep tests of asphalt mixtures were carried out. By accurately controlling the
mesostructural characteristics of the aggregates, such as angularity, orientation, surface texture, and
distribution, the effects of aggregate mesostructures on the permanent deformation behavior of the
asphalt mixtures were carefully analyzed.
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2. Materials and Methods

2.1. Materials

According to the Marshall mix design method based on the Chinese specifications [26],
a dense-graded asphalt mixture, AC-20, was prepared in the laboratory. Aggregate gradation
with a nominal maximum aggregate size of 19 mm is shown in Figure 1. Based on the Marshall mix
design method, the volumetric properties of the AC-20 asphalt mixture were determined as shown in
Table 1. Aggregates smaller than 2.36 mm, mineral filler, and asphalt binder were mixed as asphalt
mastic with an asphalt content of 11.5%. The air void content of the asphalt mastic was supposed to be
zero to maximize its flowability.

Figure 1. Gradation of the AC-20 asphalt mixture.

Table 1. Volumetric properties of the AC-20 asphalt mixture.

Asphalt Content (%) Bulk Density (g/cm3) VV (%) VMA (%) VFA (%)

4.3 2.432 4.0 13.8 72.2

2.2. Laboratory Tests

The uniaxial static creep test is one of the simplest and most practical test methods, and it is an
effective way to investigate the permanent deformation behaviors of asphalt mixtures and mastics
at high temperatures. In this test, an instantaneous load is applied to a cylinder specimen in the
axial direction and the load is kept constant, and the creep curve of the asphalt mixtures or mastics
can be obtained. Uniaxial static creep tests were conducted in this paper to evaluate the permanent
deformation behaviors of asphalt mixtures and mastics at the temperature of 60 ◦C using a universal
test machine (UTM, IPC Global, Melbourne, Australia) [27]. Cylindrical specimens of asphalt mixtures
with diameter of 100 mm and height of 150 mm were prepared using a gyratory compactor for the
uniaxial static creep test. Cylindrical asphalt mastic specimens with diameter and height of 100 mm
were prepared by vibration. The applied axial stresses for the asphalt mixture and asphalt mastic were
set at 0.7 MPa and 0.07 MPa, respectively, in this study. The asphalt mastic specimens and the testing
process are shown in Figure 2. Lab test results were used for parameters of DE modeling and to be
compared with simulation test results, and are presented in the following sections. The experimental
program for the asphalt mixture and mastics is summarized in Table 2.
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(a) (b) 
Figure 2. (a) The asphalt mastic specimens; (b) the uniaxial static creep test testing process.

Table 2. Experimental program for the asphalt mixture and mastics.

Materials Specimen Size Test Load/MPa

Asphalt mixture Φ 100 mm × H 150 mm (cylinder)
L 100 mm × L 150 mm (cubic) Uniaxial static creep test 0.7

Asphalt mastic Φ 100 mm × H 100 mm (cylinder) Uniaxial static creep test 0.07

3. Discrete Element Modeling of Asphalt Mixtures

3.1. Discrete Element Modeling

An asphalt mixture, as a multiphase composite, is composed of aggregates, asphalt binder, and
air voids. If the particle size of the fine aggregates and mineral filler is small, it will lead to a large
increase of discrete elements in the DE model, which is bound to significantly reduce the computational
efficiency if the fine aggregate and mineral powder are considered fully in DE models of asphalt
mixtures. Therefore, the asphalt mixture was simplified into coarse aggregates (bigger than 2.36 mm),
asphalt mastics (asphalt binder, fine aggregates smaller than 2.36 mm and mineral filler), and air voids
to improve the calculation efficiency. The asphalt mastic was considered as a homogeneous material
within the DE model.

During modeling, the spatial range of the mixture model was first constructed by “wall”. The
quantity of coarse aggregates in each grade was calculated according to aggregate gradation, asphalt
content and air void content. The coarse aggregate balls were then delivered into the spatial range of
the mixture model constructed by “wall”. Force was generated between overlapped balls, as there
were overlaps between the coarse aggregate balls during delivery. This force was eliminated by the
“cycle” command. The coarse aggregate balls within the spatial range of the mixture model are shown
in Figure 3a.

A regular array of discrete elements was then filled into the mixture space as the base of coarse
aggregates and asphalt mastic, as shown in Figure 3b. The radius of the discrete element was set to 1
mm, considering the calculation efficiency.
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(a) (b) 

Figure 3. (a) Graded coarse aggregates; (b) uniform-sized packed discrete elements.

It has been proven that the geometry of coarse aggregates has a significant effect on the permanent
deformation behavior of asphalt mixtures [28,29]. Therefore, the coarse aggregate geometry will
directly determine the accuracy of the simulation results. In this paper, coarse aggregate was
simplified as an irregular polyhedron. Random planes were used to cut a cube or a sphere to generate
irregular polyhedral aggregates using a user-defined program. By traversing the regularly packed
discrete elements, the positional relationship between the regular packing discrete elements and
the irregular polyhedral aggregates could be evaluated. Discrete elements belonging to irregular
polyhedral aggregate were regarded as aggregate elements, and were set as a clump, as seen in
Figure 4. The original coarse aggregate balls were then deleted. Discrete elements outside the irregular
polyhedron aggregate were considered as asphalt mastic. The initially developed 3D DE model of
asphalt mixture is shown in Figure 5a.

 

Figure 4. Irregularly shaped polyhedron aggregates.

  

(a) (b) 

Figure 5. (a) Discrete element (DE) model of asphalt mixture; (b) air voids within the DE model.
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Considering the complexity of air void distribution within an asphalt mixture specimen, the air
voids were assumed to be randomly distributed [30]. Asphalt mastic elements in the model were
traversed and randomly deleted and regarded as air voids. The distribution of air voids is shown in
Figure 5b.

3.2. Mesomechanical Models and Parameters

There are four types of contact within asphalt mixtures, including contacts between aggregate
elements, contacts between adjacent aggregates, contacts between asphalt mastic elements, and contact
between asphalt mastic and aggregates, as seen in Figure 6. In PFC3D, mesomechanical models are
used to describe the contact behaviors between different components within asphalt mixtures. In this
study, the mesomechanical models used in the model of asphalt mixtures included the stiffness model,
slipping model, bonding model, and Burger’s model.

 
Figure 6. Interactions among the components within the asphalt mixture.

Due to the high stiffness of an aggregate, it can be approximately regarded as an elastic material.
In this study, the stiffness model and slipping model were used to characterize the mesomechanical
behavior between adjacent aggregates. As coarse aggregates within the model of asphalt mixtures
were set as clumps, it was unnecessary to assign the mesomechanical model within aggregates. The
mesomechanical parameters of the stiffness model could be obtained from the macro properties of the
aggregates, as shown in Equations (1) and (2) [15,31,32]. The macro parameters for the aggregates are
shown in Table 3 [9,12,33].

E =
kn

4R
, ks =

kn

2(1 + υ′) (1)

μc = μa (2)

where E is the apparent Young’s modulus of the aggregates, kn and ks are the stiffness in the normal
and shear direction, respectively, R is the discrete element radius, υ′ is the aggregate Poisson’s ratio, μc

is the friction coefficient between aggregates, and μa is the friction coefficient of aggregates.

Table 3. Macro parameters for asphalt mastic and aggregates.

E1 (MPa) η1 (MPa·s) E2 (MPa) η2 (MPa·s) υ E (GPa) μa υ′

0.568 973.163 0.396 27.895 0.5 55.5 0.5 0.35

Asphalt mixtures show a macro viscoelastic behavior due to the viscoelastic characteristic of the
asphalt mastic. Therefore, the mesomechanical model of the asphalt mastic directly affects the macro
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properties of asphalt mixtures. The meso Burger’s model in PFC3D was well able to describe the
mechanical properties of viscoelastic materials and was used to characterize the viscoelastic properties
of the asphalt mastic in this study, as shown in Figure 7. It has been proven that there is a conversion
between the parameters of the meso Burger’s model and the macro Burger’s model [15,31], as shown
in Equations (3) and (4). Parameters of meso Burger’s model could then be obtained from the macro
Burger’s model parameters. The macro Burger’s model parameters of asphalt mastic were obtained by
uniaxial static creep test, as shown in Table 3.

Kmn = E1L, Cmn = η1L, Kkn = E2L, Ckn = η2L (3)

Kms =
E1L

2(1 + υ)
, Cms =

η1L
2(1 + υ)

, Kks =
E2L

2(1 + υ)
, Cks =

η2L
2(1 + υ)

(4)

where E1, η1, E2, and η2, are parameters of the macro Burger’s model; Kmn, Cmn, Kkn, and Ckn are
parameters of the meso Burger’s model in the normal direction; Kms, Cms, Kks, and Cks are parameters
of the meso Burger’s model in the shear direction; L is the distance between adjacent discrete elements;
and υ is Poisson’s ratio of the asphalt mastic.

Figure 7. Burger’s models. (a) Macro behavior; (b) micro behavior in the normal direction; (c) micro
behavior in the shear direction.

The contact behavior between aggregates and the asphalt mastic can be characterized by the
equivalent meso Burger’s model, as shown in Figure 8. The equivalent meso model parameters can be
obtained from the macro parameters of the aggregates and asphalt mastic, as expressed in Equations
(5) and (6) [15,31]:

K′mn =
2EE1

E + E1
L, C′mn = 2η1L, K′kn = 2E2L, C′kn = 2η2L (5)

K′ms =
2EE1

E(1 + υ) + 2E1(1 + υ)
L, C′ms =

η1L
(1 + υ)

, K′ks =
E2L

(1 + υ)
, C′ks =

η2L
(1 + υ)

(6)

where K′mm, C′mm, K′kn, and C′kn are the parameters of the equivalent meso Burger’s model between
the aggregates and mastic in the normal direction and K′ms, C′ms, K′ks, and C′ks are the parameters of
the equivalent meso Burger’s model between the aggregates and the mastic in the shear direction.
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nk
k

sk k

Figure 8. Equivalent meso Burger’s model for contacts between aggregates and asphalt mastic.

3.3. Simulation of Uniaxial Creep Test

Based on the above-mentioned DE modeling procedures for asphalt mixtures, the simulated
uniaxial creep test was carried out using PFC3D. The results were compared with laboratory test
results under the same conditions. Figure 9 shows the axial strain curve obtained from the simulation
and lab test, and it can be seen that the simulation curve was very close to the curve of the laboratory
test. This indicates that the simulation of uniaxial creep test conducted using DEM could precisely
estimate the permanent deformation behavior of asphalt mixtures.

Figure 9. Results of discrete element model (DEM) prediction and laboratory measurement.

4. Results and Discussion

4.1. Effect of Aggregate Angularity

The aggregate angularity could represent the morphological characteristics of aggregates, and
significantly affect the skeleton stability, interlocking force, and shear resistance of aggregates. It has
been proven that the aggregate angularity is closely related to the strength of asphalt mixtures,
especially the permanent deformation resistance and shear resistance [28,29].

Some previous studies about aggregate angularity have been carried out, and some indexes to
describe the aggregate angularity have been proposed. These angularity indexes are mainly divided
into two categories, one denoting the roundness of aggregate corners and the other one denoting the
roundness of the overall outline of the aggregate [34]. However, most of these angularity indexes
are in two dimensions. Moreover, the measurement and calculation of the first type of angularity
index is very complex, while the second type could be affected by the overall outline of aggregates.
Therefore, the angularity indexes mentioned above cannot fully represent the angularity characteristics
of aggregates. In this study, the ratio of surface area of irregular aggregate to equivalent ellipsoid was
proposed to characterize the aggregate angularity. The equivalent ellipsoid of an aggregate has the
same volume as the aggregate. It was considered that the equivalent ellipsoid of aggregates could
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accurately reflect the overall outline, and this angularity index could significantly reduce the influence
of aggregate outline on angularity index, as expressed in Equation (7). The larger AI is, the better the
aggregate angularity is.

AI =
(

S
Sellipse

)3
(7)

where AI is the angularity index of aggregates, S is surface area of aggregates, and Sellipse is surface
area of equivalent ellipsoid.

As mentioned above, irregular polyhedral aggregates were generated by cutting a cube or a
sphere with random planes. Thus, the equivalent ellipsoid of an irregular polyhedral aggregate can be
approximated to an equivalent sphere, and then Equation (8) can be further expressed as follows:

AI =
(

S
Ssphere

)3
=

⎛⎜⎜⎜⎜⎜⎝ S

4π( 3√3V/4π)
2

⎞⎟⎟⎟⎟⎟⎠
3

=
S3

36πV2 (8)

where Ssphere is surface area of equivalent sphere and V is the volume of aggregates.
Coarse aggregates with different angularities were generated by cutting a cube or a sphere with

random planes. Some coarse aggregates with different angularities are shown in Figure 10, in which
their angularity become better with the increasing number. DE models of asphalt mixtures with
different aggregate angularities were then obtained.

     
#1 (AI = 1) #2 (AI = 1.09) #3 (AI = 1.18) #4 (AI = 1.27) #5 (AI = 1.38) 

  
 

  
#6 (AI = 1.49) #7 (AI = 1.58) #8 (AI = 1.71) #9 (AI = 1.80) #10 (AI = 1.91) 

Figure 10. Irregular polyhedral aggregates with different angularities. AI: angularity index.

In order to calculate the surface area of aggregates, the number of discrete elements on aggregate
surface and the number of discrete elements that made up the aggregates were counted. The angularity
index of the aggregates was then calculated by Equation (9). The method used to count the number
of discrete elements on the aggregate surface and the number of discrete elements that make up
aggregates is shown in Figure 11.

AI =

(
4R2nS

)3
36π(8R3nV)

2 =
nS

3

36πnV2 (9)

where ns is the number of discrete elements on the aggregate surface, nv is the number of discrete
elements that make up the aggregate, and R is radius of the discrete element.
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(a) (b) 

nv

nv 

Figure 11. Procedure for quantifying the discrete element number of aggregates: (a) quantifying the
number of aggregate surfaces; (b) quantifying the number that makes up aggregates.

The angularity of a single aggregate can be obtained by Equation (9). However, there are
many aggregates within asphalt mixtures, and the angularities of each aggregate are different. It is
necessary to evaluate the overall angularity of the aggregates within asphalt mixtures. In this study,
the volumetrically weighted average of the angularities of each aggregate was used to describe the
overall angularity of the aggregates within the asphalt mixtures, as expressed in Equation (10).

AI =
∑n

i=1 Vi×AIi∑n
i=1 Vi

(10)

where AI is the overall angularity of aggregates, AIi is the angularity of aggregate i, Vi is the volume of
aggregate i, and n is the number of aggregates.

Simulations of uniaxial static creep tests were then conducted on the DE models of asphalt mixtures
with different overall aggregate angularities. The results are shown in Figure 12. The permanent
deformation performance of asphalt mixtures improved with the increasing aggregate angularity,
but the improvement weakened gradually. The axial deformation of the asphalt mixture was the
smallest when the aggregates were closest to a cube. This is consistent with the requirement of selecting
aggregates with shapes close to a cube. Therefore, aggregates with good angularities should be selected
to improve the permanent deformation resistance of asphalt pavement.
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Figure 12. Axial strains with different overall aggregate angularities.

4.2. Effect of Aggregate Orientation

Previous studies about aggregate orientation have generally defined the long axis of the equivalent
ellipse of aggregate in two dimensions as the long axis of aggregate, and used the angle between the
long axis and the horizontal direction to represent the aggregate orientation [18–21]. In this study,
the aggregate orientation was defined in three dimensions. The long axis of the equivalent ellipsoid of
the aggregate was taken as the long axis, and the angles α, β, and γ between the long axis and X axis,
Y axis, and Z axis were used to represent the aggregate orientation in three dimensions, as shown in
Figure 13.

 

Figure 13. Orientation of ellipsoidal aggregate.

In order to investigate the effect of aggregate orientation on the permanent deformation
performance of asphalt mixtures, a subroutine was written in PFC3D with the built-in “Fish” language.
The long axis of the aggregate was set to be parallel to the YOZ surface, and the aggregate orientation
was described by the angle between the long axis of the aggregate and the XOY surface. Some coarse
aggregates with different orientations are shown in Figure 14.

 
 

 
(a) (b) (c) 

Figure 14. Ellipsoidal aggregates with different orientations: (a) 0◦; (b) 30◦; (c) 45◦.
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Graded coarse aggregates with different orientations were generated and randomly put into the
cylinder space of the asphalt mixture model. The unbalanced forces between the aggregates were
eliminated by the “cycle” command, so that the coarse aggregates within the asphalt mixtures could
reach equilibrium. The angular velocities of the coarse aggregates were fixed to keep the aggregate
orientations constant during modeling.

The effects of the orientations of aggregates of different sizes on the mechanical properties of the
asphalt mixtures are different. To address the size effect, 30 cylinder DE models of asphalt mixtures with
different orientations of aggregates with different sizes were developed. The aggregate orientations
were varied from 0◦, 30◦, 45◦, 60◦, to 90◦. The rest of the aggregates remained spherical. Figure 15
shows the coarse aggregates with different orientations.

   
(a) (b) (c) 

  
(d) (e) 

Figure 15. Coarse aggregates with different aggregate orientations within asphalt mixtures: (a) 0◦;
(b) 30◦; (c) 45◦; (d) 60◦; (e) 90◦.

Simulations of uniaxial static creep tests were then conducted on the prepared DE models.
The results are shown in Figure 16.
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Figure 16. Axial strains with different aggregate orientations.

It can be seen from Figure 16 that the axial strains of the mixtures increased gradually with the
increasing aggregate orientations. The orientations of 19–26.5mm and 16–19 mm aggregates had
insignificant effects on the permanent deformation behavior of asphalt mixtures. The orientations of
13.2–16 mm, 9.5–13.2 mm, and 2.36–4.75 mm aggregates had more significant effects than those of
19–26.5 mm and 16–19 mm. The orientation of 4.75–9.5 mm aggregates had the greatest effect on the
permanent deformation behavior of the asphalt mixtures. The reason is that the aggregates tended to
rotate horizontally under vertical loads when the aggregate orientation was large. Thus, the aggregate
skeleton was unstable and led to large axial deformation of the asphalt mixtures. When the aggregate
orientation was closer to horizontal, the aggregate skeleton was more stable, and the axial deformation
of the mixture specimens was smaller. It has been shown that the percentage pass of 4.75 mm plays
an important role in controlling the aggregate skeleton, and the influence is next to that of air void
content on the permanent deformation behavior of asphalt mixtures. This may be the reason why
the orientation of 4.75–9.5 mm aggregates had such a great influence. Therefore, different kinds of
rollers should be used during rolling compaction of asphalt pavement, which could force the aggregate
orientation to be more horizontal. Thus, the asphalt pavement would reach a more stable state and its
permanent deformation performance could be significantly improved.

4.3. Effect of Aggregate Surface Texture

The surface texture of aggregates reflects the roughness of aggregate surface. The rougher the
aggregate surface, the better the surface texture. Internal friction between aggregates and adhesion
between aggregate and asphalt binder are closely related to the surface texture of aggregates. It has
been proven that the surface texture of aggregates has a significant impact on the performance
of asphalt mixtures, especially the permanent deformation performance. The randomly created
irregular polyhedral aggregates in the DE model could only reflect geometry and angularity, without
characterizing the surface texture of aggregates. In this study, the friction coefficient between aggregates
was used to indirectly represent the surface texture of aggregates. The higher the friction coefficient,
the rougher the surface texture. A series of DE models of asphalt mixture specimens with different
aggregate friction coefficients assigned were developed. The internal structures of the developed DE
models were the same, and only the aggregate friction coefficients of polyhedron aggregates in the DE
models were different. Simulations of uniaxial static creep tests were conducted on the prepared DE
models. The results are shown in Figure 17.
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Figure 17. Axial strains with different aggregate surface textures.

It can be seen from Figure 17 that the permanent deformation performance of the asphalt mixtures
was improved with the increasing friction coefficient, but the increment was gradually lowered.
The permanent deformation resistance of the asphalt mixtures increased with rougher aggregate
surface texture. Therefore, aggregates with good surface texture should be used to improve the
permanent deformation performance of asphalt pavement.

4.4. Effect of Aggregate Distribution

Aggregates are ideally uniformly distributed within asphalt mixture for optimum performance.
However, insufficient mixing force or mixing time may cause non-uniform distribution of aggregates.
Aggregate segregation may also occur during paving. Early distresses of asphalt pavement such as
cracking, pothole, blooding, and rutting are closely related to the material inhomogeneity caused by
variable construction quality. The non-uniform distribution of aggregates greatly influences the internal
structure of asphalt mixtures and consequently lowers the permanent deformation performance of
asphalt mixtures.

To evaluate the uniformity of aggregate distribution, a cubic space containing asphalt mixtures
was constructed by “wall” and the specimen was divided into three parts evenly in both the horizontal
and vertical directions, as shown in Figure 18. Coarse aggregates with different sizes were added to
each of the three parts, as shown in Figure 19 to create non-uniform distribution. The total volume of
aggregates within the three parts remained constant. The distribution percentages of the aggregate
volume within each part are shown in Table 4.

  
(a) (b) 

Figure 18. Partitioning within asphalt mixture specimen: (a) partitioning in the horizontal direction;
(b) partitioning in the vertical direction.
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#1 #2 #3 #4 

(a)

 
#5 #6 #7 #8 

(b)

Figure 19. Aggregates distributed non-uniformly within DE models of asphalt mixtures: (a) aggregates
distributed non-uniformly in the horizontal direction; (b) aggregates distributed non-uniformly in the
vertical direction.

Table 4. Volume distribution percentages within different parts.

Model No.
Volume Distribution Percentage within Each Part (%)

Part I Part II Part III

Partitioned in the horizontal direction
#1 30 30 40
#2 25 30 45
#3 20 30 50
#4 15 30 55

Partitioned in the vertical direction
#5 30 30 40
#6 25 30 45
#7 20 30 50
#8 15 30 55

A quantitative indicator of aggregate distribution was proposed to measure the uniformity of
distribution of aggregate. The volume of aggregates within each part was recorded and the coefficient
of variation (var) of aggregate distribution was calculated as follows:

V j =
m∑

i=1

Vi (11)

V =
n∑

j=1

V j/n (12)
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varj =

√(
V j−V

)2
/(n− 1)/V (13)

var =
n∑

j=1

varj (14)

where Vi is the volume of aggregate i within part j, Vj is the total volume of aggregates within part
j, V is the average aggregate volume of all divided parts, varj is the coefficient of variation of the
total volume of aggregates within part j, and var is the coefficient of variation of the total volume of
aggregates within specimen.

Figure 20 and Table 5 below present the results, in which the axial strain was calculated by
measuring the axial deformation and dividing it by the initial axial length.

Figure 20. Axial strains with different coefficient of variation of aggregate distribution.

Table 5. Axial strains when aggregates were distributed non-uniformly.

Model No. Coefficient of Variation Axial Strain ε (%) ε/ε0

Partitioned in the horizontal direction
#1 0.283 0.15 1.12
#2 0.495 0.16 1.24
#3 0.707 0.20 1.56
#4 0.919 0.28 2.15

Partitioned in the vertical direction
#5 0.283 0.17 1.31
#6 0.495 0.22 1.70
#7 0.707 0.38 2.90
#8 0.919 0.64 4.90

As shown in Figure 20 and Table 5, axial deformation of the specimens increased as the coefficient
of variation of aggregate distribution increased using both partition methods. Aggregate distribution
had a significant impact on the deformation performance of the asphalt mixtures. Non-uniformity
in the vertical direction had much more impact on the deformation of the specimen than that in the
horizontal direction, as shown in Figure 20.

5. Conclusions

In this study, three-dimensional discrete element (DE) models of asphalt mixtures composed of
coarse aggregates, asphalt mastic, and air voids was developed using PFC3D, and uniaxial static load
creep tests were conducted on the prepared models to investigate the effects of aggregate mesostructure
on the permanent deformation behavior of the asphalt mixtures. The effects of aggregate angularity,

92



Materials 2019, 12, 3601

orientation, surface texture, and distribution on the permanent deformation behavior of asphalt
mixtures were carefully analyzed. The following conclusions were drawn:

(1) The constructed DE models of asphalt mixtures could accurately capture the mesostructures of
aggregates, such as angularity, orientation, surface texture, and distribution. The simulation of the
uniaxial creep test conducted using the DEM could precisely estimate the permanent deformation
behavior of asphalt mixtures.

(2) The permanent deformation performance of the asphalt mixtures was improved with increasing
aggregate angularity. The axial deformation of the asphalt mixtures was smallest when the aggregates
were close to cubical. Good aggregate angularity had a positive effect on the permanent deformation
performances of asphalt mixtures, especially when the aggregates were nearly cubical.

(3) Aggregate packing was more stable when the orientations tended to be horizontal, which
improved the permanent deformation performances of asphalt mixtures. The percentage pass of
4.75 mm played an important role in controlling the aggregate skeleton and had a great impact on the
permanent deformation behaviors of the asphalt mixtures.

(4) The permanent deformation performance of the asphalt mixtures was improved with increasing
friction coefficient, indicating that aggregates with good surface texture benefitted the permanent
deformation performance of the asphalt mixtures.

(5) Axial deformation of the asphalt mixture specimen increased with increasing coefficient of
variation of aggregate distribution. Non-uniform distribution of the aggregates had a negative impact
on the permanent deformation performance of the asphalt mixtures, especially when the aggregates
were distributed non-uniformly in the vertical direction.

In the future research steps, a viscoplastic mesomechanical model will be developed to further
describe the viscoplastic behavior of the permanent deformation behavior of asphalt mixtures.
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Abstract: This paper investigated the rheological properties of asphalt binder, asphalt mastic and
asphalt mortar and the interaction between asphalt binder, mineral filler and fine aggregates. Asphalt
binder, mastic and mortar can be regarded as the binding phase at different scales in asphalt concrete.
Asphalt mastic is a blend of asphalt binder and mineral filler smaller than 0.075 mm while asphalt
mortar consists of asphalt binder, mineral filler and fine aggregate smaller than 2.36 mm. The material
compositions of mastic and mortar were determined from the commonly used asphalt mixtures.
Dynamic shear rheometer was used to conduct rheological analysis on asphalt binder, mastic and
mortar. The obtained test data on complex modulus and phase angle were used for the construction
of rheological master curves and the investigation of asphalt-filler/aggregate interaction. Test results
indicated a modulus increase of three- to five-fold with the addition of filler and a further increase
of one to two orders of magnitude with cumulative addition of fine aggregates into asphalt binder.
Fine aggregates resulted in a phase change for mortar at high temperatures and low frequencies.
The filler had stronger physical interaction than fine aggregate with an interaction parameter of
1.8–2.8 and 1.15–1.35 respectively. Specific area could enhance asphalt-filler interaction. The mastic
and mortar modulus can be well predicted based on asphalt binder modulus by using particle filling
effect. Asphalt mortar had a significant modulus reinforcement and phase change and thus could be
the closest subscale in terms of performance to that of asphalt mixtures. It could be a vital scale that
bridges the gap between asphalt binder and asphalt mixtures in multiscale performance analysis.

Keywords: bitumen; mastic; mortar; rheological properties; physical interaction

1. Introduction

By the end of 2017, the total length of highways in China open to traffic reached 477 million km
with a highway density of 19.5 km per 100 km2. Among these highways, 136.5 thousand kilometers
of expressways have been built according to advanced modern transportation standard. Up to 90%
of high-grade highways in China are asphalt pavements. These asphalt pavements usually consist
of a three-layer structure comprising the wearing course layer, intermediate binder course layer and
base course layer from top to down respectively. Most of the asphalt pavements are designed to have a
service life of about 15 years for high-grade highways. However, large amount of maintenance and
repair works are needed before reaching the design life. Permanent deformation or rutting, moisture
damage, reflective cracking, low temperature cracking and fatigue cracking are the main distresses
addressed during maintenance [1–4]. Currently, it has become a big challenge to design more durable
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asphalt pavements to deal with the increasing traffic volume of modern transportation and extreme
climate change in the future.

Asphalt pavements are usually paved with hot mix asphalt which consists of coarse aggregates,
fine aggregates, filler and bitumen as the binder. Each of these components has a great influence on
the performance of asphalt mixtures after they have been paved and compacted [5–7]. In general,
coarse aggregates form the stone skeleton while fine aggregate, mineral filler and asphalt binder fill
in the voids within the coarse aggregates and also hold the stone skeleton as a whole. Depending on
the difference of scale, the binding phase is usually divided in to three levels: pure asphalt binder,
asphaltic mastic (a blend of asphalt binder and mineral filler smaller than 0.075 mm) and asphaltic
mortar (a matrix that consists of fine aggregate smaller than 2.36 mm, mineral filler and asphalt
binder). The stone skeleton of coarse aggregates provides the main contribution of loading bearing and
rutting resistance, while the binding phases strongly relate to the problems of aging, fatigue, cracking,
and moisture damage [8,9].

In order to design better and more durable asphalt mixtures, the fundamental properties of
asphalt mixtures should be predictable by an upscaling procedure based on the properties of asphalt
binder, mastic and mortar [7,10]. This requires that a correlation exists between the test results of
asphalt binder, mastic and mortar scales and those of asphalt mixtures. Because of the exclusion of
mineral fractions, a gap exists between the properties of pure asphalt binder and those of asphalt
mixtures. Asphalt mastic is usually considered as the actual binding component in the mix which coats
the coarse aggregates [11]. Apart from coarse aggregates, asphalt mastic is further blended with fine
fractions of aggregate to form the mortar that fills in the voids within the coarse aggregates. Therefore,
asphalt mortar is the sub scale close to asphalt mixture [12]. In general, asphaltic mortar can bridge the
gap of scale between bitumen and asphalt mixture.

Asphalt binder can be reinforced by the addition of mineral filler. Further reinforcement is
obtained by the addition of fine aggregates [13–15]. In general, the mastic and mortar system can
be regarded as two-phase composite materials, in which, asphalt binder is the matrix phase and
mineral particles are the reinforcement phase. The interaction between asphalt binder, filler and fine
fractions was found to be a physical process and could be explained by the mechanisms of particle
reinforcement [14–16]. Fillers and fine aggregate had significant influences on rheological properties of
the corresponding mastic and mortar. Finally, they affect the performances of asphalt mixture at both
high and low temperatures.

In recent years, many researches have been done on asphalt mastic with various types of filler
including Portland cement [17–19], hydrated lime [17,19–21], fly ash [20,22], natural and synthetic
zeolites derived from fly ash [23–26], volcanic ash [27], oil shale ash [28], rice straw ash [29],
red mud [30,31], limestone dust [19], glass powder [31], brick dust [31], carbide lime [31], copper
tailings [21,31], natural bentonite clay [32], ladle furnace slag [33], silica fume [21], magnetite [34],
waste stone sawdust [35] and steel slag [36]. Asphalt mixtures prepared using the same content of
bitumen but different waste materials as fillers (glass powder, limestone dust, red mud, rice straw
ash, brick dust, carbide lime and copper tailings) showed satisfactory mechanical and volumetric
properties. In particular, fine fillers such as limestone dust and red mud had a significant positive
effect on the stiffness and cracking resistance of the asphalt mixtures. Free energy of adhesion between
bitumen and aggregates was improved by stone powder fillers but use of hydrated lime, calcium
carbonate and Portland cement had a negative effect on the adhesion energy. Recycled ladle furnace
slag is beneficial to the volumetric properties, stiffness, indirect tensile strength and resistance to
dynamic loading of asphalt concrete. Active filler including hydrated lime and cement had the
potential to improve the resistance to moisture damage [17–19]. The usage of micro filler and nano-clay
had shown high reinforcing potential in bitumen mastics [27,32]. Many waste materials were used
as substitutes to natural limestone filler due to the consideration of recycling and environmental
protection. Magnetite filler could be exploited for induction or microwave healing of asphalt pavement
cracks [34]. Regardless of the type of filler to be used, high interaction or compatibility between
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asphalt binder and filler is always desired [37–43]. Diab reported that there was no proof of chemical
mechanisms between bitumen and various fillers including blast-furnace slag, silica fume, fly ash,
and hydrated lime. Nonlinear rheological properties could differentiate the performance of different
types of mastic [22]. Guo’s research indicated that the interfacial interaction between asphalt binder
and filler strongly depended on the diffusion behavior of asphalt binder components as well as
the chemical composition of mineral fillers [15,43,44]. The reinforcement effect of filler was widely
investigated by means of rheological properties including complex modulus, phase angle, creep
recovery and stiffness. Various indices were proposed to evaluate the asphalt-filler interaction ability.
Liu reported that the evaluation index based on phase angle was more sensitive than that based on
complex modulus. Temperature and specific surface area were the two main factors effecting the
interfacial interaction between asphalt binders and mineral fillers [14,45–47].

With respect to asphaltic mortar, recycled waste materials such as gneiss, ceramsite, ceramic,
marble, redbrick ash, steel slag, fine dune sand, and river sand were reported as a possible substitute
for fine aggregates [48,49]. It was found that the morphological characteristics of fine aggregates
(i.e., shape factors, angularity, and surface texture) significantly affect the mechanical performance of
asphalt mixtures [50]. The increase of fine aggregate content was found to jeopardize the resistance of
asphalt mixture on low-temperature cracking [51]. Fine aggregates had a more significant impact on
skid resistance on the macro-texture level than micro-texture level [52,53]. Li reported that the complex
modulus values between asphaltic mastic and mortar were highly correlated and the dissipated energy
method could well explain the fatigue performance of asphalt materials at different scales [6].

In the recent years, various types of filler and fine aggregates have been used as a substitute for
traditional mineral components in asphalt mixtures. The associated asphalt mixtures were reported to
have a comparable performance with control ones based on laboratory testing. However, the long-term
pavement performance of these non-traditional asphalt mixtures is needed for validation. Rutting
and moisture damage was frequently found among the premature distresses of asphalt pavements
in China. Improper use of filler and fine aggregate worsened the resistance of rutting and moisture
damage. This paper aimed to get insight into the correlation of the rheological property and the degree
of physical interaction between asphalt binder, mastic and mortar over a wide range of temperatures
(30 ◦C to 70 ◦C) and frequencies (0.1 rad/s to 400 rad/s). The sensitivity of common parameters used to
analyze the interaction among asphalt binder, filler and fine aggregate was also assessed. In addition,
the asphalt materials subscale whose interaction was more representative for a multiscale performance
research was established. The material components of the studied asphaltic mastic and mortar were
determined from the commonly used asphalt mixtures in asphalt pavements. This ensured that the
used asphaltic mastic and mortar were consistent with those applied in actual asphalt pavements.
The rheological properties of asphalt binder, mastic and mortar were investigated by means of dynamic
shear rheometer. The interaction between asphalt binder, filler and fine aggregate was evaluated based
on the change of complex modulus and phase angle. Several interaction parameters proposed by
particle reinforcement theory were applied for interaction evaluation and validation.

2. Materials and Methods

2.1. Materials

Neat bitumen (90#) and SBS (Styrene-Butadiene-Styrene) polymer modified bitumen were used.
Both asphalt binders were supplied by Panjin Northern Asphalt Co. Ltd, Panjin, China and the content
of SBS polymer in the modified asphalt binder was 4.5%. SBS modified bitumen is commonly used in
the construction of the surface wearing course and intermediate layer, while neat bitumen 90# is used
in the bottom layer of most three-layer asphalt pavements in northern China. Table 1 shows the basic
properties of the asphalt binders.

Limestone and basalt aggregates were selected for this study. AC-13 asphalt mixtures designed
for the surface wearing course layer contained basalt aggregates while AC-20 asphalt mixture designed
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for the intermediate binder course layer and AC-25 asphalt mixture for the base course layer contained
limestone aggregates. 13, 20 and 25 are the nominal maximum aggregate sizes. More detailed
information on the related properties of the used aggregate and filler can be found in our previous
paper [54]. The gradation limits of these three mixtures were designed according to JTG F40-2004 [55]
and the combined aggregates grading can be found in Table 2. The optimum bitumen contents of
AC-13, AC-20 and AC-25 asphalt mixtures were 4.7%, 4.3% and 3.9% respectively as determined by
Marshall method with 75 blows per face. These bitumen contents were in agreement with the practical
application values in the field.

Based on the mixture compositions listed in Table 2, the corresponding compositions for mastic
and mortar fractions were determined as shown in Tables 3 and 4. Asphalt mastic was determined by
the combination of bitumen content and filler content. Asphalt mortar was a mixture of fine aggregates,
filler and asphalt binder. Depending on the maximum size of the fine aggregates, three different
levels of the mortar scale were investigated. The highest, middle and lowest mortar scales contained
fine aggregates with a maximum size of 2.36 mm, 1.18 mm and 0.6 mm respectively. Asphalt mastic
and mortar specimens were made following an optimized protocol to obtain homogeneous mixtures.
The compositions of these asphaltic materials were heated in the oven at 170 ◦C for 2 h, after which
they were blended until they became homogeneous.

Table 1. Basic properties of the asphalt binders.

Index Units
Asphalt Binder

Neat Bitumen (90#) SBS Modified Bitumen

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 84 73
Ductility (15 ◦C, 5 cm/mm) cm 98.1 >100

Viscosity (135 ◦C) Pa·s 0.324 0.645
Softening point ◦C 49.5 52

2.2. Test Methods

DSR (MCR101, Anton Paar, Graz, Germany) was used to test the rheological properties of asphalt
binder, mastic and mortar specimens. DSR test samples were sandwiched between two circular
plates of diameter 25 mm. The lower plate was fixed while the upper plate oscillated back and forth,
at frequencies ranging from 0.01 rad/s to 400 rad/s and at temperatures between 30 ◦C and 70 ◦C.
Asphalt mastic was tested based on the same protocols as bitumen. For mortar samples, due to the
addition of fine aggregates, the gap height between the parallel plates was designed to be a minimum
of three times the size of the largest fine aggregates in the sample. For that case, asphalt mortar samples
containing 0.6, 1.18 and 2.36 mm fine aggregates needed a gap height of 2 mm, 4 mm and 7 mm
respectively as illustrated in Table 5.

Circular mortar test specimens were made by pouring hot and well blending mortar into silicon
rubber mounds with a diameter 25 mm and depth of 2, 4 and 7 mm depending on the maximum
size of fine aggregates. In order to improve the interface adhesion between the mortar specimen and
DSR plates, super glue was used for bonding specimens to the DSR plates. To do so, the zero gap
calibration of the DSR plates was first carried out. Super glue was spread on the surfaces of the bottom
and upper plates. The mortar specimens were removed from the silicon rubber mold and carefully
placed on the bottom plate. The upper plate was lowered and the mortar specimens were squeezed to
the desired thickness. DSR frequency sweep testing on asphalt binder, mastic and mortar samples was
carried out on five test temperatures including 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C and frequencies
from 0.1 rad/s to 400 rad/s. The obtained complex modulus and phase angle was used to investigate
the rheological properties of various asphaltic materials and the interaction between asphalt binder,
filler and fine aggregates.
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Table 2. Aggregate grading and compositions of various asphalt mixtures.

Sieve Size (mm)
Passing Percent (%)

AC-13 AC-20 AC-25

31.5 - - 100
26.5 - 100 98
19 - 95 86
16 100 83 79

13.2 95 72 69
9.5 77 61 47

4.75 53 41 34
2.36 37 30 24
1.18 27 23 18
0.6 19 16 13
0.3 14 11 10

0.15 10 9 8
0.075 6 5 5

Aggregate Basalt Limestone Limestone
Filler Limestone Limestone Limestone

Asphalt binder SBS SBS 90#
Asphalt binder content 4.7 4.4 3.9

Table 3. Compositions of asphalt mastic contained filler and asphalt binder.

Specimen Asphalt Binder (A) Filler Type (F) F/A Ratio

AC-13’s mastic SBS Limestone powder 1.280
AC-20’s mastic SBS Limestone powder 1.136
AC-25’s mastic 90# Limestone powder 0.850

Table 4. Compositions of asphalt mortar containing find aggregates, filler and asphalt binder.

Sieve Size
(mm)

Percent Composition by Weight (%)

Basalt Aggregates Limestone Aggregates Limestone Aggregates

I II III I II III I II III

2.36 27.7 - - 24.2 - - 22.4 - -
1.18 18.2 25.2 - 16.5 21.8 - 16.2 20.8 -
0.6 13.0 18.0 24.0 14.3 18.9 24.2 16.2 20.8 26.3
0.3 9.5 13.2 17.6 11.0 14.5 18.6 12.4 16.0 20.2

0.15 6.1 8.4 11.2 5.5 7.3 9.3 6.2 8.0 10.1
0.075 6.9 9.6 12.8 7.7 10.2 13.0 8.7 11.2 14.2
Filler 10.4 14.4 19.2 11.0 14.5 18.6 8.3 10.6 13.4

Asphalt binder content 8.1 11.3 15.1 9.7 12.8 16.4 9.7 12.5 15.8

Asphalt binder - SBS - SBS 90#

Asphalt mixture AC-13 AC-20 AC-25

Note: I, II and III are mortar scales containing fine aggregates with a maximum size of 2.36 mm, 1.18 mm and
0.6 mm respectively.

Table 5. Designed height of DSR test specimens.

Type of Binder Height (mm)

Asphalt 1.0
Mastic 1.0

Mortar with fine aggregates smaller than 0.6 mm (0.6 mortar) 2.0
Mortar with fine aggregates smaller than 1.18 mm(1.18 mortar) 4.0
Mortar with fine aggregates smaller than 2.36 mm (2.36 mortar) 7.0
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3. Results and Discussion

3.1. Master Curves of Various Asphalt Materials

Figures 1–6 present the master curves of various asphalt materials at a reference temperature of
60 ◦C. The master curves were constructed by means of the time-temperature superposition principle
(TTSP). The complex modulus and phase angle data obtained at different temperatures including
30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C and 70 ◦C, were horizontally shifted to the reference temperature of 60 ◦C to
form a smooth master curve. By doing this, the rheological properties indicated by complex modulus
and phase angle were explained over a wide range of reduced frequencies. Data at low frequencies
represent the properties at high temperature (e.g., 70 ◦C). On the contrary, those at high frequencies
indicate the properties at low temperature (e.g., 30 ◦C).

Figure 1 shows various master curves of complex modulus obtained from AC-25 based asphaltic
materials including neat asphalt binder, mastic and mortar. The differences are distinct between neat
asphalt binder, mastic and mortars containing different sizes of fine aggregates. Compared with the
neat asphalt binder, the addition of filler made an obvious modulus increase of the resultant mastic.
Further addition of fine aggregate led to a higher modulus for mortar. Increasing the maximum size
of fine aggregates also resulted in an modulus increase of mortar. In general, mastic had a threefold
increase in complex modulus compared with neat asphalt binder. However, depending on the size of
fine aggregate, mortar could have an increase of one to two orders of magnitude on complex modulus.
The huge increase in complex modulus of mortar helps to improve the rutting resistance of asphalt
mixtures at high temperature.

Figure 1. Complex modulus master curves of AC-25 based asphaltic materials including neat asphalt
binder, mastic and mortar at a reference temperature of 60 ◦C.

Figure 2 presents the master curves of phase angle obtained from AC-25 based asphaltic materials
including neat asphalt binder, mastic and mortar. Among these asphalt materials, a significant change
can be seen at low reduced frequencies, which is equal to high temperature of 70 ◦C. The phase angle
tended to drop down with the addition of filler and fine aggregates. Larger size of fine aggregates led
to a more obvious reduction on phase angle at the range of high frequency. It should be noted that
phase angle is an index for the ratio between viscosity and elasticity. A purely viscous liquid and an
ideal elastic solid have a phase angle of 90◦ and 0◦, respectively. Neat asphalt binder behaved like a
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purely viscous liquid with a phase angle close to 90◦ at very high temperatures. Asphalt mastic only
deviated a little from neat asphalt binder. However, the addition of fine aggregate could result in a
significant change on phase angle, which was strongly indicated by a phase change from a viscous
to viscoelastic range. In general, low phase angle and viscoelastic behavior is desired for improving
rutting resistance of asphalt mixtures. Combining the data obtained on complex modulus and phase
angle, it can be seen that the corresponding material components in asphalt mixture including asphalt
binder, mastic and mortar behaved differently at high temperatures. The addition of filler and fine
aggregates could result in higher complex moduli and lower phase angles as well as phase change
from a viscous to viscoelastic range.

Figure 2. Phase angle master curves of AC-25 based asphaltic materials including neat asphalt binder,
mastic and mortar at a reference temperature of 60 ◦C.

Figure 3 presents the master curves of complex modulus obtained from AC-20 based asphalt
materials. AC-20 asphalt mixture is commonly used as the intermediate layer in typical three-layer
asphalt pavements in China. The intermediate layer is considered to be subjected to disadvantageous
shear stress under wheal loadings and thus susceptible to rutting at high temperatures. Field inspection
demonstrated that the intermediate layer contributed most of permanent deformation of asphalt
pavements with a semi-rigid base. In order to increase the rutting resistance, SBS modified asphalt
binder is commonly used instead of neat asphalt binder together with a stronger coarse stone skeleton
containing fewer fine fractions for the intermediate layer. In Figure 3, the material composition of
the studied mastic and mortar was determined from the aggregate gradation and asphalt binder
content of a typical AC-20 mixture. Similarly, SBS modified asphalt mastic and mortars all have higher
complex modulus compared with SBS modified asphalt binder. In general, the addition of filler into
SBS modified asphalt binder quadrupled the complex modulus of mastic. Further addition of fine
aggregates resulted in a more significant improvement on complex modulus of mortar. Increasing the
size of fine aggregate from 0.6 mm to 2.36 mm led to three-fold increase in complex modulus.
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Figure 3. Complex modulus master curves of AC-20 based asphaltic materials including SBS modified
asphalt binder, mastic and mortar at a reference temperature of 60 ◦C.

Figure 4 gives a summary of the master curves of phase angle obtained from AC-20 based
asphalt materials. SBS modified asphalt binder, mastic and mortars containing different fine aggregate
maximum sizes were included. The change tendency of asphalt mastic is close to that of SBS modified
asphalt binder with a slight reduction over the wide range of reduced frequencies. The addition of fine
aggregates resulted in an obvious shift of phase angle, thus confer more elastic property on asphalt
mortar. This helped to transfer the visco characteristic of bitumen to a viscoelastic characteristic of
mortar at high temperatures. Therefore, the actual fine fractions improve the rutting resistance of the
AC-20 mixture.

Figure 4. Phase angle master curves of AC-20 based asphaltic materials including neat asphalt binder,
mastic and mortar at a reference temperature of 60 ◦C.

Figures 5 and 6 give the master curves of complex modulus and phase angle of AC-13 based
asphalt materials including neat asphalt binder, mastic and mortar. AC-13 asphalt mixture is widely
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used in the construction of surface wearing course in China. Basalt aggregates are commonly used
instead of limestone aggregates in order to improve surface abrasion resistance. It is observed that
the change tendencies of AC-13 based asphalt materials were similar to those of AC-20 and AC-25
based asphalt mixtures, which were presented in Figures 1 and 3 respectively. The hardening effect
on complex modulus can be well distinguished by the addition of filler and fine basalt aggregates.
With respect to phase angle, the addition of basalt fine aggregates can result in a similar phase change
at low reduced frequencies, which is an equivalent to high temperature.

Figure 5. Complex modulus master curves of AC-13 based asphaltic materials including SBS modified
asphalt binder, mastic and mortar at a reference temperature of 60 ◦C.

Figure 6. Phase angle master curves of AC-13 based asphalt materials including SBS modified asphalt
binder, mastic and mortar at a reference temperature of 60 ◦C.

Figures 7 and 8 show the influence of type of asphalt binder on complex modulus and phase angle,
respectively. Compared with neat asphalt binder, SBS modified asphalt materials had an advantage
on complex modulus at low reduced frequencies regardless of the scale of material. It also indicated
that mortar made by neat asphalt binder combined with larger fine aggregates (for example, 2.36 mm)
could be comparable to mortar that consists of SBS modified asphalt binder and smaller fine aggregate
(for example, 0.6 mm). This indicated that well-designed material composition of asphalt mortar could
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be important for performance improvement. With respect to phase angle, a plateau was observed for
SBS modified asphalt binder, but not for neat asphalt binder materials. This strongly indicated the
existence of the polymer network. In general, SBS modification could result in a small reduction of
phase angle. This effect was relatively limited when compared with neat asphalt binder at low reduced
frequencies. The effect of filler is not obvious for either neat asphalt binder or SBS modified asphalt
binder. However, fine aggregates could be decisive for asphalt mortar. The interaction between fine
aggregates tended to result in a phase change, which is considered to benefit the rutting resistance of
asphalt mixtures at high temperatures. Based on the analysis above, it could be concluded that the use
of polymer modified asphalt binder and coarser fine aggregate should be of interest to improve the
rheological properties of mortar at high-temperatures.

Figure 7. Complex modulus comparison between 90# neat asphalt and SBS modified asphalt based
materials at a reference temperature of 60 ◦C.

Figure 8. Phase angle comparison between 90# neat asphalt and SBS modified asphalt based materials
at a reference temperature of 60 ◦C.
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3.2. Interaction Analysis between Asphalt Binder, Filler and Fine Aggregate

Asphalt mastic and mortar can be regarded as two-phase particle reinforced composite materials.
In this system, asphalt binder is the matrix phase, while filler and fine aggregates acts as the
reinforcement phase. Both the filler and fine aggregates can be defined as rigid particles when
considering the huge modulus difference between asphalt binder and mineral stone. The addition
of filler and fine aggregates into asphalt binder results in modulus reinforcement. The interaction
between asphalt binder and mineral particles could be expressed in terms of phase angle using the
following equation:

tan δc = (1 −∅f)(1 + A)tan δm, (1)

where: δc and δm are the phase angles of asphalt based composite material and the asphalt matrix,
respectively; ∅f is the volume fraction of the reinforcement phase. A is the interaction parameter
between the asphalt matrix phase and reinforcement phase.

Since the phase angle of mastic/mortar and asphalt binder can be tested, the interaction parameter
between asphalt binder and mineral particles can be calculated by using:

A =
tan δc

tan δm(1 −∅f)
− 1, (2)

It should be noted that a lower value of the A interaction parameter indicates a stronger interaction
between asphalt binder and mineral particles.

K.D. Ziegel et al. proposed Equation (3) to estimate the loss tangent of composite materials as the
function of filler volume fraction [16]:

tan δc =
tan δm

1 + 1.5∅fB
, (3)

where: B is the interaction parameter that represents the matrix phase and reinforcement phase
interaction ability. A higher value of B indicates a stronger interaction between the matrix phase and
reinforcement phase.

Similarly, with the known phase angle of mastic/mortar and asphalt binder, the interaction
parameter of B can be determined by using the equation below:

B = (
tan δm

tan δc
− 1)/(1.5∅f), (4)

According to Palierne model [15], the modulus of two-phase composite materials can be estimated
by using Equation (5):

G∗
c = G∗

m × (
1 + 1.5∅fC

1 −∅fC
), (5)

where: G∗
C and G∗

m are the modulus of the composite material and the asphalt matrix, respectively;
C is the interaction parameter that represents the matrix-particle reinforcement interaction.

With respect to the system of asphalt mastic and mortar, the interaction parameter of C value can
be determined by using the modulus of asphalt binder, mastic and mortar:

C =

G∗
c

G∗
m
− 1

(1.5 + G∗
c

G∗
m
)×∅f

, (6)

A greater C value indicates a stronger asphalt and mineral interaction. In Ziegel’s study [16],
it was found the polymer-filler interaction parameter of C values determined from storage modulus
ranged from 1.1 to 6.5 depending on the combination of polymer and filler, which indicated that C
value is of fundamental importance in selecting fillers for various commercial end uses.
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An extensive research on asphalt-filler interaction ability done by Liu and Zhao, showed that the
sensitivity of interaction parameters A, B, C from high to low is in the order of B, A and C. The change
of B and A was complex while C tended to be relatively constant [14]. The C value determined by using
complex modulus varied from 0.8 to 3.0 for asphalt mastics containing limestone, Portland cement
and hydrated lime. Hydrated lime showed the strongest interaction between asphalt binder and filler,
followed by Portland cement, and limestone had the least interaction among these three types of
filler. The interaction ability of asphalt binder and filler increases with an increase in temperature and
decreases with an increase in loading frequency. Guo’s study indicated that the interaction parameter
C was the least sensitive compared with A and B yet effective to evaluate the effect of temperature,
components of filler and specific surface area of filler on interfacial interaction. The C value ranged
from 1.45 to 1.85 for mastic containing andesite, granite and limestone. Increasing temperature from
15 ◦C to 35 ◦C led to a higher C value. Guo concluded that temperature and the specific surface area
of fillers were the two main factors effecting the interfacial interaction between asphalt binder and
mineral fillers [15].

Figures 9–11 gives the values of interaction parameter A for various types of mastic and mortar
determined from various asphalt mixtures. According to these figures, A value changed significantly
over a wide range of reduced frequency or temperature (30 ◦C to 70 ◦C). A peak value tended to occur
at a reduced frequency of around 300 rad/min at a reference temperature of 60 ◦C. Asphalt mastic
tended to have lower A value compared with the corresponding mortar, indicating that asphalt-filler
interaction was stronger than those between asphalt binder and fine aggregate. Increasing the size
of fine aggregates could result in higher A values, thus weak asphalt-aggregate interaction. It was
found that neat asphalt-based materials in Figure 9 tended to have a lower A value than SBS modified
asphalt-based materials in Figure 10. The difference between basalt and limestone fine aggregate is
marginal as indicated in Figures 10 and 11, respectively.

Figure 9. Interaction parameter of A values of mastic and mortar based on AC-25 mixture.
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Figure 10. Interaction parameter of A values of mastic and mortars based on AC-20 mixture.

Figure 11. Interaction parameter of A values of mastic and mortar based on AC-13 mixture.

Figures 12–14 show the values of interaction parameter B for various types of mastic and mortar.
The change tendency of interaction parameter B was contrary to interaction parameter A. Increasing
frequency or reducing temperature decreased the B value to a minimum at a frequency around
200rad/s with a reference temperature of 60 ◦C. After reaching this critical frequency, further increase
in frequency resulted in an increase in B value. It was observed that B value could not distinguish well
the difference between mastic and mortar as well the effect of aggregate size of mortar. Regardless of
the type of asphalt material, larger scatter of B values was found at the low range of reduced frequency,
or high temperatures. At high frequencies or low temperatures, asphalt mastic and mortar had a close
value of interaction parameter B.

The analysis based on interaction parameters, A and B pointed to a phenomenon that
asphalt-filler/aggregate interaction varies over a wide range of frequency or temperature (30 ◦C
to 70 ◦C in this study). Furthermore, there was a critical frequency or temperature that may show
poor interaction ability between asphalt binder and mineral particle. Since temperature has a great
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influence on asphalt binder’s viscoelastic properties, it indirectly hinted that asphalt-filler/aggregate
interaction may be sensitive to the viscoelastic properties of asphalt binder.

Figure 12. Interaction parameter of B values for mastic and mortar based on AC-25 mixture.

Figure 13. Interaction parameter of B values for asphalt mastic and mortar based on AC-20 mixture.
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Figure 14. Interaction parameter of B values for asphalt mastic and mortar based on AC-13 mixture.

Figures 15–17 show the values of interaction parameter C for various types of mastic and mortar.
Compared with interaction parameters A and B, C tended to be relatively constant with a small
change over a wide range of frequency or temperature. The higher value of C indicated that mastic
had a stronger interaction ability compared with mortar. Bigger sizes of fine aggregate resulted in a
very slight reduction on C value. Table 6 lists a summary of C values of various asphalt materials.
Neat asphalt binder had a stronger interaction with filler compared with SBS modified asphalt binder.
Increasing filler-asphalt binder ratio could slightly increase C value. All of the mortar tended to have
a relatively constant C value ranging from 1.20 to 1.31 independent of the type of asphalt binder,
aggregate and grading.

Figure 15. Interaction parameter of C values for asphalt mastic and mortar based on AC-25 mixture.
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Figure 16. Interaction parameter of C values for asphalt mastic and mortar based on AC-20 mixture.

Figure 17. Interaction parameter of C values for asphalt mastic and mortar based on AC-13 mixture.

Table 6. A summary of interaction parameter, C values of various asphalt materials.

Material Scale Asphalt Binder Filler Fine Aggregate Interaction Parameter, C Value

Mastic
90# Limestone (0.85:1) - 2.523
SBS Limestone (1.136:1) - 1.806
SBS Limestone (1.28:1) - 1.877

Mortar

90# Limestone 0.6 mm limestone 1.281
90# Limestone 1.18 mm limestone 1.272
90# Limestone 2.36 mm limestone 1.243
SBS Limestone 0.6 mm limestone 1.310
SBS Limestone 1.18 mm limestone 1.288
SBS Limestone 2.36 mm limestone 1.233
SBS Basalt 0.6 mm limestone 1.308
SBS Basalt 1.18 mm limestone 1.277
SBS Basalt 2.36 mm limestone 1.217
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The above analysis indicated that the interaction parameters A and B were determined based on
phase angle and they showed a large scatter due to frequency and temperature dependency. This may
make the property prediction difficult. A relatively constant value of interaction parameter C was
useful for modulus prediction. The validation of C value was carried out by using different materials
and combinations. For this purpose, an AH-70 neat asphalt binder with a penetration of 67, Portland
cement as filler as well as river sand as fine aggregate were applied. Two types of mastic were prepared
by using AH-70 neat asphalt binder and SBS modified asphalt binder plus cement with a filler-asphalt
binder ratio of 1:1. Two types of mortar were checked by AH-70 neat asphalt binder and SBS modified
asphalt binder together with limestone filler and river sand as a substitution for fine aggregates.
The compositions of these two types of asphalt mortar were determined according to the mortar with
a maximum size of 1.18 mm and 0.6 mm based on AC-20 asphalt mixture as listed in Table 4. Figure 18
shows the tendency of C values of these four asphalt materials that were used for the purpose of
validation. The C values of mastic containing cement tended to decline with increasing frequency
while mortar containing river sand remained constant. Table 7 shows the validation results based on C
values. It could be seen that AH-70 neat asphalt binder had a slightly higher C value compared with
SBS modified asphalt binder. Similarly, cement filler had stronger interaction ability than limestone
filler as listed in Table 6. Mortar containing river sand showed a comparable result with different types
of mortar as listed in Table 6. It indicated that the interaction ability between asphalt binder and filler
was stronger than those between asphalt binder and fine aggregate. The specific area of filler was
found to significantly influence the interaction ability. In general, the C values remained relatively
constant, independent of the type of materials and composition, thus could be better for the prediction
of mortar modulus based on asphalt binder modulus. The above analysis indicated that the interaction
between asphalt binder, filler and fine aggregate was a physical effect, which could be explained by
particle filling effect. On the contrary with physical effect, the chemical interaction effect was reported
by Singh in the crumb rubber-asphalt binder system [56]. Singh reported that the chemical interaction
effect between crumb rubber and asphalt binder and the filler nature of rubber particles can be well
identified. The effect of particle filler nature was found to be significantly greater than the effect of
chemical interaction on viscosity, G*/Sinδ, recovery, and fatigue life, while the chemical interaction
effect was obvious on nonrecoverable creep compliance response. Increased crumb rubber particle
size may cause changes in the filler nature of crumb rubber modified asphalt composite. Compared
with crumb rubber, it is clear that filler and fine aggregate lack chemical interaction with asphalt
binder. Due to the simple particle filling effect, specific area could be significant for asphalt binder-filler
mastic system, while the size of fine aggregate could be important for mortar system. Nevertheless,
further testing could be carried out to reveal the microscopic bitumen-filler/aggregate interaction in
the asphalt mixture composites.

Table 7. Interaction validation by using cement as filler and river sand as a substitution for
fine aggregate.

Material Scale Bitumen Filler Fine Aggregate Interaction Parameter, C Value

Mastic
AH-70 Cement (1:1) - 2.864

SBS Cement (1:1) - 2.678

Mortar
AH-70 Limestone 1.18 mm sand 1.312

SBS Limestone 0.6 mm sand 1.340
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Figure 18. Interaction parameters, C values of mastic made by using cement as filler and mortar using
river sand as a substitution for fine aggregate.

4. Conclusions

The rheological properties of asphalt binder, asphalt mastic and asphalt mortar were investigated
by means of dynamic shear rheometer. The interaction between asphalt binder, mineral filler and
fine aggregates was evaluated by using the data obtained from complex modulus and phase angle.
Based on the experimental results and the analysis done, the following conclusions were drawn:

i. The modulus reinforcement with the addition of filler and fine aggregates into asphalt binder
can be well explained by particle reinforcement mechanics. Compared with asphalt binder,
asphalt mastic could result in a three- to five-fold increase while asphalt mortar could have a
modulus increase of one to two orders of magnitude. The phase change was identified by the
significant reduction on phase angle at low frequencies or high temperatures. The combined
effect of increasing modulus and reducing phase angle can contribute to high rutting resistance
of asphalt mixtures.

ii. Three interaction parameters were used to analyze the interaction among asphalt binder,
filler and fine aggregate. The sensitivity of these parameters was different and did not give
a consistent result. The parameters based on phase angle showed large scatter; however,
the parameter based on complex modulus was relatively constant.

iii. The interaction between the asphalt binder and the filler was stronger than its interaction
with fine aggregates. Therefore, the specific area could be important for enhancing asphalt
binder-filler interaction.

iv. Asphalt mortar tended to have a constant C value irrespective of type of asphalt binder,
fine aggregate and material composition. This allowed for a better prediction of mortar modulus
based on asphalt binder modulus. In general, the interaction between asphalt binder, filler and
fine aggregate was physical and could be explained by particle filling effect. The temperature
sensitivity of mastic and mortar was thus controlled by the type of asphalt binder. The effect
of fine aggregate, for example, aggregate contact and friction on rheological properties was
prominent at high temperatures. Considering the significant effect of modulus reinforcement
and phase change, asphalt mortar could be a vital scale to bridge the gap between asphalt
binder and asphalt mixture in a multiscale performance research.
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Abstract: Although the rutting resistance, fatigue cracking, and the resistance to water and frost are
important for the asphalt pavement, the strength of asphalt mixture is also an important factor for
the asphalt mixture design. The strength of asphalt mixture is directly associated with the overall
performance of asphalt mixture. As a top layer material of asphalt pavement, the strength of asphalt
mixture plays an indispensable role in the top structural bearing layer. In the present design system,
the strength of asphalt pavement is usually achieved via the laboratory tests. The stress states are
usually different for the different laboratory approaches. Even at the same stress level, the laboratory
strengths of asphalt mixture obtained are significantly different, which leads to misunderstanding
of the asphalt mixtures used in asphalt pavement structure design. The arbitrariness of strength
determinations affects the effectiveness of the asphalt pavement structure design in civil engineering.
Therefore, in order to overcome the design deviation caused by the randomness of the laboratory
strength of asphalt mixtures, in this study, the direct tension, indirect tension, and unconfined
compression tests were implemented on the specimens under different loading rates. The strength
model of asphalt mixture under different loading modes was established. The relationship between
the strength ratio and loading rate of direct tension, indirect tension, and unconfined compression
tests was adopted separately. Then, one unified strength model of asphalt mixture with different
loading modes was established. The preliminary results show that the proposed unified strength
model could be applied to improve the accurate degree of laboratory strength. The effectiveness of
laboratory-based asphalt pavement structure design can therefore be promoted.

Keywords: structure design; asphalt mixture; laboratory strength; unified strength model;
loading modes

1. Introduction

The flexible and rigid pavements are the two most important roads or highways. Over 95% of
the roads in the world are flexible asphalt pavements [1,2] because of its good driving comfort [1,3,4],
durability [5–8], and resistance to water damage [9–11]. The main material component of asphalt
pavement structure is asphalt mixture [12,13]. However, under the dual influence of vehicle load and
environmental factors [14–16], asphalt pavement will produce different types of diseases. There are
three main types of diseases: rutting, low temperature cracking, and fatigue cracking. Rutting is the
result of excessive shear deformation due to insufficient shear strength of asphalt mixture, which is
related to the high temperature performance of the asphalt mixture [17–20]. Low temperature cracking
is related to low temperature fracture strength of the asphalt mixture [21,22]. Fatigue cracking is
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mainly related to fatigue strength of the asphalt mixture [8,23]. Especially in recent years, the dramatic
increase of heavy-duty vehicles has put forward higher requirements for the structural strength design
of asphalt pavement. How to reduce rutting, low temperature cracking, and fatigue cracking of asphalt
pavement is an urgent problem to be solved. The structural design of the asphalt pavement belongs
to the mechanical–empirical method in China, where the elastic layered half-space is employed to
calculate the mechanical response of pavement. The theories of maximum tensile stress and strain
are implemented as the failure criterion of asphalt pavement [24,25]. The laboratory strength test
methods mainly include direct tension [26–29], unconfined compression [30–32], bending [33–35],
indirect tension [36–39], shear [40,41], and triaxial tests [42,43], which are performed to evaluate the
tensile, compressive, bending, and shear properties of materials. For the unconfined compression
test, the applied strain rate in height direction of specimens is 1.3 mm/(min . 25 mm) stipulated by
AASHTO (American Association of State Highway and Transportation Officials) T 167 and ASTM
(American Society for Testing Materials) D 1074. The standard size of Marshall Specimens for indirect
tension test is Φ101.6 mm × 63.5 mm, which is adopted in the specifications or standards of United
States, Japan, and Australia, while the field-drilling specimen with Φ150 mm is employed in the British
standards. Moreover, in these standards, AASHTO T 283, BS EN (British European) 12697-23: 2012,
and the Specifications and Test Methods of Asphalt and Asphalts Mixtures for Highway Engineering
(JTG E20-2011) used the loading rate of 50 mm/min for the indirect tension test. The unconfined
compression test and direct tension test are one-dimensional stress states. The bending test is divided
into upper compression and lower tension with the neutral surface as the boundary. The stress at
a certain point is the one-dimensional stress state, but the overall stress state is more in line with
the stress characteristics of the pavement structure. The center point of the indirect tension test is
under vertical compression and horizontal tension, which is in a two-dimensional stress state and
conforms to the stress state of the pavement structure. The triaxial test is mainly aimed at the stress
characteristics of asphalt pavement under a complex stress state. However, the strengths obtained
by different test methods are usually quite discrepant, and it is difficult to compare between them.
Therefore, the arbitrariness of the strengths of asphalt mixture under different loading modes should
be considered during the asphalt pavement structure design and the related risk management.

The strength of asphalt mixture and other related mechanical parameters have always been
a common topic for the civil engineers and researchers. Su et al. [44] used the superpave indirect
tensile (IDT) strength test to evaluate the concrete strength of reclaimed asphalt pavement (RAP).
It was found that the IDT strength of concrete decreased with the increase of percentage of RAP
and temperature. Saride et al. [45] studied the RAP/VA (Reclaimed Asphalt Pavements/Virgin
Aggregates) mixture stabilized by alkali activated fly ash. It was found that the strength of the mixture
meets the strength requirements of the specification. Ji, X et al. [46] stated that UPT-NSM (Uniaxial
Penetration Test—Numerical Simulation Method) can be utilized to optimize the gradation better
than the step-filling test to improve the shear strength and rutting resistance of an asphalt mixture.
It was noted that the anti-shear strength and dynamic stability of graded asphalt mixture optimized by
UPT-NSM are 25.5% and 27.0% higher than the specified gradation, respectively. Li et al. [47] studied
the influence of production conditions on the indirect tensile strength characteristics of foamed asphalt
mixture. The strength characteristics of the same graded foamed asphalt mixture were mainly affected
by curing time, cement dosage, and asphalt content, and it almost had nothing to do with the foam
characteristics. Gaus et al. [48] explored the use of button granular asphalt (BGA) instead of petroleum
asphalt to produce asphalt concrete bearing course (AC-BC) mixes. Compared with an AC-BC mixture
without BGA, the application of BGA partly replacing petroleum asphalt in AC-BC mixture improves
its compressive strength and elastic modulus. There was no significant difference in the Poisson ratio
of all mixtures.

At present, numerous factors affecting the strength of asphalt mixtures have been reported
by laboratory and field researchers and there were many useful conclusions that were established.
However, the strengths that were obtained using different test methods are still tough to compare,
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which leads to the randomness of the strength indexes in asphalt mixture design. The negative
impacts on the design and analysis of asphalt mixtures form these randomness indexes are self-evident.
Fortunately, there are many studies have been reported by the researchers for unified parameter
model of materials. For example, Yu, M.H et al. [49,50] proposed a unified strength criterion for rock
considering the effect of intermediate principal stress. Its strength parameters can be determined
using conventional triaxial compression tests. It is found that the unified strength theory can be used
to describe various types of rock. You, M et al. [51] put forward that the unified strength theory
of linearity and nonlinearity is constructed directly in the form of principal stress. Based on the
test results of true triaxial compression, conventional triaxial compression and elongation of rocks,
the material parameters and fitting deviations in several strength criteria and their applicability are
determined. Danni et al. [52] found that the strength properties of high-strength concrete (HSC) under
multi-axial stress may be conducted via shear-type four-parameter unified strength theory (STFP-UST)
and nonlinear unified strength theory (N-UST) through analysis of the failure surfaces of several
twin shear strength criteria. Wu et al. [53] introduced a shape factor that is expressed as a function
of the corner radius ratio, ρ = 2r/bρ = 2r/b. Doing so, a unified model for the concrete strength of
FRP-confined columns that have an arbitrary corner radius is described. This model can be degenerated
into two special cases for circular columns and sharp cornered square columns when ρ = 1ρ = 1 and 0,
respectively. Through collecting all of the available experimental results on both circular and square
columns from the open literature for model evaluation, a comprehensive and updated database has
been established. A better correlation of the proposed model has been demonstrated by comparing
between the test results and the model predictions. Wu, Y.F et al. [54] also proposed a new model
based on the Hoek–Brown failure criterion. The existing strength models for FRP (Fiber-Reinforced
Polymer)-confined circular and square concrete columns are reviewed, evaluated, and compared with
the proposed model. Then, using an updated database, a large number of test data is to evaluate the
models. A comparison between the models and the test results is used to demonstrate the accuracy of
the proposed model. In addition, the model has a unified form for both circular and square columns.
It can be used to predict the strength of columns that have existing damage or cracks. Wei et al. [55,56]
presented a new stress–strain model for FRP-confined concrete columns. One of advantages of the
model is its unified form (mathematical expression). Compared with the test results, the model can
be predicted the ultimate stress and strain more accurately, particularly the strain. You et al. [57,58]
established a three-dimensional (3D) microstructure-based computational model through applying
a coupled thermo-viscoelastic, thermo-viscoplastic, and thermo-viscodamage constitutive model.
The result reflected that the generated 3D microstructure model and the presented constitutive model
could be implemented effectively to predict the overall thermo-mechanical response of asphalt concrete.
Hajj et al. [59] proposed a unified permanent deformation model, which uses response measurements
of two tests. The new model quantifies the accumulated permanent shear strain as a function of the
number of load cycles and factor of safety (FOS). The safety factor is defined in q-p space and evaluated
according to the applied stress and triaxial compressive strength characteristics (cohesive force and
internal friction angle). For specific mixtures used in this study, there is a good correlation between
cumulative permanent shear strain and FOS level regardless of stress conditions and test types.

The above researches laid a foundation for establishing the unified strength model of asphalt
mixture. However, the mentioned-above research on the unified strength model of materials mainly
applied on cement concrete and rock materials, while the related unified parameter model employed
on asphalt mixture is usually based on the computation model revealed the thermos-mechanical
response and permanent deformation of asphalt mixture [60,61]. Owing to the complex composition
and structure of asphalt mixtures and the various destruction forms, there is little research on the
unified strength model of asphalt mixtures.

Therefore, direct tension, unconfined compression, and indirect tension strength tests under
different loading rates were carried out in this paper. A unified strength model of asphalt mixture
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under different loading modes was established by using the relationship between the strength ratio of
direct tension, unconfined compression, and indirect tension tests and the loading rate ratio.

The main objectives of this study are to reveal the strength rate characteristics of asphalt mixtures
under various loading modes and establish a unified strength model to solve the uncertainty of the
strength parameters of asphalt mixtures under various loading modes. The direct tension, indirect
tension, and unconfined compression tests were applied in the study.

2. Materials and Sample Preparations

2.1. Materials

In this paper, strength tests of direct tension, indirect tensile, and unconfined compression
were implemented separately to establish a unified strength model of asphalt mixture under
different loading modes. The dense gradation asphalt mixture AC-13C that was composed of SBS
(styrene-butadiene-styrene) modified asphalt made of Xiamen Huate group Co., Ltd, Xiamen, China
and limestone aggregates produced in Shizichang, Niujiaowu, Foshan City, China was chosen.
The performance indexes of SBS modified asphalt are shown in Table 1, the densities of limestone
aggregate are shown in Table 2, and the properties of the aggregate are shown in Table 3.

Table 1. Test results of SBS (I-D) modified asphalt.

Test Projects
Test Standard: JTG F40-2004 (China) [62]

Technical
Requirements

Test Results Test Methods

Penetration (25 ◦C,100 g, 5 s) (0.1 mm) 40~60 55.9 T 0604-2000
Penetration index PI ≥0 0.533 (R2 = 0.997) T 0604-2000

Ductility (5 cm/min, 5 ◦C) (cm) ≥20 35.1 T 0605-1993
Softening point (Ring ball) (◦C) ≥60 70.5 T 0606-2000
135°C dynamic viscosity (Pa s) ≤3 2.36 T 0615-2000

Flash point (◦C) ≥230 264 T 0611-1993
Solubility (%) 99 99.8 T 0607-1993

Density (15 ◦C) — 1.03 T 0603-1993

Rolling Thin Film
Oven Test (RTFOT)

(163 ◦C, 85 min)

Mass loss (%) ≤±1.0 0.22 T 0609-1993
Residual penetration ratio

(25 ◦C) (%) ≥65 75.1 T 0604-2000

Residual ductility(5 ◦C) (cm) ≥15 23.2 T 0605-1993

Table 2. Densities of limestone aggregate.

Sizes of Sieve
(mm)

Apparent Density
(g/cm3)

Bulk Density
(g/cm3)

Skin Drying
Density (g/cm3)

Water Absorption
(%)

16–13.2 2.671 2.577 2.611 1.32
13.2–9.5 2.673 2.569 2.608 1.53
9.5–4.75 2.661 2.572 2.607 1.35

4.75–2.36 2.649

- - -

2.36–1.18 2.642
1.18–0.6 2.606
0.6–0.3 2.592
0.3–0.15 2.586

0.15–0.075 2.615
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Table 3. Properties of aggregate.

Test Item
Technical

Requirements
Test Results Test Methods

Crushed stone value (%) ≤26 17.9 T 0316-2005
Apparent relative density (g/cm3) ≥2.6 2.71 T 0321-2005

Content of flat and elongated particles in coarse aggregate (%) ≤15 9 T 0312-2005
Content of SiO2 (%) / 1.81 /

Through the above test results, it was shown that SBS modified asphalt and the aggregate satisfied
the requirements of JTG F40-2004 [62], which were the technical specifications for asphalt pavement
construction in China. The aggregate gradation curve of dense graded asphalt mixture (AC-13C) and
the target gradation of the asphalt mixture is shown Figure 1. The optimum asphalt content was
determined using the Marshall tests, and the test results are displayed in Table 4.

Figure 1. Aggregate gradation curve of dense graded asphalt mixture (AC-13C).

Table 4. Results of Marshall test at the optimal asphalt-aggregate ratio.

Asphalt
Aggregate
Ratio (%)

Bulk Specific
Gravity (g

cm−3)

Volume of Air
Voids VV (%)

Voids Filled
with Asphalt

VFA (%)

Marshall
Stability (kN)

Flow Value
(0.1 mm)

5.2 2.44 4.51 67.20 12.71 27.89
/ / 3–5 65–75 >8 20–40

2.2. Sample Preparations

According to the Specifications and Test Methods of Asphalt and Asphalts Mixtures for Highway
Engineering (JTG E20-2011) [63], the block samples of asphalt mixture plates were made through the
method of vibration wheel grinding. Along the rolling direction, each beam was cut to a length, width,
and height of 250 mm, 50 mm, and 50 mm, respectively, for direct tension specimens. The cylindrical
specimens for the unconfined compressive fatigue test were made using an SGC (Superpave Gyratory
Compactor) with a size of Φ100 mm × 100 mm, and the indirect tensile specimens were prepared by
slicing the top and bottom surface of the specimens of unconfined compressive moduli test to the size.
The cylindrical specimens with height of 100 ± 2mm and diameter of 100 ± 2 mm of asphalt mixture
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made using a SGC gyratory compactor were prepared for unconfined compression. In addition,
the indirect tensile specimens were prepared by slicing the top and bottom surface of the specimens of
unconfined compressive moduli test to the height of 60 ± 2 mm and diameter of 100 ± 2 mm. Then,
the asphalt mixture specimens were put in the environment chamber at 15 ◦C for 4–5 h. Subsequently,
it was placed on the strength test support of MTS (Material Testing System)-Landmark. The preliminary
contact between the indenter of the strength test and the specimen was adjusted to start the test, and the
test process was completed in environment chamber. The set-up details of the strength tests are shown
in Figure 2.

Figure 2. Testing process of strength under different loading modes: (a) direct tension test, (b) indirect
tension test, (c) unconfined compression test, and (d) the environmental chamber.

3. Test Results and Analysis

The displacement control mode for China, the United States, and Europe was adopted in the
loading rate control mode of strength test. Among them, the loading rate of the unconfined compressive
strength test with the size of Φ 100 mm × 100 mm was 2 mm/min and 5.08 mm/min for AASHTO
T167 and JTG E20-2011, respectively. The loading rate for indirect tensile strength was 50 mm/min for
AASHTO T 283, BS EN 12697-23: 2012, and JTG E20-2011. The loading rate of flexural strength was
also 50mm/min for JTG E20-2011. However, the test methods of direct tensile strength were not clearly
given in this regulation. In order to explore the loading rate characteristics of the asphalt mixture
strength under different loading modes, the displacement loading rate of test regulations could not be
unified, so the stress loading rate control mode was adopted, and the test temperature was unified at
15 ◦C.

3.1. Direct Tensile Strength Test at Different Loading Rates

Under the stress control mode, the direct tensile strength tests of asphalt mixtures at different
loading rates were carried out, and the results are shown in Table 5.

Table 5. Test results of direct tensile strength of asphalt mixture.

Number
Loading
Rate v

(MPa/s)

Section
Area of

Specimen A
(mm2)

Failure
Loading F

(kN)

Strength RD
(MPa)

Average
Value of

Strength RD
(MPa)

Coefficient
of Variation

1
5

2631.1 7.317 2.781
2.95 0.0502 2596.8 8.159 3.142

3 2581.9 7.557 2.927
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Table 5. Cont.

Number
Loading
Rate v

(MPa/s)

Section
Area of

Specimen A
(mm2)

Failure
Loading F

(kN)

Strength RD
(MPa)

Average
Value of

Strength RD
(MPa)

Coefficient
of Variation

4
10

2560.2 9.398 3.671
3.487 0.0555 2588.9 9.235 3.567

6 2611.3 8.416 3.223

7
20

2621.5 10.772 4.109
4.158 0.0548 2594.5 11.561 4.456

9 2617.7 10.233 3.909

10
30

2600.1 11.586 4.456
4.552 0.02511 2597.3 12.236 4.711

12 2559.6 11.490 4.489

13
40

2579 12.887 4.997
4.821 0.03914 2599.8 11.858 4.561

15 2630.1 12.901 4.905

16
50

2671 13.040 4.882
5.012 0.01917 2599.1 13.276 5.108

18 2611.8 13.179 5.046

19
60

2567.7 13.080 5.094
5.13 0.01320 2598.1 13.567 5.222

21 2666.3 13.529 5.074

22
70

2621.5 13.608 5.191
5.197 0.00723 2617.3 13.723 5.243

24 2613.5 13.478 5.157

The strength values in Table 5 were fitted with the loading rate. The fitted curve is shown in
Figure 3.

v

R D

RD v R2

Figure 3. The curve of direct tensile strength of asphalt mixture with loading rate.
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The fitting equation was as follows:

RD = 2.15852v0.21307, R2 = 0.952 (1)

According to the fitting results, the direct tensile strength RD of the asphalt mixture varied with
the loading rate v as a power function. The strength increased with the increase of loading rate, and the
rate of strength increase slowed down with the increase of loading rate.

3.2. Indirect Tensile Strength Test at Different Loading Rates

According to Chinese Standard Test Methods of Bituminous and Bituminous Mixtures for
Highway Engineering (JTG E20-2011) [63], the indirect tensile strength tests of asphalt mixtures
under different loading rates were performed. The results of the tests are shown in Table 6.

Table 6. Indirect tensile strength test of asphalt mixture.

Number
Loading
Rate v

(MPa/s)

Section
Area of

Specimen A
(mm2)

Failure
Loading F

(kN)

Strength RD
(MPa)

Average
Value of

Strength RD
(MPa)

Coefficient
of Variation

1
5

58.5 28.948 3.111
3.258 0.0442 60.4 33.164 3.452

3 60.5 30.900 3.211

4
10

60.1 34.997 3.661
3.704 0.0225 58.9 35.778 3.819

6 59.1 34.142 3.632

7
20

59.3 40.709 4.316
4.41 0.0418 59.6 40.299 4.251

9 58.8 43.611 4.663

10
30

59.2 46.808 4.971
4.837 0.02611 59.7 44.307 4.666

12 59.6 46.205 4.874

13
40

59 47.542 5.066
5.185 0.02014 59.8 50.621 5.322

15 60.1 49.393 5.167

16
50

59.7 53.129 5.595
5.487 0.03717 61.2 55.106 5.661

18 59.6 49.343 5.205

19
60

60.5 55.592 5.777
5.658 0.03520 61.4 56.810 5.817

21 60.1 51.430 5.38

22
70

61.7 57.814 5.891
5.784 0.02923 60.3 53.241 5.551

24 60.8 57.154 5.91

The strength values in Table 6 were fitted with the loading rate. The fitted curve is shown in
Figure 4.
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R T

v

RT v

Figure 4. Indirect tensile strength curve of asphalt mixture with loading rate.

The fitting equation was as follows:

RT = 2.24289v0.22571, R2 = 0.957 (2)

According to the fitting results, the indirect tensile strength RT of asphalt mixture varied with
the loading rate v as a power function. The strength increased with the increase of the loading rate,
and the rate of strength increase slowed down with the increase of the loading rate.

3.3. Unconfined Compressive Strength Test at Different Loading Rates

Considering the test threshold of employed material testing system (MTS) was 100 kN, through
the tentative experiments it was found that the unconfined compression failure load exceeded 100 kN
when the loading rate was greater than 3 MPa/s. For the sake of safety and operability of the test,
the strength values at the loading rates that exceeded the threshold of MTS were obtained using the
delay prediction method in this study. The proposed delay prediction method was performed based on
enough laboratory test data within the threshold of MTS, such that the strength values at the loading
rate that exceeded the threshold of MTS could be output from the fitting curve. The test results are
shown in Table 7.

Table 7. Test results of unconfined compressive strength of asphalt mixture.

Number
Loading
Rate v

(MPa/s)

Section
Area of

Specimen A
(mm2)

Failure
Loading F

(kN)

Strength RD
(MPa)

Average
Value of

Strength RD
(MPa)

Coefficient
of Variation

1
0.02

34.862 34.862 4.441
4.134 0.0572 32.169 32.169 4.098

3 30.325 30.325 3.863

4
0.05

38.473 38.473 4.901
5.062 0.0395 38.795 38.795 4.942

6 41.943 41.943 5.343

7
0.1

47.249 47.249 6.019
5.901 0.0258 46.998 46.998 5.987

9 44.721 44.721 5.697
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Table 7. Cont.

Number
Loading
Rate v

(MPa/s)

Section
Area of

Specimen A
(mm2)

Failure
Loading F

(kN)

Strength RD
(MPa)

Average
Value of

Strength RD
(MPa)

Coefficient
of Variation

10
0.5

63.773 63.773 8.124
8.421 0.02511 66.851 66.851 8.516

12 67.691 67.691 8.623

13
1

78.429 78.429 9.991
9.816 0.01314 76.255 76.255 9.714

15 76.483 76.483 9.743

16
2

87.064 87.064 11.091
11.441 0.02217 90.636 90.636 11.546

18 91.735 91.735 11.686

The strength values in Table 7 are fitted with the loading rate. The fitted curve is shown in
Figure 5.

R C

v 

RC v R

Figure 5. Unconfined compressive strength versus loading rate of asphalt mixture.

The fitting equation was as follows:

RC = 9.81584v0.22107, R2 = 0.992 (3)

According to the fitting results (RC = 9.81584v0.22107 and R2 = 0.992), the unconfined compressive
strength RC of the asphalt mixture varied with the loading rate v yielding to a power function.
The strength values of asphalt mixture at the loading rates of 5 MPa/s, 10 MPa/s, 20 MPa/s, 30 MPa/s,
40 MPa/s, 50 MPa/s, 60 MPa/s, and 70 MPa/s were predicted as 14.01 MPa, 16.33 MPa, 19.035 MPa,
20.82 MPa, 22.187 MPa, 23.309 MPa, 24.267 MPa, and 25.109 MPa, respectively.

3.4. Research on Strength Parameters based on Mohr–Coulomb Theory

Asphalt mixture is mainly composed of asphalt and aggregate. The cohesive force is mainly
provided by asphalt. The internal friction angle can occur when aggregates are embedded. At present,
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Mohr–Coulomb theory can be widely used to analyze the strength parameters of asphalt mixtures
when the strength characteristics of asphalt mixtures are researched. Based on Mohr–Coulomb theory,
cohesive force C and internal friction angle ϕ can be obtained using a triaxial test, and a tension and
compression test. Triaxial test equipment is complex, expensive, and difficult to operate. Although
the real stress state of pavement can be well simulated by it, it has certain limitations to get actual
application and project popularization.

It is convenient to determine the cohesive force C and internal friction angle ϕ of asphalt
mixture through a direct tensile strength test and unconfined compressive strength test. The material
and mechanical assumptions are that the material composition variables, the mechanical excitation
variables, and the intrinsic parameters of the two tests are the same. After the RC and RD obtained
from unconfined compressive and direct tensile strength tests, the two parameters can be calculated
according to the conversion Equations (6) and (8) given below. The conversion relations can be derived
from a Mohr circle.

When direct tensile test was carried out, σ1 = Rt and σ3 = 0; when unconfined compression test
was implemented, σ1 = 0 and σ3 = −RC. According to the geometric relationship in Figure 6:

l + σ1/2
l + σ1 + |σ3|/2

=
σ1

|σ3| (4)

Figure 6. Mohr circle diagram for determining the values of C and ϕ through unconfined compressive
and direct tensile strength.

Substituting the above conditions into Equation (4) to obtain:

l =
R2

D
RC − RD

(5)

In the right triangle:

sinϕ =
σ1/2

l + σ1/2
=

RD
2l + RD

=
RC − RD
RC + RD

(6)

C is the intercept between straight line and ordinate. From Equation (6), tanϕ is calculated
as follows:

tanϕ =
RC − RD

2
√

RCRD
=

C
l + RD

(7)

The solution C is obtained below:

C =

√
RCRD

2
(8)
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The results of unconfined compressive and direct tensile strength tests in Tables 5 and 7 are
substituted for Equations (7) and (8) to calculate the cohesive force C and internal friction angle ϕ at
different loading rates, as shown in Table 8.

Table 8. Cohesive force and internal friction angles at different loading velocities.

Loading Rate
(MPa/s)

Unconfined
Compressive

Strength (MPa)

Direct Tensile
Strength (MPa)

Cohesive Force
(MPa)

Internal Friction
Angle (◦)

5 14.01 2.95 3.214 40.702
10 16.33 3.487 3.773 40.397
20 19.035 4.158 4.448 39.900
30 20.82 4.552 4.868 39.880
40 22.187 4.821 5.171 40.015
50 23.309 5.012 5.404 40.245
60 24.267 5.13 5.579 40.616
70 25.109 5.197 5.712 41.074

The variation of cohesive force and internal friction angle with loading rate is shown in Figure 7.

v  
Figure 7. The variation of cohesive force and internal friction angle with loading rate.

Figure 7 shows that the cohesion increased sharply with the increase of loading rate, and then the
growth rate tended to be gentle. Equation (8) also shows that cohesive force C is half of the geometric
average value of unconfined compressive strength RC and direct tensile strength RD, so the loading
pattern of cohesive force was consistent with that of unconfined compressive strength and direct tensile
strength. The cohesive force of mixtures was mainly provided by the cementation between asphalt and
aggregate. When the loading rate was high, the material exhibited more low-temperature morphology
and the cohesive force was greater. The pattern of variation of internal friction angle with loading rate
was not as clear as for the cohesive force. The pattern of variation decreased first and then increased in
the experiment. The pattern of variation was that the internal friction angle decreased with the loading
rate and tended to be flat in theory. The hypothesis of the theoretical pattern of variation was that the
material and mechanical parameters of unconfined compression and direct tension were the same.
In fact, it was difficult to satisfy the hypothesis under the experimental conditions.
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3.5. Preliminary Explanation of Strength Discrepancy of Various Loading Modes

Asphalt mixture is usually used as the surface material of asphalt pavement, which directly bears
various vehicle loads and environmental factors [64]. It is a kind of composite material, which mainly
consists of asphalt, coarse aggregate, fine aggregate, and filler. These materials of different quality and
quantity are mixed to form different structures, which have different mechanical properties.

The research on the composition and structure of asphalt mixture mainly includes surface theory
and mortar theory. Surface theory holds coarse aggregate, fine aggregate, and filler to form a mineral
skeleton. Asphalts binders with bonding ability are distributed on the surface of mineral skeleton
and cemented into a whole structure. According to the theory of mortar, the mixture is a kind of
dispersed system with a multi-level spatial network cementitious structure. The dispersed system
includes a coarse dispersed system (asphalt mixture), subdivided dispersed system (asphalt mortar),
and differential dispersed system (asphalt mastic).

The size and distribution of mineral aggregates in asphalt mixture, the position of aggregates,
and the ratio of closed voids to connected voids of asphalt mixture are all important parts of its
structure. Their differences will have a great impact on the mechanical properties of asphalt mixture.
The properties of asphalt mixture improved its structure, especially the interaction between aggregate
and cementing material, which made the chemical bond between the two materials and the mixture
become a cohesive structure with high strength. Usually, the spatial structure of asphalt mixture is a
cementitious structure. In this structure, the main factors determining the anti-destruction performance
of asphalt mixture are the cohesive force between aggregates under the action of asphalt mortar,
the embedding effect between aggregates, the internal friction resistance between coarse aggregates
and fine aggregates, etc.

Under the condition of direct tensile test, asphalt mixture specimens are subjected to tensile stress.
The deformation of asphalt mixture makes the aggregate pull apart, and the binder filled between
aggregates plays a good bonding role, which is mainly borne by the cohesive force between asphalt
and aggregate and the cohesive force of asphalt. The direct tensile strength is the smallest compared
with the strength values under the other two test conditions. Under the condition of indirect tensile
test, the asphalt mixture is in a bidirectional stress state. The compressive properties depend on
the embedding effect of the aggregate, and the transverse tensile properties depend on the cohesive
force and internal friction between asphalt mortar and aggregate or asphalt. Under the condition of
unconfined compressive strength test, asphalt mixture specimens are subjected to compressive stress.
Under the action of compressive stress, the aggregate particles are close to each other, and the skeleton
formed by the aggregate particles begins to play a role. The loading is mainly borne by the internal
friction resistance and the embedding force formed by the aggregates, so the compressive strength
is greater than that under the other two tests. In summary, when the material is in different loading
modes, the external factors that determine the anti-destruction performance of materials is inconsistent,
which is the main reason for the differences of the tensile, compressive, and indirect tensile strength
parameters of the material, and the fundamental reason why the compressive strength is greater than
the tensile strength in general.

At the same time, it can be seen from Figure 6 that the growth rates of the strength of direct
tension, indirect tension and unconfined compression with the loading rate were varied. Among the
three loading modes, the growth rate of the unconfined compressive strength was the largest, followed
by the indirect tensile strength, which was related to the stress state and failure mode of the three.

3.6. Unification of the Relation Between Strength and Loading Rate under Different Stress Conditions

From Tables 6 and 7, the relationship between strength and loading rate under various loading
modes can be determined. The average strength values of various loading modes at eight different
loading rates from 5 MPa/s to 70 MPa/s were compared, as shown in Table 9. It should be noted
that the relationship between the loading rate and vehicle speed can be expressed using the equation
v = p/(l/t), where v is the loading rate, t is the vehicle speed, p is the tire–pavement contact pressure,
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and l is the length of the tire ground. In general, the length (l) of the tire ground is 0.1 m, and the
tire-pavement contact pressure (p) is 0.4 MPa. In this study, the loading rates of 5 MPa/s, 10 MPa/s,
20 MPa/s, 30 MPa/s, 40 MPa/s, 50 MPa/s, 60 MPa/s, and 70 MPa/s were adopted in the strength test
of asphalt mixtures. Their corresponding vehicle speeds are 4.5 km/h, 9 km/h, 18 km/h, 27 km/h,
36 km/h, 45 km/h, 54 km/h, and 63 km/h, respectively.

Table 9. Strength values of different loading rates under various loading modes.

Loading Rates v
(MPa/s)

Direct Tensile
Strength RD (MPa)

Indirect Tensile
Strength RT (MPa)

Unconfined Compressive
Strength RC (MPa)

5 2.95 3.258 14.01
10 3.487 3.704 16.33
20 4.158 4.41 19.035
30 4.552 4.837 20.82
40 4.821 5.185 22.187
50 5.012 5.487 23.309
60 5.13 5.658 24.267
70 5.197 5.784 25.109

The relationship between strength and loading rate under various loading modes was compared,
as shown in Figure 8.

RC v

RD v

RT v

R

v 

Figure 8. Comparison of the relationship between strength and loading rate under various
loading modes.

The fitting curve parameters of the relationship between strength and loading rates are
summarized in Table 10.

Table 10. Fitting curve equations of the relation between strength and loading rate under various
loading modes.

Fitting Equation
R = α × vβ

α β R2

Direct Tensile Test 2.15852 0.21307 0.952
Indirect Tensile Test 2.24289 0.22571 0.957

Unconfined Compression Test 9.81584 0.22107 0.992
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It can be seen that the strength–loading rate curves of various loading modes increased with the
increase of loading rate, and the strength decreased with the increase of loading rate. Under the same
loading rate, the direct tensile strength was close to the indirect tensile strength, and the unconfined
compressive strength was far greater than the direct tensile strength and the indirect tensile strength.
The parameters of the strength–loading rate curves under various loading modes were quite different,
which brings a lot of inconvenience to the experimental research. This section will use standardized
methods to unify the relationship between strength and loading rate, as shown in Table 11.

Table 11. Relation between strength ratio and loading rate ratio.

Loading Rate Ratio v/vs
Direct Tensile Strength

Ratio
Indirect Tensile
Strength Ratio

Unconfined Compressive
Strength Ratio

0.071 0.568 0.563 0.558
0.143 0.671 0.640 0.650
0.286 0.800 0.762 0.758
0.429 0.876 0.836 0.829
0.571 0.928 0.896 0.884
0.714 0.964 0.949 0.928
0.857 0.987 0.978 0.966

1 1 1 1

The strength ratio and loading rate ratio of direct tension, unconfined compression, and indirect
tension in Table 10 are fitted in Figure 9.

S/S v/v R

S/
S

v/v

Figure 9. Strength ratio versus loading rate ratio under various loading modes.

The fitting equation was as follows:

S/S0 = 1.01266 (v/v0)0.21969, R2 = 0.988 (9)

where, S is the strength values of various loading modes at different loading rates, MPa; S0 is the
strength values of various loading modes at 70 MPa/s loading rate, MPa; v0 is the set loading rate,
70 MPa/s.

As shown in Figure 6, the relationship between strength and loading rate under various loading
modes can be obtained by using the traditional power function equation, but the parameters of the
equation could not be unified, and the difference was large. As shown in Figure 7, the relationship
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between strength and loading rate of direct tension, unconfined compression, and indirect tension
could be unified by using the equation of strength ratio and loading rate ratio, and the correlation
coefficient was better. By standardizing the curve function of strength ratio and loading rate ratio
under various loading modes, the strength values of various loading modes under other loading rates
could be predicted through the strength values of one stress state, and the strength values of different
loading rates under other stress states could be predicted.

4. Summary and Conclusions

In this study, considering the main objective of this study was to solve the uncertainty of the
strength performance of asphalt mixture under various loading models, only one of the dense gradation
asphalt mixture AC-13C that were composed of SBS modified asphalt was applied in the laboratory
tests. The strength of used asphalt mixture with various loading modes and various loading rates were
investigated. The whole curves of strength with the variation of loading rates under three loading
modes were obtained, and based on these, the strength mechanism with loading rates under three
loading modes was explained preliminarily from the mechanical view. It is noteworthy that the
achieved strength and loading rate of asphalt mixtures were treated using a standardized method.
According to the mentioned research works, the main conclusions of this study are as follows:

1. Loading rate had a significant effect on the strength of the asphalt mixtures. The pattern of
variation of the direct tensile strength, indirect tensile strength, and unconfined compressive strength
vary with loading rate are shown in the equations RD = 2.15852v0.21307, R2 = 0.952; RT = 2.24289v0.22571,
R2 = 0.957; and RC = 9.81584v0.22107, R2 = 0.992, respectively.

2. Under the same laboratory conditions, the strength of the asphalt mixture was affected by the
loading mode. Among the three loading modes, the value of the unconfined compressive strength was
the largest, followed by the indirect tensile strength. The strength difference under different loading
modes was explained by the structural composition of the asphalt mixture.

3. Unified strength models of asphalt mixtures under different loading modes could be depicted as
S/S0 = 1.01266(v/v0)0.21969, R2 = 0.988. The proposed model could be applied to remove the uncertainties
of strength parameters under different loading modes. Through the unified strength model, as long as
the strength value under one loading mode was achieved, the strength values under the other two
modes can be obtained, which greatly improved the efficiency of the laboratory test.

This study’s main aim was to report the methodology to develop a unified strength model based
on one special materials. However, in order to further confirm the reliability and effectiveness of the
proposed model, more types of materials should be applied in later works.
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Abstract: Modulus testing methods under various test conditions have a large influence on modulus
test results, which hinders the accurate evaluation of the stiffness of asphalt mixtures. In order to
decrease the uncertainty in the stiffness characteristics of asphalt mixtures under various stress states,
the traditional unconfined compression test, direct tensile test, and the synchronous test method,
based on the indirect tension and four-point bending tests, were carried out for different loading
frequencies. Results showed that modulus test results were highly sensitive to the shape, size, and
stress state of the specimen. Additionally, existing modulus characteristics did not reduce these
differences. There is a certain correlation between the elastic modulus ratio and the frequency ratio for
asphalt under multiple stress states. The modulus, under multiple stress states, was processed using
min–max normalization. Then, the standardization model for tensile and compressive characteristics
of asphalt under diverse stress states was established based on the sample preparation, modulus
ratio variations, and loading frequency ratio. A method for deriving other moduli from one modulus
was realized. It is difficult to evaluate the stiffness performance in diverse stress states for asphalt by
only using conventional compressive and tensile tests. However, taking into account the effects of
stress states and loading frequencies, standardized models can be used to reduce or even eliminate
these effects. The model realizes the unification of different modulus test results, and provides a
theoretical, methodological, and technical basis for objectively evaluating moduli.

Keywords: road engineering; asphalt mixture; modulus test; synchronous test method; tensile
moduli; compressive moduli; indirect tensile moduli; four-point bending moduli; standardized

1. Introduction

The multiplayer elastic system theory is the basis of asphalt pavement design in various
countries [1]. The modulus is the primary input of pavement design methodology, and is used
to predict and understand the performance of asphalt mixes [2], as it can characterize the ability of
asphalt mix to disperse loads and control traffic levels [3].

The modulus is a critical parameter in asphalt pavement structure design, and directly affects
the accuracy of a structural design. Analysis results can be used to calculate reasonable pavement
thicknesses and evaluate the long-term performance characteristics of the asphalt pavement, such as
fatigue, permanent deformation, and cracking [4–6]. Compared with Marshall-compacted specimens,
the dynamic stability, flexural strength, and water stability of rotary-compacted asphalt mixture
specimens have been greatly improved. Specimens formed by vertical vibration are denser and
stronger than those formed by Marshall compaction. The moduli test methods of pavement materials
are generally divided into four-point bending, direct tensile, indirect tensile, and unconfined
compression [7–9]. The stiffness modulus is measured by the material testing system (MTS). Under
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the stress-control mode, the specimens are loaded, and the real-time data of load and displacement are
collected. The slope of the corresponding stress–strain curve is the stiffness modulus [10,11].

Different design methods have different definitions of asphalt mixture modulus: US AASHTO2002
uses dynamic compression modulus, whereas the Australian Pavement Structure Design Guide and
the Japanese method use an indirect tensile test to determine the resilient modulus of the asphalt
mixture. Due to differences in testing methods, the standard test method for asphalt mixture modulus
in each country is different. For example, ASTM D4123-82 and AASHTO TP31-96 are used to determine
the indirect tensile resilience modulus of asphalt mixtures; AASHTO TP8 and SHRP M-009 are used
to determine the flexural tensile modulus of asphalt mixtures; and ASTM 3496-99, ASTM D3497-79,
AASHTO TP62-03, and NCHRP 9-19⁄9-29⁄Report 513 are used to determine the compression modulus.
European Standards EN 12697-26:2018 determine the modulus of bituminous mixes by the indirect
tensile method. The principles of these standard testing methods are basically the same, but there
are differences in the preparation process, test temperature, frequency, placement of LVDT (linear
Variable Differential Transducers), loading time, failure judgement, and modulus calculation method.
Different test methods give dissimilar stiffness moduli of a given asphalt mixture [12]. Varying moduli
values greatly influence the stress, strain, and displacement results for the pavement layer, which will
seriously affect asphalt pavement design. The parameter which accurately reflects the mechanical
properties of an asphalt mixture is still unknown [13]. The current importance of reasonable modulus
parameters in the structural design and behavior analysis of asphalt pavement is largely undetermined.

The traditional model for the indirect tensile modulus and flexural modulus is based on the
assumption that the tension and compression moduli are similar. The measured modulus cannot
accurately reflect the mechanical properties of a material while the difference between the tension and
compression modulus is not accounted for [13]. Therefore, in several existing modulus testing methods,
it is difficult to determine which parameters reflect the mechanical properties of the material itself.

On the basis of the traditional direct tensile modulus and unconfined compression modulus,
Lv’s derivation of indirect tensile resilience modulus and four-point bending modulus was used in
this contribution [13]. A large number of tests under different loading frequencies were carried out
using a material test system, including the direct tensile modulus, unconfined compression modulus,
indirect tensile test, and four-point bending synchronous test. Based on the standardization idea,
the modulus under different stress states was processed using min–max normalization measures.
Experimental results were standardized and mapped to a 0–1 range. After standardization, the asphalt
mixture modulus was converted to a dimensionless parameter under different stress states, and the
comprehensive analysis was carried out. The standardized model for tension and compression moduli
and the standardization model for the compressive, flexural, tensile, and indirect tensile moduli
were obtained. The moduli under different loading states and different loading frequencies can be
converted to simplify the modulus process. The modulus under different stress states was obtained by
standardized treatment. Compared with the traditional method, the new method reduces the influence
of loading mode, specimen shape, and specimen size on modulus test results, realizes the unification
of different modulus test results, and provides a theoretical, methodological, and technical basis for
objectively evaluating the modulus.

2. Sample Preparation

2.1. Materials

AC-13C (fine-grained asphalt mixtures) consist of limestone aggregates, SBS-modified asphalt
binders, and limestone powders. A large number of direct tensile, indirect tensile, unconfined
compression, and four-point bending tests were separately performed to ensure the significance
of the model. The SBS-modified asphalt performance is illustrated in Table 1. The chemical and
physical properties of aggregates are illustrated in Table 2. The dense skeleton-type gradation of
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aggregates was selected in accordance with the “Specifications for Design of Highway Asphalt
Pavement” (Figure 1) [14]. Marshall tests were used to determine the optimum asphalt ratio (Table 3).

Table 1. The SBS-(I-D) modified asphalt performance.

Technical Indexes Value Specification

Penetration 25 ◦C, 100 g, 5 s (0.1 mm) 55.91 30–60
Ductility 5 cm/min, 5 ◦C (cm) 34.22 ≥20

Softening point TR&B (◦C) 79.39 ≥60

Table 2. Chemical and physical properties of aggregates.

Items Crushing Value Content of Needle-Like Particles Content of SiO2 Apparent Density

Value 10.8 7.8 1.79 2.578
Specification ≤26 ≤20 - -

 

Figure 1. Aggregate gradation.

Table 3. Marshall test results at optimal asphalt content.

Asphalt
Aggregate
Ratio (%)

Bulk Specific
Gravity

(g·cm−3)

Volume of
Air Voids

VV (%)

Voids Filled
with Asphalt

VFA (%)

Voids in
Mineral

Aggregate
VMA (%)

Marshall
Stability

(kN)

Flow Value
(0.1 mm)

5.2 2.54 4.51 67.20 16.11 12.71 27.89

2.2. Specimen Manufacturing

When shaping the specimen, the weighed mineral was preheated in the oven for 4 h so that the
mineral was fully dried, and then stirred in a stirring pot at room temperature for 90 s to ensure the
mixture was stirred evenly. The uniaxial compression test adopts the method of rotating compaction.
The specimens for direct tension and bending tension tests were obtained by cutting a rutting
plate. Rutting plates were obtained by the wheel rolling method. The splitting test was done by
a Marshall compactor.
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Five specimens were constructed for each of the four tests, in accordance with the specifications
and test methods (JTG E20-2011) [15]. Samples with dimensions of 400 mm × 300 mm × 80 mm were
constructed for the vibrating compaction experiment. Beam specimens were divided from rutting
plates to a size of 250 mm × 50 mm × 50 mm for direct tensile and the four-point-bending tests
(Figure 2a,c). Cylinder specimens were drilled from rotating compaction samples to a dimension of
Φ100 mm × 80 mm for the unconfined compressive test (Figure 2b). Indirect tensile specimens were
prefabricated from a Marshall specimen to a dimension of Φ100 mm × 60 mm (Figure 2d).

Figure 2. Samples for various tests for the: (a) four-point bending moduli test, (b) indirect tensile
moduli test, (c) direct tensile moduli test, (d) unconfined compressive moduli test.

3. Moduli Tests

3.1. Experiment Conditions and Procedures

In order to ensure that the specimen is in the linear elastic stage, different loading frequencies
corresponding to different load cycles should be used. If too few cycles are used, the rebound
deformation will not be visible [16]. If too many cycles are used, the material will permanently deform
and make the rebound deformation test results larger. Choosing the appropriate number of load
cycles can meet the requirements of the rebound deformation test, and can also maximize the use
of the specimen for the dynamic modulus test at different frequencies, which can effectively reduce
the impact of test piece differences on the test results. The deformation ability of asphalt mixture
is related to the load action time. Under one kind of test temperature condition, a higher loading
frequency corresponds to a shorter load-action time. The deformation ability of an asphalt mixture
cannot be brought into full play at high frequencies because the overall stiffness of the mixture is
larger, and the deformation in each load cycle, as well as the cumulative deformation, are smaller.
Low-frequency deformation has the opposite effect on asphalt specimens. Therefore, high-frequency
tests are performed before low-frequency tests. For the purpose of mutual comparison, the moduli
achieved by various methods, the same progression of experimental frequencies, and the number of
loading cycles were used for all specimens (Table 4). The design of bitumen road surface structure in
China sustains 100 kN as a standard axle load [14], and the corresponding tire compressive stress is
0.7 MPa. The dynamic modulus is designed for pavement structure design, so the test stress amplitude
was set to 0.7 MPa. The use of a single loading frequency neglects the viscoelastic (i.e., time or
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frequency dependency) nature of the asphalt mix, inherited from the asphalt binder [17], so the loading
frequencies were 0.1, 1, 10, 20, and 50 Hz. The test temperature for the dynamic modulus was 15 ◦C,
and the stress ratio of the dynamic modulus test was 0.1. Each test was run five separate times to
ensure accuracy.

The modulus tests were carried out by the material testing system (MTS), and strain measurement
was gauged using strain gauges, LVDT, and a strain data collection system. The temperature of the
test was controlled using an environmental chamber. Photographs of each modulus test are shown in
Figure 3. The material test system (MTS) was used to carry out the unconfined compression test and
the direct tensile dynamic modulus test. Based on the flexural modulus test [15], two strain gauges
were attached to the upper and lower surface centers of the specimens to measure the tensile and
compressive strains, respectively. The mid-span deflection of the test piece was gauged by LDVT.
The indirect tensile test drew from the foundations of the classical Brazilian indirect tensile test. Strain
gauges with horizontal radial and vertical diameters were separately bonded at the front and rear
center of the specimen.

Figure 3. Photographs of the test equipment: (a) four-point bending test, (b) indirect tensile test,
(c) unconfined compressive test, (d) direct tensile test.

Table 4. Loading cycles at different loading frequencies.

Loading Frequency (Hz) 0.1 1 10 20 50

Cycles 20 50 150 200 300

3.2. Calculation Formula

(1) Compressive and tensile resilient moduli from four-point bending test
According to the strength test for asphalt mixtures (JTG E20-2011) [15] under a four-point bending

load, Pb is 1.523 kN. Two strains gauges were attached to the upper and lower surface centers of
the specimens to measure the tensile and compressive strains, respectively (Figure 3). The mid-span
deflection of the test piece was gauged by LDVT.
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The formulae of tensile and compressive moduli using the four-point bending method are as
follows [17]:

Ec =
σcmax

εcmax
=

3M
bh2hεc

=
PL(εt + εc)

2bεc2h2 , (1)

Et =
σtmax

εtmax
=

3M
bh2hεt

=
PL(εt + εc)

2bεt2h2 . (2)

In the formulae, σc, σt represent the values of compressive stress and tensile stress, respectively;
εc, εt represent the compressive strain at the upper surface center and the tensile strain at the lower
surface center, respectively; and Ec, Et represent compressive modulus and tensile modulus of
specimens, respectively.

The formula for calculating the flexural modulus is provided in the specifications and test methods
(JTG E20-2011) [15]:

Ef =
23PL3

108bh3w
, (3)

where Ef denotes the value of bending modulus, and w is the deflection.
(2) Compressive and tensile resilient modulus from the indirect tensile test
The formulae for the indirect tensile and compressive moduli test are as follows [10]:

⎧⎨
⎩

Ex = 4P
πL × a×b+c×d×μ2

b×Δu−μ×d×Δv

Ey = 4P
πL × a×b+c×d×μ2

μ×c×Δu+a×Δv

(4)

where a, b, c, and d are calculated using

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a = Dl
D2+l2 − arctan l

D + l
2D

b = l
2D − ln D−l

D+l

c = l
2D

d = Dl
D2+l2 + arctan l

D − l
2D

Δu = εhl

Δv = εvl

(5)

Ex is the horizontal tensile resilient modulus; Ey is the vertical compressive resilient modulus;
P is the indirect tensile load; D indicates the diameter of the sample; L indicates the thickness of the
sample; l indicates the strain gauge effective length; εh is the average tensile resilient strain measured
by horizontal radial strain gauge; εv is the average compressive resilient strain measured by the vertical
radial strain gauge; and a, b, c, and d are all intermediate calculation variables.

4. Test Results and Analysis

Asphalt is a representative viscoelastic material that has different mechanical performances under
diverse temperatures, loading frequencies, and stress states [18]. In order to accurately analyze the
difference in asphalt tensile and compressive resilient modulus under different loading frequencies,
modulus tests were carried out at different loading frequencies.

4.1. Contrastive Analysis of Modulus Test Results

The average value of the moduli from the last five cycles was defined as the dynamic resilient
modulus of the asphalt. Dynamic moduli obtained by specified test methods are plotted in Figure 4.
The comparison of six kinds of dynamic loading state under different frequencies is shown in Figure 5.
The fitting curve of different dynamic resilient moduli under different loading frequencies is shown in
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Figure 6. Fitting parameters of different dynamic resilient moduli under different loading frequencies
is shown in Table 5.

The dynamic resilient modulus from the four test methods increased with loading frequency.
As the loading frequency increased, the increase rate of each modulus slowed down. The modulus
value rose with the increase of frequency under different stress states. The following phenomena were
found under the same frequency: unconfined compressive modulus > indirect tensile modulus > direct
tensile modulus > four-point bending flexural modulus (Figure 4).

The dynamic tension and compression-resilient modulus from the indirect tensile test and
four-point bending test increased with increasing loading frequency, and the fastest increase was
within 0.1–1 Hz.

Figure 4. Dynamic moduli obtained by specified test methods.

Figure 5. Comparison of six kinds of dynamic loading state.
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Figure 6. Fitting curve of different dynamic resilient moduli under different loading frequencies.

Table 5. Fitting parameters of different dynamic resilient moduli under different loading frequencies.

Dynamic Modulus a b Correlation Coefficient

Direct tensile 2062.2475 0.2811 0.85
Unconfined compressive 2745.2190 0.2711 0.84

Flexural tensile 1529.8759 0.3122 0.80
Indirect tensile 2287.3226 0.2787 0.85

Compression resilient modulus divided by tension resilient modulus from the four-point bending
test was similar under the five various loading frequencies, and the average value was approximately
1.20. Compression resilient modulus divided by tension resilient modulus from the indirect tensile test
was similar for all loading frequencies, and the average value was approximately 1.18. Compression
resilient modulus divided by tension resilient modulus from the direct tension experiment and
unconfined compression experiment were similar for all different loading frequencies, and the
average value was approximately 1.28. The compression resilient modulus and tension resilient
modulus showed a similar relationship. The tension and compression moduli of the asphalt were
notably differentiated.

The dynamic compression resilient modulus from the four-point bending test and the indirect
tensile experiment was similar to the dynamic compression resilient modulus from the unconfined
compression test (Figure 5). The dynamic tension resilient modulus from the four-point bending test
and the indirect tensile experiment was similar to the dynamic tension resilient modulus from the
direct test. Modulus experimental results had high susceptibility to sample form, size, and forced state.
Notably, the modulus revealed variability and discreteness under various forced states. Nevertheless,
even at identical forced state and loading frequency, the modulus of specimens can be relatively
discrete. Asphalt modulus increased exponentially with loading frequency under various stress states
(Figure 6). The stress state affected parameters a,b in the modulus equation, and the size of coefficients
a and b varied widely. Coefficient a represents the declivity of the fatigue curve, and the parameter
ambition represents the sequence of unconfined compressive > indirect tensile > direct tensile > flexural
tensile. The power function modulus equations of modulus varied greatly inside diverse stress states.

There was a modulus deviation in the different test results. It could be attributed to the difference
in the stress states under different test conditions. A large number of studies have shown that the
modulus of asphalt is different when using different testing methods that have diverse stress conditions.
It is easy to see that the compression and tension resilient moduli obtained from the four tests were
similar. To reduce or even eliminate the effect of different forced status, loading frequency, specimen
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form, and specimen size, it is necessary to establish a standardized model for the stiffness characteristics
of asphalt inside diverse stress states, on account of modulus and loading frequency variation.

4.2. Standardization Analysis

Data standardization includes two aspects: similar trends of data processing and dimensionless
processing. Making the trend of data processing the same mainly solves the problem of different data
properties, as the dimensionless processing of data makes data comparable.

Standardization analysis involves mapping the data to a range from 0 to 1 to remove the unit
limit of the data and convert it into a dimensionless pure value for comparison with the indicators of
diverse units and magnitudes. The data standardization process does not change the physical meaning
of the data, but makes it comparable under the same scale. After standardization, the modulus of each
asphalt mixture for each different loading state was converted into dimensionless parameter values
that could be comprehensively analyzed.

Data pre-processing is an effective method to solve the problems related to the original data,
which paves the way for further processing of the original data [19]. Standardization is one of the
familiar data pre-processing methods for establishing classification and regression models for most
researchers [20,21]. In min–max normalization, features are normalized in the range [0, 1] using the
following equation:

v′ = v − minA
maxA − minA

(6)

minA represents the minimum values of feature A. maxA represents the maximum values of feature A.
The original value of data A is expressed in v. The normalized processing value of data A is expressed
as v′. The maximum eigenvalue and minimum eigenvalue are mapped to 1 and 0, respectively.
A standardization model for the tensile and compressive characteristics of asphalt inside diverse
stress states and a standardization model for the compressive, tensile, indirect tensile, and flexural
characteristics of asphalt under diverse stress states was established based on the variation of modulus
and loading frequency. The loading frequency corresponding to the 60 km/h speed of the vehicle
was about 10 Hz, so 0.1 and 50 Hz were chosen as the limiting conditions in the test, considering
the actual state of vehicle speed. The standardization of tensile ratio and compressive ratio for the
dynamic loading state under different frequencies are shown in Figures 7 and 8. The standardization
of modulus ratio versus frequency ratio achieved by the specified test methods is shown in Figure 9.

Figure 7. Standardized variation patterns for compression modulus ratio with frequency ratio.
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Figure 8. Standardization variation patterns for tension modulus ratio with frequency ratio.

Figure 9. Standardization variation patterns for modulus ratio with frequency ratio.

Table 6. Fitting results of dynamic resilient moduli ratio by standardization under different loading
frequencies ratio.

Modulus Ratio a b Correlation Coefficient

Compressive dynamic modulus 0.9905 0.2888 0.93
Tensile dynamic modulus 1.0076 0.2717 0.95

Dynamic modulus 0.9947 0.2599 0.91

The fitting results obtained from Figures 7–9 inside diverse stress states showed a strong
linear correlation in the modulus and frequency ratios, and the fitting correlation coefficient was
extremely high. Comparisons with conventional dynamic modulus test results and modulus ratio also
continuously increased with frequency ratio [6]. The difference in fitting results under diverse stress
states, on account of the new approach of stiffness analysis, was extremely lessened, and it was difficult
to indicate the difference in stiffness experiment results from one stress state to another. Any of the
four moduli can be directly substituted into the standardization model for the flexural, compressive,
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tensile, and indirect tensile characteristics of asphalt mixture under diverse stress states to obtain the
modulus at other frequencies.

On account of the new method of stiffness analysis, in the standardized modulus equation,
the discreteness in modulus equation coefficients inside diverse stress states was greatly reduced.
The values of coefficients a and b were very close to each other (Table 6), and the values of coefficient
varied with the experimental conditions and stress status [21,22].

Consequences achieved from the standardization analysis modulus test revealed that modulus
ratio and frequency ratio in diverse stress states were synchronously fit by the same frame of reference.
Consequently, for modulus features, the standardization analysis approach is solves the conundrum
that commonly plagues conventional modulus test results, and is a probable option for accurately
and consistently characterizing the modulus features of asphalt inside diverse stress conditions.
The united form of the standardized stiffness equations for various frequencies was obtained. The goal
of standardizing modulus characteristics inside diverse stress states was accomplished, and provided
a theoretical model and technical foundation for the scientific transformation of material modulus to
structural modulus [23].

There is a hypothetical relationship, as follows:

E
E0

= a(
f
f0
)b, (7)

where E is the dynamic modulus from the test; f is the loading frequencies; and a and b are fitting
parameters. The fitting process on the logarithmic frequency scale is shown in Figures 7–9.

5. Conclusions

The aim of this paper was to develop a standardized characterization method for different moduli
by using synchronous testing methods to obtain the tension and compression moduli of asphalt at
different loading frequencies. Based on the closed-form solutions and laboratory measurements,
the following conclusions can be drawn:

(1) The standardized model can be described as E
E0
= a( f

f0
)b.

(2) The use of a standardized equation of modulus characteristics of asphalt materials under
diverse stress states reduces the influence of stress status, loading frequency, sample shape,
and specimen size.

(3) The standardized model takes into account the traditional tension and compression
tests, indirect tension tests, and four-point bending tests in both tension and compression states.
The standardized model can truly reflect the deformation resistance of asphalt pavement and eliminate
the difference between tension and compression.

(4) The standardized model obtained in this paper can avoid repeated modular tests under
different stress states. When the single modulus of a given frequency is substituted into the model,
the modulus of any other frequency can be obtained, thus saving resources and improving the efficiency
of parameter acquisition.

The preceding conclusions are limited to only one temperature. However, the resilience modulus
of asphalt is significantly affected by temperature. To expand the application of this method to asphalt
pavement structure design, corresponding tests for different temperatures should be performed.
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Abstract: Asphalt concrete has been widely used in road engineering as a surface material.
Meanwhile, ultrasonic testing technology has also been developed rapidly. Aiming to evaluate
the feasibility of the ultrasonic wave method, the present work reports a laboratory investigation
on damage detection of asphalt concrete using piezo-ultrasonic wave technology. The gradation of
AC-13 was selected and prepared based on the Marshall’s design. The ultrasonic wave velocities of
samples were tested with different environmental conditions firstly. After that, the samples were
destroyed into two types, one was drilled and the other was grooved. And the ultrasonic wave
velocities of pretreated samples were tested again. Furthermore, the relationship between velocity
and damaged process was evaluated based on three point bending test. The test results indicated that
piezoelectric ultrasonic wave is a promising technology for damage detection of asphalt concrete with
considerable benefits. The ultrasonic velocity decreases with the voidage increases. In a saturated
water environment, the measured velocity of ultrasonic wave increased. In a dry environment (50 ◦C),
the velocity the ultrasonic waves increased too. After two freeze-thaw cycles, the voidage increased
and the ultrasonic velocity decreased gradually. After factitious damage, the wave must travel
through or most likely around the damage, the ultrasonic velocity decreased. During the process of
three point bending test, the ultrasonic velocity increased firstly and then decreased slowly until it
entered into a steady phase. At last the velocity of ultrasonic wave decreased rapidly. In addition, the
errors of the results under different test conditions need to be further studied.

Keywords: asphalt concrete; damage detection; ultrasonic wave; velocity

1. Introduction

Asphalt concrete is a widely used material for roads and pavements owing to its advantages like
seamlessness, easiness of repair, high driving comfortability and lower noise. In addition to exposure
to harsh environmental elements during service, traffic loads, sunlight, rain and air result in premature
failure of pavement by rutting, raveling and cracking. Hence, the inevitable aging of transportation
infrastructure create significant security and economic risks. This raises a new concept, preventative
maintenance [1–4]. It is an important way for extending the service life of pavement in a cost effective
manner. It change the passiveness to positive at the appropriate time.

For pavement maintenance, how to identify the damage and fatigue of pavement and make a
cost-effective decision is a difficult task for engineers, especially appropriate time and frequency of
maintenance. In the traditional process of evaluating and inspecting, the core samples are always
drilled and taken to the laboratory to obtain the corresponding performance through standard test, so
that the identify process is complicated and the test period is too long [5–8]. Furthermore, traditional
maintenance is a passive way to repair the pavement when the pavement structure damage. It is
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very important to find a way to identify the maintenance time accurately and quickly. Therefore,
some new non-destructive testing (NDT) techniques are applied in pavement assessment, such as
ground-penetrating radar (GPR), spectral analysis of surface wave (SASW) and ultrasonic testing
technology (UT) [9–13].

GPR is an electromagnetic wave method for detecting the internal structure of pavement by
using high frequency pulse electromagnetic field, which can provide high resolution 2D and 3D
under pavement images [14,15]. SASW has been widely used as a non-destructive testing method for
underground exploration and geological experiment. The dispersion characteristics of the propagating
surface wave in the pavement are measured by the phase difference between the two sensing channels.
The dispersion curve is obtained by data transmission. The shape of the pavement and the shear
velocity are estimated by the inversion program [16,17]. However, these two methods need to be
tested in the field and analyzed in laboratory. Hence, how to realize the complete, fast and automatic
recognition of the pavement damage in the field and how to guarantee the high accuracy rate, are the
research topic that the relevant scholars need to solve urgently at present.

Ultrasonic testing technology is one of the most widely used nondestructive testing methods.
The principle of ultrasonic testing technology is to excite elastic waves in engineering structures or
materials through ultrasonic transducers. The elastic waves propagate in materials or structures with
various waveforms and another transducer receives them. The characteristic parameters of elastic
wave are directly related to the properties of materials or structure such as time, wave velocity, wave
amplitude and wave shape.

The application of ultrasonic testing technology is in the rock and cement concrete materials [18,19]
but the application in asphalt mixture is not as many [20–25]. The research is still in the exploratory
stage, such as the relationship between ultrasonic velocity and airvoid, elastic modulus, fatigue life
and so on. Research still needs to supplement more data to improve the research system, so as to
achieve qualitative to quantitative transformation.

In this study, the gradation of AC-13 was selected and prepared based on the Marshall’s design.
The samples included Marshall specimens and beams. The ultrasonic wave velocities of samples were
tested with different environmental conditions firstly like wet, dry and freeze-thaw. After that, the
samples were destroyed into two types, one was drilled and the other was grooved. The ultrasonic
wave velocities of pretreated samples were tested again. Furthermore, the relationship between
velocity and damaged process was evaluated based on three point bending test.

2. Materials and Methods

2.1. Materials

Bitumen, AH-90 paving grade, was obtained from Liaohe Oilfield of Panjin City, China. The
physical properties of the bitumen are given in Table 1.

Table 1. Properties of bitumen.

Property Unit Results Technical Requirements Test [26]

Penetration dmm 88.2 80–100 T0604
Ductility cm 127 ≥100 T0605

Softening point ◦C 49.1 ≥45 T0606
Density g/cm3 1.03 – T0603

2.2. Preparation of Asphalt Concrete

Gradation of AC-13 was selected and 24 samples were prepared for optimal binder percentage
according to Marshall’s design. The specimens were cylinders with a diameter of 101.6 mm and a
height of 63.5 mm. The passing rate of AC-13 gradation for each sieve is given in Table 2. Depending
on the results optimal binder percentage was 4.9%.
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Table 2. Aggregate gradation for AC 13.

Sieve Size (mm) 16 13 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing (%) 100 94.8 77.1 48.6 30.3 22.8 16.2 11.4 7.6 6.1

2.3. Experimental Methods

• Piezo-ultrasonic velocity test
The ultrasonic velocity test was carried out on TICO tester (Tectus Group, Zurich, Swiss). The

testing voltage of ultrasonic wave was 250 V, the testing temperature was 15 ◦C and the frequency
of ultrasonic wave was 30 kHz. Five test areas were selected for each specimen surface and the test
results were averaged. In order to avoid the discreteness of collected data, a minimum of ten repeated
measurements under the same experimental conditions (statistical sample size) would be necessary.
Furthermore, five samples were prepared for each test.

• Computed Tomography

The scan images of asphalt concrete for voidage calculation were analyzed by an X-ray 3D
microscope (nanoVoxel-2700, Sanying Precision Instruments Co. Ltd., Tianjin, China).

• Factitious damage

There were two types of factitious damage as shown in Figure 1. One is that a cylindrical
through-hole of 5 mm diameter was drilled in the Marshall specimen.

 

Figure 1. The factitious damage of specimens.

The other is that some grooves with different width were carved on the surface of asphalt beam
but the depth of grooves was same, 15 mm. So there are five types of asphalt beam with different
grooves as following: groove of 2 mm (G-2 mm), groove of 4 mm (G-4 mm), two grooves of 2 mm
(DG-2 mm), vertical groove of 2 mm (VG-2 mm) and half double groove of 2mm (HG-2 mm).

• Drying and water-saturated test

The drying test is that all the samples were placed in an oven at 50 ◦C for 24 h. The water-saturated
test is that all the samples were immersed in water for 24 h. The ultrasonic velocity of samples were
measured directly after the environmental pretreatment.

• Freeze-thaw cycle

There were two cycles. All the samples were full immersed in water for half an hour first and
then kept vacuum saturation state for 15 min. After pretreatment, the samples were frozen in the
refrigerator at −18 ◦C for 16 h and then took them out and placed in a bath box at 60 ◦C for melting
6 h [26].
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• Three point bending test

The three point bending test was carried out on a material testing machine (WDW-T200, Tianchen,
Jinan, China). The distance between the two fulcrums was 200 mm and the loading point was located
at the center of the specimen in length direction. The test was carried out at a dead loading rate of
0.2 kN/s. At the same time, the ultrasonic wave detector was applied to monitor the travel velocity in
the specimen in real time until the specimen was damaged.

• Healing

After heating, the bitumen was coated on the cross section of the asphalt beam and then the two
cross section were quickly bonded together. At last the healed asphalt beams were placed in an oven
at 50 ◦C for one hour.

3. Results and Discussion

3.1. Ultrasonic Test

As a key factor, air voids has been paid much attention due to it is closely related to the road
performance. The pavement with larger voidage has better structure depth, anti-skid performance
and friction coefficient but the performance of anti-seepage, anti-freezing and anti-moisture is poor.
Therefore, to establish the relationship between voidage and piezoelectric ultrasonic velocity is the
first prerequisite for using piezoelectric ultrasonic technology. Based on the same gradation, different
compaction temperature is used to control the voidage of asphalt concrete. The relationship between
voidage and ultrasonic velocity are shown in Figure 2.

Figure 2. Relationship between ultrasonic wave velocity and voidage of the Marshall samples.

In Figure 2, the data points and trend line show the relationship between the ultrasonic wave
velocity and the voidage of the Marshall samples. It is well known that the lower the compaction
temperature, the higher the voidage. The voidage was 3.78%, 4.62%, 5.44% and 5.98%, respectively.
Furthermore, the ultrasonic velocity decreased with the voidage increased. Obviously, there are a lot
of voids in the asphalt mixture and the wave travels much faster in the air than in the aggregate, the
higher the porosity, the smaller the velocity. In addition, the dispersion of the longitudinal wave was
larger due to the high voidage, resulting in long travel time of ultrasonic wave and low wave velocity.

Usually the voidage of AC-13 asphalt concrete is controlled at 4–6%. In the following tests, the
voidage of all Marshall specimens were controlled at 4.5% by compaction temperature. The ultrasonic
velocities of Marshall specimens with different environmental conditions show in Figure 3.
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Figure 3. Ultrasonic velocity of Marshall specimens with different environmental conditions.

In a saturated water environment, the average velocity of specimens was 2442 m/s. The reason
is that the water in the pores increases and the pores are basically filled with water. In addition, the
velocity of ultrasonic wave propagation in water was much faster than that in air. The increase of
water caused the measured wave velocity to become bigger.

In a dry environment (50 ◦C), the average velocity of specimens was 2321 m/s. This data was
higher than that of the control group and lower than that of the saturated environment. For bitumen,
the higher the temperature is, the more obvious the viscoelasticity is. In addition, the dry temperature
is higher than the softening point of bitumen. The ultrasonic waves face a greater viscous resistance
and the interference and resistance to the propagation of ultrasonic waves are bigger.

Furthermore, the velocity decreased in turn after two freeze-thaw cycles. Bitumen shows
viscoelasticity at high temperature and elasticity at low temperature and occurrence of aging in
the repeated process of high temperature and low temperature. In addition, the voids of asphalt
concrete is occupied by water in the saturation environment. When water freezes, it becomes larger in
volume instead of smaller and there is not enough void volume to accommodate the increased volume,
so the expansion stress is generated in the void, so that the voidage increased and the ultrasonic
velocity decreased gradually and the asphalt mixture was damaged at last.

3.2. Damage Detection

All the tests were repeated after the Marshall specimens had been drilled. The ultrasonic data
collection included five receiver positions (P1 to P5) for one generator position (P0). Obviously, the
distance at which the ultrasound wave travels was different and symmetrical, except P3, due to the
damage. The test results show in Figure 4.

Figure 4 shows typical traces for an ultrasonic velocity at different receiver positions. For different
environment, the collected ultrasonic data at each receiver position were similar to the data before
the samples were damaged. The velocity increases under saturated and dry conditions and decreases
after freeze-thaw cycles. In addition, with the increase of the wave travel length, the velocity of the
ultrasonic wave in the dry environment increases rapidly, the maximum data is 4027 m/s.

For different receiver, the wave moved from generator P0 to receiver P4, P2 and P1, the velocity
increased (the travel lengths also increase). At receiver P1, the velocity of all samples further increased.
On the symmetrical side with the damage, similarly the plot of the average measured velocities showed
a dip in the measured velocity caused by the presence of damage. Note that as the velocity of receiver
P3 was slower than that of P2 and the trends of average velocity were expected. This is clearly because
the wave must travel through or most likely around the damage.
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Figure 4. Ultrasonic velocity with different environmental conditions after factitious damage.

But the contact between side surface of the cylinder specimen and the sensor probe is not a
complete contact but a linear contact. It can result in minor inaccuracies. To further study the influence
of cracks on the velocity of ultrasonic waves, four types of grooves are carved on the different asphalt
beam specimens. Figure 5 shows the test results of velocity with simulated cracks.

Figure 5. The velocity of ultrasonic waves with five types of grooves.

In Figure 5, for cracks width, ultrasonic velocity slightly decreased when 1mm grooves appear
on the surface of asphalt concrete beam specimens. But when the crack width increases to 2 mm,
the ultrasonic velocity decrease more. Note that the effect of fine cracks on ultrasonic velocity is slight
and the ultrasonic velocity decreased with the increased of crack width.

Furthermore, with the presence of two grooves, the ultrasonic velocity decreased obviously and
the deviation of the test results was 90.74 m/s, which was very large. When an ultrasonic wave passed
through a crack, only part energy was transmitted and the air inside the crack attenuated the ultrasonic
wave. When the ultrasonic wave passed through the next crack, the velocity decreased even more.
In addition, the anisotropic property of asphalt concrete makes the instability of the results. Because
even if the grooves were in the same position, the aggregate and bitumen content of different bitumen
concrete beams were also different at the grooves.

Moreover, the two grooves have been halved. The test produced the velocity of ultrasonic wave
ranging from one groove to two grooves. But the deviation of results was 93.21 m/s, which was very
large, too. It revealed that there are significant positive correlations among simulated crack length,
simulated crack position and ultrasonic velocity.

At last, asphalt pavement damage has not only transverse crack but also longitudinal crack. One
groove was carve on the surface of asphalt beam as simulated vertical crack. The result shows the
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ultrasonic velocity decreased slightly. Hence, when the travel direction of ultrasonic wave was parallel
to the crack direction, the change of ultrasonic velocity was slight.

3.3. Three Point Bending Test

Three-point bending test is one of the methods to evaluate the fatigue and damage of asphalt
concrete. The velocity of ultrasonic wave was measured when asphalt beam specimens were applied a
load until failure. Figure 6 shows the change trend of ultrasonic velocity during the whole process
of damage. In Figure 6, according to the slope of curve, the damage process of asphalt beam can
essentially be broken down into four phases: loading, crack growth, balance and damage.

Figure 6. The change trend of ultrasonic velocity during the whole process of damage.

In the stage 1, the ultrasonic velocity increased firstly. In the first 50 s, the ultrasonic velocity
increased slightly, because the flexural-tensile stress was applied to the asphalt beam, the travel
lengths of ultrasonic wave increased. In addition, asphalt mixture is a typical heterogeneous material.
Although the interface conditions between aggregate and bitumen is good, the mechanical properties
of these two materials are different, so the deformation of asphalt mixture is very complex. Moreover
the voids in the asphalt mixture occurred about 4.5% of the volume and these voids were crowded
during the loading process.

In the stage 2, with the time increase (50 s to 100 s), the velocity of ultrasonic wave decreased
slowly due to presence of some micro-cracks in the asphalt concrete beam. The growth rate of
micro-cracks was higher than the compacted rate of the voids in asphalt concrete beam.

In the stage 3, after 100 s, the velocity of the ultrasound wave barely changed and it had entered
into a steady phase. This is clearly because the displacement of the aggregate and bitumen is caused
by the deformation of asphalt beam at the same time. And the growth rate of micro-cracks was close
to the compacted rate of the voids.

In the stage 4, the velocity of ultrasonic wave decreased rapidly after 170 s. The micro-crack
width increased visibly and cracks appeared on both sides of the larger aggregate at the lower edge
of the asphalt beam. The crack grew to the critical state of penetrating and then the asphalt beam
was damaged.

In addition, the velocity of ultrasonic wave in the width travel direction of the asphalt beam was
measured before and after the three-point bending test. Moreover, the damaged asphalt beam was
coated with new bitumen and heated up for healing. All the results were showed in Figure 6.

In Figure 7, with the increase of received length, the velocity of ultrasonic wave decreased one by
one in any case. In addition, the damaged asphalt beam cannot receive ultrasonic wave at the receiving
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point P4 but the ultrasonic wave can be detected again after healing. It indicates that ultrasonic testing
technology can be used to detect the cracking state of asphalt concrete effectively.

Figure 7. The velocity of ultrasonic wave in the width travel direction of the asphalt beam.

3.4. Impact Analysis

Asphalt mixture is a typical heterogeneous material, so different measured positions, different
results. In order to analyze the errors, the Marshall specimens were cut into a cube with a length of
5 cm on the side. This size is close to the size of the piezoelectric ultrasonic probe. The CT scan images
are shown in Figure 8. Through the calculation of image processing software (nanoVoxel-2700 system),
the voidage of three specimens is 4.08% (A), 4.32% (B) and 4.56% (C), respectively.

 

Figure 8. The CT images of cube samples with different voidage: (A) 4.08%, (B) 4.32%, (C) 4.56%.

The ultrasonic velocity of three specimens was 2275 m/s, 2221 m/s and 2189 m/s, respectively.
The relationship between velocity and voidage remains unchanged but the value was lower than that
of the Marshall specimen. Hence, voidage, temperature sensitivity, viscoelasticity, travel length
of ultrasonic wave in asphalt concrete and the size of specimens are main factors affecting the
ultrasonic velocity.

Compared with other studies, the ultrasonic velocity is lower than 3000 m/s in ambient [21–25].
Based on the impact analysis, it reveals that the ultrasonic velocity is the result of the combined effect
of temperature, environment condition and service time. Furthermore, it is still contingency because
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of the reflection, attenuation, resonance and changes of velocity that occurred in an object when the
propagation of ultrasonic wave. Hence the research requires a variety of supplementary data. The
results of this paper are a useful supplement.

4. Conclusions

This study has indicated that piezoelectric ultrasonic wave is a promising technology for damage
detection of asphalt concrete with considerable benefits. The test results demonstrated that the
ultrasonic velocity decreased with the voidage increases. Furthermore, the increase of humidity and
temperature lead to an increase of ultrasonic velocity. Oppositely, after two freeze-thaw cycles, the
voidage increased and the ultrasonic velocity decreased gradually.

For factitious cylinder damage, the velocity of ultrasonic wave decreased at damaged position.
For factitious groove damage, ultrasonic velocity decreased slightly with the increased of crack width
but decreased obviously with the increased of crack quantity. In addition, the change of ultrasonic
velocity was slight when the travel direction of ultrasonic wave was parallel to the crack direction.

For the relationship between ultrasonic velocity and the damaged process of asphalt beam, the
damaged process can essentially be broken down into four phases: loading, crack growth, balance and
damage. Correspondingly, the ultrasonic velocity increased firstly and then decreased slowly until it
entered into a steady phase. At last the velocity of ultrasonic wave decreased rapidly.

In addition, voidage, temperature sensitivity, viscoelasticity, travel length of ultrasonic wave in
asphalt concrete and the size of specimens are main factors. The errors of the results under different
test conditions need to be further studied.
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Abstract: Clay ball is a pavement surface defect which refers to a clump in which clay or dirt is mixed
with hot asphalt mixture. Clay ball is typically caused by a combination of aggregate contamination of
clay or soil, high aggregate moisture, and low production temperature at the asphalt plant. It usually
appears a few weeks or months after paving under traffic load, after being liquefied and knocked
from the pavement surface. Clay balls can be the source of potholing, raveling, and other issues such
as moisture infiltration and reduced ride quality. This paper presents an investigation of the clay
balls on US-31 one winter after construction in Hamilton County, Indiana. In order to understand
the pavement condition, their severity was measured using both visual observation and infrared
image collection system. In addition, a clay ball amount, its distribution pattern, and cores condition
were evaluated. A precipitation effect on clay ball formation was investigated for finding a cause
of the clay balls. The investigation found that infrared image collection system was appropriate in
detecting the clay balls. The clay balls were elliptic in shape with 2.5 cm to 10 cm in diameter, and the
maximum clay ball depth was almost penetrating the entire surface course. It was also found that the
asphalt paving on the raining days or right after raining could increase the potential of clay balls.
Monitoring of aggregate moisture during construction on or after raining days should be able to
reduce the risk of clay balls.

Keywords: clay ball; asphalt pavement; pattern and density; infrared image collection system;
field core

1. Introduction

Clay ball, also called dust ball or dust cake, is a pavement surface defect in both asphalt pavement
and Portland Cement Concrete pavement. It refers to a clump in which clay or dirt is mixed with
hot asphalt mixture. Clay ball may be well coated by asphalt during mixing and compaction process,
while no asphalt coats on the exposed surface are found when the ball is partially sliced [1]. A clay ball
is small in size and can either appear near pavement surface or inches below pavement surface [2].
A clay ball usually appears a few weeks or months after paving, but some may not appear until a full
winter season of freeze-thaw cycles has occurred [3,4].

A clay ball could initiate from aggregate contamination of clay or soil before arriving on the plant
site or aggregate pollution from the soil below stockpile. The clay or dirt mixes into the hot asphalt
mixture with the coarse or fine aggregates at a drum and creates clumps. A clay ball could also initiate
from a combination of moisture in the aggregate and lower temperatures during mixing, then fines can
“cake” on the mixing paddles in the drum. In this case, lower temperatures may not be adequate to
cook out the moisture in the aggregate. The fines collect with the moisture and stick to these paddles.
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These clumps will be placed and compacted in the field road section together with uniform hot mix
asphalt. At first, clay balls may or may not be evident. Over time, voids may be generated by fine
particles absorbing water and expanding when frozen to cause a void at the surface (or very near the
surface), or if traffic loadings break or crack the thin mortar-skin above the clump to expose the clay
ball. The clay ball floats up to the pavement surface during traffic load since they weigh less than the
aggregates and other particles in the surrounding mixture.

Several other activities could increase the possibility of clay ball initiation. For instance,
central asphalt mix plants are usually more susceptible to producing clay balls, simply because they are
temporarily placed on right-of-way near the project site which may have clay or loose soil underneath
the stockpiles [3]. Moreover, the loader operator must apply the right amount of down pressure on the
loader blade of the front-end loader. Too much pressure or too sharp an angle will cause the front
blade to scrape the soil beneath the stockpile, thereby picking up the mud or clay, which will introduce
soil particles into the mixture. Thus, the stockpile management should be carefully conducted to avoid
the clay ball during field construction.

Scullion and Harris [2] analyzed the components of clay ball based on field cores taken from
cement treated base layer. An X-ray diffraction (XRD) analysis was performed, and results show that
the clay balls were predominantly smectite, mica, kaolinite, quartz, and calcite. Some of the clay balls
have high silicon and aluminum concentrations typically of aluminosilicate minerals.

The existence of clay ball could deteriorate pavement. For instance, the areas with clay ball may not
be stable with a source of water over time. With water, these clay balls are liquefied, eroded, or knocked
from the surface by traffic load and eventually are the source of potholing and raveling [1,5–7].
Additional damages that could be caused by clay balls including moisture infiltration and reduced
ride quality. It is believed that with proper repair, clay balls do not cause a long-term performance
issue, such as structure related distresses [8,9].

In 2012, a number of clay balls were observed after the first winter on US-31 in Hamilton County,
Indiana. The clay ball was not widely seen in Indiana previously, and it is not sure how severe they are
and if the pavement performance could be negatively affected accordingly. Thus, Indiana Department
of Transportation (INDOT) conducted a comprehensive evaluation with extensive forensic testing to
determine the cause of such distress type. The pattern and density of these clay balls were checked
as well. The “pattern” here indicates how the clay balls were located along pavement longitudinal
direction (parallel to traffic), and distribution comparison among driving lane, shoulder and ramp.
An infrared imaging system was also used to detect clay ball at traffic speed to see if this technology
matched well with visual observation. Cores were taken from the clay ball areas and the size (diameter
and depth) of each clay ball was measured. In addition, mix design, traffic, and climatic data
were also collected to check if they were correlated with clay ball pattern or density as suggested
elsewhere [10–12].

The objectives of this study were to (a) evaluate the accuracy of infrared image collection system
in detecting position of clay balls; (b) determine the pattern and density distribution of clay balls in the
field, and (c) determine the potential factors that could be correlated with clay ball pattern.

2. Materials and Methods

A high-speed infrared image collection system was used to detect the location of exposed clay
balls. Distance measuring instrument (DMI) system and the Global Positioning System (GPS) were
installed to obtain the accurate spatial location of each clay ball. The detection results were further
confirmed by visual observation performed by workers who were responsible for clay ball repair.

The pattern of the clay ball was analyzed. In specific, a clay ball distribution along the longitudinal
direction (parallel to traffic) was plotted to characterize its pattern, such as if they were distributed
evenly or concentrated within specific areas, or if they were spread with fixed distance. The distribution
of clay ball within the driving lane, passing lane, shoulder, and ramp was also compared.
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Cores with visually observed clay balls were taken from pavement surface course, which was
collected to check their shape, diameter, and depth by slicing the core in the middle of popout.
Cores without visually observed clay ball were also obtained to verify if there were any existing clay
balls not exposed to pavement surface. Such inspection was necessary since the existed clay ball not
exposed to the surface could be the potential weak point. In the laboratory, such cores were sliced into
multiple pieces to examine the existence of clay ball.

One winter after the clay ball was repaired, the researchers re-visited the clay ball areas to check if
there were any newly developed clay balls or if the previously repairing of clay balls worked properly.

The construction information, such as mix design and truck coverage paving length, as well as
climatic information, was collected to determine which parameter(s) could be potentially correlated
with clay ball commencement and distribution pattern.

2.1. Pavement Condition

The $19.6 million interchange improvements and roadway reconstruction at the intersection of
US-31 (two lanes in both directions) and SR 38 in Hamilton County, Indiana, were built in summer
2012. The amount of hot mix asphalt (HMA) was 63,818 tons for mainline, shoulders and ramps.
The Average Daily Truck Traffic (AADT) was recorded as 24,814 in 2011.

In spring 2013, the interchange pavement exhibited 633 popouts from the surface course in driving
lanes, shoulder, and ramps. These popouts are small size holes with fine particles surrounding the
holes. Referring to the repair method used in another project constructed in 2001, the clay balls in this
project were repaired by cleaning and sealing with hot poured asphalt sealant individually. Figure 1a
shows a clay ball after opened by a jack hammer and cleaned by a vacuum. Figure 1b is a field core
from clay ball area after slicing in the middle of the hole. Over time, these clay balls which appeared to
be agglomerations of fine material disintegrate from weather and leave a hole in the mix after being
washed out.

  
(a) (b) 

Figure 1. Field observation of clay ball. (a) Opened and cleaned clay ball; (b) sliced core from clay
ball area.

2.2. Materials and Construction

The pavement type was full-depth HMA pavement with design surface thickness of 5.1 cm and
total HMA thickness of 30 cm. The asphalt treated base was constructed between subgrade and asphalt
layers. Two types of asphalt mix were used in the project. In the main lanes and ramps, a 9.5 mm
nominal maximum aggregate size (NMAS) mix with PG76-22 binder was used for equivalent single
axel load (ESAL) category 4. In the shoulder, a 9.5 mm NMAS mix was used with PG 64-22 binder
corresponds to ESAL category 1.
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The job mix formula (JMF) had been used for other projects with no problem. The aggregate
source had been used for more than forty years without any issue. Table 1 summarizes aggregate type
and percentage of each aggregate source. An aggregate drum mix dryer with a maximum capacity
of 600 tons per hour, equipped with a natural gas fired aggregate dryer burner with a maximum
rated power of 200 million British thermal units per hour (58.6 million watts) was used for HMA
production. In general, the measured plant temperatures (159 ◦C to 176 ◦C) during construction met
the INDOT specifications [13]. The paving lasted fourteen days, started on 12 October 2012 and ended
on 25 October 2012.

Table 1. Summary of raw aggregate and recycled asphalt pavement (RAP).

Aggregate Type Main Lane, % Shoulder, %

Dolomite 24.0 30.0
Blast furnace slag 20.8 -

Dolomite sand 28.0 -
Stone sand 10.0 24.0

RAP 16.0 45.0
Baghouse fines 1.2 1.0
Aggregate total 100.0 100.0

Samples were collected and tested for a Quality Assurance (QA) purpose as shown in Table 2.
INDOT QA factors for HMA production include binder content, air voids, and voids in mineral
aggregate (VMA). Overall HMA QA pay factors were 1.02 and 1.035 for main lane and shoulder
mix, respectively, which indicates that the HMA exceeded average quality (pay factor equals to 1.0).
Another INDOT HMA construction QA factor, the percentage of density, was also listed in Table 2.
Overlay, pay factor for the density, were higher than 1.0 except one lot with main lane construction
(with 0.94 pay factor).

Table 2. Summary of Quality Assurance (QA) test results.

Parameter Main Lane Shoulder

Binder, % 6.85 5.65
Air voids, % 4.56 4.35

VMA, % 15.58 16.3
Density, % 92.57 93.25

2.3. Field Core

Two types of cores were taken: cores with clay balls and cores without clay ball from good and
bad sections based on visual observation. Popouts were only observed at pavement surface, and thus
the coring depth was 2 inches, which covered the entire surface course depth. These cores were drilled
on 12 August 2013 and were delivered back to the laboratory for detailed inspection. Figure 2 presents
a schematic plot that shows the project layout with core location and construction sequence. As shown,
the cores were taken from paving sections with low frequencies of clay balls, such as core sample
locations 4, 6, 8, and 13 to 16, as well as from paving sections with high frequencies of clay balls, such as
core sample locations 5, 7, 9, 10, and 11. Cores were taken from driving lane, passing lane, shoulder,
and ramp. Note that a couple of samples were taken within each core location, and a total of 633 cores
were obtained.
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Figure 2. Schematic of US-31 and SR-38 with core location and construction sequence.

2.4. Infrared Image Collection System

The detection of clay balls can be achieved by measuring the density or texture of asphalt pavement.
Pavement sections with observed clay balls are usually characterized with extreme high in-place air
voids or very non-uniform texture distribution [14,15]. In this study, in order to rapidly detect clay
balls, pavement surface images were collected and analyzed using the INDOT pavement infrared
image collection system integrated with an infrared (IR) camera, a gray scale high-speed camera and a
right of way camera (iPhone 4S) as shown in Figure 3. The system consists of a van, three cameras that
were fixed to a bar, and a computer to acquire image data. As shown, the IR camera was placed at
the very top of the bar and took photos that were perpendicular to the pavement in vertical direction.
The gray scale high-speed camera was set in the middle. The right of way camera was put close to
pavement surface which was used to capture clay ball. A distance measuring instrument (DMI) system
was used to measure the distance the van drove. The IR camera was triggered at a fixed distance based
on DMI data. The right of way camera embedded an iPhone 4S cell phone to take photos and used GPS
to determine location. Both cameras covered the width of one entire traffic lane. The operation speed
ranged between 5 and 10 mph. The image collection was conducted from 9:30 to 15:30 on 17 September
2013. Two replicates were conducted in the morning and in the afternoon, respectively to avoid any
potential test error.
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Figure 3. Infrared image collection system.

3. Results and Discussion

3.1. Infrared Image Collection System

Figure 4a,b shows the images taken from the IR camera and the right of way camera, respectively.
Note that the two cameras were taking photos simultaneously. As shown, all the five popout locations
in Figure 4b were successfully captured by the IR camera in Figure 4a. The different colors in the IR
image indicate temperature differentiation. The clay balls were identified in these areas with high
temperature differentiate (i.e., higher temperature in the middle with lower temperature around).
In general, a total of 633 holes (346 holes on the mainline and shoulders and 287 holes from ramps)
were cleaned and filled with asphalt sealant, among which 564 cores were successfully captured by
the IR camera. Among all the clay balls (69 in total) that were not successfully captured by the IR,
the majority (50 in total) were missed due to the very small size of clay balls (i.e., with diameter less
than 1 cm). It is noted that the angle of the two photos are not exactly the same: The IR camera took
photos vertically perpendicular to pavement surface, whereas the right of way camera took photos
with an angle to pavement surface.

  
(a) (b) 

Figure 4. Clay ball images from (a) IR camera and (b) right way of camera.

3.2. Distribution of Clay Ball

A few small voids caused by clay balls can be ignored as a byproducts of the heavy construction
process, but many significant voids in the pavement surface warrants investigation, such as the case in
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this study. Table 3 shows the amount of clay balls based on each paving sequence. The construction date
is also presented. As seen, the amount of clay ball varies greatly from one day to another. The highest
clay ball every 61 m was 2.82 from shoulder area (paving sequence 7), whereas the lowest clay ball
very 61 m was 0.49 from passing lane area (paving sequence 1).

Table 3. Summary of project information.

Paving Sequence Date Length, m Number of Clay Balls Clay Ball Every 61 m

1 10/12/2012 2631 21 0.49
2 10/13/2012 1564 14 0.55
3 10/15/2012 2134 79 2.26
4 10/16/2012 3136 76 1.48
5 10/17/2012 762 10 0.80
6 10/21/2012 3039 53 1.05
7 10/24/2012 6935 321 2.82

Figure 5 presents the clay ball distribution in the longitudinal direction (parallel to the direction of
vehicle traffic) for both driving lane and ramp. The majority of the popouts were found in shoulder,
ramp, and various locations in the driving lanes, shoulder, and ramp but few in the passing lanes.
Additionally, most popouts were from the pavement location between wheel paths, whereas very few
of these pop-out locations were witnessed within the wheel paths.

 
(a) (b) 

  
(c) (d) 

Figure 5. Clay ball distribution within (a) southbound exit ramp, (b) northbound exit ramp, (c) southbound
driving lane, and (d) northbound driving lane.

As shown in Figure 5, the number of popout within southbound exit ramp is almost evenly
distributed with around 61 m to 73 m as the gap distance. It should be noted that the typical laydown
lengths of 20-ton surface mix in a truck with 165 lbs/yd2 rate were 55 mt for main lane (3.7 m width)
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and 66.4 m for shoulder (3 m width). Thus, it is possible that the non-uniform mix between two trucks
could be a reason that caused clay ball in this area.

However, such trend was not observed in northbound exit ramp or driving lane. In those areas,
the clay balls were distributed either as close as several meters and as far as one hundred meters.
The fact that the “pop-out” locations do not seem to be consistent throughout the mix and the fact that
these areas seem to be confined to what would amount to a typical truckload of material at a time
based on length and concentration of the pop-outs and the randomness of these locations should rule
out the possibility of the paving operation being an issue.

3.3. Size and Shape of Clay Ball

The depth, size, and shape are major parameters to characterize a clay ball [16–20] and were
measured. The six-inch core samples taken from popout locations were cut to reveal a rectangular
cross-section. All the sliced cores were taken between or away from the wheel-path to avoid the effect
of trafficking compaction. In order to have a side view of clay ball, cores were cut in the middle of a clay
ball opening hole using a diamond coated wire saw. The typical circular saw used to cut the asphalt
core had a 3.3 mm thick saw bit. Furthermore, the lateral movement of the saw bit in cutting operation
may have caused a wider sample thickness loss. To overcome this limitation, a diamond-impregnated
wire saw was utilized. This saw is a customized product designed to make a series of programmed
cuts for the sample cores. The diameter of the diamond-impregnated wire was only 0.2 mm, with very
small lateral movements due to fixed pulleys in the saw system. The samples were dry-cut to keep the
clay ball inside intact.

Figure 6 shows two clay ball examples that were squeezed, and their openings were collapsed.
The left figure was pictured upside down, and the right figure shows sliced core in the middle of the
hole. The diameter of each clay ball was measured and was ranged from 1 to 4 inches in diameter.
Considering the ellipse sphere shape of the clay ball, several measurements were conducted and
averaged. As seen, the hole on pavement surface is small in scale but the clay ball size is much bigger
than the hole. The depth of the clay ball almost punctures the entire surface course thickness of 2 inches.
It is also noted that good amounts of fines remained in the voids.

 
(a) 

(b) 

Figure 6. Clay balls with (a) one inch in diameter and (b) two inches in diameter.
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3.4. Cores Without Visually Observed Popouts

As aforementioned, a couple of cores were taken from pavement areas without clay balls to verify
if there was any clay ball not exposed to the pavement surface. In the laboratory, each six-inch core was
sliced into several pieces. Figure 7a,b shows an example of sliced core from top and side, respectively.
As seen in Figure 7b, the samples are very clean and no clay ball was found. Additionally, there was
no aggregate size larger than 1 inch in diameter, the critical size of clay ball for the popout. All the rest
cores were sliced and no clay balls were observed as well, even for the cores taken from bad sections
(with the large frequency of clay balls). This indicates that in the project evaluated all the clay balls
were exposed to the pavement surface.

 

(a) (b) 

Figure 7. Cut surface of core sample; (a) top-down view and (b) inside of core.

3.5. Relationship between Moisture and Clay Ball

During paving, there were seven raining days, and no construction was conducted on those days.
Figure 8 shows precipitation distribution within each month in 2012, as well as the average monthly
precipitation based on years from 1981 to 2010. It is shown in the figure that precipitations in October
2012 were much high compared to its companion averaged from 1981 to 2010.

Figure 8. Comparison of monthly precipitations.

Figure 9 presents the precipitation during the days the road was paved with the paving sequences
1 to 7. As shown, the more precipitation could result in more moisture in aggregate stockpiles, and the
wet aggregates may cause the material to become sticky and bind together, which increases the
possibility of clay balls in a drum mixer. In general, paving in a day after the rain showed higher clay
ball densities than others. For instance, paving sequences 3 and 7 were constructed one day after raining
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and showed the highest clay ball density. It is noted that typically aggregate moisture was checked
before construction, while raining during paving days could greatly increase aggregate moisture
and increase the possibility of clay balls. Thus, check for aggregate moisture during construction,
especially on or after raining could be necessary.

Figure 9. Comparison of daily precipitations to paving dates.

3.6. Revisit of Pavement Sections with Clay Ball

After two winters, the pavement section was revisited. It was found that the number of clay balls
did not increase, which means that no new clay balls were developed. The patching worked very well
without loss of materials. This indicates that clay balls should be a one-time distress and may not affect
the long-term field performance of pavement as long as it is well repaired.

4. Conclusions

This study evaluated the clay balls that were observed on US-31 in Hamilton County, Indiana.
The detection of clay ball using infrared image collection system was evaluated. The clay ball amount
and distribution pattern were also checked. In addition, field cores were taken and the depth and
diameter of clay balls were measured. The cores without visually observed popouts were also collected
to see if any clay balls were not detected. Precipitation information during construction was also
collected to check the potential relationship between field moisture and clay ball density. Based on the
analysis, the following conclusions can be drawn:

• Based on engineering judgement, the infrared image collection system was found to be accurate
enough (detection accuracy of 564 out of 633) in pinning the clay ball location.

• Regarding cores with clay balls, the clay ball diameter ranged from 2.5 cm to 10 cm, and the
maximum clay ball depth is almost penetrating the entire course’s surface. Most clay balls were
elliptic in shape.

• The asphalt paving on raining days or right after raining could increase the potential of clay balls.
It is recommended to check the aggregate moisture right after or on raining days and take the
necessary steps such as extended mixing time to reduce the risk of clay balls.
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Abstract: In this research, the durability of skid resistance during the ice melting process with
temperature increasing from −5 ◦C to 10 ◦C was characterized by means of a British Pendulum Skid
Tester. Four types of pavement surfaces were prepared and tested. The difference between two
antiskid layers prepared with bitumen emulsion was the aggregate. The detailed angularity and
form 2D index of fine aggregates used for antiskid surfaces, characterized by means of the Aggregate
Image Measure System (AIMS) with micro image analysis methods, were then correlated with British
Pendulum Number (BPN) values. Results indicate that skid resistance has the lowest value during
the ice-melting process. The investigated antiskid layers can increase the surface friction during icy
seasons. In icy conditions, the skid resistance behavior first worsens until reaches the lowest value,
and then increases gradually with increasing temperature. Results from ice-melting conditions on
four investigated pavement surfaces give the same temperature range where there will be lowest skid
resistance. That temperature range is from 3 ◦C to 5 ◦C. A thicker ice layer will result in a lower skid
resistance property and smaller “lowest BPN”.

Keywords: asphalt pavement; skid resistance; durability; antiskid surface; image analysis

1. Introduction

Asphalt pavements, considered as flexible pavements, are widely used in both road and airfield
engineering. It was reported that more than 90% of highways were constructed by asphalt materials [1,2].
A durable and sustainable designed asphalt pavement would contribute a lot to economic, social and
environmental aspects, as well as enhancing driving safety.

At all stages of pavement service life, the surface should have some sort of roughness to ensure
sufficient friction between traffic wheels and the pavement surface [3,4]. Skid resistance is a measure
of resistance of pavement surface to sliding or skidding of the vehicle [5–7]. The texture of pavement
surface is of prime importance in providing skid resistance. It is a common fact that the lower the skid
resistance, the higher the percentage of traffic accidents, especially in the wet and winter seasons.

Typically, the Locked Wheel Skid Trailer (LWST) and British Pendulum Tester (BP Tester) are the
most common and accepted methods of measuring pavement skid resistance. LWST, widely used in
the United States, is standardized in ASTM E 274 specifications and measures the sliding force of a
locked tire on a wetting pavement surface. The BP Tester is one of the most widely used devices to
determine low speed related skid resistance in the laboratory. The value obtained is called the British
Pendulum Number (BPN).

However, one of the limitations of the current BP Tester is that it lacks any correction for
temperatures. Previous research had concluded that BPN values are dependent on the pavement

Materials 2019, 12, 1201; doi:10.3390/ma12081201 www.mdpi.com/journal/materials175



Materials 2019, 12, 1201

temperature [8]. Temperature influences friction properties because it changes the physical properties of
tire rubber and asphalt pavement surfaces, which are both viscoelastic materials. Bazlamit reported that
skid resistance of asphalt pavement decreases during seasons with warmer temperature and increases
during seasons with colder temperature. Such phenomenon is related to the stiffness properties of
asphalt materials and rubber that used during skid resistance tests [9].

Prof. Liang used a BP Tester to characterize the temperature effect on the measured frictional
properties of a hot-mix asphalt mixture surface [10]. He concluded that an increase of temperature
would result in a decrease of friction, and the effect of an HMA pavement, rubber slider and water
temperatures influenced the measured frictional properties significantly. Based on the data of skid
resistance of a wetted pavement, Bazlamit concluded that an approximately linear relationship can be
finalized between skid resistance and temperature [8]. Table 1 summarizes the temperature ranges
that have been carefully studied in literatures. Obviously, most of the related work was focused on
ambient temperature or pavement surface temperature higher than 10 ◦C.

Table 1. Temperature effect on the friction behavior from literatures.

Reference Temperature Conditions Findings

Burchett JL, 1980 [11] From 16.8 ◦C to 19 ◦C
• Correlations between skid resistance

and temperature were not good;

Elkin BL, 1980 [12] Seasonal changes

• Skid resistance was highest in the
spring, dropped off noticeably during
the summer, and began to recover in
late fall;

Subhi MB, 2005 [8] At 0, 10, 20, 30 and 40 ◦C

• Skid resistance decreases with
increased temperature;

• Linear relationship between skid
resistance and temperature;

Bianchini A, 2011 [13] From 10 ◦C to 35 ◦C

• It is possible to define a reference air
temperature to which friction measured
at any other air temperature value can
be adjusted;

Baran ED, 2011 [14] From 10 ◦C to 60 ◦C
• Temperature correction relationship for

skid resistance measurements
were proposed;

Robert YL, 2012 [10] From 4.4 ◦C to 60 ◦C
• Increase of temperature resulted in

decrease of friction;

Scarpas A, 2013 [15] From 0 ◦C to 60 ◦C

• Effect of Pavement temperature and
ambient temperature was modeled;

• Higher PT and AT would result in
lower friction;

Hadiwardoyo SP, 2013 [16] From 30 ◦C to 55 ◦C
• Skid number values decreased with

increasing temperature;

Wang DW, 2014 [17]

Surface temperature: 15–45 ◦C
Water temperature: 10–30 ◦C

Air temperature: 15–30 ◦C
Tire temperature: 20–30 ◦C

• All four of the acquired temperatures
are negatively related to the
friction coefficient

However, cold winter conditions will influence the micro-texture of aggregates and stiffness of tire
rubber itself. Hence, research on temperature effect in colder temperature range is important as well,
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typically in icy conditions. In a cold winter, a better understanding of skid resistance behavior will
lead to safer traffic by ensuring logical deicing techniques and skid maintenance in asphalt pavements
to ensure better skid resistance [18].

Accordingly, this paper reports on the durability of skid resistance in very low temperature
condition, especially in an ice-melting condition lower than 0 ◦C, has been developed and is discussed
herein. BPN values under ice melting conditions were measured to examine the skid performance
of antiskid surfaces under winter road condition. The angularity and surface texture index of the
used fine aggregates were characterized by mean of Aggregate Image Measure System (AIMS) with
micro image analysis methods. The detailed angularity and surface texture were then correlated with
BPN values under ice-melting conditions. Conclusions from this research can be used as guidance for
pavement maintenance in the winter time.

2. Materials and Methods

Asphalt mixture gradation of AC-16 (asphalt concrete, Panjin north asphalt co. LTD, Panjin,
China) and SMA-16 (stone-matrix asphalt mixture, Panjin north asphalt co. LTD, Panjin, China) were
first prepared as a traditional asphalt pavement surface layer. The void content is 4.2% for AC-16
and 4% for SMA = 16. Their skid resistance at ice-melting conditions were first tested. Another two
antiskid surfaces were prepared by applying bitumen emulsion and fine aggregates onto AC and SMA
surfaces. The construction steps of the antiskid surface are as follows:

Firstly, beams with 380 ± 5 mm length, 50 ± 6 mm height and 63 ± 6 mm width were cut from
mixture slabs. Secondly, bitumen emulsion was uniformly sprayed onto the specimen surface with
a ratio of 0.7 kg/m2. Table 2 presents the properties of used bitumen emulsion. Thirdly, clean and
fine cubic aggregates were applied to the bitumen emulsion and let them set down into bitumen film
with a ratio of 2.2 kg/m2. Two types of aggregates, basalt and dolerite, were used. Table 3 concludes
the characteristics of the used fine aggregates. Both aggregates are alkali aggregates, so that bitumen
emulsion with approximately pH of 2.0 was used.

Table 2. Characteristics of bitumen emulsion for antiskid surface layer.

Properties Values Specifications

Appearance Dark brown liquid –
Density [g/cm3] 0.99 ASTM D6973-16

Acidity/Alkalinity Approx. 2.0 pH –
Viscosity at 25 ◦C [mPa·s] 36.7 ASTM D4402-15

Recovered binder by
distillation

Weight [%] 47.5 ASTM D6997-12
Penetration at 25 ◦C 62 ASTM D5-13

Softening point 50 ASTM D36-14e1

Table 3. Characteristics of fine aggregates for antiskid surface layer.

Aggregate Types Properties Values Specifications

Basalt
Apparent specific gravity 2.876 ASTM C128-15

Aggregates size 0.3–0.6

Dolerite
Apparent specific gravity 2.912 ASTM C128-15

Aggregates size 0.6–1.18

After bitumen emulsion is cured, loose aggregates were swept away and finally the antiskid layer
was then obtained on the cut surfaces. Figure 1 compares the visualized features of the investigated
specimens, with antiskid layer or ice layer on top. Three specimens were prepared and test for every
type of antiskid surface.
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Figure 1. Visual feature of the investigated surfaces.

2.1. British Pendulum Skid Test

A BP Tester was employed to measure the surface frictional properties during ice melting process
in accordance with ASTM E303-93. The values measured, BPN, represent the frictional properties
obtained with the apparatus. A BP Tester is a low-speed device, about 10 km/h, that measures the
skid resistance related to surface micro-texture rather than macro-texture. Antiskid layers in this
research used bitumen emulsion-based chip seal technology, which therefore lets the micro-texture
of surface domains cause the pavement friction. Therefore, BP Tester can be used to correlate BPN
during ice melting process. Table 4 shows BPN values of the investigated surfaces without ice at room
temperature of 28 ◦C. The average BPN value of the SMA surface is 74.8, which is slightly higher than
that of the AC surface. The two applied antiskid surfaces can provide better antiskid resistance, while
Antiskid-B has higher increment than that of Antiskid-D.

Table 4. British Pendulum Number (BPN) values of the investigated surfaces without ice.

Surface BPNs Average BPN Increment

AC-16 75 70 73 70 70 71.6 –
AC16 plus Antiskid-B 80 80 81 81 80 80.4 13%
AC16 plus Antiskid-D 72 72 75 72 75 73.2 2.2%

SMA-16 76 75 73 75 75 74.8 –
SMA16 plus Antiskid-B 85 80 80 85 80 82 9.6%
SMA16 plus Antiskid-D 75 75 76 76 76 75.6 1.1%

2.2. Aggregates Surface Characteristics Analyses

Skid resistance is a function of different factors including the micro-texture and macro-texture of the
pavement surface. Micro-texture is highly dependent on the surface characteristics of aggregates, such
as angularity and surface texture [19,20]. The Aggregate Image Measure System (AIMS) is an image
analysis tool, which can investigate the shape properties of both coarse and fine aggregate including
angularity, sphericity and surface texture index of coarse aggregates, 2D form of fine aggregates.

Basalt aggregate with nominal size of 0.3 to 0.6 mm, and dolerite aggregate with nominal size of
0.6 to 1.18mm, were used to prepare the antiskid surface layer. AIMS has been employed to characterize
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the angularity and 2D form of these two types of fine aggregate. Figure 2 presents the visualized fine
aggregates and their corresponding image during AIMS analysis.

Figure 2. Visualized fine aggregates (left) and Aggregate Image Measure System (AIMS) image (right).

3. Results and Discussion

The ice melting process has three stages, initial stage, melting stage and end stage. At the initial
stage, the pavement surface is completely covered with ice, while the melting stage has both ice and
water. At the end stage, the pavement is then covered with cold water and no ice present at all. Ice
thickness of 1mm and 2 mm was prepared under following steps. Firstly, the beams were immersed in
water for 2 h at room temperature, and then placed in the refrigerating chamber at −5 ◦C for 5 h with
plastic bag packed. Secondly, the top side of every beam was carefully fenced and a certain amount of
water was then stored to create an ice layer with the expected thickness. The first step was needed to
first fill voids in the beam and hence prevent the water from leakage when it was poured onto the
beam surface. This process is explained with Figure 3.

Figure 3. Process of prepare ice layer with certain thickness on beams.

The ice-melting process was characterized by putting specimens under BP Tester at room
temperature condition of 28 ◦C. The BPN values and surface temperatures were then continuously
recorded every three minutes. In this research, the 1mm thick ice was completely melted at 7 ◦C,
and 7.2 ◦C for the 2 mm thick ice layer. The surface temperature of specimens in this research was
defined as the temperature of the entire specimen’s surface during the ice melting process, which
means it was either temperature of the ice surface or temperature of the melted water. Therefore,
the initial BPN value represents the skid resistance property of the pavement surface when it is fully
covered with ice. The following BPN values illustrate the skid resistance behaves when the surface is
influenced by ice and water. At the end, BPN values illustrate the surface friction characteristics under
the water condition.

Figure 4 compares the BPN values of AC-16 and SMA-16 under the ice-melting condition. Research
data clearly illustrates that the SMA-16 surface has a higher BPN value and better skid resistance that
of AC-16 surface, no matter what temperature condition and ice accumulation characteristic of the
surface has.
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Figure 4. BPN values of traditional surface layers during ice-melting process.

The relationship between BPN and skid resistance properties on pavements is concluded in
Figure 5 [21]. It can be seen that minimum BPN of 42 must be achieved to prevent traffic from skidding
accidents. This means that the investigated SMA-16 and AC-16 surface cannot provide a sufficient
friction property when it is covered with ice and in the beginning of ice-melting stage. When the
surface temperature increases to higher than 6 ◦C, both surfaces can provide BPN values higher than 42.

Figure 5. Relationship between BPN and skid resistance on pavements.

3.1. Surface Temperature Dependencies

Figure 6 indicates the ice effect on BPN values of the asphalt surface, as well as temperature
influence. One millimeter ice will dramatically decrease the skid resistance of the asphalt pavement
surface, the BPN values drops from 70–80 to as low as around 10. Surface temperature has the same
influence contribution on both AC surface with and without the ice layer. In the range of 0 ◦C to 6 ◦C,
BPN values decrease slightly and then tend to increase when the surface temperature increases.

Figure 7 presents the relationship between surface temperature and BPN values during the
ice-melting process. Skid resistance at the pavement surface decreases at the very beginning of ice
melting process. Initial skid resistance is relatively low until the thick ice film is worn off the top of
surface by a rubber slider from the BP Tester, resulting in increasing values of BPN. Antiskid-B and
Antiskid-D show the same results of BPN trends.

The ice-melting process results in a concave trend between friction and surface temperature
(melting time as well). There is a temperature at which the minimum friction value at pavement surface
is achieved during the ice-melting process. Table 5 concludes the lowest BPN values that occurred
during ice melting at their corresponding surface temperatures. Firstly, it can clearly be seen that
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the investigated antiskid layers can significantly increase the surface friction properties. The lowest
BPN values of AC and SMA surfaces have been enhanced from 11.6 and 14.4 to a value of around 20,
respectively, when the antiskid surface has been applied. Secondly, the corresponding temperatures
have been increased slightly as well, from 2.5 ◦C to 5 ◦C.

Figure 6. Ice effect on the BPN values.

Figure 7. Relationship between surface temperature and BPN value.

Table 5. Lowest temperature and lowest BPN values.

Surface Type Lowest BPN
Surface Temperature Where

Lowest BPN Exists [◦C]

AC16 11.6 2.4
AC16 plus Antiskid-B 20 3.4
AC16 plus Antiskid-D 21 4.2

SMA16 14.4 2.8
SMA16 plus Antiskid-B 18 5.4
SMA16 plus Antiskid-D 20 5
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Figure 8 explains the resulting concave trend between friction and surface temperature by means
of macrotexture. In the initial stage, the surface is fully covered with an ice layer. During the melting
stage, water will flow from the peak to the bottom between aggregates, resulting in lower average depth
between peak points and bottom points. Therefore, the lowest BPN values will be achieved in this stage.
At the end stage, ice has been completely melted and water has been flowed away and evaporated as
well. A lower temperature condition will result in aggregates with higher surface micro-roughness
and a rubber slider of increased stiffness [22]. So the real antiskid surface has been achieved and the
maximum friction value can be achieved. However, the temperature dependency in this research was
concluded with an icy surface. Ice and cold water have non-negligible influence. Conducting skid
resistance analysis in a cold temperature chamber could provide further valuable recommendations.

Figure 8. Graphic explanation on the macrotexture changes during ice melting process.

3.2. Aggregate and Gradation Dependencies

Figure 9 compares the BPN trends during the ice-melting process between different aggregate
types. The ice thickness is 1 mm. The graph shows the maximum BPN values of four investigated
antiskid surfaces are in agreement with the results presented in Table 4.

Figure 9. BPN values of investigated antiskid layers.
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Antiskid-B on both AC and SMA surfaces presents the highest BPN values at the end stage, but
with a far different trend during the ice-melting process. On the AC structure, friction property gets
gradually enhanced when the surface temperature is higher than 4 ◦C, while it keeps decreasing
until 8 ◦C and then increases significantly to the maximum value on the SMA surface. Antiskid-D
presents the same BPN varying trend, as well as the maximum value at the final stage, both on AC and
SMA structures.

Figure 9 illustrates that when the same surface construction method was used, basalt aggregate
would provide better skid resistance than that from dolerite aggregates. In the ice-melting condition,
the four curves illustrate that the surface friction will dramatically increase to the maximum BPN value
within less than 6 min, at the later period in the melting stage.

Angularity from AIMS analysis describes variation at the particle boundary that influences the
overall shape. Higher angularity values illustrate more angular shape. A perfect circle has a small
limited value of angularity, which is close to zero [23]. The definition in AIMS analysis provides
a relative scale from 0 to 10,000 for angularity measurement. Figure 10 compares the angularities
between basalt aggregate and dolerite aggregate.

Figure 10. Angularity distributions of the fine aggregates used.

Firstly, according to the definition of AIMS angularity, aggregates with values higher than 5400 fall
into the extreme category. Figure 10 illustrates that both basalt and dolerite aggregates presented very
small angularities, with less than 10% of aggregates with angularity values higher than 5400. Secondly,
it can clearly be seen that basalt fine aggregate had higher angularity values than that of dolerite
aggregate. According to literatures [24,25], higher angularity will result in better aggregate interlocking
and higher friction coefficient, which also consistent with the BPN results discussed in Figure 9.

AIMS also defined Form2D and described the relative form from 2-dimensional images of fine
aggregates, as Figure 2 shows. Form2D index is explained by Equation (1). It has a relative scale from
0 to 20, while 0 means a perfect circle.

Form2D =
θ=360−Δθ∑
θ=0

[
Rθ+Δθ −Rθ

Rθ

]
, (1)

where: Rθ is the radius of a particle at an angle of θ, Δθ is the incremental difference in the angle.
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Figure 11 shows that basalt aggregate and dolerite aggregate have similar distributions of form2D
index. This means that basalt aggregates have quite same sphericity as dolerite aggregates have, with
only small difference at ranges that form2D values are smaller than 8.

Figure 11. Form2D distributions of the used fine aggregates.

3.3. Ice Thickness Dependencies

Fujimoto conducted a quantitative evaluation of the relation between ice thickness on a road
surface and the skid resistance property. He confirmed that the skid resistance decreases with increases
in the ice film thickness [26]. This research investigates the ice thickness dependency of surface friction
by comparing the BPN values during the ice-melting process between 1mm thick and 2 mm thick ice
conditions. The research results are presented in Figure 12. It illustrates that thicker ice layer will result
in a lower skid resistance property and smaller “lowest BPN”. The lowest BPN for the 1 mm condition
is 20, while it is 18 for the 2 mm condition. Very obviously that thicker ice layer needs more time to
fully melt, hence the longer melting stage.

Figure 12. Influence of ice thickness on BPN values on asphalt concrete (AC) with antiskid-B.
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4. Conclusions

The durability of skid resistance during the ice-melting process at temperature from −5 ◦C to
10 ◦C was characterized by means of a BP Tester. SMA-16, AC-16 and two types of antiskid surface
layer, with 1mm thick and 2 mm thick ice layers, were studied. Based on the research results, the
following conclusions can be drawn:

1. Investigated surfaces have a concave trend between friction and surface condition. Lowest
BPN value occurs during the ice-melting stage, and then increases gradually with increasing
temperature. Melted ice will result in water flow from peak points to gorges between aggregates,
leading to lower average depth. Hence the smallest macrotexture and then lowest friction
property will be presented.

2. The investigated antiskid layers can significantly increase the surface friction prope rties during
icy seasons. The lowest BPN values of AC and SMA surfaces during the ice-melting process
have been enhanced from 11.6 and 14.4 to a value of around 20, respectively, when an antiskid
surface has been applied. Aggregate image analysis indicated that basalt fine aggregate had
higher angularity values than that of dolerite aggregate, resulting in a better friction coefficient.
But the lowest BPN values of the two studied antiskid layers are the same.

3. A thicker ice layer will result in a lower skid resistance property and smaller “lowest BPN”. The
lowest BPN for the 1mm condition is 20, while it is 18 for the 2 mm condition.
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Abstract: In recent years, ultra-thin wearing course asphalt mixture has been widely used in
the reconstruction of old road surfaces and the functional layer of new road surfaces due to its
good road performance. To improve the rutting resistance of ultra-thin wearing course asphalt
mixture, this research presents an Ultra-thin Wearing Course-10 (UTWC-10) asphalt mixture with
good high-temperature stability and skid resistance based on the Taylor system standard mesh
specifications. The Course Aggregate Void Filling (CAVF) method is used to design the UTWC-10
asphalt mixture, which is compared with two other traditional ultra-thin wearing course asphalt
mixtures on the basis of different laboratory performance tests. The high-temperature rutting test data
shows that the rutting dynamic stability (DS) index of the UTWC-10 asphalt mixture is much higher
than that of traditional wearing course asphalt mixtures, as it has better high-temperature stability.
Moreover, anti-sliding performance attenuation tests are conducted by a coarse aggregate polishing
machine. The wear test results show that the skid resistance of the UTWC-10 asphalt mixture is
promising. The anti-sliding performance attenuation test can effectively reflect the skid resistance
attenuation trend of asphalt pavement at the long-term vehicle load. It is verified that the designed
UTWC-10 asphalt mixture shows excellent high-temperature rutting resistance and skid resistance,
as well as better low temperature crack resistance and water stability than the traditional wearing
course asphalt mixtures.

Keywords: functional pavement layer; ultra-thin wearing course asphalt mixture; high-temperature
stability; pavement performance test

1. Introduction

As the economy continues to grow and urbanization deepens, the traffic load is also rising year by
year [1,2]. Most of the roads will suffer from defects such as cracking, loosening, and deformation
after 3–5 years of service, which will sharply weaken important pavement performance factors like
water damage resistance, high-temperature stability, and skid resistance. These defects will not only
shorten the service life of roads but will also bring severe threats to comfort and safety [3]. To reduce
the occurrence of these pavement defects, researchers have started to study preventive pavement
maintenance technologies [4]. The ultra-thin wearing course asphalt mixture can enhance the whole
flatness and skid resistance of roads, reduce pavement noise, improve driving comfort and safety,
prolong the time until surface cracking, fix local potholes, and other defects on pavement occur, as
well as enhance the service life of roads [5–7]. Therefore, it has been widely used in the pavement
rehabilitation for the extension of the service life of roads.

As an overlay, the ultra-thin wearing course is the uppermost layer in pavement structures. In case
of insufficient rutting resistance of ultra-thin wearing course, defects such as waves, displacements,
and ruts will occur after a repetitive traffic load, thus affecting the slip resistance and driving comfort
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of pavement and threatening the safety of driving. However, few studies of ultra-thin wearing course
were focused on the high-temperature resistance to permanent deformation [8–12].

At present, coarse aggregate is mostly concentrated at 4.75–9.5 mm, when the gradation design of
ultra-thin wearing course asphalt mixture is designed to be open- or semi-graded. However, because
the distance between the 4.75 mm mesh hole and 9.5 mm mesh hole is slightly larger, the uniformity
of the coarse aggregate cannot be controlled. This will reduce the contact points between coarse
aggregates and affect the spatial structure of the overall framework of the asphalt mixture. As a result,
the embedded extrusion force between coarse aggregates will be reduced, the dynamic stability (DS) of
the ultra-thin wearing course will be low, and rutting resistance will be insufficient [13,14]. Therefore,
8 mm (two meshes) and 6.7 mm (three meshes) mesh holes are added between 4.75 mm (four meshes)
and 9.5 mm according to the Taylor system standard mesh specifications [15].

This research presents a new gradation design method to improve the high-temperature
performance of the Ultra-thin Wearing Course-10 (UTWC-10) asphalt mixture based on the Course
Aggregate Void Filling (CAVF) designed method and the mechanical performances were evaluated
with two other commonly used open-graded friction courses OGFC-7 and Novachip-B asphalt mixture.

2. Materials and Methods

2.1. Raw Materials

2.1.1. Aggregates

Diabase, consisting of 5–10 mm macadam, 3–5 mm macadam, and 0–3 mm stone chips was used
as the aggregate of asphalt mixture. Table 1 summarizes the basic performance test results. Tests were
conducted according to the Chinese specifications [16].

Table 1. Properties of Aggregates.

Aggregate Test Items Standard Results
Test Results

5–10 3–5 0–3

Coarse aggregate

Crushed value (%) ≤26 4.9 5.3 -
Abrasion value (%) ≤28 6.1 6.1 -
Polished value PSV ≥42 49 - -
Needle shape (%) ≤15 3.2 - -

Water absorption rate (%) ≤2.0 0.87 0.96 -
Gross bulk density (g/cm3) - 2.90 2.89 -
Apparent density (g/cm3) >2.6 2.93 2.92 -

Adhesion to asphalt (level) ≥5 5 - -

Fine aggregate
Apparent density (g/cm3) ≥2.5 - - 2.93

Sand equivalent (%) ≥60 - - 87
Methylene blue value (g/kg) ≤25 - - 14

2.1.2. Asphalt Binder

Here, high viscosity asphalt was used as asphalt binder. Table 2 shows the test results obtained
for basic rheological properties. Tests were conducted according to the Chinese specifications [17].

2.1.3. Mineral Filler

The filler used was alkaline limestone mineral filler. The impurities in the mineral filler were
removed. Table 3 summarizes the obtained performance test results. Tests were conducted according
to the Chinese specifications [16].
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Table 2. Properties of asphalt binder.

Test Items Unit Standard Results Test Results

Penetration index (25 ◦C) 0.1 mm 40–80 43.1
Softening Point TR&B

◦C ≥70 81.6
Ductility (5 ◦C) cm ≥20 29

Relative density of asphalt g/cm3 - 1.023
Rotational viscosity 135 ◦C Pa·s - 2.958

Flexible recovery 25 ◦C % ≥85 92

Rotating film oven test (163 ◦C)

Quality loss % ≤0.6 0.09
Penetration ratio % ≥65 79

Ductility 5 ◦C cm ≥15 20

Table 3. Properties of mineral filler.

Test Items Unit Standard Results Test Results

Apparent relative density g/cm3 ≥2.5 2.864
Hydrophilic coefficient — <1 0.6

Plasticity index — <4 1
Water content % ≥1 0.08

Particle size range
<0.6 mm % 100 100
<0.15 mm % 90–100 99.1
<0.075 mm % 70–100 97.7

2.2. Methods and Preparation

2.2.1. Asphalt Mixture Gradation Design

In the design of the target mix proportion of ultra-thin wearing course UTWC-10, the skid resistance
and high-temperature stability performance of asphalt mixture pavement need to be considered. The
gradation curve can be more reasonably controlled by adding 6.7 mm mesh holes and 8 mm mesh holes
between 4.75 mm mesh holes and 9.5 mm mesh holes, in accordance with the Taylor system standard
mesh specifications. Based on the porosity, the Course Aggregate Void Filling (CAVF) method was used
to design three asphalt mixtures of ultra-thin wearing course with different porosities, and UTWC-10
was compared with OGFC-7 and Novachip-B. UTWC-10 was used as an example to illustrate the
application of the CAVF method in the gradation design of asphalt mixture of ultra-thin wearing course,
and that in Novachip-B and OGFC-7 was similar. The gradation design of fine aggregate was designed
by the Fowler series as shown in Equation (1). The design process is shown in Figure 1 and durability
test process is summarized in Figure 2. According to the specifications [16], the gross bulk density ρb
of the coarse aggregate was 2.90 g/cm3, and the bulk density ρ of the compacted state was 1.72 g/cm3.
Therefore, it can be calculated from Equation (2) that the VCADRC was 40.7%. The amount of mineral
filler (qp), the target void ratio (Vv) the asphalt content (qa) were 5%, 12%, and 5%, respectively. The
amounts of coarse and fine aggregate were calculated using Equations (3) and (4) [18]:

P =

(
d
D

)n
(1)

VCADRC =

(
1− ρ
ρb

)
× 100 (2)

qc + q f + qp = 100 (3)

qc × (VCADRC −Vv)
100× ρ =

q f

ρa f
+

qp

ρ f
+

qa

ρa
(4)
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where, P is the percentage of aggregate passing through the mesh size (%); d is the mesh size in mm; D
is the maximum particle size of the aggregate in mm; n is the index, 0.3 ≤ n ≤ 0.5; ρb is the gross bulk
density of the synthetic coarse aggregate in g/cm3; ρ is the density of accumulation under rammed
state in g/cm3; ρa f is the apparent relative density of fine aggregate in g/cm3; ρa is the relative density
of asphalt in g/cm3; and ρ f is the relative density of mineral filler.

Figure 1. Design process of three asphalt mixtures.

Figure 2. Flow chart of the durability test of three asphalt mixtures.
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Then, ρa f = 2.93 g/cm3, ρa = 1.023 g/cm3, and ρ f = 2.864 g/cm3 were substituted in Equation (4).
The quantity of coarse aggregate (qc) was found to be 72.2%, and the quantity of fine aggregate (qf) was
22.8%. The gradation of coarse and fine aggregates was fitted to a curve. The mesh hole passing rate
and gradation curves of UTWC-10, Novachip-B, and OGFC-7 were designed by the CAVF method.
The gradation compositions of the three ultra-thin wearing courses are shown in Table 4, and the
gradation curves are shown in Figure 3.

Table 4. The gradation compositions of the three asphalt mixtures.

Gradation Type
Passing Rate (%) under Different Mesh Apertures (mm)

13.2 9.5 8 6.7 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Novachip-B 100 97.6 - - 32.5 25.3 17.6 13.9 9.8 7.5 5.6
OGFC-7 100 100 - 98.3 86.2 20.3 16.8 15.4 12.3 10.0 6.4

UTWC-10 100 98.8 96.5 87.7 34.0 27.8 23.3 16 11.4 7.7 5

Figure 3. The gradation curves of the three asphalt mixtures.

2.2.2. Determination of the Optimal Asphalt Content in Asphalt Mixture of the Ultra-Thin
Wearing Course

The optimal asphalt content of UTWC-10 and Novachip-B were determined using the asphalt
film thickness and void ratio, where the optimal thickness was 10 μm [19] and the target porosity was
12%. The optimal asphalt content of OGFC-7 was determined to be 4.5% through a leakage test and
scattering test.

The molded five groups’ asphalt content of asphalt mixture are 4.4%, 4.7%, 5.0%, 5.3% and 5.6%
respectively, with 0.3% spacing distance between each group. Then, the optimum asphalt content is
confirmed to be 5.0% for Novachip-B and UTWC-10 according to bulk density, void fraction, VMA,
VFA, asphalt membrane thickness test data, and technical requirements of corresponding test.

The optimal asphalt content of OGFC-7 was determined through leakage test and scattering test.
The five groups asphalt mixture with asphalt content to be 3.9%, 4.2%, 4.5%, 4.8%, and 5.1% shall be
stirred. Marshall compaction instrument is used to mold the test specimen. It compacts 25 times on
both sides. The formed specimen is put in the Los Angles abrasion machine to turn 300 circles at a
speed of 33 r/min. Then, the ratio of lost weight and the original weight of the specimen is the flying
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loss. When the asphalt content of the open graded friction course OGFC-7 is between 4.4% and 4.6%,
the change rate in leakage analysis loss and flying loss varies greatly. And since both the two losses
of the asphalt mixture at this time meet the specification requirement, 4.5% is the optimum asphalt
content of OGFC-7.

The volume parameters of the three asphalt mixtures under the optimum asphalt content are
shown in Table 5, and the detailed volume parameters of the three asphalt mixtures can be seen in
Tables A1–A5 in Appendix A.

Table 5. The volume parameters of thea three asphalt mixtures.

Asphalt
Mixture Type

Optimal Asphalt
Content (%)

Void Ratio
(%)

VMA (%) VFA (%)
Stability

(kN)
Flow Value

(mm)

UTWC-10 5.0 12.1 21.9 44.7 8.64 27.4
Novachip-B 5.0 12.3 22.4 43.5 8.43 32.1

OGFC-7 4.5 20.3 28.3 28.3 6.80 38.5

2.3. Methods and Tests

2.3.1. High-Temperature Rutting Test

Rutting dynamic stability (DS) index can be used to check the asphalt texture stability at a
high temperature. The larger the DS value, the better asphalt mixture performance in resistance to
deformation and high temperature. Rutting modeling machine of asphalt mixture is used to mold the
300 mm × 300 mm × 50 mm rutting plate. The wheel tracking tests instrument is shown in Figure 4.
Then, it is put for curing for 48 h. Rut test can be conducted after 5 h at temperature 60 ◦C. Wheel
pressure and roundtrip speed of 0.7 MPa and 42 times/min were applied in tests. The wheel driving
direction is consistent with the rolling direction in specimen molding. The deformation of asphalt
mixture is 45 min, and 60 min is recorded separately. Total round trip times divides the gap of specimen
deformation in 60 min and 45 min to gain the value of DS. DS can be calculated using Equation (5):

DS =
(t2 − t1) × 42

d2 − d1
× c1 × c2 (5)

where d1 and d2 are tracking depths at 45 and 60 min, t1 and t2 are 45 and 60 min, respectively; c1 and
c2 are correction factors.

 
Figure 4. Wheel tracking tests instrument.
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2.3.2. Three-point Beam-bending Test

The low temperature crack resistance of asphalt mixture was evaluated by the small beam
specimen bend test at low temperature. The formed rutting plate is cut to 250 mm × 30 mm × 35 mm
trabecular specimen. Then, all specimens will be put in the incubator for about 6 h to enable the
interior of specimen to reach the given temperature. The test temperature is –10 ◦C, 0 ◦C, and 15 ◦C.
The specimen reaching the temperature shall be taken out to be put in the two-point support frame.
The universal testing machine will load by means of mid-point loading at a speed of 50mm/min.
The maximum bending strength and strain at failure were calculated and employed as evaluation
indices for asphalt mixture low temperature crack resistance. Calculations were performed using
Equations (6)–(8):

R =
3LP
2bh2 (6)

ε =
6hd
L2 (7)

S =
R
ε

(8)

where ε is maximum bending strain at failure; P is breaking load (N); R is damage strength (MPa); S is
stiffness modulus (MPa); h is cross-section sample height (mm); L sample length (mm); d is mid-span
deflection at sample breaking point (mm); and b is test specimen width across middle section (mm).

2.3.3. Immersed Marshall Test

The immersed Marshall method is quite simple and highly practical. The standard and formed
Marshall test specimens are divided into two groups. One group is cured in 60 ◦C thermostatic water
tank for 30 min, then goes for the Marshall stability test. The other group is cured for 48 h in 60 ◦C
thermostatic water tank, then goes for the stability test. The ratio of the two stability values is residual
stability. The closer the residual stability is to 1, the better asphalt mixture water stability. Calculations
were performed based on Equation (9):

MS =
S2

S1
(9)

where MS is test specimen residual stability (%); S1 is stability after immersing test specimen in water
for 30 min (kN); and S2 is stability after immersing test specimen in water for 48 h (kN).

2.3.4. Freeze-Thaw Splitting Test

The Marshall test method is adopted to mold two test specimen groups. One group is immersed
in 25 ◦C water bath for 2 h, then its splitting strength (R1) is tested. The other group is immersed for
vacuum treatment and water saturation for 15 min at 98 kPa, then the vacuum valve is switched on to
cure for 30 min in water bath in ordinary pressure. 10 mL water shall be poured after the vacuum and
water-saturated test specimen is sealed with a plastic bag. Next, it is tightened, sealed, and put in the
−18 ◦C incubator to cure for 16 h. After that, the specimen saved in low temperature is taken out from
the incubator and put in the 60 ◦C thermostatic water tank to cure for 24 h. At last, the test specimen is
taken out from the hot water bath and put in 25 ◦C water. As can be seen from Figure 5, specimens
were then removed to perform splitting tests according to the Chinese specifications [17]. After 2 h of
constant temperature curing, its splitting strength (R2) is tested. The ratio of R2 and R1 is splitting
tensile strength ratio (TSR). Calculations were performed using Equations (10) and (11):

R = 0.006287
P
h

(10)

TSR =
R2

R1
(11)
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where TSR is freeze thaw splitting strength ratio; R is splitting tensile strength (MPa); R1 and R2 are
average splitting tensile strength without and after freeze-thaw cycle (MPa), respectively; P is single
specimen test load (N); and h is single specimen height (mm).

 
Figure 5. Freeze-thaw splitting test.

2.3.5. Texture Depth Test

The sand patch method is commonly used in texture depth test, which is simple and widely
applied. Firstly, 0.15 mm to 3 mm dry and clean sands shall be prepared. Then, they are filled into a 25
mL sand measuring cylinder, knock on the cylinder and bulldoze the cylinder mouth. After the surface
of the rutting plate specimen is cleaned, fine sands are poured into the cylinder slowly. Then, the sands
are spread outward to a circle with a push plate as much as possible and filled in the interspace of the
test specimen. Lastly, the diameter of the circle in the two vertical directions can be measured and its
average value shall be gained. The calculation method is shown in Equation (12):

TD =
1000V
πD2/4

=
31831

D2 (12)

where TD is pavement texture depth (mm); V is sand volume (cm3); and D is paved sand average
diameter (mm).

2.3.6. British Pendulum Number (BPN) Test

The BPN test makes use of pendulum type friction coefficient measuring instrument (BPN tester) to
get the BPN in bituminous pavement and cement concrete pavement in order to evaluate the anti-slide
performance of the pavement in wet environments. The film in the bottom of the pendulum bob stands
for the wheel. The pendulum bob falls from a certain height and the film in the bottom will rub for a
certain distance on the pavement before swinging back. The height of swinging back is the pendulum
of this section. In this article, the test specimen of the rut plate standards for tested pavement.

2.3.7. Anti-Sliding Performance Attenuation Test

In order to simulate the actual paving thickness of ultra-thin wearing course, 1.5 cm thick rutting
plate is molded according to the method described in Section 2.3.1. The rutting plate is cut to 30 mm ×
1.5 mm × 8 mm slices and put in the steps of standard test film. Then, glue sands are made in the test
of polishing value of coarse aggregate and filled in the interspace of the test film (Figure 6). After the
test specimen demolds, it shall be put in the road wheel of the polishing machine. The rubber load and
function times of the polishing machine shall be adjusted to test the BPN variance before and after
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abrasion. The value of BPN can be obtained by using pendulum type friction coefficient measuring
instrument (BPN tester). The anti-slide performance attenuation acts as the main index to evaluate the
anti-slide performance of asphalt mixture.

 
(a)                                      (b) 

Figure 6. Wear test system: (a) coarse aggregate polishing machine; (b) ultra-thin wearing
course specimen.

3. Results and Discussion

3.1. High-Temperature Rutting Resistance

The dynamic stability of the three asphalt mixtures meets the specification of being not less than
3000 times/mm [17]. For the UTWC-10 asphalt mixture shown in Table 6, the high-temperature stability
was far more than that of OGFC-7, and the DS was 77.2% more than that of OGFC-7. Compared with
Novachip-B, the high-temperature stability of UTWC-10 was strongly improved, and the DS was 36.9%
higher than that of Novachip-B. The reason for the improvement in the high-temperature stability
of the ultra-thin wearing course is that when UTWC-10 was optimized for gradation design, 8 mm
(two meshes) and 6.7 mm (three meshes) mesh holes were added between 4.75 mm (four meshes)
and 9.5 mm, according to the Taylor system standard mesh specifications. Coarse aggregates with
a particle size of 4.75–6.7mm accounted for about 50% of the gradation. This increased the contact
points between coarse aggregates, which made the spatial structure of the overall framework more
reasonable and improved the embedded extrusion forces between coarse aggregates [20,21].

Table 6. The high-temperature rutting test results of the three asphalt mixtures.

Gradation
45 min

Deformation
(mm)

60 min
Deformation

(mm)

Deformation
Difference

(mm)
DS (times/mm)

Mean Value of
DS (times/mm)

UTWC-10
1.26 1.38 0.12 5250.00

55681.30 1.41 0.11 5727.27
1.28 1.39 0.11 5727.27

Novachip-B
1.47 1.63 0.16 3937.5

40251.51 1.66 0.15 4200.00
1.49 1.65 0.16 3937.5

OGFC-7
2.10 2.30 0.20 3150.00

31502.13 2.33 0.21 2985.78
2.15 2.34 0.19 3314.22
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3.2. Low Temperature Crack Resistance

As can be seen from Figure 7, the stress and strain changes of the UTWC-10, Novachip-B, and
OGFC-7 asphalt mixtures were similar. With temperatures from −10 ◦C to 15 ◦C, the bending strain of
UTWC-10 increased by 34.5%, that of Novachip-B increased by 32.8%, and that of OGFC-7 increased
by 12.9%. The bending strain of UTWC-10 increased the most with the increase in temperature. As the
temperature rose, the ductility of the asphalt increased, improving the strain of the asphalt mixture.
The bending strength of the three asphalt mixtures tended to be low with an increasing temperature,
with a strength drop of 13.5% for UTWC-10, 14.3% for Novachip-B, and 28.5% for OGFC-7. The
bending strength of UTWC-10 was least affected by temperature, because the rising temperature
gradually increased the embedded squeeze forces within the framework of the UTWC-10 asphalt
mixture. The bending stiffness modulus is the ratio of the bending strength and bending strain, and it
is an important index for the evaluation of the low-temperature crack resistance of the asphalt mixture.
The smaller the bending stiffness is, the better the elastoplasticity of the asphalt mixture is at the same
damage strength. As the temperature increased, the bending stiffness modulus of UTWC-10 decreased
by 35.7%, that of Novachip-B decreased by 35.4%, and that of OGFC-7 decreased by 36.7%. Because
UTWC-10 had the fastest reduction in the bending stiffness modulus and the smallest bending stiffness
modulus, it was shown to have the best crack resistance at low temperatures.

  
(a) (b) 

 
(c) 

Figure 7. The various performance indexes of the three asphalt mixtures: (a) relationship between the
bending strain and temperature; (b) relationship between the bending strength and temperature; and
(c) relationship between the bending stiffness modulus and temperature.
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3.3. Water Stability

3.3.1. Immersed Marshall Test Results

Figure 8 shows that the residual stability of the three asphalt mixtures meets the requirements
of the specifications [17]. The residual stability of the three asphalt mixtures is above 90%, and the
residual stability of UTWC-10 was 94.3%, that of Novachip-B was 92.9%, and that of OGFC-7 was 90.8%.
Due to the high strength of the high viscosity asphalt used, the damage effect of the water immersion
on the specimen is greatly reduced, so the residual stability of the OGFC-7 asphalt mixture with large
void ratio was also good. The residual stability of utwc-10 is high and has good water stability.

Figure 8. The average residual stability of the three asphalt mixtures.

3.3.2. Freeze-Thaw Splitting Test Results

It can be seen from Table 7 that the TSR value of UTWC-10 was 92.3%, the TSR value of Novachip-B
was 90.4%, and the TSR value of OGFC-7 was 86.4%. Because the TSR value of UTWC-10 was the
largest, the water stability performance of the UTWC-10 asphalt mixture was the best. The water
porosity of the asphalt mixture will increase at low temperatures and produce tensile stress, causing
micro cracks inside materials and thus attenuating the mechanical properties of the asphalt mixture. In
the drainage material test of the OGFC-7 asphalt mixture, water was able to fill in most of the voids to
reduce the free space of water after heaving. Therefore, the mechanical properties of heaved materials
attenuated the fastest. UTWC-10 has a good framework strength and large density, and the heaving
force of water has little effect on the mechanical properties of materials, so its freeze–thaw splitting
strength ratio was shown to be the highest.

Table 7. Freeze-thaw splitting test results of three asphalt mixtures.

Asphalt Mixture
Type

Original Splitting
Strength (R1)/MPa

Freeze-thaw Splitting
Strength (R2)/MPa

Strength Ratio Standard Results

UTWC-10 0.765 0.706 92.3%
≥80%Novachip-B 0.757 0.684 90.4%

OGFC-7 0.543 0.469 86.4%

3.4. Asphalt Mixture Surface Roughness

Figure 9 shows that the texture depths of the three asphalt mixtures meet the requirements of the
specifications [17] greater than or equal to 0.55 mm. The texture depth of UTWC-10 was shown to be
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0.75 mm, that of Novachip-B was 0.73 mm, and that of OGFC-7 was 0.92 mm. OGFC-7 was shown
to have the largest texture depth. The research results show that the void ratio is proportional to the
texture depth index. The larger the void ratio is, the larger the texture depth is [22,23].

Figure 9. The texture depths of the three asphalt mixtures.

3.5. Anti-sliding Performance Attenuation

The anti-sliding performance attenuation test was completed by using a coarse aggregate polishing
machine as shown in Figure 6. It can be seen from Figure 10 that as wear times rose, the pendulum
BPN of the three asphalt mixtures showed a significant downward trend. The wearing results show
that among the three ultra-thin wearing course, the attenuation rate of the anti-sliding performance
of UTWC-10 was 15.80%, that of Novachip-B was 16.05%, and that of OGFC-7 was 18.18%. OGFC-7
was shown to have the highest anti-sliding performance attenuation rate. The attenuation rate of the
anti-sliding performance of UTWC-10 and Novachip-B was similar. Besides, the BPN of Novachip-B
was smaller than that of UTWC-10 and the skid resistance of UTWC-10 was the best. The anti-sliding
performance attenuation test was able to effectively reflect the skid resistance attenuation trend of
asphalt pavement at a long-term vehicle load.

Figure 10. The anti-sliding performance attenuation curves of the three asphalt mixtures.
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4. Conclusions

This study proposed a UTWC-10 (Ultra-thin Wearing Course-10) asphalt mixture with good
high-temperature stability and skid resistance. In the gradation design of UTWC-10, 8 mm (two
meshes) and 6.7 mm (three meshes) mesh holes were added between 4.75 mm and 9.5 mm based on
the Taylor system standard mesh specifications. Based on the laboratory tests and results discussion,
the following conclusions can be drawn:

(1) The DS of UTWC-10 asphalt mixture is as high as 5568 times/mm, which is much larger than
Novachip-B and OGFC-7 asphalt mixture.

(2) The test results of low temperature bending beam tests, immersed Marshall tests, and freeze–thaw
splitting tests proved that UTWC-10 asphalt mixture has satisfied crack resistance at low
temperatures and the ability to resist water damage.

(3) The results of texture depth test and pendulum test confirmed that UTWC-10 asphalt mixture can
provide good compactness and frictional resistance.

(4) The anti-sliding performance attenuation test system employed in the paper can closely simulate
the skid resistance attenuation of roads at a long-term vehicle load. The test results show that the
skid resistance of UTWC-10 is the best.
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Appendix A. Volume Parameters of the Three Asphalt Mixtures

The detailed volume parameters of the three asphalt mixtures and the leakage test results of
UTWC-10 and Novachip-B were in Tables A1–A5.

Table A1. The volume parameters of UTWC-10.

Asphalt
Content (%)

Void Ratio
(%)

VMA (%) VFA (%)
Stability

(kN)
Flow Value

(mm)
Asphalt Film

Thickness (μm)

4.4 14.1 23.6 40.1 6.69 27.0 7.6
4.7 13.3 23.5 43.4 7.40 32.3 8.7
5.0 12.1 21.9 44.7 8.64 27.4 10.3
5.3 11.3 21.5 47.4 7.25 30.7 11.1
5.6 11.0 21.2 48.1 6.30 34.4 12.3

Table A2. The leakage test results of UTWC-10.

Sample
Number

Mixture
Quality (g)

Adhesive
Quality (g)

Leakage Loss
(%)

Average Leakage
Rate (%)

Test Temperature
(◦C)

1 1000.8 0.84 0.08

0.08 185
2 1000.1 0.77 0.08
3 1000.3 0.91 0.09
4 1000.1 0.72 0.07
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Table A3. The volume parameters of Novachip-B.

Asphalt
Content (%)

Void Ratio
(%)

VMA (%) VFA (%)
Stability

(kN)
Flow Value

(mm)
Asphalt Film

Thickness (μm)

4.4 15.2 25.3 40.4 6.72 33.4 8.1
4.7 13.4 24.6 42.3 7.51 31.5 9.3
5.0 12.3 22.4 43.5 8.43 32.1 10.5
5.3 11.6 22.1 45.9 7.38 30.8 11.6
5.6 11.1 21.7 47.2 6.67 33.6 12.8

Table A4. The leakage test results of Novachip-B.

Sample
Number

Mixture
Quality (g)

Adhesive
Quality (g)

Leakage Loss
(%)

Average Leakage
Rate (%)

Test Temperature
(◦C)

1 1000.1 0.71 0.07

0.09 185
2 1000.4 0.93 0.09
3 1000.6 1.14 0.11
4 1000.3 0.82 0.08

Table A5. The volume parameters of OGFC-7.

Asphalt
Content (%)

Leakage
Loss (%)

Scattering
Loss (%)

Void
Ratio (%)

VMA (%) VFA (%)
Stability

(kN)
Flow Value

(mm)

3.9 0.08 24.87 24.8 27.7 25.4 5.82 34.8
4.2 0.11 19.12 22 28.1 26.7 6.53 36.8
4.5 0.17 13.88 20.3 28.3 28.3 6.80 38.5
4.8 0.33 13.29 19 28.6 30.5 5.41 41.2
5.1 0.47 11.6 18.3 29.1 32.9 5.07 40.3
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Abstract: The existing road surface marking with poor visibility at night results in traffic safety
hazards in insufficient lighting roads. This study aims to prepare the dedicated aluminate-based
persistent phosphors considering the integrated pavement environment, as the first step to achieve the
durable luminescent road surface marking. SrAl2O4: Eu2+, Dy3+ persistent phosphors coated with
silica–polymer hybrid shell were prepared by chemical precipitation and sol-gel method to improve
moisture resistance and organic compatibility. The optimum silane coupling agent type and dosage,
the surfactant dosage, the optimum sodium silicate dosage, and the coating reaction time in silica shell
and polymer shell coating were studied based on the moisture resistance test. The silica–polymer
hybrid shell coating balances the organic compatibility and thermal stability as compared to the silica
or polymer shell coating in the oil absorption test and thermogravimetric analysis. Ex-Em Spectra,
XRD, and SEM method were used to characterize the persistent phosphors, indicating the preparation
does not destroy the persistent phosphors. The outstanding durable properties of SrAl2O4: Eu2+,
Dy3+ persistent phosphors coated with silica–polymer hybrid shell as shown in this research is crucial
for its potential application in waterborne luminescent coatings of road surface marking.

Keywords: SrAl2O4 persistent phosphors; silica–polymer hybrid shell; moisture resistance

1. Introduction

The road surface marking is an important transportation infrastructure to convey various official
information, especially to guide traffic on the channelized traffic roads [1–3]. Room temperature
solvent paint, hot melt paint, heating solvent paint, and water-based paint are the four mainstream
types of road surface marking paints. Due to the slow construction speed and serious environment
pollution, room temperature solvent paint and hot melt paint have been gradually phased out [4,5].
Besides, the road surface marking produced by above method has poor visibility at night, resulting in
traffic safety hazards in insufficient lighting roads.

Energy-storing luminescent materials are alternative road coatings to provide enhanced visibility
by self-illuminating. They convert absorbed external energy into fluorescence when excited, relying on
their own lattice defects to generate energy-level transitions. The energy storing luminescent materials
are classified into sulfides, aluminates and aluminum silicon salts. Aluminate-based persistent
phosphors are the most widely used and studied luminescent material for its high quanta efficiency,
long after-glow life, and good chemical stability [6]. The SrAl2O4: Eu2+, Dy3+ crystalizes in a monoclinic
system and consists of rings formed by six-corner-sharing oxide aluminate tetrahedra, of which two
Sr2+ ions (r = 126 pm in VIII coordination) are replaced by Eu2+ (r = 125 pm) and Dy3+ (r = 97 pm)
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respectively [7]. The persistent time of SrAl2O4: Eu2+, Dy3+ with a strong emission centered at 520 nm
(green) was found to be longer than 16 h [8]. However, the luminescent structure of aluminate-based
persistent phosphors is gradually damaged at 86.5 ◦C due to the thermal quenching.

Many researchers have demonstrated the possibility of using aluminate-based persistent phosphors
in waterborne paints for road surface markings based on laboratory and field tests [9–11]. OssN329
road in the Netherlands is the first road achieving the achieve the self-luminescence of road surface
markings using aluminate-based persistent phosphors in water-based paint. However, the road
surface markings lost the luminous function in less than 14 days were caused by the rainfall [12].
Literatures also suggest that poor moisture resistance and organic compatibility is the challenge for
the aluminate-based persistent phosphor to be widely used in waterborne paints of road surface
marking [13–15]. Furthermore, little research focused on the thermal stability of the aluminate-based
persistent phosphors used in the road surface markings. The highest temperature of pavement surface
is over 60 ◦C, leading to the potential damage to the aluminate-based persistent phosphors [16].
There has also not been much experience of developing the dedicated durable aluminate-based
persistent phosphors considering the integrated pavement environment.

The surface coating modification of aluminate-based persistent phosphors is a widely used method
to enhance the moisture resistance and the compatibility with organic solvents of waterborne paints.
The surface coating modification includes organic coating and inorganic coating. Inorganic coating
refers to coating silica, metal oxides, or metal halides on the surface of persistent phosphors by sol-gel
method, liquid phase precipitation method and high-temperature solid-state method. Sodium silicate,
ethyl orthosilicate and alumina are widely used inorganic coating agents, which has been proved
to improve the moisture resistance of coated luminescent materials [17–19]. In organic coating, the
organic modifier covers the surface of persistent phosphors by forming chemical bonds or electrostatic
adsorption to improve the organic compatibility [20]. However, single inorganic or organic single
shell coating could not balance the moisture resistance and organic compatibility of aluminate-based
persistent phosphors.

In this paper, SrAl2O4: Eu2+, Dy3+ persistent phosphors were subject to the silica shell coating,
polymer shell coating, and the silica–polymer hybrid shell coating. Coating properties were evaluated
based on the moisture resistance, organic compatibility, thermal stability, luminosity, and microstructure
characterization to explore the optimum composition as shown in Figure 1. The objective of this
study was to prepare the dedicated aluminate-based persistent phosphors considering the integrated
pavement environment, as the first step to achieve the durable luminescent road surface marking.
The simultaneous use of inorganic and organic coating combines their advantages on the moisture
resistance and organic compatibility to achieve the balanced design. The moisture resistance and
thermal stability of SrAl2O4: Eu2+, Dy3+ persistent phosphors were comprehensively evaluated based
on the integrated pavement environment for the first time.
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Figure 1. Flow chart of test method.

2. Experiments

2.1. Raw Materials

PLO-8B luminescent powder (SrAl2O4: Eu2+, Dy3+ persistent phosphors) was purchased from
Luming Technology Group. The silane coupling agent, anhydrous ethanol, acrylic monomer (AA),
methyl methacrylate (MMA), ethylene glycol, and sodium silicate were produced by Xi’an Chemical
Reagent Factory.

2.2. Preparation

The PLO-8B luminescent powder coated with silica shell, polymer shell and silica–polymer hybrid
shell were prepared to evaluate the effect of compositions on coating properties as shown in Figure 2.

Figure 2. The preparation process of PLO-8B luminescent powder coated with silica shell, polymer
shell and silica–polymer hybrid shell.
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2.2.1. Preparation of Persistent Phosphors Coated with Silica Shell

The PLO-8B luminescent powder was coated with sodium silicate by heterogeneous precipitation
method in ethyl alcohol. In the acidic solution, sodium silicate gradually deposits into Si(OH)4 colloid
as shown in Reaction 1, and bonding with the hydroxyl group having high activation energy to form a
dense protective shell.

Na2SiO3 + 2H+ + (X − 1)H2O→ SiO2·XH2O + 2Na+ (1)

In this preparation, ethylene glycol and PLO-8B luminescent powder was dispersed for 10 min
by the parallel feed process. The sodium silicate was poured to solution pH = 9 (80 ◦C) and stirring
quickly. Then the mixture was washed, filtered and dried to obtain PLO-8B luminescent powder coated
with silica shell. The initial material dosages of the coating with silica shell is shown in Table 1.

Table 1. Dosages of the coating with silica shell.

Reagent Weight

PLO-8B luminescent powder (PLP) 5 g
Ethylene glycol 50 g
Sodium silicate 4 g

2.2.2. Preparation of Persistent Phosphors Coated with Polymer Shell

Literatures suggested the pretreatment with transparent and well-compatibility silane coupling
agent is necessary for persistent phosphors to enhance the modification effect of the organic coating [21].
Due to the alkoxy functional groups of the silane coupling agent produce highly active hydroxyl
functional groups after hydrolysis reaction, the first shell was formed on the surface of persistent
phosphors. After the pretreatment, the persistent phosphors with a silicon dioxide shell was then
coated with the polymer shell from the polymerization reactions of acrylic acid monomer (AA) and
methyl methacrylate (MMA) by sol-gel method to achieve the graft modification of the polymer shell
as shown in Figure 3 [21].

Figure 3. The reaction process of persistent phosphors coated with polymer shell.

Specifically, PLO-8B luminescent powder, silane coupling agent and absolute ethanol were mixed
in the container. The pH of the solution was adjusted to 2 by adding hydrochloric acid and placed at
80 ◦C for 4 h. Then, the fully dissolved solution of sodium persulfate and sodium dodecyl benzene
sulfonate was added. The mixture of AA/MMA was slowly poured in low speed stirring. After 5 min
stationary and removing the upper white suspension, the persistent phosphors coated with polymer
shell was obtained by washing with absolute ethanol, filtering and drying. The initial material dosages
of the coating with polymer shell is shown in Table 2.
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Table 2. Dosages of the coating with polymer shell.

Reagent Weight

PLO-8B luminescent powder (PLP) 10 g
Silane coupling agent 1 g
Anhydrous ethanol 70 g

Acrylic acid monomer (AA) 0.5 g
Methyl methacrylate (MMA) 0.5 g

Sodium persulfate 1 g
Sodium dodecyl benzene sulfonate 0.15 g

Water 30 g

2.2.3. Preparation of Persistent Phosphors Coated with Silica-Polymer Hybrid Shell

Based the former tests, sodium silicate and acrylic acid monomer/methyl methacrylate was used
as the inorganic modifier and organic modifier, respectively. The coating process is the same as above.
The initial material dosages of the silica–polymer hybrid shell coating is shown in Table 3 [22].

Table 3. Material dosages of the coating of silica–polymer hybrid shell.

Step Reagent Weight

Inorganic coating
PLO-8B luminescent powder (PLP) 5 g

Ethylene glycol 50 g
Sodium silicate 4 g

Organic coating

Silane coupling agent 0.2 g
Anhydrous ethanol 70 g

Acrylic acid monomer (AA) 0.1 g
Methyl methacrylate (MMA) 0.1 g

Sodium persulfate 1 g
Sodium dodecyl benzene sulfonate 0.15 g

Water 30 g

2.3. Characterization Method

2.3.1. The Moisture Resistance Test

Improving the moisture resistance of the persistent phosphors is the main purpose of coating,
which also deeply affects its service life. Therefore, the effects of different factors in silica or polymer
shell on the moisture resistance of the persistent phosphors were investigated.

SrAl2O4 + 4H2O → Sr2++ 2OH− + 2Al(OH)3 ↓ (2)

As showed in the Reaction (2), SrAl2O4: Eu2+, Dy3+ persistent phosphors are destroyed with
water, which contributes to the degradation of their luminescent property and the increase of solution
pH [23]. Due to the longest average rainfall duration in China being 5.4 hours based on the Chinese
meteorological statistics [24,25], pH of the solution after 6 hours was selected to evaluate the moisture
resistance. In the test, 0.5 g of luminescent powder was soaked in 40 ◦C water. The change of pH with
time was measured using a digital pH test pen. The growth rate of solution pH (PR) soaked with
PLO-8B luminescent powder coated with different shells was calculated to evaluate the improvement
of moisture resistance by the following Equation:

PR =
SP f − SPi

SPi

where
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SPf: the solution pH after the samples soaked for 6 h;
SPi: the initial solution pH soaked with samples.

2.3.2. The Oil Absorption Test

The oil absorption was evaluated according to ISO787-5-1980 to analyze the compatibility between
the coated persistent phosphors and organic solvents [26]. The refined linseed oil (acid value: 5–7 mg/g)
was gradually added into the 10 g luminescent powder, stirred evenly until all powder stacked together.
20–25 min is the maximum acceptable test time to guarantee the accuracy. The oil absorption is
indicated by the minimum oil consumption in mass percentage. The lower minimum oil consumption
in mass percentage means the better organic compatibility.

2.3.3. Thermogravimetric Analysis

The thermal stability of the persistent phosphors was evaluated by a comprehensive
thermogravimetric analyzer (TGA/DSC 3+, METTLER TOLEDO, Zurich, Switzerland) in the range
from room temperature to 300 ◦C under nitrogen atmosphere, and the heating rate was 10 ◦C/min.

2.3.4. Fluorescence Excitation and Emission Test

The excitation and emission spectra of the persistent phosphors were tested by FLs980 full-featured
Steady/Transient Fluorescence Spectrometer (Edinburgh Instruments, Edinburgh, UK). Excitation
spectrum was scanned from 250 nm to 500 nm. Emission spectrum was monitored from 350 nm to
700 nm.

2.3.5. X-Ray Diffraction

The crystal phase properties were analyzed by X-ray diffraction (XRD) using Bruker D8 ADVANCE
(Bruker AXS, Karlsruhe, Germany) as shown in 2θ scan mode from 10 to 60◦ (2θ) using Cu Kα radiation,
with a step width of 0.02◦ and a time interval of 0.1 s per step [27].

2.3.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) (S-4800, Hitachi, Japan) was used to analyze the
morphological characteristics of persistent phosphors. The resolution increased from 3 to 10 nm with
the test voltage ranging from 3 to 40 kV. The accelerating voltage was 3.0 kV [28].

3. Results and Discussions

3.1. Moisture Resistance of Silica Shell Coating

3.1.1. Effect of the Coating Reaction Time

Obviously, the compactness of silica shell increases synchronously with the prolongation of
reaction time until the reactions ending, contributing to the improvement of the moisture resistance.
However, fully polycondensation reaction is impossible in the coating process due to its resource
intensive and time consuming (over 10 h). Thus, three samples of silica shell coating (the coating
reaction time is 2, 3, and 4 h respectively) were prepared to determine the optimum time balancing
the moisture resistance and preparation time. As shown in Figure 4, the solution pH soaked with
PLO-8B luminescent powder coated for 3 and 4 h decreased by 25% and 27.5% compared with the
uncoated samples, indicating the moisture resistance of PLO-8B luminescent powder was significantly
improved. 3 h was selected as the optimum reaction time for the following tests due to the shorter
coating reaction time and similar moisture resistance.
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Figure 4. The change of solution pH soaked with PLO-8B luminescent powder coated with different
reaction time.

3.1.2. Effect of the Sodium Silicate Dosage

SiO2·XH2O content in Reaction 1 is determined by the sodium silicate dosage resulting in the
different thicknesses of the silica shell and coating properties. Five samples of silica shell coating (the
sodium silicate dosages are 2, 4, 6, 8, and 10 g respectively) were prepared to determine the optimum
dosage. Figure 5 shows the increased sodium silicate dosages decreased the solution pH, indicating
effective improvement of the moisture resistance. This improvement was significant as the sodium
silicate dosage was less than 4 g, contributing to the 20.34% decreasing compared to the uncoated
samples. Further increase of sodium silicate dosages contributed little to improving the moisture
resistance of persistent phosphors. Thus, 4 g was selected as the optimum sodium silicate dosage for
the following tests.

Figure 5. The change of solution pH soaked with PLO-8B luminescent powder coated with different
sodium silicate dosages.
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3.2. Moisture Resistance of Polymer Shell Coating

3.2.1. Effect of the Processing Sequence

The different preparation sequences of hydrochloric acid and the silane coupling agent from
literatures was investigated to achieve better pretreatment. As shown in Reaction 2, the yellow SrAl2O4:
Eu2+, Dy3+ persistent phosphor is destroyed and turn white after reacting with H2O. The degree
of hydrolysis reaction was evaluated by the image software based on the value of Y(yellow) in
the CMYK(cyan, magenta, yellow, and black) color mode to determine the preparation sequences.
Solutions soaked with samples prepared by different sequences was shown in Figure 6. The Y values
in the sample with silane coupling agent added first is obvious higher, indicating the better coating for
preventing the SrAl2O4: Eu2+, Dy3+ persistent phosphor from hydrolysis reaction.

 

Figure 6. The Y value in hydrolysis solutions of different preparation sequences: (a) Add the silane
coupling agent first; (b) Adjust pH first.

3.2.2. Effect of the Silane Coupling Agent Types

KH560 and KH570 are the mainly silane coupling agents used in the coatings industry. Two silane
coupling agents were used to prepare the PLO-8B luminescent powder coated with the polymer shell
respectively to determine the optimal type. The moisture resistance was evaluated as shown in Figure 7.
The solution was initially acidic due to the hydrogen ions added in the preparation. The untreated
PLO-8B luminescent powder hydrolyzed rapidly in 40 ◦C water resulting in a significant increase in
solution pH and almost hydrolyzed completely after 5 h. Two silane coupling agents slowed down the
increase of solution pH, indicating the moisture resistance was improved. The solution pH soaked
with PLO-8B luminescent powder coated with KH560 and KH570 decreased by 25% and 48.79%,
respectively. Obviously, KH570 is more suitable to polymer shell coating for PLO-8B luminescent
powder than KH560.

Molecular structures of different silane coupling agents are shown in Figure 8. Siloxy groups
forming the highly active silanol after the hydrolysis reaction are observed both in the KH560 and
KH570, which bonds with the hydroxyl groups on the surface of persistent phosphors and undergo
polycondensation by the “Si–OH” functional group. However, the methacrylic group in KH570 is
unique. It is copolymerized with MMA and sodium persulfate to generate a denser polymer shell
further improving the moisture resistance.
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Figure 7. The change of solution pH soaked with PLO-8B luminescent powder coated with different
silane coupling agents.

Figure 8. Molecular structures of different silane coupling agents.

3.2.3. Effect of Silane Coupling Agent Dosages

Three samples of polymer shell coating (silane coupling agent dosages are 10, 15, and 20 wt%
respectively) were prepared to determine the optimum silane coupling agent dosage. As shown in
Figure 9, the solution pH soaked with coated samples decreases clearly. However, the excessive silane
coupling agent (20 wt% silane coupling agent) formed the loose and easily broken polymer shell,
resulting in the sharp rise of solution pH after the polymer shell broken in 1.5 h. The solution pH
soaked with PLO-8B luminescent powder coated with 10 wt% and 15 wt% silane coupling agent
decreased by 47.14% compared to the uncoated sample, indicating the significant improvement of
moisture resistance. Herein 10 wt% silane coupling agent formed a thinner polymer shell contributing
to the less negative impact on the luminescent properties. Thus 10 wt% was selected as the optimum
dosage of the silane coupling agent.
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Figure 9. The change of solution pH soaked with PLO-8B luminescent powder coated with different
silane coupling agent dosages.

3.2.4. Effect of Sodium Dodecyl Benzene Sulfonate Dosages

The surfactant (sodium dodecyl benzene sulfonate) dosage determines the conversion rate of the
methacrylic monomer, relating to the quality of the polymer shell. Three samples of polymer shell
coating (sodium dodecyl benzene sulfonate dosages are 0.1, 0.15, 0.2 wt%, respectively) were prepared
to select the optimum surfactant dosage. As Figure 10 shows, the solution pH started significantly
increasing from 1.5 h, indicating the polymer shell had been severely damaged. Obviously, the moisture
resistance of the polymer shell coating samples with 0.1 or 0.2 wt% surfactant was much worse than
0.15 wt%. Too much surfactant (0.2 wt%) leads to the violent polymerization reaction. The newly
grown polymer shell rapidly aggregates on the surface of PLO-8B luminescent powder, resulting in the
loose structure of the polymer shell. On the contrary, too less surfactant (0.1 wt%) limits the formation
of polymer shell. Thus, 0.15 wt% is selected as the optimum surfactant dosage.

Figure 10. The change of solution pH soaked with PLO-8B luminescent powder coated with different
sodium dodecyl benzene sulfonate dosages.
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3.3. Moisture Resistance of Silica-Polymer Hybrid Shell Coating

PLO-8B luminescent powder coated with silica–polymer hybrid shell (PLO-8B-SP) was prepared
to compare the moisture resistance with PLO-8B luminescent powder coated with silica shell (PLO-8B-S)
and polymer shell (PLO-8B-P). As Figure 11 shows, the silica–polymer hybrid shell coating significantly
slowed down the increase of solution pH, indicating the improvement in the moisture resistance.
The growth rate of solution pH soaked with PLO-8B, PLO-8B-S, PLO-8B-P, and PLO-8B-SP was 75%,
18%, 32%, and 21%, respectively as shown in Figure 12. The PLO-8B-S and PLO-8B-P was prepared
based the on the optimal composition from the previous tests. Obviously, all types of shell coating
significantly improve the moisture resistance of PLO-8B luminescent powder. The growth rate of
solution pH soaked with PLO-8B-S, PLO-8B-P, and PLO-8B-SP was decreased by 75.93%, 57.89%, and
71.72%, respectively compared to PLO-8B. The moisture resistance of PLO-8B luminescent powder
coated with silica–polymer hybrid shell was significantly improved compared to polymer shell coating,
indicating the silica shell coating contributes the most in the test.

 

Figure 11. The change of solution pH soaked with PLO-8B luminescent powder coated with
silica–polymer hybrid shell.

Figure 12. The growth rate of solution pH soaked with PLO-8B luminescent powder coated with silica
shell, polymer shell and silica–polymer hybrid shell.
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3.4. Organic Compatibility of Persistent Phosphors

The oil absorption of persistent phosphors shows the organic compatibility, indicating the
compatibility with other organic solutions in waterborne coatings such as auxiliaries and binders [29–31].
Four samples were prepared to evaluate the organic compatibility based on the oil absorption test
according to the ISO787-5-1980 as shown in Figure 13. The organic compatibility of PLO-8B-S, PLO-8B-P,
and PLO-8B-SP was improved by 7.41%, 40.74%, and 33.33%, respectively indicating the silica shell
coating has little effect on the oil absorption. Both the polymer shell coating and the silica–polymer
hybrid shell coating greatly improved the organic compatibility of PLO-8B luminescent powder. Due to
the decrease in silane coupling agent and AA/MMA dosage, the organic compatibility improvement of
PLO-8B luminescent powder coated with silica–polymer hybrid shell is slightly weaker than that of
PLO-8B luminescent powder coated with polymer shell.

Figure 13. Oil absorption of PLO-8B luminescent powder.

3.5. Thermal Stability of Persistent Phosphors

The comprehensive thermogravimetric analyzer (TGA/DSC 3+, METTLER TOLEDO) was used
to measure the TG curves of PLO-8B luminescent powder coated with silica shell, polymer shell,
and silica–polymer hybrid shell as shown in Figure 14. PLO-8B-P constantly lost mass with the
temperature increasing due to the volatilization of polymer shell. The mass loss of PlO-8B-S was within
0.5%, indicating the better thermal stability. The initial thermal weight loss behavior of PLO-8B-SP was
consistent with PLO-8B-P, due to the same polymer shell. However, the less silane coupling agent
and AA/MMA dosage formed the thinner polymer shell coating the PLO-8B luminescent powder in
PLO-8B-SP. Thus, the thermal weight loss of PLO-8B-SP slowed down gradually. Obvious, the easily
decomposable polymer shell coating is not suitable to prepare the dedicated aluminate-based persistent
phosphors for the durable luminescent road surface marking, due to the extremely high temperatures
of pavement surface in some cases. The silica and silica–polymer hybrid shell contributed to the better
thermal stability of PLO-8B-S and PLO-8B-SP, indicating the ability to ensure the moisture resistance in
the wider range of temperature.
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Figure 14. TG curves of PLO-8B luminescent powder coated with silica shell, polymer shell, and
silica–polymer hybrid shell.

3.6. Luminous Performance of Persistent Phosphors

FLs980 full-featured Steady/Transient Fluorescence Spectrometer (Edinburgh) was used to measure
the excitation and emission spectra of PLO-8B luminescent powder (PLO-8B) and PLO-8B luminescent
powder coated with silica–polymer hybrid shell (PLO-8B-SP). The luminescence properties were
analyzed by comparing the spectral peaks and peak areas. According to Figure 15, the peak positions
of PLO-8B-SP in the excitation spectrum and the emission spectrum are consistent with the PLO-8B,
while the peak decreased. Due to part of light was reflected or absorbed by the silica–polymer hybrid
shell, the persistent phosphors absorbed less light energy, resulting in the attenuate of emitted light.
The peak emission spectrum and excitation spectrum of the PLO-8B-SP decreased by 23.4% and 13.7%,
respectively. Obviously, the silica–polymer hybrid shell coating affects the brightness but does not
damage the persistent phosphors.

Figure 15. Em and Ex spectra of PLO-8B and PLO-8B-IO.
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3.7. X-Ray Diffraction (XRD) Analysis

Figure 16 plots XRD patterns of PLO-8B luminescent powder (PLO-8B), PLO-8B luminescent
powder coated with polymer shell (PLO-8B-P), and PLO-8B luminescent powder coated with
silica–polymer hybrid shell (PLO-8B-SP). All the diffraction peaks were indexed and are good
in agreement with JCPDS card no. 034-0379 with lattice constants a = 8.4424Å, b = 8.822Å, c = 5.1607 Å
with interfacial angles α = 90.00◦, β = 93.42◦, γ = 90.00◦, respectively. Hence persistent phosphors of
were not changed, which is consistent with the results of Fluorescence excitation and emission test.

Figure 16. XRD patterns of PLO-8B luminescent powder (PLO-8B), PLO-8B luminescent powder coated
with polymer shell (PLO-8B-P), and PLO-8B luminescent powder coated with silica–polymer hybrid
shell (PLO-8B-SP) [32].

3.8. Scanning Electron Microscopy (SEM) Analysis

The SEM images of samples are shown in Figure 17. As can be seen under 400×magnification,
the surface irregularity of PLO-8B is weakened after coated with shells, which means the surface
covered by a complete protective layer. Due to the addition of silica shell, the surface of PLO-8B-SP is
smoother than PLO-8B-P. As can be seen under 10,000×magnification, excess silane coupling agent
reacted with AA/MMA to form a small amount of protrusion on the surface of PLO-8B-P. A dense
and intact protective layer appeared on the surface of PLO-8B-IO, indicating the reduction of silane
coupling agent and AA/MMA dosage is suitable. As seen under 20,000×magnification, the coated
shells form a honeycomb structure covering the regular and distinct crystal structure of PLO-8B, which
protects the luminescent structure from damage.
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Figure 17. SEM images: (a) PLO-8B; (b) PLO-8B-P; (c) PLO-8B-SP.

4. Conclusions

SrAl2O4: Eu2+, Dy3+ persistent phosphors coated different type of shells were prepared in this
paper to improve moisture resistance and organic compatibility. The optimal parameters (coating
reaction time, sodium silicate dosage, processing sequence, silane coupling agent types, silane coupling
agent dosages, and sodium dodecyl benzene sulfonate dosages) of chemical precipitation and sol-gel
method for the preparation of silica–polymer hybrid shell were determined by the moisture resistance
test. The silica–polymer hybrid shell coating balances the organic compatibility and thermal stability
as compared to the silica or polymer shell coating in the oil absorption test and thermogravimetric
analysis. The phase structure of SrAl2O4: Eu2+, Dy3+ persistent phosphors did not change in the
coating process based on luminous performance, XRD, and SEM analysis. The optimal silica–polymer
hybrid shell coating for SrAl2O4: Eu2+, Dy3+ persistent phosphors improved the moisture resistance
and organic compatibility by 71.72% and 33.33% compared to the uncoated SrAl2O4: Eu2+, Dy3+

persistent phosphors. The outstanding durable properties of SrAl2O4: Eu2+, Dy3+ persistent phosphors
coated with silica–polymer hybrid shell as shown in this research is crucial for its potential application
in waterborne luminescent coatings of road surface marking.
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Abstract: Cool coatings are typically used to address high-temperature problems with asphalt
pavements, such as rutting. However, research on the effect of the coating structure on the cooling
performance remains a major challenge. In this paper, we used a three-layer cool coating (TLCC)
to experimentally investigate the effects of the reflective layer, the emissive layer, and the thermal
insulation layer on the cooling effect using a self-developed cooling effect evaluation device (CEED).
Based on the test results, we further established temperature fields inside uncoated and coated samples,
which were used to study how the TLCC affects the inner temperature field. Our results showed that
the reflective layer was the main parameter influencing the cooling effect (8.18 ◦C), while the other
two layers were secondary factors that further improved the cooling effect to 13.25 ◦C. A comparison
of the temperature fields showed that the TLCC could effectively change the internal temperature
field compared with the uncoated sample, for example, by reducing the maximum temperature inside,
whose corresponding position was also deeper. As the depth increased, the cooling effect of the
TLCC first increased and then decreased slowly. The results emphasize the importance of considering
the effect of the coating structure on the cooling performance. This study provides a reference for
effectively alleviating high-temperature distresses on asphalt pavement, which is conducive to the
sustainable development of pavements.

Keywords: asphalt pavement; cool coating; coating structure; cooling effect; temperature field

1. Introduction

Asphalt pavements have the advantages of high flatness, riding comfort, and low noise and have
been widely used in engineering construction. However, asphalt mixtures have a high absorption
rate for sunlight, especially in summer, which causes the temperature of the asphalt pavement to
rise sharply. On the one hand, high temperature is not good for the asphalt pavement itself. For
example, high temperature tends to cause the asphalt mixture to soften easily, and with the continuous
rolling of vehicles, it may produce viscous flow and even road distress, such as rutting [1,2]. This
greatly increases the maintenance cost and reduces the life of asphalt pavement, which is detrimental
to the sustainable development of asphalt pavement. On the other hand, high-temperature asphalt
pavements can exacerbate the urban heat island (UHI) effect, thereby accelerating global warming [3,4].

Cool coatings are considered an effective technical means because of passive cooling and resistance
to the UHI effect. Initially, cool coatings were popular on roofs as a relatively inexpensive technology
used to reduce buildings’ energy requirements for cooling during the summer [5]. In recent years, the
application of cool coatings on asphalt pavements has attracted increasing attention. At present, its
application on roads mainly focuses on the following aspects:
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1. Development of high-performance functional fillers [6–8] and pigments, especially nonwhite
pigments with high infrared reflectivity [9–11], such as Bi3+-doped and Bi3+/Tb3+-co-doped
LaYO3 pigments [12]. Further, Xie et al. noted that coatings doped with chrome are a feasible
way to improve the reflectance of sunlight, especially near-infrared reflectivity [13].

2. Durability of the coating. Peng et al. [14] investigated the hydrophobic and anti-icing performance
of silicone coating. Li et al. [15] researched the life cycle assessment of reflective coatings
for pavements.

3. Impact on the UHI [16–19]. Qin et al. [20] suggested that raising the albedo of pavements could
effectively improve the urban canyon albedo only when the canyon has a low aspect ratio (e.g.,
h/w ≤ 1).

However, research on coating structures is still in its infancy. Although cool coatings for asphalt
pavements have achieved good cooling performance, most coatings are single-layer structures. This
means that some functional materials do not perform their intended function. For example, some
reflective functional materials may be wrapped by other opaque materials, thereby weakening their
optical reflection function. Therefore, the single layer structure limits the future development of the
cool coating. In other words, it is still a considerable challenge to study the effect of the structure on
the cooling performance. Moreover, another important issue is that there are few studies that focus on
how cool coatings affect the temperature field inside the asphalt pavement, which is important for the
softening of asphalt mixtures [21].

The purpose of this article is to prepare and test the cooling effect of a coating containing three
structural layers, that is, the TLCC (three-layer cool coating). First, we developed a cooling effect
evaluation device (CEED) and methods to ensure the accuracy of the test results. Second, we tested
the effect of each structural layer on the cooling effect of the coating through the above device and
determined the content of key materials in each layer. Finally, the influence of the coating on the
internal temperature field of the whole sample was analyzed. This paper contributes to alleviating the
problems caused by high temperatures, such as rutting.

2. Design Principles of Cool Coatings

Asphalt pavement is in a complex light and heat environment. Figure 1 shows that asphalt
pavement can absorb, reflect, and emit radiation and that it can also transmit it downward by conduction
and upward by convection. The above factors can be quantitatively described by Equation (1). When
the asphalt pavement is in thermal equilibrium, its calculation formula is as shown in Equation (2).

q′ = α
(
GS + Gsky

)
−Gsur −Gh (1)

where:

q′—specific rate of heat flow, W/m2;
α—absorptivity of total solar radiation;
GS—total solar radiation, W/m2;
Gsky—atmospheric counter radiation, W/m2;

Gsur—thermal radiation, W/m2;
Gh—convective heat transfer, W/m2.

When q′ = 0,

α
(
GS + Gsky

)
= Gsur + Gh (2)

If the heat inside the asphalt pavement is reduced, we can control the following aspects: increase
the reflected radiation (α) and increase the emitted thermal radiation (Gsur). In addition to the above, it
is also necessary to consider reducing the heat transfer downward.
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Figure 1. Thermal environment of asphalt pavement.

Therefore, we have proposed a design of the TLCC (three-layer cool coating), the structure of
which is shown in Figure 2. The design of the cool coating is as follows: (1) The first layer, the reflective
layer, whose main purpose is to reflect visible light and infrared light, ensures that as little light as
possible enters the coating and passes down, while the layer’s surface glare should be considered.
(2) The second layer, also called the emissive layer, is mainly intended to emit radiation. The emissive
layer pumps energy into the surrounding space by thermal radiation, which is a passive cooling
method that is important for reducing the temperature of the object and mitigating the urban heat
island effect. (3) The third layer, the thermal insulation layer, is responsible for preventing heat from
being transferred downward into the interior of the asphalt pavement.

 
Figure 2. Working principle of the three-layer cool coating (TLCC).

223



Materials 2019, 12, 1903

3. Materials and Methods

3.1. Materials

3.1.1. Cool Coatings

According to the design principle of the TLCC with multifunctional layers, key functional materials
consist of reflective materials, radiant materials and insulating materials. We chose rutile titanium
dioxide [22] as the reflective material, silicon dioxide [23,24] as the radiant material, and hollow glass
microbeads as the insulating material to study the influencing factors of the cooling performance of the
TLCC, as shown in Table 1, Table 2, and Table 3. Then, epoxy resin was chosen as the adhesive material
with high transparency. Furthermore, to form a high-performance coating, some other additives were
used, for example, a diluent agent, curing agent, dispersing agent, and antifoaming agent. Finally,
carbon black of different proportions was selected to alleviate driving glare.

Table 1. Technical characteristics of titanium oxide.

Appearance Refractive Index Average Particle Diameter Brightness pH Density

White 2.8 0.20–0.26 μm ≥ 94.5% 6–9 4.23 g/cc

Table 2. Technical characteristics of silicon dioxide.

Appearance Refractive Index Average Particle Diameter Boiling Point pH Density

White 1.553 8 μm 2950 ◦C 6.5–7.5 2.65 g/cc

Table 3. Technical characteristics of hollow glass microbeads.

Appearance Density Particle Size Thermal Conductivity pH

White 0.60 g/cc 15–120 μm 0.003–0.01 BTU/in·hr ◦F 8–9.5

3.1.2. Asphalt and Mixtures

Basalt was chosen as the aggregate, and the gradation of the asphalt mixture was AC-16 type.
The optimum content of asphalt binder is 4.6 wt %, which was obtained from the Marshall test. The
preparation process of the asphalt mixture conformed to China’s specification of JTG F40-2004. The
size of the rutting board made of the asphalt mixture was 300 mm × 300 mm × 50 mm.

3.2. Methods

3.2.1. Preparation of Test Samples

To spray coatings evenly on the standard rutting board, an ultrasonic dispersing instrument and
stirrer were used for the operation. As shown in Figure 3, the specific preparation process was as
follows:

1. Modifying the bonding material. To improve the properties of the adhesive material (epoxy
resin), it was necessary to use additives, such as dispersing agents and antifoaming agents.

2. Adding functional materials. Although the functional materials of each layer of the cool coating
were different, their operation steps were the same.

3. Spray coating. Coating was applied to the surface of the rutting plate. Each coating layer was
0.3 kg/m2.

4. Curing. The curing speed is related to the ambient temperature, and the higher the ambient
temperature, the faster the curing speed. In this test, the temperature condition of 40 ◦C
was selected.
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Figure 3. Schematic of the coating preparation process.

Based on the above steps, we investigated the effect of each functional layer on the overall cooling
performance of the cool coatings by the control group and different test groups, as shown in Table 4.

Table 4. Coating scheme on test samples.

Scheme Structures Materials

Scheme 1 Reflective layer Rutile titanium dioxide + Carbon black

Scheme 2
Reflective layer Rutile titanium dioxide + Carbon black
Emissive layer Silicon dioxide

Scheme 3
Reflective layer Rutile titanium dioxide + Carbon black
Emissive layer Silicon dioxide

Thermal insulation layer Hollow glass microbead

3.2.2. Cooling Effect Test

We designed a test device (CEED) to evaluate the cooling performance of cool coatings, as shown in
Figure 4. To ensure the accuracy of the test results, the device mainly had the following design features:

1. First, the device had to be capable of controlling environmental parameters and eliminating
the effects of different environmental factors on measurement accuracy, such as air temperature
and humidity.

2. Then, to simulate sunlight, we used tungsten halogen lamps, whose spectrum is similar to that
of sunlight. We adjusted the angle of incidence to emit parallel light, which was achieved by a
suitable lampshade design.

3. Furthermore, to best simulate the actual solar radiation in different weather conditions, we
adjusted the intensity of the light striking the surface of the road simulation structure (the sample).

4. Finally, to ensure the accuracy of the test dates, we took measures, such as wrapping the sides
and bottom of samples with a 5 cm-thick layer of thermal insulation materials, to reduce the heat
loss during the test.
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Figure 4. Self-developed cooling effect evaluation device (CEED).

In addition to the indoor CEED, temperature recorders, infrared cameras, weather stations and
other devices were applied in this test. These devices worked together to complete the cooling effect
test work according to certain process steps. As shown in Figure 5, the specific steps of our test were
as follows:

1. The working environment parameters were set, including air temperature, humidity, and radiation
intensity, where the temperature was 20 ◦C, the humidity was 50% RH, and the equivalent radiation
intensity was 700 W/m2.

2. The environmental parameters were checked. At the preparatory stage prior to the test, the
weather station helped check and determine environmental parameters, such as radiant intensity.

3. The cooling effect of the coatings was tested. When the light source was turned on, the sample
entered the heating stage. The temperature data were collected using a temperature recorder
and temperature sensors every 12 minutes. After the samples reached thermal equilibrium, the
thermal infrared images were taken on the side of the samples using an infrared camera, followed
by temperature field analysis.

4. The cooling effect of the coatings was evaluated. The temperature difference between the coated
and uncoated samples was calculated using Equation (3), where ΔT is used to indicate the cooling
performance of the coating:

ΔT = Temperatureuncoated − Temperaturecoated (3)
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Figure 5. Specific steps of the cooling effect test.

4. Results and Discussion

4.1. Reflective Layer

4.1.1. Content of Titanium Dioxide

To evaluate the titanium dioxide content in the reflective layer, the doses of titanium dioxide
were selected to be 4.5%, 9%, 13.5%, and 18%. The time histories of rising temperature are shown in
Figure 6a, and the comparative cooling effects are shown in Figure 6b.

 
(a) (b) 

Figure 6. Effect of titanium dioxide on the cooling performance of coatings. (a) Process of heating to
thermal equilibrium; (b) comparison of cooling effects.

As Figure 6 shows, the cooling effect at first increased with an increase in the content of titanium
dioxide. When the percentage of titanium dioxide changed from 4.5% to 13.5%, the cooling effect
significantly increased, reaching 9.41 ◦C. Titanium dioxide is a kind of material with a high refractive
index and wide band gap that can reflect most visible light and near-infrared light. Therefore, with the
increase in titanium dioxide particles, the cooling performance of the coating was improved. However,
when the content of the reflective functional material reached 18%, the cooling effect of the coating
did not increase but decreased slightly. This may be due to the aggregation of some particles, which
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resulted in a reduction in the specific surface area of heat dissipation and thus a reduction in scattering
efficiency. Therefore, we recommend 13.5% titanium dioxide in the reflective layer.

4.1.2. Carbon Black in the Reflective Layer

To study the effect of carbon black content on the cooling performance of the coating, its proportion
was chosen as the only variable at 0.4%, 0.6%, and 0.8%. Other ingredients and their proportions were
the same.

Figure 7 shows that the use of carbon black reduced the cooling effect of the coating, and as the
amount of carbon black increased, the cooling effect of the coating became lower. The use of carbon
black (0.4%) caused a slight decrease in the cooling effect of the coating, from 9.41 ◦C to 8.91 ◦C, a
decrease of 0.5 ◦C. When the amount of carbon black was increased from 0.4% to 0.6%, the change
in cooling effect was still small, decreasing by 0.73 ◦C; however, when the dose of carbon black was
increased to 0.8%, the cooling effect of the coating was significantly decreased, a drop of 1.49 ◦C.
This trend suggests that carbon black had an adverse effect on the cooling effect of the coating while
improving surface glare. Moreover, large doses of carbon black resulted in increased costs. Taking
these factors into consideration, we recommend a carbon black content of 0.6%.

 
(a) (b) 

Figure 7. Effect of carbon black on the cooling performance of coatings. (a) Process of heating to
thermal equilibrium; (b) comparison of cooling effects.

4.2. Emissive Layer

A single-layer coating of silicon dioxide is the simplest and most promising coating for enhancing
the emissive layer. To determine the effect of the emissive layer on the overall cooling performance of
the coating, a coated sample with an emissive layer was used as a test group, while a coated sample
without an emissive layer was used as a reference group. Furthermore, to determine the content of
silicon dioxide in the emissive layer, its percentage was chosen to be 13%, 18%, and 21%.

Figure 8 shows that the emissive layer had a positive effect on the cooling performance of the
coating. In particular, the application of the emissive layer allowed the coating to have a cooling effect
of more than 8.18 ◦C. As the amount of silicon dioxide increased from 13% to 18%, the cooling effect of
the coating increased from 9.78 ◦C to 11.1 ◦C, an increase of 1.32 ◦C. When the amount of silicon dioxide
was increased to 21%, the increase in the cooling effect of the coating was small, only 0.49 ◦C. It should
be noted that as the filler (silicon dioxide) increased, the viscosity of the coating increased. However,
the viscosity must be controlled within a suitable range to maintain its workability. Therefore, it was
necessary to control the content of silicon dioxide. Therefore, we recommend a silicon dioxide content
of 18%.
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(a) (b) 

Figure 8. Effect of silicon dioxide on the cooling performance of coatings. (a) Process of heating to
thermal equilibrium; (b) comparison of cooling effects.

4.3. Thermal Insulation Layer

The coating layer without the insulating layer was used as a reference group, and 11.5%, 17.5%,
and 23.5% of hollow glass microspheres were added to prepare a test group. As shown in Figure 9, the
coating with the thermal insulation layer had a better cooling effect. Specifically, the cooling effect of
the coating exceeded 11.1 ◦C due to the thermal insulation layer. A content of 11.5% of the hollow
glass beads increased the cooling effect of the coating by 1.18 ◦C, from 11.1 ◦C to 12.28 ◦C. When the
content of the hollow glass microspheres continued to increase to 17.5%, the cooling effect was still
satisfactory, increasing by 0.97 ◦C. Since hollow glass beads have a hollow structure and low thermal
conductivity, they can improve the thermal insulation performance of the coating. However, when
its content was increased to 23.5%, the cooling effect of the coating did not increase much, increasing
only by 0.44 ◦C. Moreover, as the content of hollow glass microspheres increased, the compressive
modulus and strength of the composites decreased. Therefore, the use of an appropriate amount of
microspheres allows the coating to have a satisfactory overall performance. We recommend using
17.5% hollow glass beads in the thermal insulation layer.

 
(a) (b) 

Figure 9. Effect of hollow glass microbeads on the cooling performance of coatings. (a) Process of
heating to thermal equilibrium; (b) comparison of cooling effects.

4.4. Temperature Fields of the Sample Inside

To investigate the cooling effect of the coating inside the sample, the coated (TLCC) and the
uncoated rutting board were taken as the research samples. An infrared camera was used to collect the
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data on the side, and the temperature field was analyzed by the relevant data analysis software, such
as Infrec Analyzer, as shown in Figure 10.

 
(a) (b) 

Figure 10. Temperature fields of samples inside an (a) uncoated sample and a (b) coated sample.

Figure 11 illustrates that the coating significantly changed the temperature field inside the sample.
Specifically, the cool coating had a cooling effect of more than 12 ◦C within 5 cm below the surface.
In addition, we still found that the change of the temperature field had a certain regularity. First,
Figure 11a shows that the highest temperature point inside the sample was not at the surface but
at a certain distance below the surface, regardless of whether the coating was applied. The cool
coating changed the temperature and depth of the hottest point. The cool coating not only reduced
the maximum temperature of the asphalt concrete by 13.12 ◦C but also deepened the corresponding
position by 1.24 cm. This means that the cool coating was important for relieving the high-temperature
softening problem of asphalt pavements in summer. Second, the cooling effect in Figure 11b shows the
temperature difference (Δt) between the coated and uncoated samples at the same position. It is not
difficult to see that the cooling effect of the coating increased first with increasing depth, followed by a
large peak (13.68 ◦C). Subsequently, the cooling effect was gradually reduced. However, the cooling
effect suddenly appeared with two peaks at approximately 4 cm, which was due to the unevenness
caused by the large pores inside the sample. However, this accidental error did not change the tendency
of the cooling effect to gradually decrease. In general, the cool coating had a good cooling effect within
5 cm below the surface of the asphalt concrete pavement, and this effect showed a tendency to decrease
slightly after the increase.

 
(a) (b) 

Figure 11. Analysis of internal temperature data. (a) Internal temperature changes of the coated and
uncoated samples; (b) cooling effect of the TLCC.
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5. Conclusions and Outlook

In this paper, a novel cool coating (TLCC) was prepared that comprises three different structural
layers: a reflecting layer, an emitting layer, and a thermal insulation layer. Then, we independently
designed a CEED (cooling effect evaluation device) and a corresponding method for coatings, which
were used to investigate the effect of each structural layer on the cooling effect and determine the
content of various materials. Finally, we investigated the effect of this novel coating on the internal
temperature field of asphalt concrete samples and studied the cooling effect of the coating inside the
sample. According to the analysis of this article, the following results are obtained:

• We developed a CEED that can regulate various environmental parameters, including atmospheric
temperature, humidity, and radiation intensity. This device improves the accuracy of the test
results. At the same time, we proposed a corresponding design method, which includes the
following four steps: Setting the environmental parameters, such as air temperature; checking the
environmental parameters using a weather station; testing the cooling effect of the coating using
temperature recorders and an infrared camera; and evaluating the cooling effect of the coating.
This device and method take into account the environmental factors that influence the cooling
effect of the coating and provide a reference for the accurate testing of the coating.

• Using the above device, we investigated the effects of different structural layers in the coating.
The reflective layer is the main factor producing the coating cooling effect. On this basis, the
addition of the emissive layer and the thermal insulation layer can improve the cooling effect of
the coating. The reflective coating is capable of cooling the sample surface by 8.18 ◦C compared
to the uncoated sample. The addition of the emissive layer can increase the cooling effect of the
coating to 11.1 ◦C. The bottom thermal insulation layer can prevent heat from passing downward,
which also increases the cooling effect to 13.25 ◦C. This information provides a reference to further
optimize the structure of the coating.

• In the above coating structure, the contents of key materials are determined. The contents of
titanium dioxide, carbon black, silicon dioxide, and hollow glass microspheres are 13.5%, 0.6%,
18%, and 17.5%, respectively.

• We analyzed the temperature field inside the samples with and without the cool coating (TLCC).
We drew the following three conclusions: First, the cooling effect exceeds 12 ◦C regardless of any
depth of the asphalt mixture sample (thickness of 5 cm); second, TLCC can reduce the maximum
temperature inside the asphalt pavement (13.12 ◦C) and lower the maximum temperature’s
corresponding position (1.24 cm); third, the cooling effect shows a tendency to increase first
and then decrease slowly with an increase in depth. In general, this cool coating of the TLCC
significantly changes the temperature field of the asphalt pavement.

This paper provides a reference for the structural optimization of the coating and a better cooling
effect. At the same time, this study provides a more accurate and effective technical means for
evaluating the cooling effect of the coating compared with other techniques. This study contributes to
the reduction of road distresses, such as ruts, and the development of sustainable asphalt pavement.
For future research, we propose the following suggestions:

• First, modify materials or find alternative new nanomaterials to develop
high-performance coatings.

• Second, carry out finite element simulations and establish the temperature field inside the
pavement to study the influence of relevant factors on the cooling effect of the coating, including
solar radiation, temperature, and humidity.

• Third, it is necessary to establish a temperature field prediction model for asphalt pavement
with a paved coating; the current temperature field prediction model is based on atmospheric
temperature and solar radiation and does not consider whether the asphalt pavement surface
is coated.
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Abstract: A new type of inhibitor is studied in this paper. Inhibition efficiency and adsorption
behavior of an inhibitor film on the steel surface is tested via the electrochemical method and
theoretical calculation to establish the adsorption model. Test results confirm that inhibition efficiency
is improved with the addition of an inhibitor, and the inhibitor film is formed firmly by comparing the
characteristic peaks of S and N. Moreover, the micro-zone corrosion progress of Fe in 3.5% invasive
NaCl-simulated seawater environment is studied. The results further show that corrosion is initiated
under the zone without the inhibitor film, while it is prevented under the protection of the film.
By the experiments, it is shown that inhibitor can be adsorbed on the surface of steel stably and has
excellent protection performance for reinforced rebar, which can be widely used in concrete structure.

Keywords: carbon steel; EIS test; XPS; interfaces; inhibition mechanism

1. Introduction

Building materials comprise the most consumable materials in a modern city, especially concrete.
However, concrete can be destroyed easily by static or dynamic loads, and concrete corrosion can take
place anytime due to an adverse environment such as, fog and humidity, seawater, and alkaline or
acidic soils [1]. Concrete structure destruction is mostly induced by the destruction of steel rebar in
concrete. Generally, a passive film layer can be produced on the Fe surface in the environment of a
high-alkalinity pore solution, and such a passive film can prevent the oxidation–reduction reaction
on the steel surface [2]. However, a fragile passive thin film can be easily degraded by carbonization;
CO2 transported to the surface of the steel bar reacts with Ca(OH)2 in the concrete, or chloride ions
penetrate the surface of the steel causing corrosion to occur [3,4]. Therefore, to avoid the corrosion,
many technological approaches have been developed to protect steel rebar, including coating with
organic layers [5,6], polymer coatings [7], the formation of oxide layers [8], cathodic protection [9],
and coating with other metals or alloys [10].

Nevertheless, due to the lower bond strength and short service-life durability incurred by using
above methods, a new technology that has no impact on the bond strength between the steel and
concrete structure and has a high service-life performance is required to ameliorate the current issues.
In the past, inhibitors were used to prevent the permeation of detrimental ions from pore solutions into
the surface of steel rebar, thus making the passive film immune to erosion by carbonation and chloride
ions. Zarrouk et al. [11] studied the relevant inhibition properties, especially adsorption behavior,
and theoretically calculated the effect of inhibitors in a hydrochloric acid solution on carbon steel.
Studies show that the inhibition efficiency has a positive correlation with the inhibitor concentration,
but a negative correlation with the temperature. Zhang et al. [12] researched oxo-triazole derivatives
used as a corrosion inhibitor for mild steel in an acidic solution. Liu et al. [13] researched ginger
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extract as a green inhibitor for carbon steel in simulated concrete pore solutions. Verbruggen et al. [14]
researched inhibitor evaluation in different simulated concrete pore solution for the protection of
steel rebars. Neither the results of weight-loss measurements, or of electrochemical tests using such
materials have shown satisfactory protection of mild steel against corrosion.

Beyond the above-mentioned studies, we used the scanning vibrating electrode technique (SVET)
to study the anticorrosion mechanism under an invasive environment with and without the protection
of a new inhibitor, bismuth-thiol, and visually display the corrosion process.

2. Experimental Methods

2.1. Materials and Sample Preparation

The molecule of the inhibitor under study, namely 2-(5-mercapto-1,3,thiadizaole-2-yl)-(4-
methylbenzene), is shown in Figure 1. In the concentration studies, the concentration of the inhibitor in
a simulated concrete solution (SCP) with 3.5% NaCl ranged from 0.1 to 5.0 mmol/L with a natural pH at
an ambient temperature. The simulated concrete solution is a mixture of KOH (28.0 g/L), NaOH (8.0 g/L),
and Ca(OH)2 (2.2 g/L), and the pH of the simulated concrete solution is 13.6. This solution in the
absence of the inhibitor is taken as the blank for comparison.

Figure 1. Structure of inhibitor molecule.

Commercial Q235 steel rebar (10 × 10 × 10 mm3, which contains 0.14–0.22 C, 0.30–0.65 Mn,
<0.60 Si, <0.05 S, <0.045 P (wt%) and Fe balance) is used in this study. Before the experiment, the rebar
specimens are polished, degreased ultrasonically, and then dried using the methods described in
References [15,16]. All samples tested are immersed in a prepared solution (SCP with 3.5% NaCl) at
ambient temperature and exposed to air.

2.2. EIS Measurements

Electrochemical impedance spectrum (EIS) experiments are conducted on a
potentiostat/galvanostat/zero-resistance ammeter (Gamry Instruments 1000, Gamry Instruments
Corp., USA) using the usual three-electrode test setup. The ac frequency ranged from 1 × 105 Hz to
1 × 10−2 Hz.

2.3. Surface Chemical Composition Measurements

Before conducting X-ray photoelectron spectroscopy (XPS) measurements, as-prepared cubic steel
(4 × 4 × 2 mm3) is soaked for 3 days in SCP with NaCl and inhibitor with a concentration of 3.5 wt%
and 5.0 mmol/L to form the firm inhibitor film. Under the same conditions, carbon steel soaked in a
solution without the inhibitor is prepared for comparison.

The XPS measurements of the surface chemical composition are carried out on a scanning
microprobe (PHI Quantum 2000, Physical Electronics, Inc., Chanhassen, MN) with an Al Kα radiation
source. Parameter settings and test procedures are based on Reference [17].

2.4. SVET Measurements

The SVET measurements of the carbon steel (4 × 4 × 2 mm3) are conducted using the same process
as the XPS measurements. Before the SVET tests, however, scratches are made on the surface of the
carbon steel. The tests are then conducted in the invasive environment of a pure 3.5% NaCl solution.

Scanning electrochemical workstation (Applicable Electronics, Inc., Chanhassen, MN) is used to
conduct the SVET measurements. Test setup is based on Reference [18].
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3. Results and Discussion

3.1. EIS Measurement Results

A set of Nyquist and Bode plots of carbon steel in as-prepared solutions with varied concentrations
of the inhibitor is shown in Figure 2a, which visually displays the capacitive and resistive behavior at
the interface between the solution and the adsorbed inhibitor layer [15].

As is known, charge transfer resistance Rct represents the developing tendency of capacitive loop,
and double layer capacitance of Cdl represents the coverage percentage of the inhibitor on the carbon
steel surface. A lower value of Cdl indicates a high coverage of inhibitor on the surface, which can
provide a better anticorrosion/corrosion-protection effect [17]. In Figure 2a, compared to the bare
sample, the larger diameter of the capacitive loop and the increase of the capacitive loop with increasing
concentration both show that the inhibitor provides stronger corrosion protection for Q235 carbon steel.

Bode plots of the inhibitor at varied concentrations are shown in Figure 2b–d. From the Bode plots
of the blank and inhibitor concentrations of 0.1 and 0.5 mmol/L, there is one time constant, which is
probably associated with the charge-transfer process [19]. On the contrary, there are obviously two
time constants for the sample with concentrations of 2.0 and 5.0 mmol/L.

In order to analyze the impedance characteristics, an equivalent circuit is proposed to fit the
impedance spectra, as shown in Figure 2e,f. In the figure, plots with one time constant are fitted by the
circuit shown in Figure 2e, while the balance is fitted by the circuit shown in Figure 2f.

  
(a) (b) 

  
(c) (d) 

Figure 2. Cont.
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(e) (f) 

Figure 2. EIS spectra of Q235 carbon steel in simulated concrete solution with 3.5% NaCl in the absence
of and with varied inhibitor concentrations: (a) Nyquist plots; Bode plots of (b) blank sample, 0.1 and
0.5 mmol/L, (c) of 2.0 and 5.0 mmol/L, and (d) of |Z|; equivalent circuit with (e) one-time constant and
(f) two-time constants.

The impedance values of the equivalent circuit and electrochemical parameters are given in
Table 1. When the Rct values are obtained, IE% values of the inhibitor are calculated by [15]:

IE% = (Rct −Rct0)/Rct × 100 (1)

where, Rct and Rct0 are the respective charge-transfer resistance values of the previously described
as-prepared solutions containing the inhibitor and inhibitor-free. By comparing the Rct values, it is
clear that the more inhibitor molecules there are, the better the inhibition efficiency.

Table 1. EIS parameters for corrosion of Q235 carbon steel in simulated concrete solution (3.5% NaCl)
without and with different inhibitor concentrations.

Sample (mmol/L) Rs (Ω cm2) Qdl1 (F cm−2) n1 Rf (Ω cm2) Qdl2 (F cm−2) n2 Rct (Ω cm2) η (%)

Blank 4.382 6.89 × 10−5 0.9245 – – – 7783 –
0.1 1.191 7.316 × 10−5 0.9004 – – – 9691 19.7
0.5 6.545 8.83 × 10−5 0.8892 – – – 12,320 36.8
2.0 1.543 4.831 × 10−5 0.9374 274 1.890 × 10−5 0.4388 32,060 75.7
5.0 2.679 4.539 × 10−5 0.9375 678.4 2.665 × 10−5 0.7467 70,650 89.0

Owing to the fact that corrosion could not occur at the covered sites, the molecules of inhibitors
adsorbed on the Fe surface can supply a barrier that prevents the corrosion process. Therefore, the more
barriers that are on the Fe surface covered by the inhibitor molecule film, the higher the inhibition
efficiency regarding the corrosion process [17].

3.2. Adsorption Isotherm Analysis

Adsorption isotherm is usually used to build the interaction mode between the inhibitors and
the Fe surface [20]. Langmuir adsorption isotherm is cited based on the EIS test results to study the
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adsorption behavior of the inhibitor on Fe surface. The following formula can be used to express the
Langmuir adsorption isotherm [21]:

c/θ = 1/Kads + c (2)

in which, c, θ, and Kads represent the concentration of inhibitor (mmol/L), coverage equivalent (defined
as IE%), and equilibrium constant of inhibitor adsorption (L/mol), respectively. c/θ versus c is plotted
in Figure 3 which is a straight line and the slope is close to 1, showing that Langmuir adsorption
isotherm is the fittest to describe the behavior of inhibitor on the Fe surface [22].

Figure 3. Adsorption isotherm of inhibitor on Q235 carbon steel surface in simulated concrete solution
with 3.5% NaCl and different inhibitor concentrations.

By the calculation of Kads and the following equation [23], the standard adsorption free energy
(ΔG0

ads) can also be obtained:
ΔG0

ads = −RT ln(55.5Kads) (3)

where, R, T, and the value 55.5 are the universal gas constant (J·mol/K), temperature (K), and molar
concentration (mol/L) of water in solution, respectively.

In this paper, due to the calculated value of ΔG0
ads is −21.25 kJ/mol, we can know that it is

spontaneous for the adsorption behavior of inhibitor molecule, which contains physisorption and
chemisorption together, caused by electrostatic interactions and covalent bonds, respectively [24].

3.3. XPS Analysis

XPS measurement is a useful tool to identify the combination mode between elements and the
substrate. Therefore, the inhibitor adsorbed on the carbon steel surface is measured using XPS to prove
that the inhibitor is adsorbed on the surface and to explain the combination process. Figure 4 shows
total spectra (Figure 4a), as well as high-resolution C 1s (Figure 4b), O 1s (Figure 4c), N 1s (Figure 4d),
and S 2p (Figure 4e) XPS spectra, for samples with inhibitor and inhibitor-free, no other impurity
ions are detected. In the C 1s, O 1s, N 1s, and S 2p regions, the deconvolution of multiple peaks is
performed to determine the respective binding energies [25].

As shown in Figure 4b,c, it can be seen that there is no obvious difference between the samples
with an inhibitor and the blank sample for the high-resolution of O 1s XPS spectra, especially the peak
at 288.3 eV is attributed to the sp2-hybridized carbon [26,27], which we can speculate comes from the
inhibitor molecule.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. XPS spectra of (a) total spectra; high-resolution spectra of (b) C 1s, (c) O 1s, (d) N 1s, and (e) S
2p peaks; (f) schematic of inhibitor adsorbed on carbon steel surface.

As shown in Figure 4b, two characteristic peaks of 284.6 eV and 286.2 eV are observed in the
inhibitor and blank samples, while the binding energy of 288.3 eV is only detected in the sample with
inhibitor. The peaks at 284.6 eV and 286.2 eV are ascribed to a C–C bond and C=O bond, respectively,
which is attributed to the adventitious hydrocarbon from the XPS instrument itself [28]. The peak at
288.3 eV is attributed to the sp2-hybridized carbon [26,27], which we can speculate comes from the
inhibitor molecule. Figure 4c shows the high-resolution of O 1s XPS spectra, the first component at a
binding energy of 529.5 eV is assigned to the Fe oxide, such as FeO and Fe2O3 [29,30]. The second peak,
with a binding energy of 531.9 eV, can be considered to result from the hydroxide bonds chemisorbed
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on the surface [31,32]. The last peak, at 533.6 eV, can be attributed to O of the adsorbed water [33].
From Figure 4c, it can be seen that there is no obvious difference between the samples with an inhibitor
and the blank sample for the high-resolution of O 1s XPS spectra.

In Figure 4d, a broad N 1s peak in region of 396–402 eV with a maximum located at a binding
energy of 399.7 eV is clearly identified for the inhibitor sample. Two Gaussian–Lorentzian peaks of the
high-resolution N 1s spectrum exist: One at a binding energy of 399.0 eV that could be attributed to
the type of C–N bond [34], and the other at 400 eV that could be assigned to the bond of N adsorbed
on the carbon steel surface [35]. In comparison, no obvious N 1s peak is detected in the blank sample.
Based on the results of the analysis of the high-resolution N 1s XPS spectrum, we can conclude that it
is the formation of chemical bonds between elemental N and Fe that facilitate the adsorption of the
inhibitor on the carbon steel surface for this type of inhibitor, which is consistent with the findings of
Reference [36]. In Figure 4e, it can be seen that there is a peak located at 163.9 eV, which corresponds to
the C–S bond [37]. In contrast, no S 2p peak can be seen in the spectrum of the blank sample.

Therefore, by integrating the results of the adsorption isotherm and XPS analysis, we can further
surmise that physisorption and chemisorption coexist, as a result of electrostatic interactions for
the former and of N–Fe chemical bonds for the latter. Based on the above analysis, the adsorption
mechanism of the inhibitor with coexisting physisorption and chemisorption on carbon steel is depicted
in Figure 4f.

3.4. SVET Analysis

SVET is used to measure the potential differences on the Fe surface in a solution with an extremely
high resolution ratio due to the fluxes of ionic current, which is caused by the electrochemical reactions
occurring at the Fe surface [38]. Distribution of the local current density over a surface can be depicted
in SVET as two-(2D) or three-dimensional (3D) current–density maps [39]. Figure 5 depicts the SVET
2D maps obtained from carbon steel samples, each immersed in 3.5% NaCl for 15 min. The first and
last photographs in the figure are of the samples before and after the immersion test, in which the valid
test area measures 3240 × 3240 μm2, on the surface of which three scratches are made to distinguish
the blank steel sample from the steel sample that has adsorbed the inhibitor. The three scratches are
designated as Scratch 1, Scratch 2, and Scratch 3.

Figure 5. Corrosion progress of sample in NaCl solution measured by scanning vibrating electrode
technique (SVET) test.

In the first 15 min, the sample presents a uniform corrosion feature and the current density is
nearly −1500 μA/cm2. Notably, the current density at the Scratch 2 location is slightly higher than in
any other location. As the corrosion process continues, the current density continuously increases,
and corrosion occurs at the locations of all three scratches. After the SVET test, the scratch locations
cannot be distinguished clearly. The maximum current density is −4500 μA/cm2, which is three times
higher than that recorded in the first 15 min. After immersion in 3.5% NaCl for 2 h, the size of the
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corrosion-zone area begins to decrease due to the coverage of the corrosion product, which blocks
the probe from detecting the current variation. The current density remains invariant in the entire
immersion period at the localized zone of the inhibitor film, indicating that the inhibitor film provides
the steady protection from corrosion for the carbon steel.

Two matters must be discussed. First, while the scratches are small, the corrosion zone is large.
This may have been caused by the fact that, when the scratches are carved on the surface of the carbon
steel, the inhibitor film is wiped off along with the removal or loosening of the adjacent film, since the
inhibitor film is connected to the adjacent film in the close-packed structure. Second, invasive Cl− ions
cannot break the inhibitor film directly. The process of Cl− ions invading the carbon steel in the zone of
the inhibitor film is, (1) it destroys the carbon steel in the transition zone between the inhibitor film and
the blank zone, and (2) then strips the inhibitor film bit by bit until the inhibitor film is completely
destroyed. Using 2D maps of the SVET test results, the corrosion process under the protection of an
inhibitor is vividly illustrated.

4. Conclusions

The results obtained in this work show that it is effective for an inhibitor of bismuth-thiol to
prevent the corrosion process of the carbon steel in the simulated concrete pore solution with erosive
NaCl, and that the inhibition efficiency increases with increasing inhibitor concentration. Subsequently,
the existence of adsorption layers formed by the inhibitor on the carbon steel is confirmed by the XPS
analysis through detecting the characteristic atoms of S and N. The corrosion mechanism and process
are also verified by SVET measurements, which show that under the protection of inhibitor the current
density of the inhibitor zone is much lower than that of the blank zone. Considering the above results,
we determine that it is the inhibitor film that plays the vital role in resisting the corrosion process and,
in particular, that the progress of corrosion can be stopped under the protection of an intact protective
inhibitor film.

As the rust inhibitor is a kind of small organic molecule that can be present in the pore solution of
concrete, it has no effect on the long-term service performance of the concrete. This thesis shows that
this rust inhibitor has perfect rust resistance performance for steel bars. In the subsequent researches,
it is necessary to develop or select a migration rust inhibitor with similar molecular structure in order
to study the repair effect that the rust inhibitor migrates to the surface of the steel through the concrete
to repair the damaged passivation film on the steel bars when the concrete structure begins to break.
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Abstract: Modified cement mortar was prepared by incorporating a superabsorbent polymer (SAP)
with two kinds of dosing state, dry powdery SAP and swelled SAP (where the SAP has been
pre-wetted in tap water), respectively. The mechanical properties, drying shrinkage and freeze–thaw
resistance of the mortars were compared and analyzed with the variation of SAP content and
entrained water-to-cement ratios. Additionally, the effect of SAP on the microstructure of mortar
was characterized by scanning electron microscopy (SEM). The results indicate that agglomerative
accumulation is formed in the voids of mortar after water desorption from SAP and there are abundant
hydration products, most of which are C-S-H gels, around the SAP voids. The incorporation of the
powdery SAP increases the 28 d compressive strength of the mortars by about 10% to 50%, while for
the incorporation of swelled SAP, the 28 d compressive strength of the mortar can be increased by
about −26% to 6%. At a dosage of 0.1% SAP and an entrained water–cement ratio of 0.06, the powdery
SAP and the swelled SAP can reduce the mortar shrinkage rate by about 32.2% and 14.5%, respectively.
Both the incorporation of powdery and swelled SAP has a positive effect on the freeze–thaw resistance
of cement mortar. In particular, for powdery SAP with an entrained water-to-cement ratio of 0.06, the
mass loss rate after 300 cycles is still lower than 5%.

Keywords: superabsorbent polymer (SAP); compressive strength; drying shrinkage;
freeze–thaw resistance

1. Introduction

Superabsorbent polymers (SAPs) are excellent high-performance liquid absorbent and retention
polymers, which can absorb and retain several hundred times higher amounts of water or aqueous
liquids relative to their own mass in a short time due to their three-dimensional hydrophilic network
structures [1–3]. Taking advantage of such specific characteristics, SAP has been widely applied
in many fields [4–7], such as concrete, agriculture, personal hygiene, waste treatment, and medical
industries [8–10]. In concrete in particular, the typical application of SAP is placed on developing
internal curing technology, which refers to storing an amount of water in the interior of cement during
the mixing process of the cementitious materials by adding internal curing materials [11,12].

SAP is often introduced to cement-based materials as a promising new internal curing material for
concrete [13,14]. When SAP is exposed to cement-based mixtures, a transition in the osmotic pressure
gradient and chemical potential occurs between the inside and outside of the three-dimensional
network leading to water absorption and storage of the SAP [15–17]. The stored water can be released
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to compensate for the internal moisture loss of cement-based materials, which can promote further
hydration of the cement particles and reduce self-desiccation shrinkage during the hydration of cement
or evaporation of the water [18,19]. Therefore, the addition of SAP can significantly mitigate shrinkage
in low water-to-cement ratio mixtures and greatly reduce the occurrence of cracking [20]. Additionally,
SAP can also increase the degree of hydration, enhance the freeze–thaw resistance capacity, change the
rheological behaviors and optimize the pore size distribution [21–23], among other actions.

However, the majority of recent studies about SAP have focused on the effect and theory on the
shrinkage, hydration and mechanical performances of cement-based materials due to the variation of
SAP content and entrained water-to-cement ratios [24–26]. There are relatively few studies devoted
to the influence of dosing methods of SAP and the majority of the studies choose to add dry SAP
powder to other components of the cement-based materials for mixing [27–29]. By now, the popular
dosing methods of SAP can be classified as dry powdery SAP and swelled SAP (where SAP has been
pre-wetted in tap water), which correspond to the dry powder and swelled gel form, respectively,
when adding them to the cement-based materials.

When SAP powder is added to cement-based mixtures, although it shows a favorable dispersibility
in cement-based materials, a common phenomenon of “competitive absorption” is prone to occur
between SAP and cement-based materials during mixing and remarkably influences the workability
and rheology of mixtures [30–32]. As for the swelled SAP, it normally releases the water too rapidly in
cement-based mixtures, which can increase the total water-to-cement ratio, impair the effectiveness of
internal curing, and work against the mechanical performance of cement-based materials [33–35].

In addition, the swelled SAP is generally difficult to disperse uniformly, which can result in
the partial internal curing of cement-based mixtures. That said, the dosing methods of SAP can
have a significant impact on the water kinetics of SAP during cement hydration and the mechanical
performance and durability of cement-based materials. Therefore, the issue of adequate preparation
and the adding method of SAP into the concrete is crucial for the fulfillment of internal curing. The
current research aims to investigate the appropriate dosing method of SAP (dry powdery SAP or
swelled SAP) and provide the benefits of the hydration of cement-based materials.

In this research, two different adding methods were designed to prepare the cement mortar for
concrete internal curing. The mechanical properties, shrinkage properties and freeze–thaw resistance
of cement mortar were compared and analyzed with the variation of SAP content and entrained
water-to-cement ratio. The effect of SAP on the microstructure and pore structure of concrete was
characterized by scanning electron microscopy (SEM).

2. Materials and Methods

2.1. Materials

The cement used in this study was P.I 42.5 (from China United Cement Corporation, Beijing,
China) and the chemical composition can be found in Table 1. The Chinese ISO standard was used.
The superplasticizer was a polycarboxylate-based aqueous solution with a solid content of 35%.

Table 1. Chemical and mineral composition of cement.

Chemical Compositions CaO SiO2 A12O3 Fe2O3 MgO Na2O SO3

Mass percentage (%) 65.36 22.15 4.51 3.39 2.31 0.49 0.46

Mineral compositions C3S C2S C2A C4AF

Mass percentage (%) 56.54 20.87 6.22 10.31

The SAP, a copolymer of acrylamide and sodium acrylate, was used in cement mortars. The
particle diameters of SAP ranged from 80 μm to 200 μm, and the absorption capacities of the de-ionized
water and cement filtrate solution with a swelling time of 5 min were 150.0 ± 2.6 g/g and 30.5 ± 0.9 g/g,
respectively [23,34]. Tap water was used as mixing and internal curing water. The particle shape, size
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and surface characteristics of SAP were observed by SEM, as shown in Figure 1a. The swelled SAP is
shown in Figure 1b.

  

(a) SEM micrograph of drying SAP (b) SEM micrograph of drying SAP 

Figure 1. The superabsorbent polymer (SAP) particle characteristics: scanning electron microscopy
(SEM) micrograph (a) and swelled image (b).

2.2. Mixture Preparation and Testing Methods

2.2.1. Two Adding Methods of Superabsorbent Polymer (SAP)

Two adding methods with powder and swelled SAP, respectively, were designed in cement-based
materials. One was where the powder of SAP was added directly, and the other was described as the
detailed procedure in Figure 2. Firstly, the particles of SAP were uniformly paved on a watch glass
that was slightly larger than the SAP coverage area (SAP thickness layer was less than 0.2 mm), and
then a given volume of water (the amount of water was closely related to SAP content and entrained
water-to-cement ratios), which was poured in an injector and uniformly sprayed on the particles of
SAP to make each particle of SAP fully swelled. Finally, the swelled SAP was added into other dry
components of a concrete mix.

Figure 2. Preparation process of swelled SAP.

2.2.2. Preparation and Testing of Internal Curing Mortar

The mix composition of mortar is shown in Table 2. Two reference cement mortars with a
water-to-cement ratio (W/C) of 0.42 and 0.48, respectively, were designed. The dosage of sand was
2 times that of cement. For the consistence of fresh mixture, superplasticizer was added in an amount
of 0.5 wt% and 0.2 wt% (mass-% of cement weight), respectively, to ensure practical workability for
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the 0.42 and 0.48 mixtures, which were denoted as Ref-1 and Ref-2, respectively. The amount of
superplasticizer was adjusted to ensure practical fluidity (210 ± 10 mm).

Table 2. Design of SAP-modified cement mortars.

Code Cement/g Sand/g Effective w/c Entrained w/c Total w/c SAP

R-1 495 990 0.42 0 0.42 0
R-2 495 990 0.48 0 0.48 0

P0.1%-0 495 990 0.42 0 0.42 0.10%
P0.2%-0 495 990 0.42 0 0.42 0.20%
P0.3%-0 495 990 0.42 0 0.42 0.30%
P0.4%-0 495 990 0.42 0 0.42 0.40%

P0.1%-0.06 495 990 0.42 0.06 0.48 0.10%
P0.2%-0.06 495 990 0.42 0.06 0.48 0.20%
P0.3%-0.06 495 990 0.42 0.06 0.48 0.30%
P0.4%-0.06 495 990 0.42 0.06 0.48 0.40%
S0.1%-0.06 495 990 0.42 0.06 0.48 0.10%
S0.2%-0.06 495 990 0.42 0.06 0.48 0.20%
S0.3%-0.06 495 990 0.42 0.06 0.48 0.30%
S0.4%-0.06 495 990 0.42 0.06 0.48 0.40%
P0.3%-0.02 495 990 0.42 0.02 0.44 0.30%
P0.3%-0.04 495 990 0.42 0.04 0.46 0.30%
P0.3%-0.08 495 990 0.42 0.08 0.50 0.30%
S0.3%-0.02 495 990 0.42 0.02 0.44 0.30%
S0.3%-0.04 495 990 0.42 0.04 0.46 0.30%
S0.3%-0.08 495 990 0.42 0.08 0.50 0.30%

Cement mortar with a water-to-cement ratio of 0.42 is prone to self-shrinkage. Based on the
model of Powers and Brownyard [13], the amount of entrained water needed in the SAP can be
calculated and amounts to an entrained water-to-cement ratio (w/c)e of 0.06 [16]. Therefore, the
effective water-to-cement ratio of cement mortar is 0.42 (w/c)ref and the total water-to-cement ratio is
0.48 (w/c)tot. Furthermore, an amount of about 0.2% SAP can also be calculated based on the absorption
capacity of the cement filtrate solution in Section 2.1.

The cement mortars containing 0.1%, 0.2%,0.3%, and 0.4% (mass-% of cement weight) SAP in
the form of powders and which did not have an additional water-to-cement ratio, were denoted as
P0.1%-0, P0.2%-0, P0.3%-0, and P0.4%-0, respectively. The cement mortars P0.1%-0.06, P0.2%-0.06, P0.3%-0.06,
and P0.4%-0.06 respectively represented the cement mortars with the powders of 0.1%, 0.2%, 0.3%,
and 0.4% (mass-% of cement weight) SAP and an additional water-to-cement ratio of 0.06 (w/c)e.
Likewise, the mortars S0.1%-0.06, S0.2%-0.06, S0.3%-0.06, and S0.4%-0.06, respectively, represented the
cement mortars with the 0.1%, 0.2%, 0.3%, and 0.4% (mass-% of cement weight) swelled SAPs and
an additional water-to-cement ratio of 0.06(w/c)e. In addition, when the cement mortars contained
0.3% SAP, the additional water-to-cement ratio was considered from 0.02 to 0.08 to investigate the
effects of the additional water-to-cement ratio with different adding methods, and which were denoted
as P0.3%-0.02, P0.3%-0.04, P0.3%-0.08, S0.3%-0.02, S0.3%-0.04, and S0.3%-0.08, respectively. The amount of
superplasticizer in SAP cement mortars was the same as for Ref-1, in order to decrease the influence on
the setting time [16]. The mixing program of raw materials is shown in Figure 3.

Specimens with the shape of 160 × 40 × 40 mm3 were prepared to study the compressive strength.
Three specimens were prepared for each mortar for each of the performed tests. The specimens molded
were kept in the environment of 20 ◦C and 98% humidity for 24 h, and were then demolded and
cured under the conditions for 27 days. The strength compressive testing was carried out according
to the Chinese standard (GB 17671), and the specimens were tested with a controlled load rate of
2.4 ± 0.2 kN/s.
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Figure 3. Mixing procedure of cement mortar with SAP.

Specimens with a size of 25 × 25 × 280 mm3 were used to evaluate the drying shrinkage, and
the testing process of shrinkage specimens was performed in accordance with the Chinese standard
(JC/T 603). The self-desiccation shrinkage of the specimens was considered to be mainly generated
during the first three days [32]. Therefore, the deformation after three days was recorded as the drying
shrinkage of the specimens in the paper. The drying shrinkage specimens molded were also kept in
the environment of 20 ◦C and 98% humidity for 24 h, and were then demolded and cured under water
for 2 d. Following this, they were removed from the water, the surface water was wiped off with a
damp cloth and a comparator with an accuracy of 0.01 mm was used to measure the initial value (l0).
Finally, the specimens were moved to a room of 20 ◦C and 60% ± 5% humidity until the desired ages
(i.e., 7 d, 14 d, 38 d and 35 d) to measure the data (li) for that age. The drying shrinkage ratio can be
calculated according to Equation (1).

s = (li − l0)/250 × 100 (1)

Specimens with a size of 160 × 40 × 40 mm3 were used to explore the freeze–thaw resistance
performance. Furthermore, six specimens were prepared for each mortar for each of the performed
tests. All specimens molded were kept in the environment of 20 ◦C and 98% humidity for 24 h, and
were then demolded and cured under the conditions for 23 days. Following this, specimens were
cured in water for another four days. Finally, specimens aged 28 days were used for the freezing and
thawing test. The specific procedure of the freeze–thaw test was performed in accordance with the
Chinese standard (GB/T 50082-2009). The mass and dynamic elasticity modulus were tested once after
an interval of 25 times cycles, and the mass loss and relative dynamic elastic modulus were calculated.
Every freeze–thaw cycle continued for 3.5 h, with the highest temperature of 18 ± 2 ◦C and lowest
temperature of 20 ± 2 ◦C. Furthermore, the standard requirements are that the freeze-thaw test can be
stopped when it reaches any of the following three conditions:

1� The number of freeze–thaw cycles reaches 300;
2� The relative dynamic elastic modulus of the specimen is less than 60% of the initial value;
3� The rate of mass loss of the specimen is more than 5%.

3. Results and Discussion

3.1. The Microstructure around SAP Voids

No matter how the SAP was added into the mixture, given SAP voids, were reserved in the
hardened mortar after losing the stored water of powdery or swelled SAP. The SAP voids are
closely correlated with the pore structure, strength, drying shrinkage, and permeability of cement
mortars [20,32]. Therefore, it is necessary to observe the void characteristics reserved from SAP.
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The microscopic structure of P0.3%-0.06 pores is shown in Figure 4. It can be observed from
Figure 4a that the shape of the SAP void is irregular and the outer diameter is approximately 30–40 μm.
It can also be observed that the SAP pore diameter is smaller than the SAP particle size mentioned
in Section 2.1, which may be due to the filling or covering of the partial SAP voids by the hydration
product. The formation of the large SAP void has some adverse effects on the compressive strength
of the specimen [25]. However, SAP particles can be curled easily and agglomerated to form an
agglomerative accumulation after the desorption of water in the mortar [32]. Therefore, SAP voids
in mortar are completely different from normal air voids (Figure 4c). Figure 4b shows the observed
interface between the SAP and hardened matrix. It can be seen from Figure 4b that there are abundant
hydration products, especially C-S-H gels, around the SAP void, which is different from the loose
hydration products around the normal air void (Figure 4c).

 

Figure 4. SEM images of cement paste with the addition of powdery SAP at 28 days: (a) microscopic
structure of the SAP void; (b) microscopic interface between the SAP and hardened mortar;
(c) microscopic structure of the air void.

3.2. Mechanical Properties

It is known that many efforts have been devoted to studying the mechanical properties of
cement-based materials with SAP, while the influence of SAP addition on the compressive strength of
cement-based materials is still controversial. The addition of SAP introduces a certain amount of SAP
voids into the cement-based materials, which may decrease the mechanical properties of cement-based
materials reported in the majority of existing literature [25,36]. Conversely, the other studies thought
that SAP did not negatively affect the mechanical properties of cement-based materials due to the
increased hydration of cement [37]. The 28 d compressive strength of cement mortars which had
been designed by the corresponding adding methods of SAP and entrained w/c were evaluated, and
the results are shown in Figures 5 and 6. In addition, Figure 5 also shows the effect of SAP on the
macroscopic pores visible to the human eye, which was measured using a Vernier caliper with an
accuracy of 0.02 mm on the fracture surface of mortar after the end of the compressive strength test.
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Figure 5. Compressive strength of cement mortar with different adding methods of SAP.
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Figure 6. Compressive strength of cement mortar with different entrained water-to-cement ratio
(w/c) values.

As expected, the reference mortar with w/c = 0.48 shows a lower compressive strength than that
with w/c = 0.42 at the age of 28 d, shown in Figure 5. Furthermore, compared with the reference mortars
(R-1 and R-2), the incorporation of the powdery SAP raises the 28 d compressive strength of the mortars
by about 10% to 50%, while for the incorporation of swelled SAP, the 28 d compressive strength of the
mortar can be increased by about −26% to 6%. It indicates that the 28 d compressive strength of the
mortars is closely related to the dosing method of SAP, and the incorporation of powdery SAP is more
contributed to the development of the 28 d compressive strength of mortar than that of swelled SAP.
This can be attributed to the “competitive water absorption” between the SAP and cemented materials
when SAP is added to the mortar in powder form [30,32].

Compared with other dosages of SAP, the mortar with 0.3% SAP has the highest compressive
strength for the two adding methods (Figure 5). Thus, the macroscopic pore characteristic in the broken
section of the specimens, for which 0.3% SAP and 0.06 (w/c)e were added, was studied specifically.
The average size of the visible pores in the broken section of the specimen (P0.3%-0 and P0.3%-0.06)
containing powdery SAP is smaller than that containing swelled SAP, and the average pore size of
the mortar without additional w/c (P0.3%-0) is always less than 1mm. However, the average size of
mortar with swelled SAP (S0.3%-0.06) is 5.62 mm, which may result in a significant reduction in the
compressive strength of the mortar.
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In addition, it can also be observed from Figure 6 that the compressive strength of P0.3% at an
additional water–cement ratio of 0.06 for 28 d is 58.21 MPa, whereas the compressive strengths of
R-2 and S0.3% with the same total water-to-cement ratio (w/c = 0.48) are 38.56 MPa and 40.89 MPa,
which are 0.66 and 0.7 times the of compressive strength of P0.3% respectively. Furthermore, the
mortar containing 0.3% powdery SAP and an entrained water-to-cement ratio of 0.06 exhibits a higher
compressive strength than the Ref1, Ref2 and other mortars containing SAP. It may be explained that
an appropriate entrained w/c can positively promote the potential of internal curing for the further
hydration of cement-based materials, as well as refine the voids and improve the mechanical properties
of the mortar.

3.3. Drying Shrinkage

Dry shrinkage is a type of reduction in the volume that is due to the loss of moisture in hardened
cement mortar. Therefore, it is well established that moisture in hardened cement mortar is of great
significance to dry shrinkage [38]. The results of drying shrinkage of cement mortars with SAP are
presented in Figures 7 and 8.

Figure 7. Drying shrinkage of cement mortar with different adding methods of SAP.

Figure 7 shows that for the specified four different dosages of SAP, the rate of shrinkage greatly
varies before 21 days, and then slightly increases. As existing studies have reported [39,40], the drying
shrinkage is closely related to the total water–cement ratio and generally raises with the increase of the
total water-to-cement ratio. Therefore, the reference mortar with w/c = 0.48 shows obviously higher
drying shrinkage than that with w/c = 0.42 during the testing process. Noticeably, the rate of drying
shrinkage is significantly affected by the methods of adding SAP. The drying shrinkage of R-2 at a
dosage of 0.1% for 28 d is 7.93 × 10−4, whereas the drying shrinkage of P0.1%-0.06 and S0.1%-0.06 with
the same total water–cement ratio (w/c = 0.48) are only 5.38 × 10−4 and 6.78 × 10−4, which reduced
the drying shrinkage rate by about 32.2% and 14.5%, respectively. Furthermore, the rate of drying
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shrinkage with swelled SAP was even lower than that of R-1 (w/c = 0.48) throughout the test. It can be
seen that, when the moisture in the pores of mortar decreased due to evaporation and hydration, the
water reserved in SAP could release and re-fill the pores to alleviate the surface tension [41]. In addition,
the water stored by swelled SAP could release water more easily and earlier to re-fill the pores than
that of the powdery SAP, and thus the reduction of drying shrinkage caused by swelled SAP was much
more obvious.

It can be also seen from Figure 7 that, despite the adding methods, compared to 0.1% and 0.2%
SAP content, both 0.3% and 0.4% contents show a more evident reduction in drying shrinkage of
cement mortars. Additionally, the drying shrinkage of cement mortars that added 0.3% and 0.4% SAP
was lower than those without SAP (R-1 and R-2) after 14 days. Furthermore, compared with 0.4% SAP,
the dosage of 0.3% SAP can better reduce the drying shrinkage of the mortar, which indicates that the
drying shrinkage of mortar is also closely related to the amount of swelled SAP.

 
(a) 0.3% SAP powder (b) 0.3% swollen SAP 

Figure 8. Drying shrinkage of cement mortar with different entrained w/c values.

Figure 8a,b depict the effect of the entrained w/c on the drying shrinkage of mortar for a given 0.3%
powder state and swelled SAP, respectively. It can be found that the entrained w/c is closely related to
the drying shrinkage of mortar [39]. It can be seen from Figure 8a that the drying shrinkage of R-1 at a
dosage of 0.3% for 28 d is 6.24 × 10−4, whereas the drying shrinkage of P0.3%-0.02, P0.3%-0.04, P0.3%-0.06,
and P0.3%-0.08 with the same effective water- cement ratio (w/c = 0.42) are 6.4 × 10−4, 5.83 × 10−4,
5.74 × 10−4, and 6.29 × 10−4, respectively. Therefore, when the entrained w/c is within the range of
0.04 to 0.06, the drying shrinkage can be decreased with the addition of powdery SAP; furthermore,
a similar result can be found in Figure 8b. However, when the entrained w/c is 0.08, the effect of
powdery and swelled SAP on reducing dry shrinkage was obviously decreased during the whole
test process compared with the entrained water-to- cement ratios of 0.02, 0.04, and 0.06. It can be
explained by the fact that, too much entrained water increases the water–cement ratio of mortar, which
can facilitate the drying shrinkage of mortar.

3.4. Freeze–Thaw Resistance

It can be observed that if the dosage of powdery and swelled SAP and the entrained water-to-cement
ratio in the mortar are 0.3% and 0.06, respectively, the cement mortar exhibits good mechanical
properties (Section 3.2) and drying shrinkage resistance (Section 3.3). Consequently, for a given
entrained water-to-cement ratio of 0.06 and 0.3% SAP, the freeze-thaw resistance of the mortar was
investigated by measuring the mass loss rate and relative dynamic elastic modulus of the mortar under
different freeze-thaw cycles in Figure 9.
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Figure 9. Mass loss and relative dynamic elastic modulus of cement mortar with different adding
methods of SAP in freeze-thaw cycles.

It can be found from Figure 9 that the mass losses of R-1 and R-2 are 16.3% and 36.2% after
225 freeze–thaw cycles, whereas the mass losses of P0.3%-0, P0.3%-0.06 and S0.3%-0.06 are 5.7%, 2.1%,
and 5.2%, respectively. Therefore, the introduction of SAP can improve the freeze–thaw resistance of
the mortar, especially the powdery SAP. Similar findings can also be observed in the relative dynamic
elastic modulus curves. It can be explained by the fact that, when the dosage of SAP and the entrained
water-to-cement ratio are selected properly, the introduction of SAP may introduce a number of SAP
voids in the cement mortar, which has a positive impact on the frost resistance of cement mortar.
Furthermore, the addition of SAP can increase the air content of the fresh mortar [42]. However, the
scaling takes place on the surface rather than on the inside of the specimen during the freeze–thaw
cycles. Compared with powdery SAP, swelled SAP is prone to release water prematurely during
mixing, and some of the released water could perspire on the surface of the specimen. Therefore, the
mass loss of the mortar containing the swelled SAP increases during the freeze-thaw cycles and the
strength drops obviously.

4. Conclusions

The performances of cement mortar incorporating SAP by different adding methods were studied.
Based on the results presented, the following conclusions can be drawn:

(1) SAP voids in mortar are completely different from normal air voids and SAP particles can be
easily curled and agglomerated to form an agglomerative accumulation after the desorption
of water in the mortar. There are abundant hydration products around SAP voids, especially
C-S-H gels;

(2) Compared with the reference mortars (R-1 and R-2), the incorporation of the powdery SAP
increases the 28 d compressive strength of the mortars by about 10% to 50%, while for the
incorporation of swelled SAP, the 28 d compressive strength of the mortar can be increased by
about −26% to 6%;

(3) At a dosage of 0.1% SAP and an entrained water–cement ratio of 0.06, the powdery SAP and the
swelled SAP can reduce the mortar shrinkage rate by about 32.2% and 14.5%, respectively. When
the entrained w/c is within the range of 0.02 to 0.06, the drying shrinkage decreased with the
increase of entrained w/c for the two adding methods of SAP;
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(4) The addition of SAP can improve the freeze–thaw resistance of the mortar, especially for the
mortar with the powdery SAP and an entrained water-to-cement ratio of 0.06, and the mass loss
rate after 300 cycles is still lower than 5%.

In the concrete industry, the primary merit of SAP is to reduce the shrinkage of cement-based
materials. Thus, a further research effort is needed to characterize the influence of dry powdery SAP
and swelled SAP (where the SAP has been pre-wetted in tap water) on the self-shrinkage and chemical
shrinkage of cement-based materials.
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Abstract: To address the increasing air pollution caused by vehicle exhaust, environment-friendly
pavement materials that possesses exhaust-purifying properties were prepared using common cement
concrete and porous cement concrete as the base of photocatalyst nano-titanium dioxide (TiO2),
respectively. Firstly, Fe3+-doped TiO2 powder was prepared by applying planetary high-energy
ball milling in order to improve the efficiency of the semiconductor photocatalyst for degrading
vehicle exhausts. Two nano-TiO2, namely the original and modified nanomaterials, were adopted to
produce the photocatalytic cement concretes subsequently. The physicochemical properties of the
modified powder, as well as the mechanical and photocatalytic properties of TiO2-modified concrete,
were characterized using a suite of complementary techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), compressive strength
and degradation efficiency tests. The results show that the ball milling method not only successfully
doped Fe3+ into catalysts but also caused significant changes in: (1) decreased particle sizes, (2) more
amorphous morphology, (3) decreased percentage of the most thermodynamically stable crystal facet,
and (4) increased percentage of other high gas sensing crystal facets. Both the original and modified
nano-TiO2 can improve the concrete strength while the strengthening effect of modified nanomaterials
is superior. It is pronounced that the photocatalytic property of the modified nano-TiO2 is much better
than that of the original nano particles, and the degradation rate of porous concrete is also better than
common concrete when exposed to the same photocatalyst content. In a comprehensive consideration
of both mechanical performance and degradation efficiency, the recommended optimum dosage of
TiO2 is 3% to 4% for exhaust-purifying concrete.

Keywords: photocatalytic pavement; vehicle exhaust; photocatalytic concrete; porous concrete;
degradation efficiency

1. Introduction

With the acceleration of the urbanization process and car ownership, vehicle exhaust has become
one of the main causes of air pollutions all over the world, especially in the developing and densely
populated countries, such as China, for which the vehicle exhaust that comes from fossil fuels
has accounted for about 25% of the total industrial exhaust emissions [1,2]. Air pollutants, mainly
represented by nitrogen oxides (NOx) and sulfur oxides (SOx) in the emissions, can cause photochemical
smog, haze, and acid rains. This poses great threat to ecosystems as well as the wellbeing of human
and other species if it reaches a certain level of concentration in the atmosphere [3–5]. During the past
decade, various countermeasures have been adopted to reduce vehicle emissions, such as using cleaner
fuel, installing a gas-cleaning device in vehicles, and even developing electromobiles [2]. Nevertheless,
vehicle exhaust is still a major problem, especially due to the rapid growth of the transportation sector.
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As the nearest contact point after exhaust emissions, the vicinity of the road is where NOx is
prone to accumulate due to the gas flows through the exhaust devices and its higher density than
oxygen. In street canyons or urban areas, the NOx concentrations can be considerably higher [6,7].
Faced with this dramatic issue, innovative exhaust-purifying pavements, also known as photocatalytic
or functional pavements, have been proposed to degrade NOx and improve the air quality of road
environment, by leveraging heterogeneous photocatalytic oxidations. As of now, photocatalytic
pavements have become the most promising strategy to solve the road traffic pollutions, as confirmed
by the large number of laboratory-scale tests and an increased amount of real scale studies over the
past ten years [8,9].

Recently, photocatalytic oxidation was ranked among the most popular green chemical methods
for sustainable development [10,11]. Amongst all the photocatalytic oxidations for NOx degradation
in photocatalytic pavements, nano-titanium dioxide (TiO2), most often anatase TiO2, is the most
frequently used catalyst due to its low price, robustness, nontoxicity, and mild reaction conditions [9].
When activated by ultraviolet (UV) light and water, nano-TiO2 can convert the NOx into harmless
nitrates. It can degrade almost all organic matters in the vehicle emissions [3,8].

However, the anatase-type TiO2, which is proved to have strong photocatalytic degradation ability,
is only active under high energy UV irradiation due to the large band gap of 3.2 eV, which composes
less than 5% of the solar spectrum [8,12,13]. It means that the efficiency of this photocatalytic process
for outdoor photocatalytic pavement is very slow. To address this issue, different methods have been
attempted to improve the degradation efficiency, such as changing the TiO2 concentration or type,
increasing the contact area between TiO2 and sunlight, and so on [6,8,14]. In spite of such exploration,
the low efficiency still makes photocatalytic pavements difficult to be promoted.

In the research field of semiconductor materials, numerous studies have been undertaken to induce
visible light activity into normally purely UV-active TiO2 by hydrothermal, sol-gel, the precipitation
method, and other chemical and physical processes [13,15]. Doping with transition metal ions such
as V, Cr, Fe, Co, and Ni by high voltage acceleration in the range of 50–200 keV could enable a large
shift in the absorption band of these photocatalysts toward the visible light range, with differing levels
of effectiveness [16]. This principle is expected to have a more promising outlook in improving the
photocatalytic performances of TiO2. Thus, a large number of processing methods have been proposed
for the modification of TiO2 according to the literature [17,18]. Among state-of-the-art techniques,
the ball milling method makes mass production of catalysts more viable over other conventional
chemical methods. This method has the advantages of low cost, environmental friendliness, and high
efficiency and controllability in the laboratory, even in industry [16,19].

Porous concrete has a higher porosity than common concrete and is more susceptible to sunlight,
thereby accelerating the photocatalytic reaction. In view of this situation, common cement concrete
and porous cement concrete were both used to be the base of nano-TiO2 to prepare the green pavement
material with photocatalytic function. In this paper, the commercial nano-TiO2 was first modified
using the planetary ball milling technique to produce an Fe3+-doped TiO2 photocatalyst. Following
that, two nano-TiO2, namely the original and modified nanomaterials, were adopted to produce the
TiO2-modified cement concretes. The mechanical and photocatalytic properties of TiO2-modified
concrete were studied. Promising results were obtained showing enhanced photocatalytic efficiency
and compressive strength in the use of modified TiO2 comparing to original TiO2.

2. Experiments

2.1. Materials

In this study, an anatase-type commercial nano-sized TiO2, labelled as original TiO2, was provided
by Jiangsu Hehai Nanometer Science & Technology Co. Ltd (Taizhou, China). The detailed physical
characteristics of this TiO2 are shown in Table 1. The modifier used for the Fe3+-doped TiO2 was
analytically pure ferric nitrate (Fe(NO3)3·9H2O).
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The Chinese 42.5 ordinary Portland cement from Jidong (Tangshan, China) was used to prepare
concrete samples, along with coarse aggregate (maximum size of 20.0 mm) and fine aggregate (clean,
natural sand, maximum size of 4.75 mm, fineness modulus of 2.3). The chemical agent superplasticizer
from Subote (Nanjing, China), with a 25% solid concentration, was used at a dosage of 0.8% by mass
of cement.

Table 1. Technical index of nano-TiO2.

Appearance
Average
Particle
Size/nm

Specific
Surface

Area/m2·g−1

Crystal Type
TiO2

Content/%
Photocatalytic
Efficiency/%

pH Value

White powder 10 70.2
Mixed crystal

type
(anatase, rutile)

>92 ≥68 Partial
acidity

The grading of porous concrete coarse aggregate is the key factor affecting its permeability and
mechanical properties. After determining the target porosity and water–cement ratio of concrete,
the mixing ratio was calculated according to the volume method. The coarse aggregate gradation used
in this study, combined with those in previous researches, is shown in Table 2 [20–22].

Table 2. Coarse aggregate gradation of porous concrete.

Sieve/mm 2.36 4.75 9.5 13

Passing Rate/% 0 6.5 85.7 100

2.2. Methods

2.2.1. Preparation of Modified TiO2

In contrast to the commonly used chemical modification method for nano-TiO2 that requires
complex raw materials and operation processes, the planetary high energy ball milling method was
used in this study to prepare the iron-doped nano-TiO2 photocatalyst, of which the process is simpler
and the production is continuous. During the milling process, TiO2 powder undergoes severe plastic
deformation due to strong collision, resulting in serious distortion of the lattice of TiO2, a large increase
of internal defects, and improved catalyst activity. At the same time the ball milling process will
produce a lot of heat, coupled with mechanical force to induce the separation of Fe3+ from ferric
nitrate and its diffuse into the distorted TiO2 lattice, resulting in the formation of a new iron-doped
photocatalyst which can reduce the probability of electron recombination and finally achieve the
improvement of the photocatalytic performance [19,23].

Based on the above principle, the preparation process involves firstly weighing nano-TiO2 and
ferric nitrate in the amount of 100 g and 15 g, respectively. Then the starting materials were manually
premixed and poured into the ball mill jar. The rotational speed and the ball-to-powder weight ratio
were 300 rpm and 30:1, respectively. After 3 h of ball milling process, the mixtures were put into a
muffle furnace, and calcined at 400 ◦C for 3 h. Subsequently, the obtained samples were washed by
deionized water three times to remove any residual ferric nitrate. At last, the samples were dried at
90 ◦C for 6 h and then ground into powders. The high energy ball milling setup is shown in Figure 1.
The original and modified nano-TiO2 are shown in Figure 2.
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(a) (b) (c) 

Figure 1. Planetary high energy ball milling setup. (a) Ball mill jar, (b) Planetary high energy ball mill,
and (c) Muffle furnace.

  
(a) (b) 

Figure 2. The original nano-TiO2 and modified nano-TiO2. (a) Original TiO2 and (b) Modified TiO2.

2.2.2. Preparation of Concrete Samples

Two types of photocatalytic cement concretes were prepared, namely, the common concrete
and the porous concrete, and both of the two TiO2 products (original and modified) were used for
each type of concrete. That is to say, a total of four sets of photocatalytic concretes were prepared.
Nanomaterials were used to replace the quantity of cement in the amount of 0%, 1%, 2%, 3%, 4%,
and 5%, respectively. The common concrete reference ratio is cement:water:sand:gravel:water-reducing
agent, 395:178:621:1205:4. The porous concrete reference ratio is cement:water:gravel:water-reducing
agent, 252:100:1542:2. The experiment program is summarized in Table 3, and the contents for the two
TiO2 products were the same.

The preparation process of concrete in this study is described as follows: Firstly, mixing the
powder and coarse aggregate for 1 min in dry situation, then adding water slowly and continually
mixing for 2 min, and finally forming a 100 mm × 100 mm × 100 mm cube test block. After 24 h
of curing, cube test blocks were removed from molds and put into a standard curing room to keep
curing at 20 ± 2 ◦C and relative humidity ≥ 95%. When the curing age arrived at 28 days, the blocks
were taken out to carry on experiments of mechanical and photocatalytic properties. The compressive
strength of each group of concrete samples was tested in accordance with T 0553 in JTG E30-2005 “Test
Methods of Cement and Concrete for Highway Engineering” [24].

Table 3. Experiment program.

Concrete Type Common Concrete Porous Concrete

Nano-TiO2 content/% 0 1 2 3 4 5 0 1 2 3 4 5
Code C-0 C-1 C-2 C-3 C-4 C-5 P-0 P-1 P-2 P-3 P-4 P-5
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2.2.3. Test of Photocatalytic Degradation Efficiency

The photocatalytic degradation efficiency was tested in a custom-designed testing system that
contains a continuous gas flow reactor according to the Italian Standard UNI 11247 [7,25], as shown in
Figure 3 [26]. The test samples were the pre-prepared concrete blocks. The device mainly consisted of
the following four parts: A sample reaction chamber, a simulation photo source, a standard gas source,
and a gas analyzer. Among these four parts, the reaction chamber was made of borosilicate glass in
order to prevent the chamber from absorbing pollutant gas and UV light. The surface of the samples
placed in the reaction chamber was kept parallel to the lamp to ensure that the surfaces of samples
were uniformly illuminated. The simulation photo source comprised of a mercury vapor lamp and an
incandescent lamp on the upper side of the reaction chamber, with the wavelength range of 300 to
700 nm, which covers most of the visible range of sunlight [27]. The radiant energy was 48 W/m2, which
is close to the sun radiation intensity at mid-latitudes [3]. On both side of the reaction chamber, there
was a gas inlet and a gas outlet, respectively, which were used to supply gas for tests and extract gas
for the analyzer. The gas analyzer was located at the same side with gas outlet. A small fan was placed
at the corner of the reaction chamber to ensure test gas reacts completely on the specimen surface.

According to the main components of automobile exhaust gas, NO was used as the main pollutant
model of photocatalytic degradation experiment. The concentration of NO used during the test was
200.0 ppb according to former studies [4,9]. The gas analyzer NHA-508 (Anhua, Foshan, China) was
used as the detection device for NO concentration.

 
(a) 

 
(b) 

Figure 3. Photocatalytic degradation test equipment [26]. (a) Device appearance and (b) Device principle.
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2.2.4. Microstructure Analysis

The morphologies of the powdered TiO2 and the inner structure of concrete samples were observed
with scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan). The surface elemental analysis
of the samples was performed using energy dispersive X-ray spectroscopy (EDS) [13,28]. After the
mechanical test, the samples subject to SEM analysis were taken from the fragments caused by the
mechanical test, and conductive coating with gold was applied after drying treatment to prevent
charging effects. In addition, the powder X-ray diffraction method (XRD, Bruker D8 Advance, Berlin,
Germany) was employed to investigate the influence of modification on the crystal phase of the
powdered TiO2 with Ni-filtered Cu Kα radiation from 15◦ to 80◦.

3. Results and Discussion

3.1. Characterization of TiO2 Samples

The effect of the planetary high energy ball milling treatment on the catalyst morphology and crystal
structure was investigated by SEM and XRD tests, prior to preparing concrete samples. The SEM results
are shown in Figure 4 and its energy spectrum is shown in Figure 5. It can be seen from Figure 4 that the
amorphous nanoparticles were distributed unevenly and there were obvious agglomerations in both
samples. However, the TiO2 particles were more prone to agglomeration after ball milling, which can be
partially attributed to the reduction of particle sizes, as well as the high surface energy that was caused
by ball milling. Therefore, the modified TiO2 appears to be more amorphous and finer, providing more
surface area for the activation of photocatalytic activity. The EDS spectrum verifies that the ball milling
procedure successfully introduces iron into TiO2 while the spectrum of original TiO2 has no iron.

According to the XRD patterns of the original and modified TiO2 shown in Figure 6, the diffraction
peaks of both samples showed fingerprint features of an anatase TiO2 structure with no other
characteristic peaks observed, indicating the phase purity of the samples. The percentage of diffraction
intensity at different crystal facets is depicted in Table 4. It can be seen that the percentage of the
(101) peak, which is the most thermodynamically stable and has relatively low chemical activity [19],
decreases sharply from 51.84% to 48.47% after applying the ball milling procedure. The percentages of
the other peaks for Fe3+-doped TiO2, such as (004), (105), (211), and (116), which have high gas sensing
activity [29,30], are all increased to some degree. Correspondingly, the percentage of (101) crystal facet
is decreased, which indicates that the preferred orientation of (101) has been compromised.

On the basis of these data, the average crystal sizes were calculated according to Scherrer’s
equation [31]. For the original and modified TiO2, the results were 21.16 nm and 20.78 nm, respectively.
It demonstrates that ball milling favors the formation of small crystallites, leading to more intense
diffraction peaks, with the decrease of (101) crystal facet. In summary, it can be concluded that the
planetary high energy ball mill can dope Fe3+ ions into nano-TiO2, making it successfully modified.

(a) (b) 

Figure 4. Microtopography of nano-TiO2. (a) Original TiO2 and (b) Modified TiO2.
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(a) (b) 

Figure 5. Energy Spectrum Analysis of nano-TiO2. (a) Original TiO2 and (b) Modified TiO2.

Figure 6. X-ray diffraction pattern of nano-TiO2.

Table 4. The percentage of diffraction intensity at different crystal facets.

Crystal Facets
Percentage (%)

(101) (103) (004) (112) (200) (105) (211) (204) (116)

Original TiO2 51.84 1.35 5.75 1.45 16.23 6.48 9.02 5.75 2.13
Modified TiO2 48.47 2.57 7.51 2.52 15.03 7.03 9.21 5.48 2.18

3.2. Mechanical Property Analysis

The compressive strength test was conducted to ensure that the incorporation of nano-TiO2 did
not compromise the mechanical performance of concrete, as shown in Figure 7. It can be seen from the
figure that the compressive strength of two types of concrete both increased firstly and then reduced
with the continuous increment of nano-TiO2 content. It indicates that the incorporation of nano-TiO2 is
beneficial to the improvement of concrete strength, which is mainly due to the micro-filling effect of
nano-TiO2, making the internal structure of concrete more compact and leading to the improvement of
strength. The maximum increase in strength is about 3% and 5%, respectively. As the particle size of
modified TiO2 is smaller than that of the original TiO2, the strength of modified TiO2 concrete is higher
than that of the original TiO2 concrete with the same content of TiO2. In addition, the incorporation
of Fe3+ can motivate the formation of iron-containing hydration products [32,33], which makes the
internal structure more compact, and therefore improves the strength.
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Nonetheless, when the nano-material content exceeds a certain range, the strength of each group
begins to decline. At first, it can be ascribed to the agglomeration tendency as illustrated in Section 3.1,
which could easily cause uneven distribution within the structure. On the other hand, the replacement
of cement by TiO2 makes the corresponding cement content decrease when the nano-materials content
increases excessively. In terms of the material strength, the best nano-TiO2 content of cement were 3%
and 4% for the two types of concrete, respectively.

  
(a) (b) 

Figure 7. Results of 28 days compressive strength for each mix, (a) common concrete and (b)
porous concrete.

3.3. Photocatalytic Property Analysis

The photocatalytic degradation test of concrete was carried out using the custom-designed test
device proposed in this study. It should be noted that the device was subjected to a blank control
verification prior to the start of the formal test, and the change of NO concentration was recorded.
During the equipment verification, NO concentration was almost unchanged, proving that the sealing
of the reaction chamber was good. The parameters used in the testing process are shown in Table 5.
Keeping the above test parameters remaining unchanged, photocatalytic degradation tests of all
samples were conducted.

Table 5. Photocatalytic degradation test parameters.

Total Amount of Pollutant Gas Flow Rate Relative Humidity Detection Time Concrete Age

12 L 1.2 L/min 50% 10 min/once total 1 h 28 days

The residual rate of NO concentration after different periods of photocatalysis was calculated
and displayed in Figure 8. It should be pointed out that the NO concentration results of concrete
samples without TiO2 almost stayed constant. Thus, these results were not depicted in Figure 8. As it
shows, the degradation rate of all the samples increases with the extension of irradiation time. Overall,
the degradation rate of samples with modified nano-TiO2 was much higher than that of the original
nano-TiO2 samples. The reason can be partially attributed to the smaller particle size that causes more
contact area with pollutants. Also, the doped Fe3+ in the crystal of TiO2, by the mechanical chemistry
theory of ball milling as mentioned above, can act as an acceptor which can trap photogenerated
charges and reduce the metal ion species into a lower oxidation state. Then, due to the close energy
level of the Ti4+/Ti3+ couple, the transformation of Ti4+ into Ti3+ is accelerated, which has been reported
to improve the photodegradation by acting as a hole trap [15,34]. Another point is that Fe3+ dopant,
which has been reported to be effective to the batho-chromic shift, promotes a possible extension of the
activity of TiO2 towards visible light range [35,36]. Therefore, the photocatalytic activities of TiO2 are
enhanced significantly.
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For further comparison, the photocatalytic degradation rates of all the samples at 60 min are
shown in Figure 9. At the same content of nano materials, the degradation rate of concretes with
modified nano-TiO2 is about 13% to 20% higher than that with original nano-TiO2. At the same time,
the photocatalytic degradation rate of porous cement concrete is better than that of common cement
concrete, which is because of the greater contact area with light caused by the connected pores of
porous concrete. In the case of photocatalytic property, the optimized content of TiO2 is suggested to
be 4%.

 
(a) 

 
(b) 

Figure 8. Photocatalytic degradation results of concrete in each group. (a) Common concrete and
(b) porous concrete.
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Figure 9. Comparison of photocatalytic degradation rate test results.

3.4. Microstructure Analysis of Modified Concrete

The microstructural test of C-0 and C-4 are shown in Figure 10. It can be seen from Figure 10 that
the internal structure of C-0 concrete is looser, and the cracks or pores can be clearly seen between the
hydration products. C-4 concrete is relatively dense inside, and agglomerated particulate matters are
filled between the hydration products. In order to further confirm the composition of the material,
the two samples were analyzed by EDS. The results are shown in Figure 11. It can be seen from
Figure 11 that the main elements in C-0 are calcium, silicon, and oxygen, whereas for C-4, calcium,
silicon, and oxygen elements, as well as a lot of titanium. It indicates that the inner structure of C-4 has
titanium-containing substances except common hydration products, which is TiO2. Therefore, based
on the above analysis, it can be seen that the introduction of modified nano-TiO2 can be filled in the
cracks or pores between the hydration, so that the structural density increased, which in turn improves
the strength of C-4.

In this paper, we can see that the introduction of nano-TiO2, especially the modified nano-TiO2,
has a positive impact on the mechanics and degradation properties of concrete. But there is an optimal
amount. Considering the effects of mechanical properties and degradation efficiency, the recommended
optimum dosage is 3% to 4%.

  
(a) (b) 

Figure 10. Microstructure analysis of concrete specimens. (a) C-0 and (b) C-4 with modified TiO2.
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(a) (b) 

Figure 11. Energy spectrum analysis of concrete specimen. (a) C-0 and (b) C-4 with modified TiO2.

4. Conclusions

This paper highlights the feasibility of using the planetary high energy ball milling method
in modifying TiO2, as well as subsequent preparation of exhaust-purifying cement concrete.
The photocatalytic efficiency and mechanical performance of exhaust-purifying cement concrete
were both evaluated. The main conclusions can be summarized as follows:

(1) The modified nano-TiO2 doped with Fe3+ was successfully prepared by planetary high energy
ball milling. The ball milling process caused significant changes to the feature parameters of TiO2,
including decreased particle size, the more amorphous morphology, the compromised percentage
of the most thermodynamically stable crystal facet, and the increased percentage of other high
gas sensing crystal facets.

(2) The incorporation of nano-TiO2 is beneficial to the improvement of concrete strength because of
the micro-filling effect of nano particles. The incorporation of Fe3+ can motivate the formation of
iron-containing hydration products, leading to the further increase of concrete strength. In terms
of the material strength, the best nano-TiO2 content of cement was 3% and 4% for the two types
of concrete, respectively.

(3) The employment of nano-TiO2 endow the concrete the functional properties of purifying exhaust
gas. Due to the doping of Fe3+ in the crystal, the photocatalytic degradation effect of modified
nano-TiO2 is better than that of the original nano-TiO2. The degradation rate of porous concrete
is much higher than that of common concrete with the same content of photocatalyst. For both
types of concrete, the photocatalytic degradation rate comes to the peak when the nano-TiO2

content is 4%.
(4) The internal structure of the concrete was modified to be more compact with the adoption of

nano-TiO2, so the strength is improved. In a comprehensive consideration of both mechanical
performance and degradation efficiency, the recommended optimum dosage of TiO2 is 3% to
4% for concrete. It is the most promising strategy to develop functional pavements using
photocatalytic porous concrete to purify the urban traffic pollutions.

At last, it is strongly suggested that the modified nano-TiO2 doped with Fe3+ may be further
fused with other granular metamaterial components in concrete, to explore potential enhancement in
both mechanical and chemical properties in further studies on the basis of the dispersive behavior of
granular materials [37,38].
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Abstract: This paper presents an experimental study on the dynamic compressive behaviour of
polypropylene (PP) fibre reinforced concrete under various strain rates using split Hopkinson pressure
bar (SHPB) equipment. The effects of PP fibre content and strain rate on the dynamic compressive
stress-strain relationship and failure patterns were estimated. The results indicated that the addition
of PP fibre enhanced the dynamic compressive properties of concrete mixtures although it resulted in
a significant reduction in workability and a slight decrease in static compressive strength. Considering
the workability, static compressive strength and dynamic compressive behaviour, the optimal PP
fibre content was found to be 0.9 kg/m3 as the mixture exhibited the highest increase in dynamic
compressive strength of 5.6%, 40.3% in fracture energy absorption and 11.1% in total energy absorption;
further, it showed the least reduction (only 5.8%) in static compressive strength among all mixtures
compared to the reference mixture without fibre. For all mixtures, the dynamic compressive properties,
energy absorption capacity, strain at peak stress, ultimate strain and dynamic increase factor (DIF)
were significantly influenced by strain rate, i.e., strain rate effect. When the strain rate was relatively
low, PP fibres were effective in controlling the cracking, and the dynamic compressive properties of
PP fibre reinforced mixtures were improved accordingly.

Keywords: Fibre reinforced concrete; polypropylene; impact loading; constitutive model; failure mode

1. Introduction

Concrete is the most widely used construction material in the world [1]. However, normal concrete
is inherently brittle when subjected to static (including tensile and flexural) and high-velocity dynamic
loadings, and is susceptible to cracking induced by unsuitable curing conditions, freeze-thawing and
shrinkage [2–5]. As a result, normal concrete exhibits a brittle failure pattern under dynamic impact
loadings, posing a serious threat to the integrity and safety of concrete infrastructure in highly seismic
(e.g., earthquake) or marine zones (e.g., wave impact and wind load). Moreover, high-strength concrete
is usually supplied by the protective structures under dynamic impact loading. In addition, many
cracks may appear on the concrete surfaces under impact loadings and thus provide transport pathways
for some aggressive ions (e.g., chloride ions), which would facilitate the corrosion of reinforcing steel
and thus adversely affect the durability of reinforced concrete structures.

In order to overcome the aforementioned shortcomings, many researchers have attempted to
incorporate randomly distributed short fibres (i.e., steel, polypropylene and basalt fibres) into the
concrete matrix. The inclusion of these short fibres into the concrete results in a significant increase of
ductility, impact resistance and energy absorption capacity [6–9]. The enhancement of these material
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properties can be ascribed to the uniform distribution of short fibres in the concrete matrix [10,11].
Generally, these materials are classified as fibre reinforced concrete (FRC) [12]. Among all of these
fibres, steel fibres were first introduced as the reinforcement in concrete [13] and showed high efficiency
in improving the dynamic properties of concrete [9,12,14,15]. Karimi et al. [16] explored the fracture
energy of three types asphalt concrete and concluded that the mixtures with a 0.2% and 1.5% SWF
(steel wool fibre) showed lower fracture energy than the neat mixture. Wu et al. [9] investigated
the dynamic behaviour of hybrid steel fibre reinforced ultra-high-performance concrete (UHPC) and
concluded that UHPC with hybrid long (1.5%) and short (0.5%) steel fibre reinforcement exhibited the
best dynamic mechanical properties. Hao et al. [12] explored the dynamic compressive behaviour of
concrete reinforced with randomly distributed spiral steel fibres and found that the energy absorption
capacity of the tested concrete was significantly increased with increasing steel fibre dosage. However,
some drawbacks of steel fibres may limit the large-scale engineering application of steel fibre reinforced
concrete around coastal zones. For instance, as steel fibres rust easily and its weight may cause problems
such as fibre balling during the mixing process [17]. When the coastal concrete structures suffer from
impact such as wave impact and wind load, the drawbacks of steel fibres facilitate the corrosion of
RC structures. Therefore, it is vital to incorporate other types of fibres such as synthetic fibres into
normal concrete to improve its dynamic compressive properties as well as corrosion resistance, thereby
improving the durability of RC structures near marine zones made by this material.

In the past decades, polypropylene (PP) fibre has been increasingly used in concrete owing to its
advantages of lightweight and high corrosion resistance [18]. It was observed that PP fibre was effective
in reducing the plastic shrinkage and improving the impact resistance of the matrix [3,18,19]. In recent
years, several studies have been conducted on the dynamic properties of PP fibre reinforced concrete.
Zhang et al. [20] investigated the dynamic behaviour of PP fibre reinforced mortar under compressive
impact loading using SHPB. It was found that the dynamic behaviour of PP fibre reinforced mortar was
significantly influenced by strain rate. Moreover, PP fibres can improve the impact toughness of the
matrix. Jahanbakhsh and Karimi et al. [21–23]. considered the fracture energy as a material property that
is independent of sample size and geometry. Moreover, they calculated the fracture energy according to
RILEM TC50-FMC specifications by dividing the fracture work. Zhang et al. [24] conducted drop
weight test to estimate the flexural impact of PP fibre reinforced concrete and suggested that adding PP
fibres into the concrete can enhance its impact resistance though a brittle failure pattern was observed.
Fu et al. [2] also found that the addition of PP fibres improved the energy absorption capacity of the
concrete matrix. However, different volume fractions of PP fibre should be considered in order to
determine the optimal PP fibre content in normal concrete matrix under the dynamic loading with high
strain rates. Although Zhang et al. [17] concluded that the optimal content of PP fibre was 1.5 kg/m3,
which was drawn mainly based on the experimental results of static mechanical tests. In addition, it is
stated that the optimal fibre volume fraction for the macro-fibre is 0.5% [25]. Nevertheless, the optimal
content for PP fibre is still not determined. Moreover, a number of studies examining the dynamic
properties of PP fibre reinforced concrete utilised SHPB equipment with a high strain rate (i.e., normally
in the range between 102 s−1 and 103 s−1 [12,26–28]), as the previous study mainly focused on the drop
weight test. However, the method of drop weight test is greatly restricted by the specimen size and
configuration [9]. In conclusion, the dynamic compressive properties of PP fibre reinforced concrete
mixtures with different PP fibre volume fractions under high strain rate have not been extensively
studied. Therefore, it is important to investigate the dynamic compressive behaviour of concrete
reinforced with different dosages of PP fibres.

The main purpose of this paper is to provide a better understanding of the effects of PP fibre dosage
and strain rate on the dynamic compressive behaviour of concrete. Portland cement was used as the main
binder material and the compressive strength of all mixture was around 60 MPa. PP fibres with various
content (i.e., 0.9, 1.8, 2.7 and 3.6 kg/m3) were used. The PP fibre content of 0.9 kg/m3 approximately
equals to 0.1% fibre volume fraction (Vf). Thus, fibre content of 1.8, 2.7, 3.6 kg/m3 roughly corresponds
to 0.2, 0.3, 0.4% Vf. Firstly, the slump test was conducted to determine the workability of fresh mixture
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and the static compressive strength was evaluated. Subsequently, the dynamic compressive properties
including stress-strain curve and failure mode were examined using SHPB. The dynamic increase factor
(DIF), fracture energy, total energy, the strain at peak stress and ultimate strain were discussed in detail by
comparing the difference for all mixtures. The fitted DIF functions for each concrete mixture were derived
based on statistical study for providing guidance on incorporating PP fibres to the cement matrix. Finally,
PP fibre reinforced mixtures in the form of scanning electron microscopy (SEM) images were presented
to further understand the enhancement of dynamic compressive behaviour after incorporating fibres.

2. Experimental Program

2.1. Raw Materials

Portland cement (P.I. 42.5), bought from Liaoning Shan Shui Gong Yuan, Co., Ltd. (Liaoning, China),
was used as the main binder material with chemical compositions listed in in Table 1. The specific gravity
of cement is 3.09. Natural river sand with a nominal maximum size of 4.75 mm was used as the fine
aggregate, the specific gravity of which is 2.56. Coarse aggregates were prepared by mixing two different
maximum particle sizes of crushed granite, which were 5 mm and 20 mm, respectively. Fine and coarse
aggregates were used in saturated surface dry (SSD) conditions according to ASTM C128-15 [29] and
ASTM C127-15 [30]. The particle size distributions of fine and coarse aggregates are presented in Tables 2
and 3, respectively. Multifilament polypropylene (PP) fibre (see Figure 1), bought from Beijing Kenye
Trade Co., Ltd. (Beijing, China), was used and its properties are shown in Table 4. Polycarboxylate-based
superplasticisers (SPs) were used to improve the workability of the mixture.

Table 1. Chemical compositions of cement.

Oxide SiO2 Al2O3 CaO Fe2O3 SO3 MgO Na2O K2O LOI

Cement 21.35 5.98 60.56 2.91 2.05 2.22 0.21 0.75 3.97

Table 2. The gradation compositions of the fine aggregate.

Sieve Size (mm) 4.75 2.36 1.18 0.60 0.30 0.15 0.075

Total Percentage Retained (%) 0 10.5 27.8 51.5 76.2 90.8 98.6

Table 3. The gradation compositions of the coarse aggregate.

Sieve Size (mm) 20.0 19.0 16.0 13.2 9.5 4.75

Total Percentage Retained (%) 0 2.6 18.3 55.3 85.4 98.1

 

Figure 1. Photograph of PP fibre.
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Table 4. Properties of polypropylene fibre.

Fibre Type Length (mm) Diameter (μm)
Fibre Strength

(MPa)
Density
(kg/m3)

Modulus of
Elasticity (GPa)

PP 19 26 376 910 3.79

2.2. Mixture Proportions

The water-to-binder ratio (w/b) was adjusted and selected 0.24 for the plain concrete matrix in order
to ensure its compressive strength higher than 60 MPa. Based on the previous study [25], the highest fibre
content was adopted as 3.6 kg/m3 (equivalent to 0.4% fibre volume fraction). The mixture proportions
of concrete used in this study are given in Table 5 and marked with specific symbols. The label ‘PP’
represents polypropylene fibre, while ‘00’, ‘09’, ‘18’, ‘27’ and ‘36’ stand for the dosage of the corresponding
fibre. For example, the fibre content for the mixture No.1 is 0.0 kg/m3, while the fibre content for the
mixture No. 2 is 0.9 kg/m3.

Table 5. Mixture proportions.

No. Symbol
Cement
(kg/m3)

Water
(kg/m3)

FA
(kg/m3)

CA
(kg/m3)

SPs
(kg/m3)

PP Fibre
(kg/m3)

Vf (%)

1 PP00 569 136 645 1100 5.69 0.0 /
2 PP09 569 136 645 1100 5.69 0.9 0.1
3 PP18 569 136 645 1100 5.69 1.8 0.2
4 PP27 569 136 645 1100 5.69 2.7 0.3
5 PP36 569 136 645 1100 5.69 3.6 0.4

Note: FA (Fine Aggregate); CA (Coarse Aggregate); SPs (Superplasticisers); PP (Polypropylene).

2.3. Specimen Preparation

The mixing procedure is conducted using a SJD30 concrete horizontal-axle mixer. Cement,
fine aggregate and coarse aggregate were first dry mixed for 2 min. Water and SPs were then added to
the mixture after 2 min dry mix. Since multifilament fibres are difficult to be dispersed uniformly in the
mixture [31], PP fibres were gradually added to the wet mix in order to ensure uniform dispersion of fibres.
All the fresh mixtures were then cast into moulds for static and dynamic compressive tests. All specimens
were demoulded after 24 h and then stored in a standard curing room (20 ± 2 ◦C and 95% RH) for 28 days.
Table 6 shows the experimental program including the number of static specimens, dynamic specimens
and strain rate.

Table 6. Number of static specimens, dynamic specimens and strain rate.

Symbol
Number of Specimens Strain Rate Rype (s−1)

Static Specimens Dynamic Specimens 50 70 90 110 120

PP00 3 15 3 3 3 3 3
PP09 3 15 3 3 3 3 3
PP18 3 15 3 3 3 3 3
PP27 3 15 3 3 3 3 3
PP36 3 15 3 3 3 3 3

2.4. Test Methods

2.4.1. Workability and Static Compressive Test

The slump test was conducted in accordance with ASTM C143-15a [32] to determine the workability
of all fresh concrete mixture, where the test involved in measuring the vertical displacement difference
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between the top of the testing mould and top surface of the fresh concrete specimen. Three 150 mm
side-length cubic specimens of each mixture were used for static compression test using a universal
testing machine (Zhejiang Luda Machinery Instrument Co., Ltd., Zhejiang, China) at the testing age of
28 d according to Chinese standard GB/T50081-2002 [33].

2.4.2. Dynamic Compressive Test

In this study, the dynamic compressive properties of all concrete mixtures were evaluated by
100 mm diameter SHPB testing equipment at Northeastern University, Liaoning, China. The SHPB
testing system is shown in Figure 2 The striker, incident, transmission and absorbing bars are all made
of 100 mm diameter superior alloy steel. The lengths of striker, incident, transmission and absorbing
bars are 600, 5000, 3500 and 1200 mm, respectively. Cylindrical specimens 100 mm in diameter by
50 mm in height were used for each mixture in this study.

(a) (b) 

Figure 2. Schematic diagram and image of SHPB testing system: (a) Schematic diagram of SHPB testing
system; (b) Image of SHPB testing apparatus.

Regarding the testing procedure, the specimen was first placed between the incident and
transmission bars, as shown in Figure 2a when the ‘start’ button in the computer system was pressed,
the 100 mm diameter striker bar impacted the incident bar under the set compressing nitrogen to
generate the incident pulse (εi(t)), known as incident wave. Afterwards, the specimen started to
deform when the incident pulse reached it. At that time, some of the incident pulse was reflected
as the reflected pulse (εr(t)). The remaining pulse passed through the specimen and propagated to
the transmission bar, as transmission pulse (εt(t)). The whole testing process was recorded in the
computer. In addition, the strain gauges shown in Figure 2a were used to measure the change of strain
values of the incident and transmission bars, and thus the curves of strain against time were plotted.

The pulse shaping technique was applied to increase the accuracy of the results obtained from
SHPB test. The main purpose was to ensure that the tested specimen has sufficient time to reach stress
equilibrium by prolonging rising time of incident pulse [7]. A rubber-made slice with a 50 mm in
diameter by 2 mm in height was used as a pulse shaper. Figure 3 shows typical waveforms of incident,
reflected and transmitted pulses with a pulse shaper.

Figure 3. Typical waveforms of incident, reflected and transmitted pulses with a pulse shaper.
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The stress-strain curve of each mixture can be obtained by inputting the incident pulse (εi(t)),
reflected pulse (εr(t)) and transmission pulse (εt(t)). Tri-wave method was used to calculate the stress
(σs(t)), strain (εs(t)) and strain rate (

.
εs(t)) [34–36].

2.4.3. SEM Test

The SEM test (Ultra-plus SEM, Jena, Germany) was performed on the fracture pieces after SHPB
test to explore the damage morphology of PP fibre. The selected pieces were coated with a gold film
before the test. Regarding the image acquisition parameters, the working distance for the SEM test
was set in the range of 11.4 to 31.8 mm, while the acceleration voltage was 15 kV. The magnification
was in the wide range of 200×.

3. Results and Discussion

3.1. Workability

The slump value is normally used to represent the workability of concrete. Figure 4 shows the
slump value of all mixtures. It is clear that the slump value of all mixtures was significantly influenced
by the PP fibre content. The slump value decreased sharply with increasing PP fibre content in the
mixture, which agreed well with the previous studies [3,18,37]. The slump value of PP09, PP18, PP27
and PP36 reduced 14.6%, 20.6%, 36.0% and 47.1%, respectively as compared to the reference mixture
(PP00) with a slump value of 184.7 mm. The reduction in workability can be ascribed to the following
reasons: (1) adding fibres into the concrete matrix resulted in the increase of viscosity especially when
the surface area of fibres are larger [18]; (2) PP fibres exhibit hydrophobic characteristic in nature
(i.e., repelling water) and therefore the compactness of mixtures reduced with increasing PP fibre
content; (3) clogging of PP fibres would occur, which may affect the uniform dispersion of the fibres in
the concrete mixtures [38]; and (4) the internal microstructure of mixtures would be changed due to the
addition of PP fibres and thus restrict the flow of mixtures [9]. Since the compactness of concrete may
affect its mechanical properties, the dosage of SPs should be adjusted accordingly in order to ensure
that all PP fibre reinforced concrete mixtures are workable.

Figure 4. Slump of fibre reinforced concrete with various polypropylene fibre content.

3.2. Static Compressive Strength

Figure 5 displays the static compressive strength of all concrete mixtures at testing age of 28 d.
It can be seen that the 28 d compressive strengths of PP fibre reinforced concrete mixtures, i.e., PP09
(63.4 MPa), PP18 (60.8 MPa), PP27 (58.9 MPa) and PP36 (56.8 MPa), were lower than that of PP00
(67.3 MPa). This implies that the PP fibre is not capable of enhancing the compressive strength of
concrete matrix, which is consistent with previous studies [18,39] pointing out that PP fibres with
low stiffness cannot improve the compressive strength of the plain concrete matrix. The reduction
of compressive strength became more obvious with the increase of PP fibre dosage. Compared
to that of PP00, the compressive strength of PP36 was reduced by 15.6%, which was the highest
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among all mixtures. In addition, the compressive strengths of PP09, PP18 and PP27 were reduced
by 5.8%, 9.7% and 12.5%, respectively as compared to PP00. Therefore, the optimal PP fibre content
is determined to be 0.9 kg/m3 in terms of static compressive strength. Generally, the reduction in
compressive strength after adding PP fibres can be attributed to the hydrophobic characteristic of PP
fibre, which affected the dispersion of the fibres in the concrete mixtures and thus the compactness of
all PP fibre reinforced concrete was adversely influenced.

Figure 5. Compressive strength of all mixtures at 28 d.

3.3. Dynamic Compressive Stress-Strain Relationship

3.3.1. Effect of Strain Rate

Figure 6 shows an example of how the final curves of each mixture presented in Figure 7 was
derived. Basically, the final curve was obtained by averaging the curves of two or three specimens,
and then the average strain rate was correspondingly determined. The effect of strain rates varying
from 50–120 s−1 on dynamic compressive stress-strain curves of all mixtures at 28 d are presented in
Figure 7. All mixtures are sensitive to strain rate in terms of dynamic compressive stress, known as
“strain rate effect”. The dynamic compressive strength increased with the increase of strain rate, which
agreed well with previous studies [2,7,9,12,14,17,40]. For instance, peak stress for PP09 was 68.4 MPa
with average strain rate of 51.4 s−1 and increased to 115.7 MPa with the strain rate 122.8 s−1. The increase
of dynamic compressive strength due to the “strain rate effect” can be attributed to the lateral inertial
effect to the contact surface of the specimens under high-velocity impact loading [9,41,42]. Ross et al. [43]
mentioned that sensitivity to strain rate is highly dependent on the moisture condition of concrete.
Fu et al. [17] suggested that the “strain rate effect” is mainly ascribed to the combining effect caused by
the action of the crack propagation, viscous effect of free water and inertial effect. Therefore, “strain rate
effect” can be explained as follows: when the strain rate is lower, the concrete mixtures have sufficient
accumulated energy and time for the micro-cracks to propagate into macro-cracks before the final failure
of the specimens. The energy required for the propagation of the cracks is lower than that of generating
cracks [40], implying that the concrete mixtures need more energy under impact loading, i.e., more
cracks appeared under high-velocity impact. However, the time needed for the final failure of concrete
mixtures is very short under impact loading. Thus, the accumulated energy of the specimens is lower.
The compressive strength is increased only for providing the required energy of generating cracks.

Table 7 summarizes the dynamic and static compressive strength, and DIF of all mixtures, where
DIF is defined as the ratio of the dynamic compressive strength to the static compressive strength and is
widely used to describe the “strain rate effect”. As seen in Figure 8, DIF values of all mixtures increased
gradually with the increase of strain rate, showing good agreement with previous studies [9,40]. As the
average strain rate increased from 50 s−1 to 120 s−1, DIF of PP00, PP09, PP18, PP27 and PP36 was
increased by 64.1%, 68.5%, 55.3%, 50.4% and 43.7%, respectively. The results suggest that the PP fibre
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content of 0.9 and 1.8 kg/m3 was more efficient in improving dynamic compressive strength of concrete
under high-velocity impact loading.

Figure 6. Example of obtaining the dynamic compressive stress-strain curve.

 

 

 

Figure 7. Effect of strain rate on dynamic compressive stress-strain relationship of (a) PP00; (b) PP09;
(c) PP18; (d) PP27; (e) PP36.
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Table 7. Summary of dynamic and static properties of PP fibre reinforced concrete.

Symbol
Average
Strain

Rate (s−1)

Maximum
Dynamic

Stress (MPa)

Strain at
Peak Stress

(×10−3)

Ultimate
Strain

(×10−3)

Static
Compressive

Strength (MPa)
DIF

Fracture
Energy (J)

Total Energy
(J)

PP0

52.0 69.1 ± 3.45 9.25 16.95 67.3 ± 1.46 1.03 ± 0.051 108.7 ± 5.92 237.4 ± 3.81
71.7 76.9 ± 2.86 11.11 22.14 67.3 ± 1.46 1.14 ± 0.042 109.0 ± 6.97 335.6 ± 6.50
89.9 86.8 ± 1.00 12.82 26.54 67.3 ± 1.46 1.29 ± 0.015 154.8 ± 8.67 436.5 ± 1.97

111.7 99.1 ± 3.46 15.22 30.35 67.3 ± 1.46 1.47 ± 0.051 233.4 ± 2.05 546.6 ± 26.44
123.5 113.9 ± 1.80 14.88 33.78 67.3 ± 1.46 1.69 ± 0.027 231.3 ± 13.33 688.5 ± 15.02

PP09

51.4 68.4 ± 0.86 9.78 17.25 63.4 ± 1.06 1.08 ± 0.014 117.1 ± 0.39 242.9 ± 3.97
69.9 79.8 ± 1.97 12.19 22.68 63.4 ± 1.06 1.26 ± 0.031 143.2 ± 12.53 351.6 ± 21.94
90.7 91.7 ± 3.74 14.13 28.33 63.4 ± 1.06 1.45 ± 0.059 216.8 ± 0.18 485.1 ± 11.15

110.8 103.1 ± 3.54 15.95 31.31 63.4 ± 1.06 1.63 ± 0.056 224.4 ± 9.08 595.9 ± 8.41
122.8 115.7 ± 1.84 18.09 36.29 63.4 ± 1.06 1.82 ± 0.029 324.4 ± 12.66 741.5 ± 10.19

PP18

50.7 69.2 ± 1.69 9.76 17.83 60.8 ± 2.52 1.14 ± 0.028 102.8 ± 4.16 243.4 ± 0.77
71.2 77.1 ± 1.05 11.89 23.38 60.8 ± 2.52 1.27 ± 0.017 133.0 ± 6.83 310.7 ± 3.68
91.4 87.3 ± 3.05 13.04 29.69 60.8 ± 2.52 1.44 ± 0.050 138.0 ± 6.66 411.3 ± 23.52

111.5 95.3 ± 1.60 14.63 32.95 60.8 ± 2.52 1.57 ± 0.026 204.6 ± 8.19 540.0 ± 20.91
121.9 107.7 ± 1.41 15.71 36.62 60.8 ± 2.52 1.77 ± 0.023 246.9 ± 8.97 625.4 ± 23.76

PP27

51.7 70.1 ± 1.55 7.99 18.06 57.9 ± 2.31 1.21 ± 0.027 102.7 ± 2.68 243.8 ± 10.60
68.7 76.0 ± 0.64 9.08 23.44 57.9 ± 2.31 1.31 ± 0.011 114.7 ± 7.33 287.4 ± 15.03
92.2 84.8 ± 2.64 10.98 28.14 57.9 ± 2.31 1.46 ± 0.046 119.9 ± 6.08 422.8 ± 22.37

108.2 93.7 ± 1.27 12.24 30.88 57.9 ± 2.31 1.61 ± 0.022 164.4 ± 3.44 530.3 ± 16.80
119.9 105.2 ± 2.66 14.07 32.22 57.9 ± 2.31 1.82 ± 0.046 192.2 ± 1.80 569.8 ± 15.11

PP36

49.8 67.6 ± 1.78 7.67 14.09 56.8 ± 2.06 1.19 ± 0.031 56.6 ± 3.70 157.8 ± 10.10
70.3 73.6 ± 1.58 8.60 23.50 56.8 ± 2.06 1.30 ± 0.028 66.8 ± 3.93 283.9 ± 15.14
91.8 80.2 ± 1.40 10.48 27.50 56.8 ± 2.06 1.41 ± 0.025 101.3 ± 12.50 408.3 ± 22.85

109.2 90.7 ± 1.27 11.35 30.12 56.8 ± 2.06 1.60 ± 0.022 109.5 ± 7.99 423.0 ± 11.74
121.1 97.3 ± 1.48 12.99 32.04 56.8 ± 2.06 1.71 ± 0.026 151.4 ± 10.98 507.2 ± 37.78

Figure 8. Effect of strain rate on DIF.

The fracture energy is defined as the energy absorbed by the specimen up to the peak stress. It can
be observed from Table 7 that fracture energy was enhanced by the increase of strain rate. Figure 9a
shows that PP09 has the maximum fracture energy at the similar strain rate during the impact test.
The total energy absorption of all mixtures under impact loading is shown in Figure 9b. For each
mixture, the total energy was calculated by multiplying the strain energy density (i.e., the area under
the stress-strain curve) by the specimen volume [12]. For each mixture, the energy absorption capacity
increased gradually with increasing strain rate, which can also be explained by the “strain rate effect”,
that is, the concrete mixtures absorbed more energy under rapid impact loading because of a larger
number of cracks. The fracture energy absorption of PP00, PP09, PP18, PP27 and PP36 was enhanced
by about 127.8%, 177.0%, 140.2%, 87.1% and 167.5%, respectively when the strain rate increased from
around 50 s−1 to 120 s−1. The total energy absorption of PP00, PP09, PP18, PP27 and PP36 was enhanced
by about 190.0%, 205.3%, 156.9%, 133.7% and 221.4%, respectively when the strain rate increased from
around 50 s−1 to 120 s−1.
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Figure 9. Energy absorption capacity of concrete at different strain rates: (a) Fracture energy;
(b) Tolal energy.

The deformation capacity of concrete materials can be represented by the strain at peak stress
and ultimate strain listed in Table 7. The strain at peak stress and ultimate strain were improved with
increasing strain rate. The ultimate strain of each mixture was higher than its strain at peak stress
ranging from 83.2% to 173.3%. The ultimate strain of PP09 and PP18 in this study was higher than
that of PP00. This can be attributed to the bridging action of the fibres in cracks, which prolongs the
strain-softening region and subsequently improves the toughness of FRC.

3.3.2. Effect of Polypropylene Fibre Content

The effect of PP fibre content on DIF of all concrete mixtures is presented in Figure 10. At the
strain rate of around 50 s−1, the DIF of PP09, PP18, PP27 and PP36 increased 4.9%, 10.7%, 17.5% and
15.5%, respectively as compared to PP00. When the strain rate was around 70 s−1, the DIF of PP09,
PP18, PP27 and PP36 enhanced by 10.5%, 11.4%, 14.9% and 14.0% compared to PP00. When the strain
rate was around 120 s−1, the DIF of PP09, PP18, PP27 and PP36 enhanced by 7.7%, 4.7%, 7.7% and
1.2% compared to PP00. Under the strain rate of 50 s−1 and 70 s−1, the effect of PP fibre contents on
DIF of all mixtures was remarkable. PP09 was found more efficient in controlling the cracking under
high strain rate impact loading, which can also be attributed to the short impact loading time under
high-velocity impact and thus the contribution of fibres was not remarkable.

Figure 10. Effect of polypropylene fibre content on DIF.

282



Materials 2019, 12, 1797

DIF is essential for structural design and getting a reliable DIF is helpful for obtaining an appropriate
and economical constructional design [9]. Therefore, it is of importance to obtain a reliable fitted
DIF function for each concrete mixture in this study. It was reported by Tedesco et al. [44] that
the relationship between DIF and logarithm of strain rate was approximately linear. Following
this suggestion, the fitted DIF curves of all concrete mixtures are acquired and demonstrated in
Figure 11 as well as Table 8, where the detailed fitted DIF equations for each mixture along with
the correlation coefficient (R) are presented. As shown in Table 8, all R2 values are greater than 0.9
suggesting that the fitted DIF functions are reliable. The results are consistent with previous study [40].
In addition, it is known that static compressive strength was mainly affected by fibre content, showing
reducing tendency with increasing fibre content. On the other hand, for PP09 specimen, although
static compressive strength decreased, dynamic compressive strength at relatively low loading rate
reduced more remarkably, resulting in a decreased DIF. At high loading rate, DIF increased since with
increasing fibre dosage, dynamic compressive strength increased while static compressive strength
was reduced.

Figure 11. Fitted DIF curves of concrete reinforced with various polypropylene fibre content.

Table 8. Summary of the fitted DIF equations for different mixtures.

No. Symbol Fitted Equation of DIF R2

1 PP00 DIF = 1.656 log
.
ε− 1.877 0.911

2 PP09 DIF = 1.871 log
.
ε− 2.161 0.966

3 PP18 DIF = 1.541 log
.
ε− 1.536 0.928

4 PP27 DIF = 1.537 log
.
ε− 1.477 0.902

5 PP36 DIF = 1.312 log
.
ε− 1.084 0.922

Figure 12 shows the influence of PP fibre content on energy absorption capacity of concrete.
The fracture energy presented is defined as the energy absorbed by the specimen up to the peak stress
during the SHPB test, while the total energy reflects the energy absorption capacity in all regions.
The fracture energy had an increase up to the PP fibre content of 0.9 kg/m3 followed by a gradual
decrease with further addition of PP fibre at different strain rates, except 110 s−1 strain rate (see
Figure 12a). The fracture energy of PP09 was enhanced by 7.7%, 31.4%, 40.1%, −3.0% and 40.3%,
respectively at the average strain rate around of 50 s−1, 70 s−1, 90 s−1, 110 s−1 and 120 s−1 compared to
that of the reference mixture (PP00). Figure 12b shows the development of total energy of PP fibre
mixtures with varying content. A similar tendency can be seen that the PP fibre content of 0.9 kg/m3

corresponds to the maximum total energy absorption capacity and thus it can be regarded as the
optimal dosage regarding the energy absorption capacity.
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Figure 12. Energy absorption capacity of concrete reinforced with various polypropylene fibre content:
(a) Fracture energy; (b) Total energy.

The mechanical properties of FRC are highly dependent on its internal structure and the properties
of fibres and cement matrix. The number of fibres inside the matrix can affect the spatial spacing of
the fibres. It was reported that the static mechanical properties were influenced by space between
fibres inside the matrix. For instance, the tensile strength decreased with increasing fibre spacing [45].
Based on the current experimental results, it is found that the static mechanical properties showed
an exactly dissimilar trend with that of dynamic properties especially with relatively high strain rate.
When the strain rate increases, the loading time is very short. Under such conditions, the FRC specimen
may only exhibit the optimal dynamic compressive properties when its internal structure reaches
the optimal state. In this work, the optimal fibre content in terms of workability, static and dynamic
compressive properties was found to be 0.9 kg/m3 (i.e., PP09), as PP09 presented the best workability
among all mixtures and its static compressive strength was not affected significantly (i.e., only 5.8%
reduction as compared to PP00). In addition, the DIF of PP09 increased by 7.7% at the strain rate of
120 s−1 as compared to PP00, which is the highest among all mixtures.

3.4. Dynamic Failure Mode

The effect of strain rate on the dynamic failure mode of all mixtures is illustrated in Figure 13.
It is found that the failure pattern of all mixtures changed from splitting failure into pulverization
failure with increasing strain rate, which is consistent with previous studies [2,7,9,12]. As shown in
Figure 13a,d,g,j,m, several big broken fragments were observed for all mixtures when the strain rate is
lower. However, when the strain rate is relatively high, all deformed specimens are broken into many
tiny fragments (see Figure 13c,f,i,l,o). This phenomenon is in consistence with the “strain rate effect”,
which can also be attributed to the extremely short loading time under high-velocity impact loading.
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(a) PP00 (52.0 s 1) (b) PP00 (89.9 s 1) (c) PP00 (123.5 s 1)

(d) PP09 (51.4 s 1) (e) PP09 (90.7 s 1) (f) PP09 (122.8 s 1)

(g) PP18 (50.7 s 1) (h) PP18 (91.4 s 1) (i) PP18 (121.9 s 1)

(j) PP27 (51.7 s 1) (k) PP27 (92.2 s 1) (l) PP27 (119.9 s 1)

(m) PP36 (49.8 s 1) (n) PP36 (91.8 s 1) (o) PP36 (121.1 s 1)

Figure 13. Effects of strain rate and polypropylene fibre dosage on failure mode of all mixtures.

It can be clearly observed that the failure patterns of the mixtures were more complete with
the PP fibre under low strain rate. As shown in Figure 13d,g,j,m, only several longitudinal splitting
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failures were observed. However, PP00 exhibited a brittle failure pattern. The results suggested that
the PP fibre can restrict the growth of cracks under low strain rate. When the strain rate is relatively
high (e.g., 120 s−1), PP fibres were not so efficient to control cracking of mixtures as pulverization
failure pattern was observed for all mixtures. It generally requires two parts of energy to break a fibre
reinforced concrete, i.e., the energy to break the matrix and the energy to pull out or rupture fibre
reinforcements [9]. The SEM images presented in Figures 14 and 15 can be used to compare the original
morphology of PP fibres with the failure morphology in the specimen after impact test. As seen in
Figure 15a, PP fibres were found to be pulled out of the concrete matrix, resulting in scratches and
damage on the surface of the fibres. Figure 15b shows that PP fibres were ruptured in the process of
specimen fracture. When the strain rate is relatively low, the generated micro-cracks had enough time
to reach the transition zone between cement matrix and aggregate resulting in complete failure of
the specimen. Thus, PP00 (without fibre reinforcement) failed quickly as compared to other PP fibre
reinforced concrete mixtures. With the incorporation of PP fibres, many micro-cracks were restricted by
the fibres and thus the ductility of the specimen enhanced. As a result, the failed specimens exhibited
more ductile failure pattern compared to that of PP00. When the strain rate is relatively high, the impact
loading time is extremely short and therefore the dynamic compressive strength of all mixtures was
enhanced by increasing the energy to generate cracks. Although PP fibres can help to resist some
cracks, the efficiency would be lower due to the extremely high impact velocity.

Figure 14. SEM micrographs showing the original morphology of PPF.

      
(a)                                              (b) 

Figure 15. SEM micrographs showing the morphology of PPF after impact: (a) Scratch or broken line
and fibre tunnel; (b) Rupture end.

4. Conclusions

In this study, the workability, static compressive strength and dynamic compressive properties
of concrete reinforced with PP fibres with various fibre content (i.e., 0.9, 1.8, 2.7 and 3.6 kg/m3) were
investigated and compared with those of the reference mixture without fibre (PP00). Compared with the
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previous researches concerning the dynamic properties of PP fibre reinforced normal strength concrete,
the dynamic properties of high strength concrete with series content of PP fibres was emphasized here.
Based on the experimental results, the main conclusions are drawn as follows:

• The incorporation of PP fibres enhanced the dynamic compressive behaviour but reduced the
workability and static compressive strength of concrete mixtures. PP36 exhibited the lowest
workability among all mixtures, where its workability reduced 14.6% as compared to PP00.
The optimal PP fibre content was found 0.9 kg/m3 (i.e., PP09) in terms of workability, and static
and dynamic compressive properties as PP09 exhibited the best workability among all PP fibre
reinforced concrete mixtures and showed the least reduction (5.8%) in static compressive strength
and an increase of 7.7% in DIF when the strain rate was120 s−1 compared to PP00.

• The ‘strain rate effect’ can be observed for all mixtures regarding the dynamic compressive
properties. As strain rate increased, dynamic compressive strength of all mixtures increased and
the DIF of all mixtures was enhanced gradually.

• High correlation coefficients of the fitted DIF curves can be found for all mixtures, which indicates
that the proposed equations can be used to describe well the relationship between the DIF and
strain rate of PP fibre reinforced concrete under impact loading.

• When the strain rate is relatively low, PP fibres were efficient in controlling the growth of
micro-cracks under impact loading. However, the effectiveness of PP fibres was reduced when
the strain rate was increased, which can be mainly attributed to the extremely short impact
loading time.
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Abstract: Glass flake (GF) was used as the reinforcement in chemically bonded phosphate ceramic (CBPC)
coatings to promote anti-corrosion property. The crystalline phase, curing behavior, micromorphology
and electrochemical performance of the coatings were studied. The results indicate that with the addition
of magnesia (MgO), a new bonding phase (Mg3(PO4)2) can be formed, which can help the CBPCs
achieve a more compact and denser structure. The effect of the magnesia and the GF additives on
curing behavior is obvious: the heat of reaction of the phosphate ceramic materials increases with
the addition of the magnesia and the GF, which emphasizes the higher crosslinking density in the
phosphate ceramic materials. The phosphate ceramic coatings with the magnesia have a higher
impedance value compared with the neat phosphate ceramic coating, while the highest impedance
value is obtained with increased content of GF. The corrosion mechanism is mainly contributed by
the new bonding phase and GF particles, which can hinder the permeation pathway and make the
permeation more circuitous.

Keywords: anti-corrosion property; glass flake; chemically bonded phosphate ceramic (CBPC);
corrosion mechanism

1. Introduction

Reinforced concrete (RC) is one of the most commonly used modern construction materials.
The corrosion of the interface between concrete and steel rebar affects the service life of RC seriously.
In the past decades, in order to increase the lifespan of RC, researchers have dedicated efforts towards
the enhancement of bond strength and corrosion resistance in RC [1,2]. Among all the anti-corrosion
technology, a most effective way to improve the property of corrosion resistance is to cover the rebar
with a durable and adhesive coating [3], which can be divided into organic coatings and inorganic
coatings. Epoxy [4,5] and modified resin [6] have been generally adopted as organic coatings, while
inorganic coatings include galvanizing metal coatings [7], chemically reactive enamel (CRE) coatings [8],
and chemically bonded phosphate ceramic (CBPC) coatings [9]. In the application of the epoxy coating
in reinforced concrete, Brown MC [10] arrived at the conclusion that the durability of the steel with the
epoxy coating was not ideal due to the moisture that penetrates beneath the coating, which means that
the epoxy-coated steel has a higher corrosion rate than bare steel. What’s more, the bone strength loss
between the epoxy-coated steel and the concrete reached 20% compared to bare rebar [11]. For the
inorganic coatings, a weakening effect on the bond strength between the galvanized reinforcing steel
and the concrete was observed due to hydrogen evolution at the interface [12]. A high temperature of
800 ◦C needs to be applied to the chemically reactive enamel-coated steel, which can lead to a reduction
in the creep limit and strength [1].
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In recent years, more and more studies have focused on the utilization of CBPCs, which are
derived from the reactions between base and acid, such as the metal oxide (Al2O3, MgO) and the
soluble acid phosphate (KH2PO4, Al(H2PO4)3) [13,14]. Due to their corrosion resistance, mechanical
resistance, thermal conductivity and low temperature used in their processing, CBPC coatings have
considerable technological importance [15]. CBPC coatings can be seen to use the phosphate matrixes
as the binding phases and the metal oxides as suitable fillers. Researchers [16–18] have investigated
the influence of ceramic oxides (AlN, MgO, and ZrO2) on the improvement of the thermal properties of
CBPC coatings. The abrasive filler of Al2O3-SiC in aluminum phosphate has been produced to enhance
the abrasion resistance of coatings [19]. The ceramic coatings of aluminum phosphate formed by the
reaction between soluble acid phosphates and alumina and alumina–sol–gel systems was studied [20].
H.M. Hawthorne et al. [21] prepared phosphate ceramic coatings on stainless steel substrates and
analyzed the mechanical performance and electrochemical property. The application by thermal
spraying for binders was carried out, and the microstructure defects of the coatings were improved [22].
A series of CBPC coatings were applied to steel surfaces to reduce or eliminate corrosion [23].
Da Bian et al. [24] paid attention to graphene-reinforced CBPC coatings. Zhu Ding et al. [25] studied the
mechanical characterization and microstructure of CBPC composites reinforced with fiber, prepared at
room temperature.

Glass flake (GF) particles are inorganic platelets with excellent resistance to chemicals and aging.
Many efforts have been focused towards corrosion-resistant coatings with the advanced barrier
properties of GF [26–30], and the parallel and overlapped arrangement of GF particles could form a
compact impermeable layer in organic coatings. There are microstructure defects between GF particles
and the organic coating matrix due to the coating matrix belonging to organic material, while GF
belongs to inorganic materials; thus, we can only effectively improve the permeability resistance of
organic coatings by surface treatment and functionalization of GF particles.

In all cases cited, there have been few reports on the application of GF particles as fillers in
CBPC coatings. Meanwhile, the anticorrosion mechanism of the GF-reinforced CBPC coatings also
needs to be illustrated. In this study, CBPC coatings reinforced with GF particles were prepared in
order to protect the round steel. The crystalline phase, curing behavior, and micromorphology of the
CBPC-based ceramic materials were analyzed, and the electrochemical characterization of the CBPC
coatings was carried out in 3.5 wt.% NaCl solution using electrochemical measurement. Furthermore,
the anticorrosion mechanism of the coating was also investigated.

2. Materials and Methods

2.1. Materials

The CBPC coatings reinforced with GF were applied onto round steel 8 mm in diameter and
20 mm in length by mixing raw materials of phosphate ceramic materials as shown in Table 1.

Table 1. Raw material of phosphate ceramic materials.

Name Chemical Formula Manufacturer

Monoaluminium phosphate Al(H2PO4)3 -
Chromium trioxide CrO3 Sinopharm Chemical Reagent Co., Ltd., Shanghai, China

Alumina Al2O3 Aladdin Industrial Corporation Tech Co., Ltd., Shanghai, China
Magnesia MgO Sinopharm Chemical Reagent Co., Ltd., Shanghai, China

Glass flake (150 mesh) SiO2 Hebei Huawei Glass Flake Co., Ltd., Langfang, China

The preparation of monoaluminium phosphate (MAP) binder is based on the reaction between
aluminum hydroxide and phosphoric acid at 120 ◦C under constant stirring for 60 min. The quantities
were calculated according to Equation (1). For the preparation of MAP binder, 135.1 g of pure water
were used to dilute 345.9 g of 85% phosphoric acid to 60%, and then 78.0 g of aluminum hydroxide
were added.
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3H3PO4 + Al(OH)3 → Al(H2PO4)3 + 3H2O (1)

The mixture proportion of phosphate ceramic coating materials are shown in Table 2. The coated
samples were prepared by brush coating with a clean bristle brush. Before preparing coating, 800 grit
silicon carbide abrasive papers were used to polish the surface of the round steel, the round steel was
degreased in acetone for 15 min (in ultrasonic bath) and then rinsed with deionized water. The coated
round steel was placed at room temperature (25 ± 1 ◦C) for 10 h and then heated in an electric oven
according to the curing process as shown in Figure 1.

Table 2. Mixture proportion of phosphate ceramic coating pastes.

Sample MAP (g)
Powders (g)

H2O (g)
Al2O3 MgO GF

CBPC 10.0 10.0 - - 5.0
GCBPC0 10.0 9.5 0.5 0 5.0
GCBPC5 10.0 9.0 0.5 0.5 5.0

GCBPC10 10.0 8.5 0.5 1.0 5.0
GCBPC15 10.0 8.0 0.5 1.5 5.0

Figure 1. Curing process of phosphate ceramic coatings.

2.2. Characterization

Laser scanning confocal microscopy (LSCM, manufacture, Oberkochen, Germany) was used to
characterize the thickness and surface topography of GF. The thickness of the coating was tested using
a QNIX4500 coating thickness gauge measurement (QNIX, Oberkochen, Germany) at a precision of
1 μm. The crystalline phases of phosphate ceramic coatings after curing were measured by X-ray
diffractometer (PANalytical Empyrean, Almelo, The Netherlands) using a CuKα source scanning
from 5◦ to 70◦ in 2θ. A differential scanning calorimeter (STA instruments, Selb, Germany) was used
to analyze the curing behavior of phosphate ceramic coating materials under N2 atmosphere with
gas flow of 30 mL/min, heat velocity of 10 ◦C/min, start temperature 25 ◦C and end temperature
400 ◦C. Furthermore, the SEM micrographs of the surface and cross-section of the coated samples were
investigated on a JSM-IT300 (JEOL, Tokyo, Japan) under secondary electron mode, test voltage of 10 kV
and surface treatment with platinum.

The potentiodynamic polarization was conducted using a workstation CS350 (Wuhan Corrtest
Instrument Co., Ltd., Wuhan, China), as well as the electrochemical impedance spectroscopy
(EIS) measurement, with a three-electrode system, containing the reference electrode (saturated
calomel electrode), the counter electrode (platinum electrode), and the working electrode (sample).
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The electrochemical experiment was conducted in 3.5 wt.% NaCl solution at 25 ± 1 ◦C. The exposed
surface area was around 2.5 cm2. After the samples were immersed in the NaCl solution for 10 h,
the potentiodynamic polarization was performed at a speed of 2 mV·s−1, from −100 mV to 100mV. EIS
measurements were carried out with AC signals of 5 mV peak-to-peak amplitude in the frequency
start at 100 kHz and end at 0.01 Hz. Z-View software was used to evaluate the EIS data. At least three
repeated electrochemical tests were carried out to confirm the reliability of the measurement.

3. Results and Discussions

3.1. Characterization of GF

As shown in Figure 2, the GF, with 150 mesh, has an average thickness of 3–4 μm and an average
particle size of 105 μm. Meanwhile, the GF is irregularly formed and has a smooth surface topography.
The amorphous peaks of GF in the XRD patterns were observed in the range of 15–40◦, as can be seen
in Figure 3, which means the GF particles are silica-based materials with a wide typical diffraction
peak [31].

Figure 2. Surface topography of GF.

Figure 3. XRD patterns of GF.
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3.2. Characterization of Composites and Coatings

3.2.1. Thickness of the Coatings

The thickness of the CBPC coatings is shown in Table 3. It is clear that the thickness of the different
GCBPC coatings varied from 193 μm to 217 μm with the increase of GF particles, while the thickness of
the CBPC coating was 186 μm. The coating thicknesses showed a little bit of increase, with regard to
the standard deviation of the thickness measurement. The difference in thickness is not enough to
affect the corrosion resistance of the coatings.

Table 3. Thickness of phosphate ceramic coatings after curing.

Coatings

CBPC GCBPC0 GCBPC5 GCBPC10 GCBPC15

Thickness (μm) 186 193 201 210 217
Standard deviation 0.3 0.2 0.2 0.3 0.2

3.2.2. XRD

The results obtained from the XRD patterns of the phosphate ceramic coatings are shown in
Figure 4. In the case of the CBPC, only Al2O3 and AlPO4 phase were present. While the unreacted
Al2O3, MgO phase and the reacted AlPO4, Mg3(PO4)2 phase was identified in GCBPCs. A new bonding
phase (Mg3(PO4)2) can be found, which may benefit the structural and anti-corrosion properties of
the phosphate ceramic coatings, as it has fine needle-like crystals [15]. The new bonding phase was
the reaction product of magnesia and MAP solution. MgO can fully react with MAP solutions in
the current pastes, so only the product of Mg3(PO4)2 and its XRD peaks remain in the GCBPCs.
The main binding phase in the phosphate ceramic coatings originates in these reactions of Equations
(2) and (3) [15,32]. The reason for the higher peak of Mg3(PO4)2 in GCBPCs is related to two aspects.
Firstly, the product of CBPC materials is largely limited by the solubility of metal oxides, which means
the dissolved magnesia can react faster with MAP due to the higher solubility of the magnesia [33].
Secondly, the peak of AlPO4 phase may not be prominent in the presence of magnesia due to the
covering of the Mg3(PO4)2 [34]. What’ s more, the results indicate that the phase of the GF did not alter
under the heat treatment of the GCBPCs, which did not affect the crystalline phase of others.

Al2O3 + Al(H2PO4)3 → 3AlPO4 + 3H2O (2)

3MgO + Al(H2PO4)3 → AlPO4 + Mg3(PO4)2 + 3H2O (3)

Figure 4. XRD patterns of phosphate ceramic coatings.
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3.2.3. Thermal Characterization

To evaluate the effects of the magnesia and the GF additives in the phosphate ceramic materials on
the curing behavior, the DSC analysis of the phosphate ceramic materials before curing was conducted,
which are shown in Figure 5. The temperature values of the onset (Tonset), the peak (Tp), the endset
(Tendset) and the curing enthalpy (ΔH) are available from the DSC curves, which are predicted in Table 4.
All phosphate ceramic materials have only one significant endothermic peak. With the addition of
magnesia, the endothermic peak temperature decreased from 228.0 ◦C (CBPC) to 126.9 ◦C (GCBPC0),
which approaches the temperature of the maximum dissolution of the bauxite and magnesite [12].
Meanwhile, the endothermic peaks of coatings reinforced with GF are 126.3 ◦C (GCBPC5), 125.4 ◦C
(GCBPC10), 125.2 ◦C (GCBPC15), respectively.

Figure 5. DSC curves of phosphate ceramic materials.

Table 4. Curing parameters from DSC curves.

Sample Tonset (◦C) Tp (◦C) Tendset (◦C) ΔH (J/g)

CBPC 209.5 228.0 245.5 −30.32
GCBPC0 118.9 126.9 153.9 −37.65
GCBPC5 117.8 126.3 153.3 −48.30

GCBPC10 115.4 125.4 153.4 −54.38
GCBPC15 113.7 125.2 153.2 −56.39

where Tonset, Tp, Tendset represents the temperature values of the onset, the peak and the endset, respectively, ΔH is
the curing enthalpy.

The great changes in curing temperature can be seen clearly with the addition of magnesia [17].
The exothermic peak temperature (Tp) of CBPC is 228 ◦C, while the GCBPCs are all around 125 ◦C.
Besides, the ΔH are −30.32, −37.65, −48.30, −54.38, −56.39 J/g, respectively. Therefore, the curing
enthalpy of reaction of the phosphate ceramic materials increases with the addition of the magnesia
and the GF additives, which emphasizes the higher crosslinking density in the phosphate ceramic
materials [35,36].

3.2.4. SEM

The typical SEM micrographs of different coating surfaces after curing are shown in Figure 6.
The coatings of CBPCs consist of alumina distributed in the MAP binder. The binding phase is
produced by the reaction between MAP and the surface of the particles during the curing process.
As can be seen, the solidified binder fills the space between the particles. There were differences in
the micrograph. The particles of the CBPC coating have an inhomogeneous morphology, the main
component of which is Al2O3, while the particles spread more evenly in GCBPCs, which has a denser
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structure due to the new bonding phase. The result is consistent with the results of DSC. Furthermore,
the GF particles on the surface and internal of the coating is shown in Figures 6 and 7. The GF particles
and the GCBPC maintain a good adhesion. On the other hand, the GF particles achieve a homogeneous
and parallel dispersion on the surface and internal of the coatings.

  
(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 6. SEM micrographs of coating surfaces (after curing): (a) 1000× CBPC; (b) 5000× CBPC;
(c) 1000× GCBPC0; (d) 5000× GCBPC0; (e) 500× GCBPC10; (f) 2000× GCBPC10. Notes: AP (alumina
particles), BP (binding phases), MP (micro-porous).
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(a) (b) 

Figure 7. SEM images of the cross-section in GCBPCs: (a) 300×; (b) 5000×. Notes: AP (alumina
particles), BP (binding phases), MP (micro-porous).

3.3. Anti-Corrosion Performance

3.3.1. Potentiodynamic Polarization

The effect of the magnesia and the GF particles on the corrosion resistance of CBPCs samples was
evaluated by using the polarization measurement in 3.5 wt.% NaCl solution. Figure 8 illustrates the
potentiodynamic polarization data of the uncoated round steel, and the coated different phosphate
ceramic samples.

Figure 8. Potentiodynamic polarization curves of phosphate ceramic coatings.

The corresponding electrochemical parameters are shown in Table 5, derived using the Tafel
extrapolation method. The results show that the GCBPC0 has a higher Ecorr and a lower icorr compared
to CBPC, which means the GCBPC0 has a better corrosion resistance than the CBPC. Meanwhile,
with the increase of the GF in the GCBPCs, the value of Ecorr increases, and the value of icorr and
corrosion rate decreases, indicating that the presence of GF can improve the anti-corrosion performance
of the CBPCs [37]. In the GCBPC coating samples, the value of Ecorr of GCBPC15 increases from
−0.272 V of GCBPC0 to −0.094 V. Additionally, the value of icorr and corrosion rate decreases from
7.396 × 10−6 A/cm2, 0.087 mm/a to 4.522 × 10−7 A/cm2, 0.005 mm/a, respectively. The reason for

298



Materials 2019, 12, 2082

this may attributed to the most compact microstructure and the strongest resistance to electrolytes
penetration being in GCBPC15. The effective inhibition η is calculated from Equation (4) [38].

η =

(
1− icorr

icorr,blank

)
× 100% (4)

where icorr,blank is the etching current density of the uncoated sample, while icorr represents the corrosion
current density of the coated samples. As is well known, the higher the value of η, the better the
anti-corrosion performance may be.

Table 5. Curing parameters based on the potentiodynamic polarization curves.

Sample
Electrochemical Parameter

η (%)
Ecorr (V) icorr (A/cm2) Corrosion Rate (mm/a)

Bare Steel −0.928 1.503 × 10−5 0.177 -
CBPC −0.303 8.312 × 10−6 0.098 44.69

GCBPC0 −0.272 7.396 × 10−6 0.087 50.79
GCBPC5 −0.222 3.134 × 10−6 0.037 79.15

GCBPC10 −0.157 1.082 × 10−6 0.013 92.80
GCBPC15 −0.094 4.522 × 10−7 0.005 96.99

where Ecorr, icorr represent the corrosion potential and corrosion current density, η is the effective inhibition, which
is calculated from Equation (4).

3.3.2. Electrochemical Impedance Spectroscopy

The EIS method is an effective way to access the anticorrosion property of the CBPCs samples.
The Nyquist and Bode plots of the CBPC coated samples immersed for 10 h in 3.5 wt.% NaCl solution
are shown in Figure 9. EIS parameters (Table 6) from Nyquist and Bode plots were extracted by using
an electrical equivalent circuit (R(RQ(RQ))) to model the experiment. Rs, Rc, CPEc, Rct and CPEct

represent resistance of solution, resistance of the CBPC coating, nonideal capacity of the CBPC coating,
resistance of the charge transfer and nonideal capacity of the double layer, respectively.

Figure 9. Nyquist and Bode plots of CBPCs.

Table 6. EIS parameters from Nyquist and Bode plots.

Sample Rs (Ω·cm2) Rc (Ω·cm2) CPEc (Ω·cm2) Nc Rct (Ω·cm2) CPEct (F/cm2) Nct

Bare Steel 9.46 - - - 1989 1.4327 × 10−4 0.75
CBPC 11.43 267 4.1701 × 10−5 0.69 12406 5.4811 × 10−5 0.67

GCBPC0 11.27 371 2.0892 × 10−5 0.57 14187 9.5405 × 10−5 0.64
GCBPC5 10.98 1128 3.1458 × 10−5 0.65 18370 3.6515 × 10−5 0.58

GCBPC10 10.90 1509 2.9823 × 10−5 0.61 20619 4.785 × 10−5 0.53
GCBPC15 10.88 1784 9.6835 × 10−6 0.54 20950 8.5690 × 10−5 0.57

where Rs, Rc, CPEc, Rct and CPEct represent the resistance of the solution, resistance of the CBPC coating,
the nonideal capacity of the CBPC coating, the resistance of charge transfer and the nonideal capacity of the double
layer, respectively.
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According to EIS parameters from Table 6, the resistance of the solution (Rs) remains stable,
the addition of magnesia improves the anti-corrosion performance of CBPC to a certain extent, as the
coating resistance (Rc) and charge transfer resistance (Rct) increase. Meanwhile, the more GF added
within the range of experimental dosage, the better anti-corrosion performance achieved. In addition,
the GCBPC15 obtains the strongest anticorrosion property. According to the previous results (DSC,
SEM and XRD), two main reasons can be noted for this phenomenon. Firstly, the presence of magnesia
contributes to the formation of new phase and increases the compactness of GCBPCs to shield the round
steels from the erosion of aggressive electrolyte. Secondly, the parallel distribution of GF particles on
the surface and internal of the coating make the electrolyte diffusion path more tortuous.

The comparison of the EIS parameters from different coatings between the previous literature and
the results obtained in this research is shown in Table 7. As can be seen, the anti-corrosion property of
the epoxy coating is significantly higher than other species of coatings due to the excellent protection
against aggressive substances of the polymer matrix. For other types of coatings, GCBPC15 in this
paper has better corrosion resistance performance than other coatings, which can mainly be attributed
to the compactness of the matrix and the parallel distribution of GF particles.

Table 7. Comparison of the EIS parameters from different coatings.

Species
Rs

(Ω·cm2)
Rc

(Ω·cm2)
CPEc

(Ω·cm2)
Nc

Rct

(Ω·cm2)
CPEct

(F/cm2)
Nct

CBPC 11.43 267 4.1701× 10−5 0.69 12406 5.4811× 10−5 0.67
GCBPC15 10.88 1784 9.6835× 10−6 0.54 20950 8.5690× 10−5 0.57
Epoxy [39] 100 28935 4.3417× 10−6 0.75 44523 3.8667× 10−6 0.22

Galvanized [40] 10 491.6 4.0417× 10−5 0.80 2000 3.2378× 10−5 0.66
GCBPC0-ZnO [24] - 817.2 7.2100× 10−5 0.64 911.7 3.8300× 10−5 0.79

where Rs, Rc, CPEc, Rct and CPEct represent the resistance of the solution, the resistance of the coating, the nonideal
capacity of the coating, the resistance of the charge transfer and the nonideal capacity of the double layer, respectively.

3.4. Corrosion Protection Mechanism

As is widely known, the initial corrosion is commonly due to the penetration of sufficient H2O, O2,
Cl−, or their combined effect on the steel [2,41]. The corrosion will cease to exist until the penetration
is inhibited. For CBPCs, the substrate is protected by the compact coatings, which can retard the
substrate corrosion under in cases with H2O, O2 and Cl−. The surface microstructures of the CBPC
coatings are presented in Figure 7. Compared to GCBPC0, the GF particles are found in phosphate
ceramics coatings, as shown in Figures 7 and 8. The reason the GCBPC10 has better anticorrosion
performance than GCBPC0 is that the new bonding phase and GF can hinder the permeation pathway
of H2O, O2 and Cl− and make the permeation more circuitous.

These results indicate that GF-reinforced chemically bonded phosphate ceramic coatings are
potentially superior compared to the neat chemically bonded phosphate ceramics in terms of
anti-corrosion property. To clarify the anticorrosion performance, a model of GF reinforced chemically
bonded phosphate ceramic coating was established. As shown in Figure 10, for CBPC or GCBPC0,
aggressive substances such as H2O, O2 and Cl− can be passed to the substrate through the diffusion
route between the binding phase and the particle. However, the binding phase and the GF can hinder
the aggressive substances permeation pathway and make the diffusion route more tortuous in GCBPCs,
preventing H2O, O2 and Cl− from engaging the substrate effectively.
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Figure 10. Schematic diagram of the anti-corrosion mechanism in (a) CBPCs and (b) GCBPCs.

4. Conclusions

The glass flake-reinforced chemically bonded phosphate ceramic coatings were prepared on round
steel. The crystalline phase, curing behavior, micromorphology and electrochemical performance of
the coating were studied. The main conclusions can be obtained as follows:

(1) With the addition of magnesia, a new bonding phase (Mg3(PO4)2) can be formed, which can help
the GCBPCs obtain a more compact and denser structure. Meanwhile, The GF particles have a
good adhesion with GCBPC and achieve a homogeneous and parallel dispersion on the surface
and internal of the coatings.

(2) The effect of the magnesia and the GF additives on curing behavior is obvious; the heat of reaction
of the phosphate ceramic materials increases, which emphasizes the higher crosslinking density
in the phosphate ceramic materials.

(3) The phosphate ceramic coatings with the magnesia have a higher impedance value compared
with the neat phosphate ceramic coating, while the highest impedance value is acquired with
increase content of GF. It is found that GCBPC0 has a smaller particle size and a denser structure
due to the new bonding phase compared with CBPC, and GF is distributed parallel on the surface
and internal of the GCBPCs homogeneously. The corrosion mechanism is mainly contributed
by the new bonding phase and GF, which can hinder the permeation pathway and make the
permeation more circuitous.
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