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Recycled asphalt pavement (RAP) can be used in highway engineering again by cold recycled technology. Due to the aged asphalt
on the surface of RAP, some problems such as poor adhesion between emulsified asphalt and RAP and the low properties of
emulsified asphalt recycling mixture are easy to occur. 1is work aims at analyzing the aging degree of asphalt from RAP surface
and improving the poor adhesion between RAP and emulsified asphalt by modifying the surface characteristics of RAP. In this
work, a new device was designed to delaminate off the asphalt on the surface of RAP.1e aging degree of asphalt at different layers
was studied then by physical properties andmolecular weight distribution. Slurry of hydrated lime (Ca(OH)2) (S-Ca) and slurry of
silane coupling agent (SCA) modified Ca(OH)2 (S-Si-Ca) were used to modify the asphalt on the surface of RAP, respectively. 1e
adhesion between emulsified asphalt and RAP was studied by contact angle and boiling method. Results show that the asphalt on
the RAP surface can be successfully stripped into four layers through the self-designed RAP delaminating and stripping device.
1e aging degree of asphalt wrapped around the surface of the RAP showed a tendency to be gradually severe from outside to
inside. However, asphalt at the innermost layer (L4) shows abnormal situation due to the fact that the light components are
absorbed by the aggregate. In addition, reasonable dosage of SCA is determined as 3.0% in Ca(OH)2 powder mass. Both S-Ca and
S-Si-Ca can effectively reduce the contact angle and thus improve the adhesion between emulsified asphalt and RAP. Moreover,
S-Si-Ca possesses the most obvious modification effect attributed to the formation of asphalt-SCA-Ca(OH)2 structure.

1. Introduction

During the service of asphalt pavement, aging can inevitably
occur due to the combined effects of heat, oxygen, sunlight,
and water. 1e utilization of recycled asphalt pavement
(RAP) in the cold recycling process of asphalt pavement
possesses the dual benefits of saving energy and protecting
the environment [1, 2]. However, the application of RAP in
asphalt mixture is highly limited due to the presence of the
aged asphalt on the RAP surface [3, 4], which can reduce the
properties of cold recycled asphalt mixture.

1e surface aging degree of RAP is usually different from
that of the RAP internal [5–7]. It was found that there was a
big difference between the recycled asphalt and the asphalt

because the mineral powder can absorb certain components
in the asphalt [8]. 1e penetration and ductility of the
extracted aged asphalt decreased while the softening point
increased with the increase of the service life of RAP [9].
Although the aging behavior of asphalt on the RAP surface
has been confirmed, the aging degree of different layers of
asphalt has not been distinguished.

1e poor adhesion of the RAP-new asphalt interface has
been an important factor restricting the development of
high-performance cold recycled mixture [10]. Some modi-
fication methods have been used for improving the prop-
erties of cold recycled mixture [11–14]. It is effective to
modify asphalt mixture with a reactive powder [15–17].
Hydrated lime can significantly reduce the polarity
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difference between asphalt and aggregate and improve the
surface free energy of asphalt and the adhesion between
asphalt and aggregate [18]. 1e addition of fly ash can
improve the mechanical property and durability of cold
recycled asphalt mixture [19]. Cement can improve the early
strength and water damage resistance of asphalt emulsion
mixture [20]. In addition, the adhesion between asphalt and
aggregate depends largely on conditions of aggregate min-
erals [21]; SiO2 in aggregate can improve the adhesion
between asphalt and aggregate due to physical adsorption
[22]. For other modifiers, silane and amine can improve the
RAP aggregate-new asphalt interface property [23]. Bio-oil
can improve the high-temperature performance of RAP
mixture in a humid environment [24].

However, most of the above studies are qualitative
evaluation and there are few methods to evaluate quanti-
tatively themodification effect of asphalt on the RAP surface,
and the modification effect of aged asphalt on the RAP
surface is still poor. 1erefore, it is of great value to put
forward one technique to improve the surface properties of
RAP and its adhesion to emulsified asphalt. In this work, the
characteristics analyses of aged asphalt on the RAP surface
were conducted before utilizing RAP to determine the aging
degree and select three appropriate modifiers to improve the
surface characteristics of aged asphalt, which is expected to
obtain the best RAP-new asphalt adhesion and optimize
various properties of recycled asphalt mixtures.

2. Materials and Experimental

2.1. Materials. 1e physical and chemical properties of the
asphalt selected in this paper are shown in Table 1. Emul-
sified asphalt was prepared using a cationic emulsifier and its
properties are shown in Table 2. 1e main properties of the
selectedmodifiers (Ca(OH)2 and KH-550 SCA) are shown in
Table 3 and Table 4, respectively. 1e properties of the
solvent trichloroethylene (TCE) are shown in Table 5.

2.2. Stripping of Asphalt at Different Layers of RAP Surface.
In order to evaluate the performance of asphalt at different
layers of RAP, a kind of self-designed device was developed
in this work, based on the Abson method (T 0726–2011) in
the Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering in China (JTG E20-2011),
whose specific steps can be consulted from reference [25].
1e device can effectively strip asphalt on the surface of RAP.
In view of the rapid dissolving properties of asphalt in TCE,
TCE was used as a solvent in this work to wash down the
asphalt on the RAP surface layer by layer. As shown in
Figure 1, the asphalt on the RAP surface was divided into
four layers from outside to inside and labeled as layer 1, L1;
layer 2, L2; layer 3, L3; and layer 4, L4, respectively.

1e schematic diagram of the device for stripping asphalt
is shown in Figure 2. 100 g of RAP with a particle size of
13.2mm–19mm was selected and rinsed with water to
remove surface dust and sand as much as possible firstly.1e
washed RAP was placed into the device shown in Figure 2
after drying naturally. 1e RAP was then rinsed with a fixed

volume of TCE. After the TCE completely flowed out, the
dissolved asphalt solution was collected, impurities such as
mineral powder were removed, and asphalt sample was fi-
nally obtained after evaporation of TCE. 1e obtained as-
phalt samples were marked and labeled as L1, L2, L3, and L4,
respectively (as shown in Figure 3).

2.3. Preparation of Modified Slurries. In this work, SCA
solution (S-Si), S-Ca, and S-Si-Ca were used to improve the
surface characteristics of RAP and increase its adhesion to
emulsified asphalt. 1e three modifiers were prepared as
follows:

(1) In order to accelerate the ionization and dispersion
of SCA in the solution, a certain concentration of the
solution was prepared firstly and the formulation
ratio of the solution is shown in Table 6. 1e pH
value of the solution was adjusted to 4 by acetic acid.
After the SCA was hydrolyzed in the solution at
room temperature for 20min, SCA solution (S-Si)
was obtained.

(2) 1e hydrated lime powder and water were prepared
in a mass ratio of 0.3 :100 and placed in a beaker, and
then, the beaker was placed on a magnetic stirrer and
stirred for 30 minutes at 30°C. Finally, slurry of
hydrated lime (S-Ca) was obtained.

(3) 1e hydrated lime possesses highly polar property
and it is difficult to adhere to asphalt under normal
temperature conditions. 1erefore, Ca(OH)2 was
modified in this work. After the prepared S-Si was
mixed with S-Ca, the slurry was stirred at 30°C for
20min to obtain slurry of silane coupling agent
modified Ca(OH)2 (S-Si-Ca). In this work, 1%, 2%,
3%, 4%, and 5% SCA (Ca(OH)2 powder weight) were
used to prepare S-Si-Ca.

2.4. Experiment Methods

2.4.1. Physical Property Tests. 1e physical properties of
asphalt at different layers were tested according to the
Standard Test Methods of Bitumen and Bituminous Mixtures
for Highway Engineering in China (JTG E20-2011), which
includes softening point, penetration at 25°C, and ductility at
25°C. To ensure the reliability of the test data, three samples
were prepared and tested for each of the three tests and the
average value was finally adopted as the test result.

2.4.2. Gel Permeation Chromatography (GPC). GPC is a very
accurate and efficient method for classifying polymers
according to the molecular weight. In this work, polystyrene
with known relative molecular mass was used as a mono-
disperse standard for direct correction; a standard curve was
established and different layers of asphalt were measured
and analyzed according to the standard curve. 1e tem-
perature of the column was set to 25°C; the mobile phase was
tetrahydrofuran; the flow rate was 1.0mL/min; and the
concentration of the sample solution was 2.0mg/ml. A
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normal GPC curve of the asphalt sample is shown in
Figure 4.

Asphalt aging is the aggregation of small molecules to
macromolecules. 1e higher the LMC, the more severe the
aging of asphalt.1e aging degree of asphalt at each layer can

be evaluated by quantitatively calculating the ratio of large
molecular content (LMC). 1e ratio of LMC to the entire
molecular weight is used to quantitatively evaluate the aging
degree of asphalt [25]. 1e LMC can be calculated according
to the following equation:

Table 1: Physical and chemical properties of original asphalt.

Properties Test results Specification values
Softening point (°C) 48.0 ≥46

Penetration (25oC, 100g, 5s) (0.1mm) 71.2 60–80
Ductility (15oC, 5°cm/min) (cm) ≥100 ≥100

Density (15°C) (g/m3) 1.029 —
Mass loss (%) 0.24 −0.8–0.8

RTFOT, penetration ratio (25°C) (%) 65.9 ≥61
Ductility (15°C, 5 cm/min) (cm) 23.9 ≥15

Table 2: Properties of emulsified asphalt.

Properties Test results Specification values

Evaporation residue
Residue content (%) 60.1 ≥55

Penetration (25°C, 100 g, 5 s) (0.1mm) 77.1 50–300
Ductility (15°C, 5 cm/min) (cm) 49.8 ≥40

Storage stability (%, 25°C) 1 d 0.4 <1.0
5 d 4.5 <5.0

Table 3: Composition of hydrated lime.

Composition (%) Ca(OH)2 Chloride Sulfate Magnesium salt Iron element
Mass fraction (%) ≥95.05 0.01 0.2 0.2 0.01

Table 4: Properties of silane coupling agent.

Properties Chromatographic purity (%) Density (25°C) (g/cm3) Refractive index (25°C) (m/s)
Test results 98.1 0.944 1.419

Table 5: Properties of trichloroethylene (TCE).

Properties Exterior Density (g/cm3) Boiling point (°C) Melting point (°C) Molecular weight
Test results Colorless 1.460 87.4 −87.0 131.39

L1
L2

L3
L4

RAP
Surface asphalt

layer

Aggregate

Figure 1: Schematic diagram of asphalt layers on the RAP surface.

1

4 32

5

6

Figure 2: Schematic diagram of the device for stripping asphalt. (1)
Container; (2) RAP; (3) chassis; (4) net-shaped support; (5) re-
ceiving funnel; (6) solution collecting device.
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LMC �
AF5/13C
TAC

× 100%, (1)

where AF5/13C is the area of the first 5/13 of chromatogram
and TAC is the total area beneath chromatogram.

2.4.3. Asphaltene Content Tests. 1e content of asphaltene at
different layers was tested according to the Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway
Engineering in China (JTG E20-2011). In this work,
n-heptane and toluene were used to extract asphaltene. 1e
insoluble was further extracted after the asphalt was
extracted with n-heptane, and then the soluble was extracted
by toluene to obtain asphaltenes.1e asphaltene content was
calculated from the weight ratio of asphaltene to asphalt
sample.

2.4.4. Contact Angle Test between Emulsified Asphalt and
RAP. 1e contact angle measuring instrument, as a com-
monly used device in the research of surface free energy, is
mainly used to measure the wettability of liquid to solid. 1e
adhesion work of the system can be calculated by measuring
the contact angle of emulsified asphalt on the surface of the
mineral. 1e JGW-360BL contact angle measuring instru-
ment was adopted in this work, which mainly includes four
parts: sample test bench, lighting equipment, microsyringe,
and image analysis software.

1e contact angle test process is as follows: the L1 layer
asphalt was heated and melted and then adhered on a
76× 26mm glass slide to form an asphalt film. After cooling,
the slide was immersed in distilled water, S-Si, S-Ca, and
S-Si-Ca, respectively. In order to prevent the precipitation of
solid particles during the soaking process, the slurry needed
to be constantly stirred. 1e temperature of the solution was
controlled at 30°C and the soaking time was 30min. After the

soaking, asphalt sample was left to dry. Finally, the contact
angle between the treated sample and emulsified asphalt was
tested.

2.4.5. Adhesion Test between Emulsified Asphalt and RAP.
1e improved boiling test was used to evaluate the adhesion
of emulsified asphalt to RAP in this work according to the
Standard Test Methods of Bitumen and Bituminous Mixtures
for Highway Engineering in China (JTG E20-2011). Since the
adhesion of emulsified asphalt was not as strong as that of
hot asphalt, relevant improvements were made referring to
the original adhesion test. Some 13.2mm–19mm RAP with
a shape close to cubic were selected and treated with distilled
water, S-Si, S-Ca, and S-Si-Ca, respectively (the process is the
same as that for asphalt in Section 2.4.3).

After treatment, the sample was rinsed with distilled
water and dried naturally. 1en, the treated RAP was im-
mersed in emulsified asphalt for 1min, and after being taken
out, RAP was hung at room temperature for 24 h. 1en the
RAP adhered with emulsified asphalt was placed in a 60°C
water bath for 3min, and the area percentage of asphalt
peeling from the aggregate surface was carefully observed to
determine the adhesion grade. Visual observations were
made immediately once the sample boiling process was
finished. Examination of the sample was conducted under
light and with low magnification in the visual observation of
retained coating. Any thin, brownish, translucent areas were
to be considered fully coated.

3. Results and Discussion

3.1. Physical Properties of Asphalt at Different Layers of RAP.
1e aging degree of asphalt wrapped in different layers on
the surface of RAP is different. In order to study the physical
properties of asphalt at different layers, the penetration,
softening point, and ductility of asphalt samples were tested.
1e test results are shown in Figure 5. In Figure 5, the
softening point of asphalt gradually decreases, while the
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Figure 4: GPC analysis diagram of asphalt.
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Figure 3: Schematic diagram of the RAP rinsing process.

Table 6: Formulation ratio of SCA solution.

Composition KH-550 Ethanol Water
Mass fraction (%) 17.8 63.5 18.7
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penetration and the ductility increase from the outside to the
inside of the aggregate. However, the fourth layer of asphalt
which is in close contact with aggregate shows an increase in
softening point and a decrease in penetration and ductility
compared with the third layer of asphalt. It is mainly due to
the different aging degree of different layers of asphalt.

1e outermost layer asphalt (L1) on the RAP surface
suffers from the most severe aging degree due to more
contact with the external environment such as air, water, and
acid. At the same time, the outer layer of asphalt has a
protective effect on the inner asphalt, which can slow down
the aging of the inner asphalt. As the aging degree deepens,
the dosage of light components in asphalt gradually de-
creases, and the dosage of heavy components gradually
increases. Among the asphalt components, the heavy
components determine the temperature sensitivity, hard-
ness, and other characteristics of asphalt. 1erefore, the
higher the aging degree of asphalt, the harder the asphalt and
the worse its physical properties. 1e main reason for the
deterioration of the physical properties of L4 asphalt is that
the internal aggregate absorbs the oil content of the asphalt,
which reduces the dosage of light components in asphalt and
thus increases the dosage of heavy components in asphalt.

3.2. MolecularWeight Analysis of Asphalt at Different Layers.
1e polymerization reaction can occur between the mole-
cules during aging of asphalt, resulting in the change of
molecular weight. GPC can sensitively capture the change of
molecular weight and thus reflect the aging degree of asphalt
[26, 27]. Figure 6 shows the GPC spectrum of asphalt at
different layers. In Figure 6, the time when the asphalt
molecules at different layers begin to flow out is different.
1e peak positions of asphalt at different layers are also
different. 1e asphalt peak gradually shifts to the left as the
aging degree deepens; that is, the proportion of macro-
molecules in the asphalt sample gradually increases [25].

According to equation (1), the LMC of asphalt at dif-
ferent layers was calculated and the results are shown in
Figure 7. In Figure 7, the macromolecule content in L1 is the
highest, which can reach 15.7%, as well as followed by L2 and
L4, which are 14.7% and 14.2%, and the lowest macro-
molecule content is L3, which can reach 12.9%. 1e out-
ermost layer asphalt of RAP suffers from the most aging due
to the contact with the external environment. As a result of
the absorption of the light components in the asphalt by
aggregate, the heavy component dosage of the L4 layer
asphalt is increased, so the proportion of macromolecules is
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Figure 5: Physical properties of asphalt at different layers: (a) softening point, (b) penetration, and (c) ductility.
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enhanced. 1e aging of L2 and L3 is lighter due to the less
affection by environmental erosion or aggregate absorption,
so the proportion of macromolecules is relatively small.

From the physical performance results, the softening
point, penetration, and ductility of the L1-L3 layers all
maintained a certain law, but abnormalities occurred in the
L4 layer. It can attribute to the absorption of lightweight
components by the aggregate. 1is is because the molecular
weight of asphalt is closely related to the physical properties
of asphalt. Small molecules can promote the sliding of
molecular chains. 1e higher the proportion of small
molecules in the asphalt, the easier the molecular chain
movement. On the other hand, the higher the proportion of
macromolecules, the stronger the entanglement of molec-
ular chains with each other, and the more difficult the
molecular chainmovement is, and thus the aged asphalt with

higher LMC gradually hardens and its physical properties
decrease.1is can also explain why the physical properties of
L4 asphalt have inflection points.

3.3. Change of Asphaltene Content at Different Layers.
1e chemical composition of asphalt is closely related to its
physical properties.1e higher the content of asphaltene, the
more serious the aging of asphalt and the higher the content
of macromolecule in asphalt. 1e asphaltene was extracted
according to the characteristics of asphaltene that can be
insoluble in n-heptane. Figure 8 shows the asphaltene
content of asphalt peeling from different layers on the RAP
surface.

It can be seen from Figure 8 that the asphaltene content
in L1 is the highest, indicating the L1 asphalt suffered from
the most serious aging. Under the impact of light and heat,
the light components of asphalt gradually change to
asphaltene, resulting in the highest asphaltene content in the
L1. Moreover, the aging degree of inner asphalt is smaller
due to the most external asphalt coating. 1e content of
asphaltene kept a decrease from L1 to L3. However, L4
asphaltene content increased compared with L3, which can
be mainly due to the mineral absorption of light components
rather than the aging condition. L4 is far from the external
atmosphere, so the possibility of L4 being affected by the
external environment and aging is much lower than the
other three layers.

3.4.EffectsofRAPModificationonContactAngle. In contrast
to ordinary aggregate, the surface of RAP has different
adhesion characteristics with emulsified asphalt due to the
existence of asphalt aging film. 1e surface energy be-
tween asphalt and RAP is directly related to the adhesion
characteristics between them from the perspective of
thermodynamics, so the free energy theory can be used to
evaluate the adhesion performance of RAP and predict the
adhesion force between modified RAP and emulsified
asphalt [10].

When liquid comes in contact with solid, the liquid can
have a wetting or adsorption effect on the solid surface due
to the difference in surface energy between them. 1e
contact of emulsified asphalt with RAP can be equivalent to
the wetting process of emulsified asphalt and RAP. 1e
contact angle between emulsified asphalt and RAP can
change as the surface energy of the two changes. According
to Young’s equation, as shown in equation (2), the adhesion
force between the liquid and the solid can be calculated as
long as the surface tension clof the liquid and the contact
angle θ between them are measured. 1e surface tension of
the same test liquid is the same. 1erefore, the smaller the
contact angle, the greater the adhesion force between the
solid and the liquid.

Wa � cl(cos θ + 1), (2)

where Wa is the adhesion of the two substances, clis the
surface tension of the liquid, and θ is the contact angle
between the liquid and the solid.
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Figure 9 shows the effect of SCA dosage on the modi-
fication effect of S-Ca. 1e contact angle between emulsified
asphalt and RAP gradually decreased with the increase of
SCA dosage (0–3%), indicating that the effect of SCA on the
surface modification effect of asphalt has gradually been
improved. However, the contact angle of emulsified asphalt
to RAP gradually increases when the dosage of SCA exceeds
a certain proportion (3%). 1is is because suitable SCA can
adhere Ca(OH)2 solid particles to asphalt surface. However,
the solid particles of Ca(OH)2 can be completely covered by
the SCAwhen the dosage of SCA exceeds a certain limit.1is
is not conducive to the adsorption of Ca(OH)2 solid particles
on emulsified asphalt particles, so the contact angle grad-
ually increases. 1e 3% SCA dosage was selected as a pre-
condition to the formulation of the three modifiers, S-Si,
S-Si-Ca, and S-Ca. After the asphalt was treated by the three
modifiers, the contact angle was tested.

1e contact angle test results after different modification
treatments are shown in Figure 10. In Figure 10, the contact
angle between aging asphalt and emulsified asphalt is 57.8°.
1e contact angle with emulsified asphalt particles after the
S-Si treatment did not decrease, but increased by 1.7°.
However, the contact angles of emulsified asphalt particles
on asphalt surface after S-Ca and S-Si-Ca treatment de-
creased by 3.5° and 10.5°, respectively. It shows that the
adhesion between RAP and emulsified asphalt is improved
after S-Ca and S-Si-Ca treatment. After the S-Ca was
modified with SCA, the contact angle between emulsified
asphalt and RAP is evidently decreased, which indicates that
the adhesion between RAP treated with S-Si-Ca and
emulsified asphalt is the highest.

3.5. Adhesion between Emulsified Asphalt andModified RAP.
1e adhesion of RAP treated by different modifiers to
emulsified asphalt is shown in Figure 11. It can be seen from
Figure 11 that the stripping amount of untreated RAP
surface asphalt after boiling test is the most, and the
stripping amount of RAP surface asphalt after S-Si and S-Ca
treatment decreases. However, the overall stripping area is
more than 30%; therefore, the adhesion grade was

determined as grade II. However, after S-Si-Ca treatment of
RAP, the stripping amount of RAP surface asphalt signifi-
cantly reduced, and the total stripping amount is between
10% and 30%, so the adhesion grade was determined as
grade III.

1e adhesion of RAP to emulsified asphalt is shown in
Table 7. In Table 7, the adhesion grade of emulsified asphalt
and RAP without treatment and treated with S-Si and S-Ca
keeps the same. However, the adhesion grade of emulsified
asphalt and RAP is improved to grade III after treated with
S-Si-Ca. 1e main reason is that the SCA and Ca(OH)2 can
improve the wetting ability of emulsified asphalt to RAP, so
the adhesion of RAP and emulsified asphalt is significantly
improved.

3.6. Mechanism of Adhesion Changes between Emulsified
Asphalt andRAP. 1e effect diagram of themodifier on RAP
is shown in Figure 12. In the cold mixing process of asphalt,
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Figure 11: 1e adhesion grade test for emulsified asphalt and RAP.

Table 7: Adhesion results of emulsified asphalt and RAP.

Treated methods RAP surface condition Adhesion grade
Control

Most of the asphalt film is desorbed, and the percentage of stripping area is more than 30%
II

S-Si II
S-Ca II
S-Si-Ca Asphalt film is obviously desorbed, but the percentage of stripping area is less than 30% III
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Figure 12: Diagram of adhesion between emulsified asphalt and RAP: (a) control, (b) S-Ca, and (c) S-Si-Ca.
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emulsifier molecules can be adsorbed with inorganic ma-
terials such as aggregate and cement, which can result in the
demulsification of emulsified asphalt.1e droplets of asphalt
would demulsificate and form asphalt film on the surface of
aggregate. However, as shown in Figure 12(a), the hydro-
philic groups on the surface of emulsified asphalt have poor
compatibility with the lipophilic group on RAP surface
asphalt, which hinders emulsified asphalt particles to spread
on the asphalt surface.

As can be seen from Figure 12(b), S-Ca is used as an
intermediate in this paper to tightly connect the aged asphalt
on the RAP surface with emulsified asphalt. At the interface
between aged asphalt and Ca(OH)2, the key point is the acid-
base reaction. Ca(OH)2 has strong alkalinity and can react
with the acidic substances in the asphalt to form calcium
salts. 1ese organic calcium salts have strong polarity and
can form stronger bonds than organic acids or anhydrides
[28]. Moreover, the asphalt containing calcium ion on the
RAP surface can promote the adsorption and demulsifica-
tion of emulsified asphalt and can also enhance the adhesion
between emulsified asphalt and RAP. Calcium exists in S-Ca
in the form of Ca2+. 1e arrangement of extranuclear
electrons of calcium atom is 1s22s22p63s23p64s2, and that of
Ca2+ is 1s22s22p63s23p6. It can be seen from the arrangement
of extranuclear electrons that Ca2+ loses two electrons in the
4s orbit, so Ca2+ has an empty orbit without electrons.
According to the formation conditions of covalent coor-
dination bond, the 4s orbital of Ca2+ will receive two lone
electrons contained in oxygen atom of emulsifier to form
covalent coordination bond when emulsified asphalt is in
contact with S-Ca. 1erefore, the adhesion between aged
asphalt modified by S-Ca and emulsified asphalt increases.

Due to the aging behavior of asphalt, the acidity of the
RAP surface asphalt can be reduced, for the acidic sub-
stances in the asphalt can be decreased by environmental
erosion [29], which can weaken the reaction between aged
asphalt and S-Ca and hinder the formation of calcium salts
and thus can influence the effect of the S-Ca modification.
1e adhesion between emulsified asphalt and RAP was
further increased after RAP was treated by S-Si-Ca. On the
one hand, as shown in Figure 12(c), the hydrophilic group of
SCA can adsorb and form hydrogen bond with inorganic
particles Ca(OH)2. On the other hand, the lipophilic group
of SCA can react with organic substance on the surface of
asphalt to form a chemical bond, which can well adsorb on
the asphalt surface to form the structure of aged asphalt-
SCA-Ca(OH)2-emulsified asphalt so that aged asphalt and
emulsified asphalt can be firmly combined.

4. Conclusions

In this work, a self-designed RAP delamination and stripping
device was applied to separate the asphalt on the RAP surface.
1e properties of asphalt at different stripping layers, such as
penetration, softening point, 25°C ductility, and molecular
weight were studied. In addition, different modification
methods were used to modify the asphalt on the RAP surface
and the modification effect was determined through contact
angle and boiling test. Finally, the mechanism of different

modification methods was analyzed. 1e following conclu-
sions are drawn:

(a) 1e asphalt on the RAP surface was successfully
stripped into four layers through the self-designed
RAP delaminating and stripping device. 1e asphalt
wrapped around the surface of the RAP showed a
tendency to be gradually hardened from outside to
inside. However, asphalt at the innermost layer (L4)
being close contact with aggregate is slightly harder
than that at L3 due to the fact that the light com-
ponents are absorbed by the aggregate.

(b) 1e proportion of macromolecules in L1 layer as-
phalt is the highest, which is followed by L4, L2, and
L3 layers.1is further proves that the aging degree of
asphalt at different stripping layers is different, which
maintains the same as the results of physical
properties. In general, the aging degree of asphalt on
the RAP surface is L1> L4> L2> L3. In addition, the
change rule of asphaltene is consistent with that of
macromolecules.

(c) 1e modification effect is improved at first but then
worsened with the increase of the dosage of SCA.1e
reasonable dosage of SCA is determined as 3.0% in
Ca(OH)2 powder mass. 1e modification effect of
the three different treatment methods gradually
worsens from S-Si-Ca, S-Ca to S-Si.

(d) 1e reason behind the best modification effect for
S-Si-Ca RAP is that the SCA can react with organic
substance on the asphalt surface to produce chemical
bonds. Meanwhile, SCA can bring Ca(OH)2 particles
to the asphalt surface to form asphalt-SCA-Ca(OH)2
structure.
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)e rehabilitation process of asphalt pavements using the technique of milling and filling can cause several environmental
problems due to either the disposal of the milled asphalt mix or the exploration of natural resources. One alternative to mitigate
these impacts is to reuse this milled material, known as reclaimed asphalt pavement (RAP), in the construction of new pavement
layers. Within the several available techniques to reuse the RAP, cold recycling using an emulsified asphalt-recycling agent has
shown great potential. )e aim of this study is to evaluate the application of a cold recycled asphalt mix using 100% RAP with an
emulsified asphalt-recycling agent as a new pavement base course. A trial section was built employing this material as a pavement
base course in a heavy traffic highway in Brazil, and its structural behavior was monitored for 12 months using a Falling Weight
Deflectometer (FWD) to assess its performance over time. Furthermore, a laboratory-testing program was performed to evaluate
the recycled mixture stiffness and strength through resilient modulus and indirect tensile strength tests. )ese tests were used to
investigate the influence of the storage interval (7, 14, and 28 days) considering the time between mixing and compaction of the
mixture. )e effect of the curing time after compaction (1, 3, 7, 26, and 56 days) was also assessed. It was verified in laboratory and
in the trial section that the stiffness increases with curing time. Furthermore, the backcalculated elastic resilient moduli indicated
values in the same order of magnitude to those obtained in the laboratory tests. In addition to the laboratory test findings, it was
also observed that the longer the period of storage, the higher the values of stiffness and tensile strength for short periods of curing.
)is behavior was not verified when longer curing periods were used. In general, the use of cold recycled asphalt mixtures as base
course of new pavements proved to be a promising alternative to reuse RAP.

1. Introduction

Reclaimed asphalt pavement (RAP) is produced frommilled
deteriorated asphalt pavement and has been used in new hot
or cold asphalt mixtures. )e advantages of using RAP
include reducing the exploration of virgin material, saving
cost and decreasing the use of natural resources, and pro-
viding less environmental damage [1].

During the 1990s, the technique of pavement base in-
place recycling with RAP became a common solution in
Brazil. However, the rate of recycling Brazilian asphalt layers
for application in new pavements is still low, and it may be

explained by the belief that conventional hot asphalt mix-
tures have better performance than the recycled ones.

Recycling techniques may be classified in several man-
ners. For example, the Asphalt Recycling and Reclaiming
Association (ARRA) defines five categories: cold planning,
hot recycling, hot in-place recycling, cold recycling (in-place
or in central plant), and full depth reclamation.)e selection
of which recycling technique is the most appropriate for
each rehabilitation project, balancing advantages and dis-
advantages of each one, depends on several factors, such as
level of pavement degradation and equipment and materials
availability.
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Cold recycling should be the preferred recycling method
due to the economic benefits to be achieved by reducing the
consumption of production energy and natural resources
[2]. When performed at the right time, that is, prior to full
degradation of the pavement structure, maintenance costs
can be reduced by 30% to 50% over conventional milling and
filling solutions [3]. In addition, it is possible to reuse the full
asphalt layer, minimizing virgin materials acquisition,
transportation, construction periods, and landfilling.

)is research has the objective of evaluating the appli-
cation of a cold recycled asphalt mix using 100% RAP
produced with an emulsified asphalt-recycling agent for a
new pavement base course. For assessing the mixture’s
performance in the field, 2 km of a new pavement lane was
built as a trial section of a heavy traffic highway in São Paulo,
Brazil.)e structural behavior was monitored through FWD
in the field for 12 months after construction. Additionally,
samples of the cold recycled mixture were collected during
the construction of the trial section and were used in a
laboratory program to investigate the effects of material
storage and curing time.)e storage period here refers to the
time between mixing and compaction and the curing time
refers to the time elapsed after compaction until tests are
performed.

2. Cold Recycled Asphalt Mixtures with
Emulsified Asphalt-Recycling Agents

Cold asphalt recycling can be produced with different ad-
ditives and materials, mixed in place or in specific recycling
plants. )us, the recycling methodology is usually classified
as granulometric stabilization, chemical stabilization (with
lime, Portland cement, or fly ash), and asphaltic stabilization
(emulsified or foamed).

Emulsified asphalt (or asphalt emulsion) is a suspension
of small asphalt binder droplets in water with the help of an
emulsifying agent by mechanical action [4]. Emulsified
asphalt-recycling agents, as designated by ARRA [5] and
FHWA [3], are products specifically developed for cold
asphalt recycling and can contain mineral or vegetal addi-
tives to partially rejuvenate the RAP residual asphalt. An
emulsified asphalt-recycling agent is formulated to enhance
some characteristics of the final recycled asphalt mix for
both mechanical and workability purposes.

Cold recycled mixtures are usually classified as stabilized
or asphalt mixtures, depending on their mechanical prop-
erties. For example, the stabilized mixture has low amounts
of nonactive asphalt binder residue in the RAP, which may
have low influence in the mechanical behavior of the mix. In
that case, the stabilized mixtures show a hybrid behavior
between a granular material and a cemented material or hot
mix asphalt [6].

On the other hand, when the asphalt binder residue in
the RAP is active, it is considered as an asphalt recycled
mixture, so traditional methodologies may be used for the
mixture design. In this case, the emulsified asphalt-recycling
agent is specifically selected for RAP with active residual
asphalt binder [5].

Another aspect that should be recognized is the manner
in which the recycling materials coat the RAP. For example,
the foamed asphalt is distributed in small spots of asphalt
binder in the RAP surface after the asphalt bubbles explode.
)is procedure creates many bonding points, generating a
mix with a behavior between a granular material and an
asphalt mixture. Still, in the case of the emulsified asphalt-
recycling agent, after the emulsions rupture, the spots of the
asphalt binder flow to the RAP surface.)erefore, a thin and
continuous asphalt film, such as an asphalt mixture, covers
the RAP surface. However, the bonding is weaker than in the
latter because of the thickness of the asphalt film [6].

It is important to consider that cold asphalt mixtures,
recycled or not, lose moisture over time, which is usually
recognized as the curing period. During this period, the cold
asphalt mixtures tend to increase the mechanical resistance
regarding tensile strength and stiffness. Also, in this period
the interaction between the recycling agent and the RAP
residual aged asphalt is developed [5], at least with its most
external layer. )is mechanism could be explained by the
molecular mass exchange between the aromatics molecules
and the residual asphalt binder [7].

Studies have investigated the influence of different
recycling agents, contents, compaction method and energy,
granulometry correction, and curing period [8, 9], such as
those by Andrade [10]. However, the storage period has not
been studied systematically. )e influence of the storage
period in the mechanical behavior of the final recycled
asphalt mix is very important for the logistics when recycling
asphalt plants are far away from the construction site. For an
overall view, the mechanical properties of cold recycled
asphalt mixtures from different studies are summarized in
Table 1. It is noted that the curing time, curing temperature,
and compaction do not follow a standardized protocol; thus,
it is difficult to perform further comparative analysis. )e
use of cement in cold recycled asphalt mixtures allows the
improvement of the strength by promoting demulsification
of emulsified asphalt and producing cement hydrates [12].

Additionally, Meocci et al. [2] noted that the commonly
used accelerated curing process (72 h at 40°C) did not allow
the definitive mixture strength and stiffness to be reached,
obtaining higher values after 10 days, a behavior that should
also be evaluated in this research with a variation in the
curing time. )e same authors also observed an evolution of
stiffness in deflection measurements with 29 and 90 days in
the field.

Finally, another characteristic that affects the curing of
recycled mixtures is the influence of temperature. During
curing, higher temperatures resulted in higher modulus
increase andmaximum values, while at low temperatures the
curing process is slower, which does not penalize the po-
tential performance of the mixture [14].

3. Materials

3.1. RAP and Emulsified Asphalt-Recycling Agent
Characterization. Ten thousand tons of RAP from main-
tenance activities of the highway were available for the
current study. )ree samples were collected at different
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points of the pile, and then the RILEM (Réunion Inter-
nationale des Laboratoires d’Essais et de Recherches sur les
Matériaux et les Constructions) guidelines were followed to
analyze gradation, binder content, and binder consistency
[15] in laboratory. As shown in Figure 1, the three RAP
samples were in accordance with the medium gradation
suggested by ARRA [16].)e average grading curve after the
asphalt binder extraction (white curve) is also shown.

)e Soxhlet extraction method was used to determine
the asphalt binder content of the RAP samples. )e results
showed a slight variability among their contents (5.3%, 4.7%,
and 4.9% of residual asphalt binder). Also, the Abson
method [17] was used to obtain the residual asphalt binder
and its penetration, and softening points were analyzed. )e
results showed penetration between 10 and 11 (×10−1mm)
and a softening point between 92°C and 95°C, showing lower

Table 1: Mechanical properties of cold recycled asphalt mixtures with emulsified asphalt-recycling agent.

Authors

Indirect
tensile
strength
(ITS)(1)

Resilient
modulus(1) Curing period Storage

period Compaction Portland
cement? Observations

David
[8] — 3,000MPa to

3,500MPa 24 h at 60°C Not
specified Marshall Yes Resilient modulus at

ITS configuration

Silva
[9] 0.35MPa 1,000MPa to

1,200MPa 7 and 28 days Not
specified

Modified
Proctor Yes

Resilient modulus at
triaxial configuration,
almost not influenced
by confining stress

Andrade
[10] - 1,000MPa to

1,200MPa 28 days at 60°C + Not
specified

Modified
Proctor Yes

Resilient modulus at
triaxial configuration,
almost not influenced
by confining stress

Mollenhauer et al.
[11]

0.4MPa
(7 days)
0.6MPa
(14 days)

— 7 and 14 days Not
specified

Marshall and
gyratory
compactor

Yes Resilient modulus at
ITS configuration

Ma et al.
[12]

0.1MPa
(2 days)

—

2, 3, 4, and 7 days
at room

temperature and
48 h at 60°C

Not
specified Marshall Yes

Average ITS from 3
different recycling

agents

0.2MPa
(3 days)
0.3MPa
(4 days)
0.4MPa
(7 days)

Meocci et al.
[2]

0.4MPa
(3 days) 4,000MPa 72 h at 40°C and

additional 10 days
at 20°C, resp.

Immediately Gyratory
compactor Yes

Use of cement
increased the values of

ITS and RM0.7MPa
(13 days) 5,000MPa

Raschia et al.
[13]

0.4MPa
(28 days)(2) 3,000MPa(3)

14 days at room
temperature and
14 days at 40°C

Not
specified

Gyratory
compactor No

Values from samples
mixed and compacted
at 25°C (2)soft asphalt

0.6MPa
(28 days)(3)

(3)Hard asphalt

Raschia et al.
[13]

0.4 to
0.5MPa

(28 days)(3)
2,000MPa(3)

14 days at room
temperature and
14 days at 40°C

Not
specified

Gyratory
compactor No

Values from samples
mixed and compacted
at 5°C (3)hard asphalt

(1)Resilient modulus and indirect tensile strength were measured after the curing time. (2)soft asphalt. (3)hard asphalt.
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penetration and a higher softening point than virgin asphalt
binder values, even after the Rolling )in Film Oven Test
[18]. )e asphalt binder, simulated by the RTFOT test after
hot mixing, should have presented a maximum softening
point of 60°C and penetration between 15 and 22
(×10−1mm). )erefore, the values obtained demonstrate the
aging of the residual asphalt binder.

)e emulsified asphalt-recycling agent used in this study
contained SBS (Styrene-Butadiene-Styrene), a cationic slow
set emulsion with a mineral rejuvenating agent, developed
specifically for the RAP under study. It considered the degree
of oxidation of the RAP residual binder, the surface energy,
and the specific surface area (SSA) characteristics of the RAP
[19].

3.2. Cold Asphalt Recycled Mixture Design. Marshall Com-
paction was used to prepare specimens containing 2.0%,
2.5%, and 3.0% of the emulsified asphalt-recycling agent.
After compaction with 75 blows per face, specimens were
cured for 72 h at 60°C and later maintained at room tem-
perature for 24 h. )e results of the Marshall Stability test
showed that specimens with 2.5% of the emulsified asphalt-
recycling agent had the higher values. )is amount was then
defined as the design content to be used in the recycling
project, following the mix design of ARRA [5].

It is known that the addition of cementitious materials,
such as lime or Portland cement, can increase tensile
strength and stiffness. However, in this study it was added
only the emulsified asphalt-recycling agent.

3.3. Cold Asphalt Recycled Mixture Production. )e pro-
duction of the cold asphalt recycled mixtures was performed
using a stationary recycling plant, RT-500, shown in Fig-
ure 2. )is plant has specific parts to crush and sieve the
RAP, and a 31mm sieve was used to limit RAP particles at
this maximum size.

During the cold asphalt recycled mixture production,
500 kg of this material was collected for characterization in a
laboratory program. )is material was stocked loose in the
laboratory at room temperature until the respective tests
were performed. It is important to mention that the same
materials used in the cold recycling plant in this project were
provided to the laboratory tests.

As the RAP moisture content was found at 2.5% and the
addition of emulsion included 1.0% of water, the final
moisture content of the recycled mixture was around 3.5%.
In order to prevent the variation of moisture content by
either rain or evaporation, the recycled mixture remained
covered in the field with plastic, while in laboratory the
material remained stored in a closed plastic barrel.

4. Laboratory Study

4.1. Influence of theMethodandEnergyCompaction. )e first
part of this study sought determining which method and
energy of compaction would be used in the laboratory
program. To evaluate how each compaction method would
affect the bulk density of the compacted mix and

consequently the air voids, three methods and six energies
were analyzed: (i) modified Proctor (MPT), (ii) Marshall
with 50 and 75 blows (M50 and M75) on each side, and (iii)
gyratory compactor with 50, 75, and 100 gyrations (G50,
G75, and G100). )ree specimens were molded per con-
dition. )e average results are shown in Figure 3.

As seen in Figure 4, indeed, the specimens molded using
a modified Proctor test showed the lowest bulk density and
consequently the highest air voids content, while the ones
compacted using the gyratory compactor presented higher
bulk density and lower air voids. )at difference of apparent
bulk depending on the type of compaction and the energy
applied presents itself as a reasonable explanation of the
different results found in this paper when compared to other
researches, as shown above.

Although the specimens compacted in the gyratory
compactor present higher values of indirect strength and
resilient modulus, in Brazil such compaction would hardly
be achievable on the field because of the available com-
paction equipment. For this field research, a tandem roller
was first used for the compaction of the cold recycled mix. A
9-wheel roller weighting approximately 25,5t rolled 16 times,
and then a tandem roller was again used for finishing. )e
use of a sheep foot roller was also tested; however, due to the
irregularity caused in the layer without a compaction gain, it
was decided to use only tandem and tire rollers. Regardless
of the number of rollings, it was not possible to achieve a
higher compaction density than the one found by the
Marshall method with 75 blows per side.

4.2. Storage and Curing Times Influence. )e storage period
and curing time effects on ITS and resilient modulus were
evaluated in laboratory. )ree storage periods 7, 14, and 28
days were selected in this study to assess the influence of the
time between the mixing and the compaction of the cold
recycled asphalt mixture with the asphalt emulsified asphalt-
recycling agent.

After compaction, the cylindrical specimens were cured
for 1, 3, 7, 14, and 28 days, until ITS [20]; and resilient
modulus [21] were performed. )ree specimens were
compacted at each condition of storage periods and curing
time using a Marshall compactor with 75 blows per face, as
recommended by ARRA [5].

After compaction, each specimen was cured for 72 h at
60°C in a forced air oven to accelerate the initial curing period.
Only 1-day specimens where kept at this condition for 24 h.
After that, specimens were then cured at room temperature at
25°C. ITS and resilient modulus tests were performed at 25°C.
Figures 3 and 5 show the results of both tests, respectively,
indirect tensile strength and resilient modulus.

)e results show that three days of curing increased
significantly the stiffness and strength of the cold recycled
mixes. It is observed that storing the loose mixes for 28 days
did not spoil their mechanical behavior; on the contrary, the
resilient modulus and the tensile strength were increased,
proving that these types of mixtures can be stored. After 1-
day curing, specimens that were compacted after the storage
periods of 7 and 14 days did not have enough cohesion to be
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tested at the tensile strength. )is behavior may denote that
the moisture reduction is not the only reason for the stiffness
and strength increases, but also the time of interaction
between the aged asphalt and the emulsified asphalt-recy-
cling agent influences the mechanical behavior of these
recycled mixtures.

)e mixtures stored for 7 days produced specimens that,
after 7 days of curing, had average tensile strength below
0.3MPa, that is, the minimum recommended value by

ARRA [16]. However, when the same mixtures were stored
for 14 and 28 days, the values attended this recommenda-
tion, showing again that there was an interaction between
the aged asphalt and the emulsified asphalt-recycling agent
during the storing period.

)e ITS results found in this research were similar to
some previously presented studies, with a particularity, with
the exception of the mixture evaluated in the study of
Raschia et al. [12]; the others had some cement Portland
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content, which may explain similar tensile strength values
even for specimens compacted in smaller energies, such as
the modified Proctor [9].

When compared to results obtained by Mollenhauer
et al. [11] and Raschia et al. [12], ITS values of the current
research were lower. In this case, besides the Portland
cement content in the study of Mollenhauer et al. [11], the
compaction method used by them was the gyratory
compaction, which may have provided a better compaction
and, consequently, lower air voids. However, when com-
pared to the research of Ma et al. [10], which used the
Marshall compactor, the ITS values of the current research
were similar, although the curing time was shorter. It is
important to point out that Ma et al. [10] used cement
Portland in the mixture, which not only enhances the
strength, but also quickens the curing process because the
cement consumes the water from the mix due to its hy-
dration. Regarding the resilient modulus, results obtained
in this study are quite similar to those of other researches
previously shown in Table 1, ranging from 1,500 to
2,000MPa.

When compared, for example, to the values obtained by
Silva [9] and Andrade [13], the results of resilient modulus
obtained were higher. However, the test configuration and
compactionmethods were different.)ose authorsmolded the
specimens with modified Proctor (resulting in lower specimen
compaction) and tested them using a triaxial configuration. In
comparison with the research by Raschia et al. [12], when
analyzing mixing and compaction at 25°C, lower stiffness
values were found. )at difference can be correlated with
compaction, but in this case the gyratory compactor resulted in
better compaction, yielding higher stiffness values.

5. Test Section Construction and Monitoring

)e designed pavement structure for the trial section was
constructed in a heavy traffic highway in Brazil, and it is
presented in Figure 6. As seen, 150mm of the cold recycled
mixture was designed as a base course. In addition, keeping
the sustainability view of this research, the subgrade

reinforcement was also designed with recycled aggregates
from construction and demolition waste.

)e average daily number of commercial vehicles in one
year is around 9,000. Similar to the trial section in the fast
lane (leftmost lane), the heavy traffic vehicles in the project
lane correspond to 3% of the total (270 heavy vehicles) and
AASHTO Equivalent Single Axle Load (ESAL), in this lane,
is 1.7 E + 06 for a 10-year project, which is 3% of the total in
the runway of 5.7 E + 07 ESALs. As the test section has
lighter traffic than the other lanes, it is expected to perform
better in the long term regarding permanent deformation
and fatigue life.

In terms of the construction process, the cold recycled
mixture was produced in the stationary recycling plant and
stored for 30 days. )e construction of the cold recycled
mixture layer was done in two layers, aiming at 150mm of
thickness after compaction. )e second layer execution only
began when the bottom layer achieved a moisture content
under 3%. )e tack coat between both cold recycled mix
layers was made using the Rapid Set Emulsion at the rate of
0.4 l/m2. Figure 7 shows the cold recycled mixture after the
first use of the steel wheel roller.

)e compaction control indicated at least 21.03 kN/m3,
aiming at achieving a degree of compaction of 95% or
higher. After finishing the recycled layers, 50mm of hot mix
asphalt was used as a wearing course. )e time between the
execution of the second layer of cold asphalt recycled mix
and the hot asphalt mix asphalt was between 5 and 15 days,
depending on the construction progress and the cold asphalt
recycled mix moisture content (3%).
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Figure 5: Resilient modulus after a storage period of loose mix during 7, 14, and 28 days and curing time and compaction of 1, 3, 7, 28, and
56 days.
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Hot mix asphalt 50mm
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Figure 6: Designed pavement structure for the trial section.
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Subsequently, in an effort to redress the horizontal
signing of the road, a 12mm layer of micro surfacing was
placed. )e completed additional lane is presented in
Figure 8.

Construction activities at the trial section proved that the
cold recycled mixtures have good workability and the
equipment needed is the same used regularly in the con-
struction of new asphalt pavements.

After the construction of the trial section, the structural
monitoring activities began. As a result, the deflection basins
were measured using a FWD, with a standard load of
20.1 kN. )e analysis of the deflection condition aimed to
assess the recycled mixture stiffness increase of regular traffic
along the curing process in the field over time. As shown in
laboratory evaluation, stiffness of the recycled mixture
should increase after the curing process.

)e FWD deflection measurements were made after 7,
90, 180, and 360 days of the trial section construction. “Dx”
corresponds to the deflection value measured at “x” mm of
the load application point. )us, the D0 values (vertical
displacement under the point of the load) obtained were
corrected to a reference temperature of 25°C and can be seen
in Figure 9.

It was noted that the deflection values were reduced
during the curing period of the pavement structure. Also,
field results show an improvement of the structural behavior
in terms of pavement stiffness, probably due to the curing
process. As the other pavement layers do not have char-
acteristics that could justify this deflection reduction, curing
of the recycled mix may provide a significant stiffness in-
crease over time. However, it is important to point out that
the first FWD measurement survey was made right after
construction in March, which is the end of the rainy season
in the state of São Paulo. In contrast, other measurement
surveys occurred in August, October, and again March, 360
days later. Climatic conditions of a city nearby the area of the
trial section are presented in Figure 10.

In order to mitigate this doubt, the D1200 (vertical dis-
placement measured at 1200mm from the load) points from

the deflection basins were also analyzed, aiming at identi-
fying if the moisture content of the subgrade could have
influenced the D0 values. Results showed that the D1200
values have remained in the same baseline as seen in Fig-
ure 11. )is analysis confirmed that the moisture content of
the subgrade might not have influenced the results of D0
from the first to later field surveys.

Another parameter that can be used to evaluate the base
stiffness is the Base Damage Index (BDI). )e BDI is the
difference between the displacements measured at 300mm
(D300) and at 600mm (D600) in the FWD loading plate. It is
considered as the best indicator of the pavement base layer
condition, being inversely proportional to its stiffness [22].
BDI values greater than 400 µm result in a deficient pave-
ment [23]. )e results obtained in this analysis are presented
in Figure 12. For the BDI trial section analysis, 100 µm was
adopted as a limit for a “great base condition.” It is important
to highlight that as this parameter is determined using D30
and D60, any data distortion due to temperature correction
on D0 would not affect the BDI value.

)e BDI assessment showed an expressive stiffness in-
crease of the cold recycled mixture along the curing time.
From Figure 12, it is noted that the higher values were about
90 µm, while the lower BDI values are 40 µm. )is behavior
agrees to the tendency observed previously in this paper
regarding the laboratory tests results.

In addition to stiffness, the resistance to permanent
deformation was also measured by measuring rutting. A
possible deformation could have occurred by any of the
granular layers, by deformation of the hot mix asphalt or
cold recycled mixture, or by an integration of all defor-
mations. To measure the rutting, a Dynatest pavement
scanner equipped with two high-performance 3D lasers was
used, which is capable of generating a sectional road surface
with a resolution of one millimeter. )e measurement was
performed one and a half years after the test section
construction.

)e local transport agency (Agência de Transporte do
Estado de São Paulo (ARTESP)) requires a maximum

Figure 7: Construction of the first layer of the cold recycled mixture.
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Rainfall (mm) 243 180 142 72 74 55 46 34 108 111 130 198
Max temp (°C) 24 25 24 23 21 21 21 23 23 25 24 24
Min temp (°C) 18 18 18 16 13 12 12 13 15 16 17 18
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Figure 10: Annual temperature and precipitation in the trial section area: Araçariguama (source: https://www.climatempo.com.br/
climatologia/2206/aracariguama-sp).

Figure 8: Additional lane to the left opened to traffic.
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Figure 9: Maximum deflection D0 measured with FWD after 7, 90, 180, and 360 days of the trial section construction.
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average rutting of 7mm per kilometer. )e rutting was
calculated every 40m, and the average between the left
rutting and right rutting was obtained. Figure 13 shows the
average rutting values at every 40m, as well as the average
kilometer.

Although it was not possible to measure the evolution of
rutting from construction to the current measurement (545
days), it is possible to verify that one year and six months
after construction the average rutting is low, at about 4mm
in the most critical segment, with isolated points measuring
a maximum of 6mm. In addition, as mentioned earlier, the
4mm corresponds to the sum of the permanent deforma-
tions in each of the layers; that is, the deformation of the
recycled cold asphalt layer was even less, indicating that it
can have a good resistance to permanent deformation.

Another parameter measured was an evolution of lon-
gitudinal road profile, by measuring of the International
Roughness Index (IRI). Measurements were performed with
a laser profilometer 180 and 545 days after the construction
of the test section. For a better understanding of the results,
the IRI values were integrated every 200m and are shown in
Figure 14.

)e IRI variation was negligible over 1 year. )e average
IRI in the test section remained at 2.1mm/m, with small
variations in size. )us, it is possible to affirm that the
longitudinal irregularity did not evolve in that first year of
evaluation. )e evolution of the irregularity may be indic-
ative of the evolution of pavement defects, which was not
shown in the analyzed period.

5.1. Backcalculation. )e last analysis regarding the evolu-
tion of the cold recycled mixtures stiffness was the back-
calculation in terms of elastic moduli. )e software
EVERCALC was used, resulting in several simulations of
multiple linear elastic layers. Each basin was backcalculated
individually, obtaining an elastic modulus for each tested
layer.

)e first measurement, 7 days after the construction was
finished, indicated that the cold recycled mixture layer had
an average elastic modulus of 358MPa and a coefficient of
variation (CV) of 43%. When performing the second
measurement, despite the wide range of values, the average
modulus increased to 1,725MPa, and CV was 37%. By the
third measurement, 180 days later, the elastic modulus
remained the same as the previous one, at an average value of
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Figure 13: Rutting measured with a 3D laser pavement scanner
after 545 days of the construction.
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1,840MPa and a 36% CV. By the last measurement, 360 days
later, the average modulus was 1,835MPa with a CV of 27%.

)e values obtained in the trial section were quite similar
to those performed using laboratory tests (around
1,800MPa). )is behavior may demonstrate that the eval-
uation of stiffness in laboratory could properly estimate the
stiffness of the cold recycled mixture from the field.

5.2. Environmental Aspects and Costs. )e execution of the
test segment provided several environmental and financial
gains when compared to a conventional solution. )e tra-
ditional pavement had been designed with 80mm hot mix
asphalt, 150mm well-graded crushed stone, 400mm dry
macadam, and 400mm ungraded crushed stone. Table 2
shows the main environmental gains with the recycled
pavement.

In addition, it is possible to mention the reduction of
energy for mixing the hot mix asphalt and reduction of
smoke emissions from the hot mix asphalt in the
environment.

At this point, a more complete financial analysis seems
hasty, as a correct analysis should be made throughout the
entire life cycle of the pavement. However, when comparing
the structure adopted with the conventional one previously
dimensioned for the same 10-year project period, it was
possible to obtain a cost reduction of the pavement of about
14% and 8% of the total cost of construction.

6. Conclusions

)e objective of this study was to evaluate the application of
a cold recycled asphalt mix using 100% RAP produced with
an emulsified asphalt-recycling agent, without cement, as a
new pavement base course.

(1) Laboratory analyses first assessed the influence of the
storage period and the curing time of the cold
recycled mixture. It was observed that the storing
time enhanced, at first, the mechanical properties of
the cold recycled mixtures, probably because of the
interaction between the aged asphalt and the
emulsified asphalt-recycling agent in the loose
condition of the mixtures. Over the curing time, this
initial increase became indifferent, with all samples
reaching the same levels.

(2) A minimum 7-day curing time was required to
achieve the minimum ITS recommended by ARRA.
)e final value of the MR after 56 days of curing was

between 1,500 and 2,500MPa, which was consistent
with other researches and the arbitrated values for
the design.

(3) )e final deflection and the final BDI indicated a
good structural capacity of the base in terms of
stiffness. During the trial section monitoring, after
one year and half, there was no sign of distress in the
surface, and the pavement stiffness increased during
the curing time, reproducing the behavior observed
in the laboratory. )e rutting and the IRI remained
within the maximum values established by the road
authority, showing no early increase.

(4) )e variation in rainfall and temperature did not
affect the deflection measures. )e values in opposite
climatic conditions 180 and 360 days after con-
struction were similar.

(5) Also, it is important to mention that this technique
can reuse 100% of the RAP, reducing the cost and the
environmental impact of this material. In addition,
when the RAP cannot be reused locally in the
pavement, it is possible to utilize it for different
purposes. )e testing results showed that cold
recycled asphalt mixtures using an emulsified as-
phalt-recycling agent prompted improved mechan-
ical characteristics that can be used as an alternative
to new asphalt pavement courses.

Data Availability

)e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

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

Acknowledgments

)e authors acknowledge the Grupo CCR, CCR Highways
Research Center, CCR ViaOeste Highway Concessionary,
and the Polytechnic School of the University of São Paulo for
all their support in this research. )is research, the trial
section construction, the laboratory program, and the field
monitoring were funded by Grupo CCR, and its publication
was funded by Grupo CCR.

References

[1] J. Zhu, T. Ma, and Z. Dong, “Evaluation of optimum mixing
conditions for rubberized asphalt mixture containing
reclaimed asphalt pavement,” Construction and Building
Materials, vol. 234, 2020.

[2] M. Meocci, A. Grilli, F. La Torre, and M. Bocci, “Evaluation of
mechanical performance of cement–bitumen-treated mate-
rials through laboratory and in-situ testing,” Road Materials
and Pavement Design, vol. 18, no. 2, pp. 376–389, 2017.

[3] FHWA, Overview of Project Selection Guidelines for Cold In-
Place and Cold Central Plant Pavement Recycling, Federal
Highway Administration, Washington, DC, USA, 2018.

Table 2: Main environmental gains with the recycled pavement in
section test.

Material Amount
RAP 2,800 t
Construction and demolition waste 7,900 t
Hot mix asphalt −610 t
Crushed stone −14,800 t
Soil excavation and disposal −4,000 t
Fuel consumption in hot mixing asphalt plants −45 t

10 Advances in Materials Science and Engineering



[4] F. Tang, S. Zhu, G. Xu, T. Ma, and L. Kong, “Influence by
chemical constitution of aggregates on demulsification speed
of emulsified asphalt based on UV-spectral analysis,” Con-
struction and Building Materials, vol. 212, 2019.

[5] ARRA, Basic Asphalt Recycling Manual, Asphalt Recycling &
Reclaiming Association, Annapolis, MD, USA, 2nd edition,
2015.

[6] G. Tebaldi, Cold Recycling, Arizona Pavements and Material
Conference, Tempe, AZ, USA, 2013.

[7] M. Tia and L. E. Wood, “Use of asphalt emulsion and foamed
asphalt in cold-recycled asphalt paving mixtures,” Trans-
portation Research Record: Journal of the Transportation Re-
search Board, vol. 898, 1983.

[8] D. David, “Misturas asfálticas recicladas a frio: estudo em
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Growing economy and increasing pollution evoke the need for more environmentally friendly road construction techniques and
the saving of natural resources. In this context, cold recycling plays an important role since, on the one hand, it allows to reduce
CO2 emissions drastically and, on the other hand, it offers a variety of opportunities for high percentages of recycling. Inspired by
experience in Sweden, the international project “Optimal Recycling of Reclaimed Asphalts for low-traffic Pavement” (ORRAP) for
low-volume roads in the Upper Rhine region aims to develop and establish a new strategy for 100% reclaimed asphalt pavement
(RAP) at ambient temperature (20°C) without adding virgin bituminous binders or rejuvenators. )e still ongoing research
project involves laboratory experiments as well as in situ test sections.)e link between small-scale laboratory experiments and in
situ testing is provided by medium-scale traffic simulation in the laboratory. )is paper describes results from medium-scale
compaction in the laboratory using different methods as well as traffic simulation with a medium-scale mobile traffic load
simulator. )e results show that compaction in the laboratory at ambient temperature (20°) is very difficult to achieve. Nev-
ertheless, it was found that compaction at a temperature of 60°C appears possible and provides promising results regarding
stability and rutting enabling the in situ construction.)e in situ pavement construction at ambient temperature on a low-volume
road in Switzerland resulted in a visibly well-compacted and stable base course which was covered by a hot mix asphalt surface
course the day after. )e test section will be monitored closely over the next 12 months.

1. Introduction

For environmental reasons, recycling of reclaimed asphalt
pavement (RAP) has become mandatory in many countries
and regions worldwide. As a consequence, the accumulation
of RAP may lead to enormous piles of RAP which create a
problem for local authorities in terms of limited stockyards.
)is is particularly true, in regions with high-standard in-
frastructures, dense population, and busy regional road
networks, where rehabilitation by far dominates new con-
struction. One of these regions is the Upper Rhine area,
combining parts of Germany, France, and Switzerland be-
tween the cities of Karlsruhe, Strasbourg, and Basel.

Nowadays, RAP is reused for both hot- and low-tem-
perature asphalt mixtures by adding new material, either as
single material components or as certain percentages of new

asphalt mixture [1, 2]. In case of hot recycling, bituminous
binders and/or rejuvenators are added whereas, for low-
temperature recycling emulsions, foam bitumen and other
components are used [3, 4]. However, adding new material
means that one can only get close to 100% recycling of RAP.

By applying 100% recycling technology for low-volume
roads using RAP at ambient temperature without adding
new bituminous binder or other components, the current
RAP recycling rate could be further increased, reducing road
rehabilitation costs and minimizing environmental impacts,
such as CO2 emissions, energy consumption, and con-
sumption of natural material resources. )us, significant
ecological and economic gains could be realized for the
management bodies of low-traffic communal roads, which
account for about 50% of the road network in the Upper
Rhine region.
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)e application of such a method using cold recycling of
reclaimed asphalt aggregates without binder addition is the
aim of the ORRAP “Optimal Recycling of Reclaimed As-
phalts for low-traffic Pavements” [5] project funded by
ERDF-INTERREG V (3.1 ORRAP) [6], the Canton Aargau,
and the Swiss confederation.

)e ongoing project ORRAP is based on successful
experiences in Sweden where the method was carried out in
field trials on municipal roads and on low-traffic highways
several years ago [7, 8]. Here, 100% RAP aggregates were
used at ambient temperature for base courses, which were
later covered with hot asphalt surface layers. According to
the Swedish experience, the base courses constructed at
ambient temperature require postcompaction by traffic as
well as curing to settle and gain their ultimate strength.
)erefore, they were left uncovered for at least 6 months.
However, during this time, serious restrictions on the traffic
regime, such as speed limits, had to be imposed. Since this
long maturing process was not considered a feasible strategy
for the 3 countries involved in ORRAP, the Swedish recy-
cling technique was re-evaluated proposing an improved
recycling and construction technique. In addition, for more
homogeneous load distribution and avoiding early restric-
tions on traffic regimes, the 100% RAP base course of the
realized in situ test section was covered with a hot mix
surface course.

)e ORRAP project includes a comprehensive study of
the proposed recycling technique and its application. It
consists of 6 work packages as shown in Figure 1.

Since the research is a collaboration between 3 different
country regions, all work packages were distributed among
the partners and RAP from the 3 different locations in
Switzerland, France, and Germany was chosen and tested.

2. Objective

)e objective of this paper is to present the results and
conclusions of the medium-scale compaction evaluation in
the laboratory with different compaction methods using
different RAP materials provided by Switzerland, France,
and Germany. Further, results from the traffic simulation
with the medium-scale traffic load simulator and the large
wheel rutting tester including all RAP materials from the
different countries are shown and discussed. )e last part of
the paper describes the construction of the Swiss in situ test
section, a road connecting the villages of Wahlen and
Büsserach in the Canton Basel Landschaft.

3. Materials and Methods

)e ORRAP project is composed of different work packages
and tasks as shown earlier. Work package WP 2 “recipe
design” includes material characterization, laboratory test-
ing, and construction of a test section construction. Labo-
ratory testing can be divided into two phases. In the first
phase, small-scale laboratory testing was done [9, 10]. In a
second phase, a medium-scale traffic simulation in the
laboratory was carried out providing the connection to the
next phase which aims at constructing an in situ low-traffic

test section in Switzerland with 100% RAP. )is test section
will be closely inspected and assessed for at least one year,
providing practical construction and performance infor-
mation for producing a technical guideline for application
and construction. In this context, the Swiss Federal Labo-
ratories for Material Science and Technology (Empa) was
given the task of the medium-scale traffic simulation in the
laboratory.

A detailed flowchart of the experimental program of
WP2 is depicted in Figure 2. )e tasks shadowed in grey
colour are those that will be discussed in the following.
Hence, this paper mainly concentrates on the medium-scale
laboratory compaction and testing as well as the first
findings from the construction of the Swiss in situ test
section.

3.1. Material. )e material for laboratory testing was pro-
vided by the associate partners of the different countries,
coming from 3 different RAP sources. It was taken from
existing unprotected open-air piles of stored RAP as shown
in Figure 3. )e material was processed to the size of 0/
16mm and 0/22mm (Swiss test section) and transported to
the different laboratories in big bags.

Prior to the laboratory investigation and testing, the RAP
aggregate material 0/16mm was homogenized and por-
tioned by pouring it through a riffle box as described in the
European standard [11]. For the in situ test section between
Wahlen and Büsserach, the Swiss RAP 0/22 aggregate
material was taken as such.

Figure 4 and Table 1 present the material characteristics
of RAP from different countries. All values including the
presented grading curve in Figure 4 are mean values of two
material characterizations. )e results from the recovered
bitumen are depicted in Table 2.

3.2.Methods. Testing was conducted in two steps. In the first
step, the compatibility of small laboratory specimens was
investigated.)en, based on these results, in the second step,

Analysis of recycling practise and techniques 
in the Upper Rhine region

Recipe design:
Material characterization
Laboratory testing (small and medium scale)
Construction of test section

Economical and ecological evaluation

Technical guidelines for application and construction

Communication and dissimination

Project management

WP 1

WP 2

WP 3

WP 4

WP 5

WP 6

(i)
(ii)
(iii)

Figure 1: ORRAP work packages.
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the compaction of medium-size specimens was performed.
)esemedium-size specimens were used for an investigation
with the standardized, large wheel rutting tester as well as a
medium-scale laboratory traffic simulator, the so-called
model mobile load simulator MMLS3, for determining their
stability and rutting performance.

Small-scale laboratory specimens were compacted using
Marshall and gyratory compaction. From this, it became
clear that producing stable specimens required increasing
either the compaction effort (number of blows or gyrations)
or the temperature. In fact, it was found that slightly

RAP 0/16-CH RAP 0/16-DE RAP 0/16-FR

RAP 0/22-CH

Material characterization

Small-scale laboratory testing

Medium-scale laboratory testing

Compaction Traffic simulation Rut testing 

Construction of swiss test section

Economic & 
ecological 
evaluation

Figure 2: Flowchart of the experimental program of WP 2.

Figure 3: Pile of asphalt aggregates RAP-CH.
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Figure 4: Gradation of asphalt aggregates. (a) 0/16mm RAP. (b) Swiss RAP 0/22.

Table 1: RAP Material characteristics (mean values).

RAP source
Binder
content
(mass-%)

Density
(kg/m3)

Water content
(mass-%)

RAP 0/16
CH (Switzerland) 6.2 2.371 1.6
DE (Germany) 4.3 2.347 3.5
FR (France) 6.3 2.408 5.0
RAP 0/22mm
CH (Switzerland,
test section) 4.0 2.387 4.4

Advances in Materials Science and Engineering 3



increasing the temperature (60°C instead of room temper-
ature) changed compaction behaviour drastically [10].

For compacting medium-scale laboratory specimens, the
following two methods were applied heating up the RAP
material to 60°C [10, 12]:

(i) Medium-size specimens (500 mm× 180 mm, height
100mm) for the large wheel rutting tester were
produced with the compaction as required for the
large wheel rutting tests modified with a modified
steel roller instead of a pneumatic wheel [13].

(ii) Medium-size specimens (1300mm× 430mm× 65mm)
for the MMLS3 traffic simulator were produced using a
special compactor consisting of a steel roller with a
width of 90mm and a diameter of 35mm. )e steel
roller is mounted on a metal frame with rails for dis-
placing the roller horizontally as depicted in [10]. A
winder enables the steel roller to be moved in the
vertical direction. During compaction, the steel roller is
sprayedwithwater.)e compactionwas donemanually
by pushing the steel roller back and forth longitudinally
in static compactionmode without vibration. A piece of
concrete within the metal frame builds the base for
compaction. Specimens were compacted using a
wooden frame as lateral confinement. )is method
produced well-compacted specimens with a total ag-
gregate loss of only about 0.1 mass-% and without in-
plane inhomogeneities on the specimen surface [10].

Rutting tests were performed with the large wheel rutting
tester at 60°C up to 30,000 cycles as required for heavy traffic
roads.

For traffic simulation, the MMLS3 was used [14] ap-
plying a scaled tire load of 2.1 kN in one trafficking direction
with four 1.05m distant pneumatic 300mmwheels that were
inflated to 600 kPa (see Figure 5). )e machine
(length×width× height� 2.4× 0.6×1.2m3) enables about
7200 load applications per hour at a speed of 2.6m/s. )is
corresponds to a loading frequency of about 4Hz for a
measured tire-pavement contact length of 0.11m. )e first
testing for the RAP 0/16mm from Switzerland was per-
formed during hot summer months at ambient temperature
(25°C) up to 80,000 load passings without lateral wandering
of the loading tires [10]. Later, another testing campaign for
RAP from Switzerland, France, and Germany was conducted
at a temperature of 20°C and up to 50,000 load passings.
Rutting was measured with an automatic profilometer at 3
different points within the wheel path of the MMLS3, one in

the middle and two others in 300mm distance both ways
from the middle.

4. Laboratory Test Results

4.1. Rutting Test with LargeWheel Rutting Tester. )e rutting
test results of all specimens under laterally confined con-
ditions are shown in Figures 6(a)–6(c). Generally, it appears
appropriate to approximate the development of the rut
depth d by a power law (equation (1)).

d � aN
q
, (1)

where N is the number of load cycles and a and q are
constants.

)is is confirmed by R2 in the order of around 0.95 for
the two replicas of RAP specimens from Switzerland (CH1
and CH2) and France (FR1 and FR2). In fact, as shown in
Figure 6, the scatter between the replica of CH and FR is
comparatively small. However, it is quite high for the DE
mixture.

)e reason for this is the different behaviour of the two
DE specimens. As shown in the five longitudinal rutting
profiles Prof. 1 until Prof. 5 in Figure 7(b), DE2 produced
already after 30 load cycles on one side a comparatively high
rut depth which migrated towards the middle after 100 load
cycles. )e reason for this sudden local structural collapse
and loss of stability is not clear. However, it could be due to
sudden reorientation and local breakage of RAP chunks that
were unexpectedly large and concentrated on one side of the
specimens. )is would mean that these chunks did with-
stand the compaction process with the steel roller but not the
repeated kneading loads of the pneumatic rutting wheel at
60°C. For DE1 in Figure 7(a), the rutting in Prof. 1 is
generally a little bit lower than that in Prof. 5. Hence, rutting
was not created totally symmetrical even in this case. )is
would mean that preparation and sieving are extremely
crucial for this type of low-temperature RAP material.

Ignoring DE2 by assuming that these values were not
representative due to this sudden rutting collapse on one
side of the specimen, the comparison of the rutting be-
haviour of the RAP from different countries is shown in
Figure 8.

Figure 5: Traffic load simulator MMLS3 situated on top of a
specimen.

Table 2: RAP material characteristics (mean values).

RAP source Penetration
(0.1mm)

Ring & Ball
(°C)

CH (Switzerland) 17 69.0
DE (Germany) 17 68.4
FR (France) 16 69.4
CH (Switzerland, test
section) 21 68.6
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In this case, the difference is less significant for all the
mixtures. However, the slope of the overall power function
for the FRmixtures is clearly higher than that for the CH and
DE1 mixtures. FR has a higher rutting speed in particular at
the beginning. )e slope of the DE1 mixture is comparable
with CH, but DE1 has a clearly low rutting resistance at the
beginning. Overall, the DE1 mixture is still less rutting
resistant but produces a reasonable rutting speed.

As compared to the requirements for AC of Swiss
standard [15], one can observe that only the CH mixture
fulfils the requirements for mixture type S for heavy traffic
(≤10% after 10,000 load cycles) and very heavy traffic H
(≤7.5% after 30,000 load cycles), whereas the FR mixture
fulfils only the requirement for type S. When comparing the
rut depth of the DE1 and FR mixtures in relation to the CH
mixture (Figure 8(b)), one can see that the FR mixture is
roughly 1.7% higher than the CH mixture. )e comparison
with the CH mixture shows a reasonable linear behaviour of
DE1. However, the DE1 mixture shows about 42% higher
rutting and would still not meet the requirements according
to the Swiss standard.

4.2. Rutting Test with Laboratory-Scaled Mobile Traffic
Simulator. Figure 9 summarizes the MMLS3 results of all
individual mixtures. Table 3 shows the functions of the
power law regression curves and the R2 values. )e power
law regression curves are calculated in each case considering
all single values of the three profiles measured. )is is the
reason why the R2 values are so low. )e points show the
mean values of the three profiles for each mixture.

y(DE1) = 0.496x0.308

R2 = 0.983

y = 0.405x0.290

R2 = 0.950

y = 0.207x0.376

R2 = 0.962

0

1

10

100

100 1000 10000

Ru
t d

ep
th

 (%
)

Number of load cycles

DE
CH
FR

ca. 60°C

(a)
Ru

t d
ep

th
 (%

)

0

5

10

15

0 5 10 15
Rut depth CH (%)

DE

ca. 60°C

y(DE1) = 1.423x
R2 = 0.990

y = 1.017x
R2 = 0.973

Line o
f eq

ualit
y

(b)

Figure 8: Comparison of rutting test results. (a) Rut depth versus load cycles. (b) Rut depth with respect to CHmixture behaviour, ignoring
DE2 results.
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Table 3: Function of power law regression curves and R2 values.

RAP source Function of power law regression curve R2

CH y� 0.453x0.093 0.467
CH1 y� 0.571x0.099 0.464
CH2 y� 0.297x0.111 0.227
FR1 y� 0.179x0.131 0418
FR2 y� 0.401x0.063 0.235
DE1 y� 0.133x0.232 0.557
DE2 y� 0.057x0.054 0.557
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One can clearly see that all RAP mixtures CH, DE, and
FE show considerable scatter. For CH, not only are CH1 and
CH2 plotted (which have been tested at ca 20°C), but also the
data of an earlier test at ca 25° up to 80,000 passings is shown.
It is interesting to see that these results blend nicely with
CH1 and CH2 in spite of the fact that the temperature was
about 5°C higher. )is means that the material scatter was
overshadowing the influence of temperature in case of this
RAP mixture. )erefore, in principle, these early test results
can be blended with the CH1 and CH2 data for calculating
the mean value of the rutting behaviour of the CH mixtures.

One can also see that the CH mixtures showed larger
rutting at 60°C with MMLS3 than the FE mixtures but
similar rutting speed. Rutting of the DE mixtures was clearly
lower at the beginning but, due to clearly higher rutting
speed, they produced ruts in the same order of magnitude
than the other two mixtures at the end of testing.

)e remarks made above are confirmed and shownmore
clearly when comparing the overall mean values for each
mixture (see Figure 10). )e CH and FR mixtures have
similar rutting speeds, but CH shows higher initial rut depth.
)e DE mixture produces clearly higher rutting speed
starting from the lowest initial rutting as mentioned before.
)e influence of including the earlier CH mixture at 25°C is
marginal (Figure 10(b)). R2 values are extremely low due to
the large scatter when calculating the power law regression
from all individual profile points. As visible from
Figure 10(c), R2 reduces significantly, when the power law
regression is calculated only from the overall mean values.

When comparing the MMLS3 rut depth of the DE and
FRmixtures at 20°C in relation to the CHmixture at 20/25°C
(Figure 11(a)), one can see that the FR mixture is generally
about 40% lower. )e DE mixture for low rut depths is
clearly different but gets much closer to the CH mixtures for
high rut depths. )is tendency of high rut resistance at the
beginning and equally high rutting with an increasing
number of passings leads to a nonlinear relationship. As
compared to the large wheel rutting results at 60°C
Figure 11(b), the ranking is different. Both the DE and FR
mixtures display higher rutting resistance in the MMLS3 test
at 20°C but lower and almost equal rutting resistance in the
large wheel rutting test at 60°C. Here, the DE rut depths from
the large wheel rutting test are calculated as mean from both
DE1 and DE2 specimens. It appears that the DE mixture is
much more temperature-dependent than the CH mixture.
One would also conclude that from the three mixtures the
FR mixture was the least rutting susceptible mixture of all
mixtures.

)is temperature dependency may be due to the RAP
binder properties but also due to the type of RAP grading
curve and the size of RAP clusters. It may well be that large
RAP clusters may be stable in the form of aggregate chunks
during MMLS3 testing at 20°C but fall apart easily at higher
temperatures such as 60°C during the large wheel rutting
test. DE2 could be one example of that. In practice, this
would mean that the thermal stability of the RAP clusters is
crucial for this type of mixture, in terms of compaction and
workability during construction as well as after-compaction
from traffic. Very large chunks of RAP are certainly negative

in that respect and careful mechanical pretreatment of the
RAP in the plant appears crucial for this 100% RAP ap-
proach. Further investigations in that direction may help to
understand these mechanisms.

In that context, it may make sense to consider also
investigations with the Compaction Flow Test (CFT), as
recently developed at the Royal Institute of Technology
(KTH) [16]. )is test was found to provide an indication
about the workability and flow of aggregates during static
loading of loose mixtures in a compaction-like laboratory
situation based on material lift-up as shown in the X-ray CT
images in Figure 12. A combination of CFT with X-ray CT
may help to understand the mechanism of decay of RAP
chunks under loading. However, such an investigation was
out of the scope of this study but may be kept in mind for
future studies.

In order to visualize differences in the deformation
behaviour, the mean values of the transversal rutting profiles
of the different mixtures in the MMLS3 tests at 20°C after
1000 and 50,000 channelized wheel passings are plotted in
Figure 13. Obviously, these deformations are quite low,
demonstrating that the mixtures were generally of high
rutting resistance. However, it is very clear that the CH
mixtures suffered most of the rutting already during the first
loading cycles with a practically negligible increase during
the rest of trafficking (as already mentioned above), whereas
rutting of the DE and FR mixtures showed a remarkable
increase. )e lateral bulging of CH after 1000 passings
suggests that a local material flow took place as simulated in
the CFT (see Figure 12). For DE and FR, no bulging was
observed.

In Figure 14, a comparison of the MMLS3 results with
two asphalt concrete (AC) pavements with hot mix asphalt
surface layers HMA1 and HMA2 for low-traffic AC 8 L
recently compacted and tested with MMLS3 in the field in
another context at ca. 32°C and ca. 27°C, shows that the
rutting deformations of the cold mixtures CH, DE, and FR
with 100% RAP can be considered as small. HMA1 was
28 cm thick containing no RAP and HMA2 was 40mm thick
and contained 80% RAP. )e temperatures of the field
pavements in 6 cm depth, in particular, of HMA1 were
higher than those of the CH, DE, and FR pavements in the
lab and had not a homogeneous temperature distribution
over the whole cross section (gradient). )e different tem-
perature gradients between the field and lab tests as well as
the different compaction methods and types of mixtures
have certainly influenced the rutting rate of the field tests as
compared to the CH, DE, and FR mixtures. One should also
not forget that both HMA1 and 2 had a smaller maximum
aggregate size of 8mm as compared to 16mmof the CH, DE,
and FR mixtures. )e higher temperature of HMA1 as
compared to HMA2 may have created a higher rut depth in
that case.

5. Construction of In Situ Test Section

)e in situ test section constructed between the Swiss villages
of Wahlen and Büsserach is a low-traffic volume road with
an average daily traffic ADT of 200 vpd. )e length of the
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ORRAP test section was 380m.)e average width of the road
is 5.5m, with a shoulder width of 1.5m. For the con-
struction, the existing asphalt layer with a thickness of 10 cm
was milled between 3 and 5 cm and the ORRAP material
RAP 0/22 with a thickness of 10 cm was placed on top of a
tack coat (cationic bitumen emulsion). )e day after, the
4 cm thick surface course was constructed consisting of a hot
mix asphalt concrete AC 11N for normal traffic with 11mm
maximum aggregate size and a conventional penetration

grade binder 70/100 according to the Swiss standard (Swiss
Standard Annex SN 640431). Since the paved RAP material
had no side support, the shoulders were considered as weak
points and were therefore constructed 20 cm wider than the
surface layer at each side. After the construction of the
surface course, the 20 cm was backfilled with soil.

Figure 15 shows the profile of the test section.
)e construction took place on a very hot dry summer

day with a maximum temperature of 36°C in the afternoon
and the sun radiation on the construction was very high.

)e material was transported by trucks from the storage
place whichwas about 35 km away from the construction side.

)e water content of the RAP 0/22mm had been de-
termined between 4.2 and 4.6%. However, for better work-
ability and compaction under this hot climate and in order to
avoid fast surface drying, water was sprayed onto the material
in the paver augers as well as after the paver screed.

Compaction was done using 3 different compactors:

(i) Steel roller with a weight of 2.5 t for precompaction
and levelling partly in vibration mode

(ii) Pneumatic tire roller with a weight of 4.5 t and
(iii) Pneumatic tire roller with a weight of 24 t

Compaction with a heavy steel roller compactor (12.5 t)
in vibration mode led to transversal cracking as visible in
Figure 16(a) and was therefore stopped. Transversal cracking
was partly attributed to the fact that the 100% RAP material
was paved on the comparatively stiff rest old asphalt
pavement after milling.
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Figure 12: Example of X-ray CT images from flowmeasurements on coarse (0–16mm) cold mixture specimens. (a) Before and (b) after the
CFT [16].
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Regarding the anticipated shoulder instability, it was
found that this was a real problem with the breaking of edges
as shown in Figure 16(b).

Apart from the abovementioned, further problems and
noteworthy observations became obvious during con-
struction, especially considering the RAP material in
comparison to hot mix asphalt:

(i) )e number of rounded aggregates was found to be
considerably high whereas the bitumen coating was
considerably low

(ii) )e compaction effort was considerably high, about
twice compared to HMA constructions

(iii) Large aggregates (up to 12 cm) and chunks of
material were found in the RAP and had to be taken
out of the compacted surface by workers with
shovels and the cavities had to be refilled in quite a
cumbersome process

(iv) Besides, of causing cumbersome work, large chunks
of RAP material were sometimes blocking the paver

screed and the construction had to be stopped for
more than half an hour

(v) In addition to these interruptions in construction,
further delays occurred when hauling trucks were
delayed by traffic jams and the water supply had to
be refilled
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Figure 15: Profile of the in situ test section in Switzerland.

(a) (b)

Figure 16: Cracking during compaction. (a) Transversal cracks caused by heavy steel roller compactor in vibration mode. (b) Shoulder
instability.

Figure 17: Test section with RAP material at the end of
compaction.
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Despite all difficulties, at the end of the day, the RAP
material was well compacted, stable, and even, as depicted in
Figure 17, providing a good base course for the hot mix
surface course.)e pavement will be observed during at least
one year, and different material and pavement character-
istics such as rutting and evenness will be determined at
different time intervals.

6. Conclusions

In the present study, a laboratory compaction evaluation
and performance characterization of 100% recycled
reclaimed asphalt pavement (RAP) were carried out, using
different methods and specimen sizes. Particular focus was
laid on the rutting behaviour and performance under
accelerated traffic loading with a model laboratory traffic
simulator. )e laboratory study clearly showed the po-
tential of using a high percentage of RAP at low compaction
temperatures and was, therefore, very promising for a
successful in situ installation of these materials on a test
section in Switzerland. From the study which was part of an
international project ORRAP, the following conclusions
can be drawn:

(i) Although laboratory compaction at an ambient
temperature of 20°C turned out to be insufficient, it
was found that increasing the temperature only a
little (60°C) changed compaction behaviour dras-
tically allowing the construction of stable and rut-
ting resistant asphalt specimens.

(ii) Investigation of rutting resistance with the large
wheel rutting tester at 60°C as well as the laboratory
scaled mobile traffic simulator MMLS3 at ambient
temperature, both under laterally confinement of
the specimens, generally produced low rut depths
with all three RAP materials from the different
sources in Switzerland, Germany, and France.
However, significant differences were found, re-
vealing different temperature dependencies and
rutting susceptibilities. Although only planed for
low-traffic volume applications, some specimens
investigated with the large wheel rutting device even
fulfilled the requirements for heavily trafficked
roads according to Swiss standards.

(iii) Material scatter was comparatively high and over-
shadowing the influence of temperature during
rutting tests. In some cases, it was assumed that RAP
clusters may have formed aggregate chunks that
remained stable at 20°C but were destroyed due to
kneading during rutting tests at 60°C.

(iv) RAP chunks were also found during field con-
struction blocking the paver screed causing working
interruptions. )is means that for this RAP appli-
cation careful mechanical pretreatment of the
material in the plant and before compaction is
necessary in order to avoid those RAP chunks.

(v) From the investigation and findings, it seems fea-
sible to construct low-traffic volume roads with

100% of RAP at low compaction temperature as it
was the goal of the ORRAP project. Compared to
the construction of hot mix asphalt pavements, the
compaction effort has to be increased.

Further studies on the test section will show if enough
information is available as a basis for producing a technical
guideline for application and construction. In any case, se-
lected additional studies, such as studying the effect of
oversized RAP clusters on compaction and mechanical be-
haviour, must be undertaken in order to develop this
promising technology into an environmentally friendly af-
fordable standard application for low-traffic volume roads.
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)e data used to support the findings of this study have not
been made available because the ORRAP “Optimal Recy-
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Cold recycling technology is a widely applied asphalt pavement rehabilitation technology. /e properties of emulsified asphalt
residues after water evaporates play an important role in the performance of the asphalt pavement. /is paper investigates the
rheological and fatigue properties of emulsified asphalt residues under different evaporation methods. Two different matrix
asphalt binders and emulsifiers were selected to prepare the emulsified asphalt. Moreover, the direct heating method (DHM) and
the EN13074 and ASTMD7497-09 evaporation methods were used to obtain emulsified asphalt residues. Furthermore, the linear
viscoelasticity, the permanent deformation resistance, and the fatigue resistance were evaluated by the temperature sweep and
frequency sweep tests, the multiple stress creep recovery (MSCR) test, and the linear amplitude sweep (LAS) test, respectively./e
test results show that under the three evaporation conditions, the growth amplitude order of the rutting factor, recovery percent,
complex modulus, and fatigue life of emulsified asphalt residues is ASTM D7497-09>EN13074>DHM, and as is the attenuation
amplitude order of the nonrecoverable creep compliance and phase angle. /e results reveal that the evaporation process leads to
oxidation and hardening of the residues. /e hardening degree of the ASTMD7497-09 evaporation method is higher than that of
the EN13074 evaporation method, and the hardening degree of the EN13074 evaporation method is higher than that of the direct
heating method. /e rheological and fatigue performances of the emulsified asphalt residues depend on the matrix asphalt.
Moreover, the residue that was prepared from 70# asphalt has good high-temperature and fatigue properties, but it has higher
temperature sensitivity and stress sensitivity.

1. Introduction

Cold recycled mixture of emulsified asphalt has become one
of the most popular approaches for asphalt pavement
maintenance, rehabilitation, and reinforcement, with the
advantage of excellent pavement performance, resource
conservation, and environmental friendliness [1–4]. Studies
have found that the asphalt emulsion has a substantial in-
fluence on the rheological characteristics and the mechanical
properties of the cold recycled mixture [5, 6]. Moreover, the
performance of emulsified asphalt mainly depends on the
technical properties of residues after the moisture is evapo-
rated. /e emulsified asphalt residue is used as a key

specification and quality control parameter for the emulsified
asphalt [7], and also its performance is related to the char-
acteristics during the service period. /erefore, it is necessary
to recover residues and investigate their properties.

Similar to asphalt binders, emulsified asphalt residue is a
viscoelastic plastic material. Rheological measurement has
been proven to be a favorable approach for optimizing the
recovery methods of emulsified asphalt residue [8–10].
Common residue recovery methods include distillation,
evaporation, moisture analyzer balance (MAB) [11], and the
SAFT (stirred air flow test with nitrogen) method [12].
Distillation methods, such as ASTM D6997 and ASTM
D7403, are more scientific methods of residue collection and
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are more widely used to recover emulsion residue [13, 14].
However, the distillation method easily causes aging and
even damage to the microscopic structure of emulsified
asphalt residue due to its high-temperature [15]. /us, the
residue obtained by distillation method will not have the
same properties as that obtained in the field [5, 16–18].
Evaporation methods mainly include the vacuum drying
method, the air blowing evaporation method, the low-
temperature evaporation drying method, and other
methods. Islam et al. [19] prepared emulsified asphalt res-
idue by the vacuum drying method and studied the effects of
variables including the curing time, temperatures, and
vacuum pressure on the rheological properties of the re-
covered asphalt emulsion residue./e direct heatingmethod
is mainly used in China and Japan, and the proficiency levels
of operators substantially impact the experimental results
[20, 21]. Gao and Pang [22] obtained emulsified asphalt
residue by the direct heating method and established the
relationships between rheological parameters and road
performance indexes by interfacial rheology and dynamic
shear rheology. /e low-temperature evaporation method is
favored by researchers because the evaporation temperature
is closer to the application temperature of emulsified asphalt.
Hanz et al. [17] used the ASTM D7497-09 evaporation
method to obtain emulsified asphalt residue and carried out
rheological tests on the residues with different curing times.
Xu et al. [9] used the recovery method that was proposed by
the EN13074 method (including both the recovery and
stabilization processes at moderate temperatures) to obtain
the residue, and the corresponding matrix asphalt binders
were treated via the same method for comparison.

However, the properties of the residues obtained by
different evaporation methods are different. Some re-
searchers compared and analyzed the influence of different
evaporation methods on the performance of emulsified
asphalt residues. Malladi et al. [23] compared the vacuum
drying procedure with the AASHTO PP72 procedure and
found that the vacuum-dried residues were softer and more
viscous than the residues recovered by the AASHTO PP72
procedure. Marasteanu and Clyne [5] used air-curing and
RTFOT-curing to recover the residue and evaluated the low-
and high-temperature performances of the residues. /e
results indicated that the residues cured by RTFOT were
stiffer, especially the polymer modified residues.

In summary, the research on emulsified asphalt residues
mainly focuses on the residue acquisition method and
rheological performance and rarely involves the influence of
the evaporation method on the residue performance. Al-
though the evaporation temperature of the low-temperature
evaporation method is lower, the evaporation time is longer.
Compared with other methods to obtain emulsified asphalt
residue, whether it will affect the performance of emulsified
asphalt residue needs further research. Moreover, there are
few studies on the fatigue properties of emulsified asphalt
residues, and the fatigue resistance of the asphalt binder
significantly affects the overall fatigue performances of as-
phalt mixtures [24]. /erefore, based on laboratory exper-
iments, the effect of evaporation method on the high-
temperature performance and fatigue performance of

emulsified asphalt residues is systematically studied, and the
characteristics of cold recycled emulsified asphalt material
properties are accurately characterized, thus guiding engi-
neering practice.

2. Materials and Testing Methods

2.1. Materials. 70# asphalt was supplied by Guangraokelida
Petrochemical Technology Co., Ltd., Shandong, China, and
90# asphalt was supplied by SK Co., Ltd., Korea. Emulsifiers
KZW-803L and Redicote E-4875 were produced by Kang-
zewei Technology Co., Ltd., Tianjin, China, and Akzo Nobel
Co., Ltd., Shanghai, China, respectively. Two emulsifiers are
brown liquid and easily soluble in water./e solid content of
KZW-803L emulsifier is more than 50%, and the solid
content of Redicote E-4875 emulsifier is 48–53%. Technical
information about the asphalt binders and emulsifiers is
presented in Tables 1 and 2, respectively. A colloidal mill of
the model RINKMD-1, which was fabricated in Germany,
was used to prepare the emulsified asphalt. /e preparation
process of the emulsified asphalt is presented in Figure 1
[25]. /e prepared emulsified asphalt was referred to as K
and E emulsified asphalt.

2.2. Testing Methods

2.2.1. Recovery of the Emulsified Asphalt Residue. Direct
heating method [20] and EN13074 and ASTM D7497-09
(Method A) evaporation methods [16] were selected to
prepare emulsified asphalt residues. Figure 2 shows the
process of obtaining the emulsified asphalt residues by the
evaporation method of EN13074 and ASTM D7497-09
(Method A).

/e weights of the recovered residues and the original
emulsified asphalt were recorded and used to calculate the
water loss percentage of emulsified asphalt. /e water loss
rate result is presented in Figure 3. More than 86% of the
water was evaporated in the first stage. After 42 hours, the
water loss rate minimally increased, and the emulsified
asphalt residues still contained small amounts of water after
48 hours. Mitchell et al. [26] used size exclusion chroma-
tography (SEC) to assess the presence of residual water and
determined that the residue that was obtained by the low-
temperature evaporationmethod contained water. However,
the presence of residual water in the residues that were
obtained by the ASTM D7497-09 and EN13074 evaporation
methods does not affect the rheological properties of the
residues [19, 23]. Under the same evaporation conditions,
the water loss rate of emulsified asphalt is related to the type
of emulsifier. Moreover, the water loss rate of emulsified
asphalt under the EN13074 evaporation method is less than
that under the ASTM D7497-09 evaporation method. /e
same change trend is observed for the 90# emulsified asphalt.

2.2.2. Physical Performance Tests. Physical tests of the
penetration, softening point, and ductility were conducted in
accordance with ASTM D5, ASTM D36, and ASTM D113
[27–29], respectively. /e penetration test temperature was
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25°C, and the temperature for the ductility test was 15°C.
/ree samples were prepared to ensure the repeatability of
the tests, and the average of three results was finally
obtained.

2.2.3. Temperature Sweep Test. A DHR-1 hybrid rheometer
(TA Instrument, New Castle, Delaware) was utilized to test
the rheological and fatigue properties of the emulsified

asphalt residues. /e test temperature started at 58°C and
increased to 82°C in 6°C intervals. /e strain level was 12%,
and the testing frequency was 10 rad/s [30]./e parallel plate
geometry of 25mm diameter and 1mm gap was applied.

2.2.4. Frequency Sweep Test. /e controlled strain of the
frequency sweep test was maintained at 0.1% to ensure that
the rheological behaviors of residues were in the linear

Table 2: Technical information on the emulsifiers.

Emulsifier type Ion type Demulsification speed Emulsifier content (%) Optimum bitumen content (%) pH requirement
KZW-803L Cationic Slow-breaking 3 62 2.0–2.5
Redicote E-4875 Cationic Slow-breaking 2 63 2.0–3.0

Emulsifier

Water
(60°C)

Soap solution

Matrix asphalt
(140°C)

Acid (HCl)

Colloid mill

Emulsified
asphalt

Asphalt + soap
solution

High-speed
shearing

Figure 1: Preparation of the emulsified asphalt.

Emulsified
asphalt

First stage
Ambient temperature for 24h

Second stage
Temperature 50°C for 24h

Third stage
Cool to room
temperature

(a)

Emulsified
asphalt

First stage
Temperature 25°C for 24h

Second stage
Temperature 60°C for 24h

Third stage
Cool at room

temperature for 1h

(b)

Figure 2: Recovery procedure of emulsified asphalt residues, (a) recovery procedure of emulsified asphalt residues according to EN13074,
(b) recovery procedure of emulsified asphalt residues according to ASTM D7497-09.

Table 1: Properties of the 70# and 90# matrix asphalt binders.

Technical parameters
Values

70# SK 90#
Penetration at 25°C, (0.1mm) 72.0 91.2
Softening point (°C) 48.8 46
Ductility at 15°C (cm) >150 >150
Viscosity at 135°C (Pa.s) 0.65 0.51
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viscoelastic range. /e test angular frequencies ranged from
0.1 rad/s to 10 rad/s, and test temperatures were 20°C, 30°C,
40°C, 50°C, and 60°C. A parallel plate of 25mm in diameter
with a 1mm gap was used when the testing temperature
exceeded 30°C, whereas the parallel plate of 8mm in di-
ameter with a 2mm gap was used when the testing tem-
perature below 30°C.

/e Christenson–Anderson–Marasteanu (CAM) model
was used to fit the complex modulus and the phase angle
master curves to provide the undamaged material responses
[31]. /e time-temperature shift factor was fitted with the
Williams–Landel–Ferry (WLF) nonlinear function as
expressed in equation (1) [32]. /e reference temperature of
the complex modulus and phase angle main curve was 40°C:

lgαt �
−C1 T − T0( 

C2 + T − T0( 
, (1)

where T0 and T represent the reference temperature and the
actual temperature, respectively, andC1 andC2 are the fitting
parameters.

2.2.5. Multiple Stress Creep Recovery (MSCR) Test. /e
MSCR test can more accurately evaluate the high-temper-
ature performance of the asphalt binder [33, 34]. /e MSCR
test adopted the parallel plate geometry of 25mm diameter
and 1mm gap, and the test temperatures were 64°C and
70°C. /e emulsified asphalt residue was subjected to 10
cycles of 1 second creep and 9 seconds recovery at a stress
level of 0.1 kPa, followed by another 10 cycles of creep and
recovery at 3.2 kPa. /e performance indicators consist of
the nonrecoverable compliance (Jnr) and the recovery per-
cent (R), which can be calculated using equations (2) and (3),
respectively. /e stress sensitivity Jnr, diff is the difference
between the Jnr values at the stress levels of 3.2 kPa and
0.1 kPa, as expressed in equation (4).

Jnr �
cu

τ
. (2)

R �
cp − cu

cp − c0
× 100%. (3)

Jnr,diff �
Jnr3.2 − Jnr0.1

Jnr0.1
  × 100%, (4)

where cp is the peak strain after a one-second creep du-
ration; c0 is the shear strain at the beginning of the cycle; cu

is the nonrecoverable strain after a nine-second recovery;
and τ is the creep stress.

2.2.6. Linear Amplitude Sweep (LAS) Test. /e LAS test was
developed as an accelerated fatigue procedure for evaluating
the damage resistance of asphalt binders [35, 36]. /e LAS
procedure consisted of two steps [37]. First, the frequency
sweep was performed from 0.2 to 30Hz at a strain level of
0.1%, which was in the linear viscoelastic behavior range.
/is step was used to obtain the undamaged material
property (α). /en, the emulsified asphalt residues were
conducted under an oscillatory strain sweep at a constant
frequency of 10Hz with amplitudes that ranged linearly
from 0.1% to 30%./e data of this step were used to calculate
the damage property via viscoelastic continuum damage
(VECD) mechanics analysis. /e LAS testing temperature
was 25°C. /e damage accumulation in the emulsified as-
phalt residue is calculated using equation (5):

D(t) � 
N

i�1
πIDc

2
0 G
∗
sin δi−1 − G

∗
sin δi  

(α/1+α)

· ti − ti−1( 
(1/1+α)

,

(5)

where ID � the initial value of |G∗| from the 1.0 percent
applied strain interval, MPa; |G∗| � the complex shear
modulus, MPa; c0 � the applied strain, %; α � 1/m, where
m� the slope of the logarithmic plot of the storage modulus
versus the applied frequency; t� the testing time, s;

/e relationship between |G∗|sin δ and D(t) can be fitted
using the equation (6):

G
∗
sin δ � C0 − C1(D)

C2 , (6)

where C0 � the average value of |G∗|sin δ from the 0.1
percent strain interval; C1 and C2 � the coefficients of the
curve fitting equations.

/e damage failureDf is defined as the value of D (t) that
corresponds to a 35 percent reduction in undamaged
|G∗|sin δ(C0).

Df � 0.35
C0

C1
 

1/C2( )

,

A35 �
f Df 

k

k πIDC1C2( 
α,

(7)

where f� 10Hz;k� 1+(1−C2) α;B� −2α.
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Figure 3: Loss percentage of the water content of the emulsified
asphalt.
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Nf � A35 cmax( 
B
, (8)

where cmax � the maximum expected binder strain.

3. Results and Discussion

3.1. Physical Performance. /e physical performance test
results of the emulsified asphalt residues are shown in
Figure 4. /e ductility test values for the 70# and 90# matrix
asphalt binders were greater than 150 cm and were recorded
as 150 cm. As can be seen from Figure 4, the evaporation
method has significant effects on the penetration and the
ductility of the residue but has little effect on the softening
point. /e penetration and ductility of the residues that were

obtained by the direct heating method are the largest, fol-
lowed by those obtained by the EN13074 evaporation
method, and those obtained by the ASTM D7497-09
evaporation method are the smallest. /e softening point of
the residues that were obtained by the ASTM D7497-09
evaporation method is slightly higher than that obtained by
the EN13074 evaporation method, and the values for the
residues that were obtained by both evaporation methods
are higher than that by the direct heating method. In ad-
dition, compared with the matrix asphalt, the softening
point of emulsified asphalt residues increases and the
ductility substantially decreases. /e main reason is that the
hydrophilic group of the emulsifier is mainly an amine
group, and the amine group has a strong affinity with
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Figure 4: Performances of the emulsified asphalt residues.

Advances in Materials Science and Engineering 5



asphalt. When the content of the amine group reaches a
certain amount, it will agglomerate the fusion between as-
phalt molecules and improve the performance of asphalt.

3.2. Linear Viscoelasticity of the Emulsified Asphalt Residue

3.2.1. Temperature Sweep Test Results. /e rutting factor
(G∗/sinδ) was used as an index to characterize the high
performance of asphalt in AASHTO M320-05 [38]. /e
values of G∗/sinδ of the emulsified asphalt residues that were
obtained via the different evaporation methods were used to
analyze the high-temperature performance, as shown in
Figure 5. /e rutting factors of the residues decrease
gradually with the increase in temperature. Hence, the
rutting resistance decreases with the increase in the tem-
perature. According to Figure 5(a), under the same tem-
perature, the rutting factors of the 70#+K emulsified asphalt
residues that were prepared by the ASTM D7497-09
evaporation method are the largest, followed by that pre-
pared by the EN13074 evaporation method, and the rutting
factors of the residues that were obtained by the direct
heating method are the smallest. /e 70#+E emulsified
asphalt residues that were prepared by the ASTM D7497-09
and EN13074 evaporation methods have approximately the
same rutting factors, which are significantly higher than
those obtained by the direct heating method. According to
Figure 5(b), the evaporation methods are ordered according
the rutting factor of each residue as ASTM D7497-
09>EN13074>DHM. /e test results indicate that the oxi-
dation of the binder during the residue recovery procedure
could lead to a stiffer and more elastic response, and the
results of Hanz et al. [39] and Islam et al. [19] confirmed this
conclusion. Comparing Figures 5(a) and 5(b), the rutting
factor of the 90# asphalt binder is less than that of the 70#

asphalt binder, and the rutting factor of the emulsified as-
phalt residue that was prepared from the 90# asphalt is less
than that of the residue that was prepared from the 70#
asphalt./e results show that the matrix asphalt significantly
affects the properties of the emulsified asphalt residue.

3.2.2. Complex Modulus and Phage Angle Master Curves.
/e complex modulus and the phase angle master curves
that correspond to the residues that were recovered using the
three methods are plotted in Figure 6. At lower frequencies,
these curves show that the complex modulus values of the
residues that were prepared by both the ASTM D7497-09
and EN13074 evaporationmethods are larger than those that
were prepared by the direct heating method. /e results
show that the ASTMD7497-09 and EN13074-cured residues
were stiffer than the direct-heating-method-cured residues
for all emulsified asphalt binders. However, at high fre-
quencies, the emulsified asphalt residues under different
evaporation conditions have similar complex modulus
values. Meanwhile, these curves also show that both the
ASTM D7497-09 and EN13074-cured residues have smaller
phage angles than the direct-heating-method-cured residues
for all emulsified asphalt binders. Specifically, the ASTM
D7497-09 and EN13074-cured residues have similar phage
angle values for the 70#+E, 90#+K, and 90#+E emulsified
asphalt binders, while the 70#+K emulsified asphalt shows
significantly smaller phage angle values of the ASTMD7497-
09-cured residues./e influences of the evaporation method
on the complex modulus and the phase angle of residues
differ, which has a strong relationship with the emulsifier
type. Comparing Figure 6(a) with Figure 6(c), the slope for
the emulsified asphalt residues prepared from 70# asphalt is
greater than that for the residues prepared from 90# asphalt.
/erefore, the emulsified asphalt residues that were prepared
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Figure 5: Variation of the rutting factor of the emulsified asphalt residue with temperature.
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from 70# asphalt are more susceptible to temperature
changes than the emulsified asphalt residues that were
prepared from 90# asphalt.

3.3. Permanent Deformation Resistance

3.3.1. Analysis of the Nonrecoverable Compliance and the
Percent Recovery. /e calculated performance indicators,
namely, the nonrecoverable creep compliance (Jnr) and the
recovery percent (R) are summarized in Figures 7 and 8. For
all emulsified asphalt binders, the Jnr values of the emulsified
asphalt residues that were prepared by the direct heating
method are significantly higher than those of the residues
that were prepared by the EN13074 and ASTM D7497-09
evaporation methods. Moreover, the Jnr values of the
emulsified asphalt residues that were prepared by the ASTM
D7497-09 evaporation method are the smallest. At 64°C and
70°C, except for 90#+K (DHM), the Jnr values of the
emulsified asphalt residues were found to be smaller than

those of the matrix binders. Hence, the addition of emul-
sifiers can improve the permanent deformation resistance of
the emulsified asphalt. As shown in Figure 7, the Jnr values of
the emulsified asphalt residues that were prepared from 90#
asphalt are greater than those of the emulsified asphalt
residues that were prepared from 70# asphalt, and the higher
the temperature is, the larger the Jnr values of the emulsified
asphalt residues are.

Figure 8 shows the values of the percent recovery of
emulsified asphalt residues under different stresses and
temperatures. /e evaporation method significantly influ-
enced the percent recovery of the emulsified asphalt resi-
dues, especially at the low stress level. Under three different
evaporation conditions, all the emulsified asphalt residues
show the same trend: R (ASTM D7497-09)>R (EN13074)
>R (DHM). /is is mainly because the emulsified asphalt
residues were aged during the evaporation process, and the
light components in the residues were converted into heavy
components, which caused the emulsified asphalt residues to
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Figure 6: Master curves of emulsified asphalt residues at a reference temperature of 40°C.
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harden and the deformation recovery ability to be enhanced.
/e matrix asphalt has a percent recovery of almost 0% at
high stress, compared to approximately 1% at low stress./e
addition of emulsifier improves the percent recovery of the
matrix binder at both levels of stress, namely, 0.1 kPa and
3.2 kPa. In addition, the recovery percentage values of the
residues that were prepared from the 70# asphalt binder are
greater than those of the emulsified asphalt residues that
were prepared from the 90# asphalt. From the overall MSCR
results, together with the rutting factors from temperature
sweep test, it is concluded that the presence of an emulsifier
increases the rutting resistance and the high-temperature

deformation resistance of the asphalt binder. Furthermore,
the residues that were prepared from 70# asphalt have better
high-temperature performance than the residues that were
obtained from 90# asphalt.

3.3.2. Analysis of the Stress Sensitivity. Figure 9 presents the
Jnr, diff value results for emulsified asphalt residues at dif-
ferent testing temperatures. At 64°C and 70°C, the Jnr, diff
values of all binders were below 75%. Except for 90#+K
(EN), the emulsified asphalt residues that were prepared
from the 90# asphalt have lower Jnr, diff values than the
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Figure 7: Jnr values for emulsified asphalt residues at (a) 64°C and (b) 70°C.
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Figure 8: Percent recovery results for emulsion asphalt residues at (a) 64°C and (b) 70°C.
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emulsified asphalt residues that were prepared from 70#
asphalt. When the emulsifier was added to the matrix asphalt
binders, the Jnr, diff values increased, namely, the inclusion of
the emulsifier caused the emulsified asphalt to be more
sensitive to stress. /e evaporation method influenced the
Jnr, diff values of the emulsified asphalt residues, but the
change trend is different. Specifically, for 70#+K and 70#+E
emulsified asphalt, the residues obtained by the ASTM
D7497-09 evaporationmethod have the largest Jnr, diff values.
For 90#+K and 90#+E emulsified asphalt, the residues ob-
tained by the EN13074 evaporation method have the largest
Jnr, diff values.

3.4. Fatigue Resistance

3.4.1. Analysis of the Damage Intensity and Integrity
Parameters. /e LAS test fatigue damage values for different
emulsified asphalt residues are provided in Table 3. Lower
values of C1 and C2 correspond to higher binder fatigue
performance [35, 40, 41]. According to Table 3, under the

different evaporation methods, the values of parameters C1
and C2 have different trends, increasing or decreasing. It is
difficult to judge the fatigue performance of the emulsified
asphalt residues.

To clearly see the overall impact of the decrease in the
integrity parameter, the fatigue damage should be evaluated
in combination with the relationship between the damage
intensity (D) and the integrity parameter (C), as presented in
Figure 10. /e value of C is 1, which means that the asphalt
binder is not damaged, and the value of C is 0, which means
that the asphalt binder is completely damaged. /e test
results demonstrate that the evaporation method influences
the fatigue damage tolerance of the emulsified asphalt res-
idue. According to Figure 10(a), at the specified damage level
(D), the residues prepared by the evaporation method of
ASTM D7497-09 have the lowest integrity, followed by
EN13074 evaporation, and the residues prepared by the
direct heating method have the highest integrity. However,
the emulsified asphalt residues that were prepared from 90#
asphalt show more complicated change trends under
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Figure 9: Jnr, diff value results for the emulsified asphalt residues.

Table 3: VECD analysis parameter results of the LAS test for the emulsified asphalt residues.

Binder type C0 C1 C2 A B α τmax (kPa) R2

70# 1.757 0.048 0.559 213069 −2.325 1.163 127 0.986
70#+K(DHM) 1.246 0.026 0.633 302052 −2.425 1.213 105 0.987
70#+K(EN) 1.508 0.152 0.370 419745 −2.665 1.332 66 0.910
70#+K(ASTM) 1.958 0.314 0.285 565058 −2.826 1.413 70 0.967
70#+E(DHM) 0.448 0.041 0.520 481109 −2.987 1.493 33 0.994
70#+E(EN) 1.664 0.042 0.569 349896 −2.505 1.253 132 0.992
70#+E(ASTM) 0.679 0.041 0.534 494815 −2.805 1.402 43 0.984
90# 1.556 0.045 0.570 145737 −2.229 1.114 118 0.986
90#+K(DHM) 1.304 0.022 0.670 175995 −2.244 1.122 118 0.983
90#+K(EN) 1.505 0.045 0.554 300217 −2.427 1.214 119 0.992
90#+K(ASTM) 1.598 0.044 0.557 457384 −2.606 1.303 126 0.992
90#+E(DHM) 2.217 0.057 0.563 198238 −2.515 1.257 150 0.982
90#+E(EN) 2.059 0.219 0.348 237099 −2.510 1.255 78 0.961
90#+E(ASTM) 1.674 0.031 0.620 228496 −2.335 1.168 132 0.984

Advances in Materials Science and Engineering 9



different evaporation methods. According to Figure 10(b),
the evaporation methods are ordered in terms of the in-
tegrity of the 90#+K emulsified asphalt residues as follows: C
(ASTM D7497-09)>C (EN13074)>C (DHM). While the
90#+E emulsified asphalt residues that were prepared by
EN13074 and the direct heating method have similar in-
tegrities, their integrities are significantly greater than those
prepared by the ASTM D7497-09 evaporation method.

3.4.2. Analysis of the Number of Cycles to Fatigue Failure
(Nf). Figure 11 shows the number of cycles to fatigue failure
in the LAS test for the emulsified asphalt residue at the 2.5%
strain level. /e significant influences of the evaporation
method and the emulsifier type on the fatigue performance
are demonstrated via an analysis of variance that was
conducted at a confidence level of 95%, which identified the
evaporation method and the emulsifier type as significant
factors, and the average p values are 0.000 and 0.009, re-
spectively. According to these data, although there are
differences among the emulsions, the evaporation method
had the most significant impact on the fatigue life. As shown
in Figure 11, the three evaporation methods are ordered in
terms of the fatigue life of the four emulsified asphalts as
follows: Nf (ASTM D7497-09)>Nf (EN13074)>Nf (DHM).
In addition, the fatigue life of the K emulsified asphalt
residues is greatly affected by the evaporation method.
Under the different evaporation methods, the fatigue life
change rate of the K emulsified asphalt is greater than that of
the E emulsified asphalt residue. /e change in the fatigue
life is consistent with Hintz et al. [42], who reported that
aging was beneficial to the fatigue performance at small
strain amplitudes and detrimental at high stain amplitudes.
Furthermore, the rate at which the material ages depend on
the chemical properties of the emulsifier, and the variation in

aging susceptibility is more prevalent in cationic emulsions
[42].

To explain the oxidation phenomenon in terms of the
binder chemistry, Ge et al. [14] and Malladi et al. [23]
conducted a Fourier transform infrared spectroscopy (FTIR)
test. Test results showed that compared with S�O and C�O
of the emulsified asphalt residue can better characterize the
aging of the emulsified asphalt. However, no clear trend was
observed in the relative oxidation levels of the emulsion
residues that were recovered using various evaporation
methods. /is problem remains unsolved, and many studies
are being conducted to understand the curing procedure of
emulsified asphalt residues.
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Figure 10: Integrity parameter versus damage intensity for the emulsified asphalt residues.
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Figure 11: LAS test fatigue life of emulsified asphalt residues at the
2.5% strain level.
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4. Conclusions and Recommendations

/is study investigated the effects of evaporation methods on
the rheological and fatigue performances of emulsified asphalt
residues using physical tests, linear viscoelastic property tests,
permanent deformation resistance tests, and fatigue resistance
tests. /e following conclusions are obtained:

(1) Under the three evaporation conditions, the pene-
tration and ductility of residues obtained by the
direct heating method are the largest, followed by
those obtained by EN13074 evaporation method,
and the penetration and ductility of residues ob-
tained by the ASTM D7497-09 evaporation method
are the smallest. However, the evaporation method
has little effect on the softening point of emulsified
asphalt residues.

(2) /e growth amplitude order of the rutting factor and
the recovery percent values of emulsified asphalt
residues is ASTM D7497-09>EN13074>DHM, and
as is the attenuation amplitude order by the non-
recoverable creep compliance. /e overall results
indicate that the residues obtained by ASTM D7497-
09 suffered more serious aging than EN13074 and
direct heating methods.

(3) Compared with the residues obtained by the direct
heating method, the emulsified asphalt residues
obtained by the EN13074 and ASTM D7497-09
evaporation method have higher complex modulus
and exhibit lower phase angle values in terms of
various frequencies.

(4) /e results of the variance analysis prove that the
evaporation method has more significant influence
on the fatigue life of the residues. /e three different
evaporation methods are ordered according to the
fatigue life as Nf (ASTM D7497-09)>Nf (EN 13074)
>Nf (DHM).

(5) /e rheological and fatigue performances of the
residues depend on the matrix asphalt. Compared
with the emulsified asphalt residue that was prepared
from 90# asphalt, the residue that was prepared from
70# asphalt has good high-temperature and fatigue
properties, but it has higher temperature sensitivity
and stress sensitivity.

/is research provides an effective strategy for finding a
method that most accurately reflects the residual binders
that are applied in the field and promotes the application of
emulsified asphalt. It is recommended that an investigation
of the chemical and rheological properties of the residual
binders that are recovered from the field should be con-
ducted to identify the residue recovery procedure that best
reflects the residual binder that is placed in the field.
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+e evolution of cold recycling using bitumen stabilisation technology has been supported by progressive research initiatives and
best practice guidelines. +e first generic guidelines for bitumen stabilised materials (BSMs) were published only in 2002. +ese
guidelines provided a generic approach for the analysis of foamed bitumen and bitumen emulsion technologies. From that point,
bitumen stabilisation became the common term for the inclusion of either of the two bituminous binders. +e TG2 2nd edition
guideline of 2009 took a bold step recognising the shear properties of the bitumen stabilised material (BSM) as the key per-
formance indicators. In addition, advancements in structural design and application of BSMs provided practitioners with robust
guidelines. +e subsequent decade has provided an opportunity to interrogate data from more than 300 BSM mix designs and 69
LTPP sections.+e data have led to research developments including significant new performance properties of BSMs, refinedmix
design methods, and updated new pavement design methods. +is includes an entire design process that has been updated with a
streamlined mix design procedure and a new frontier curve for the pavement number design method, as well as a newmechanistic
design function. It is anticipated that the research findings and implementation of the newly developed technology will lead to
improved application in BSM technology.

1. Introduction

Since the 1950’s, there has been a strong emphasis on finding
efficient, cost-effective pavement rehabilitation technologies.
Part of this history included Prof. Csanyi [1] experimenting
with hot bitumen and water in order to expand its volume
and thus improve dispersion in marginal materials at am-
bient temperatures. Csanyi’s development of foamed bitu-
men using steam was taken further by Acott and Myburgh
[2] and Ackeroyd and Hicks [3, 4]. At that time, the impact
that foamed bitumen technology was about to have on
pavement rehabilitation and sustainable practice was not yet
apparent.

In the 1990’s, the patent rights that Mobil bought from
Csanyi lapsed. In the interim, Mobil developed the foaming
technology further by applying accurate dosages of water
rather than steam. Applications of foamed bitumen to
stabilise crushed aggregates, gravels, sands, and recycled
asphalt provided good performance. At the same time,

bitumen emulsion provided an alternate way to stabilise base
layers. Both foam and emulsion technologies were providing
flexible and durable bases for a range of rehabilitated
pavement structures using cold recycling. +e need for
rigorous mix design methods and structural design proce-
dures led South Africa to develop guidelines andmanuals for
granular emulsion mixes (GEMS) [5], emulsion-treated
bases (ETBs) [6], and foamed bitumen-treated materials [7].
A generic term for the two bitumen binders was created
under the title of bitumen stabilised materials (BSMs). +e
structural design of BSM began with the Sabita GEMS and
ETB Manuals, which incorporated mechanistic-empirical
(ME) design functions.

In 2002, the first Technical Guideline TG2 was pub-
lished, for foamed bitumen materials. In TG2, a mecha-
nistic-empirical (ME) structural design function was
provided for pavements including cold recycling. However,
this function was based on only one data set and was found
to be conservative. In 2009, the second edition of TG2 was
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released and included a new design method, the pavement
number, and the associated design equivalent material
slassification System. +ere was no inclusion of ME
function.

Ever increasing economic and environmental pressures
drive the development of more effective technologies for road
construction and rehabilitation. By 2009, overwhelming evi-
dence of the primary distress mechanism for BSMs being
permanent deformation and not fatigue cracking was identi-
fied. Although the principle of BSM being a noncontinuously
boundmaterial is well understood, the prediction of long-term
stiffness behaviour and permanent strain development has not
been developed to the same degree [8].

Long-term pavement performance (LTPP) sections, i.e.,
20 field sites and 7 accelerated pavement testing (APT) sites
with 22 sections tested by the Heavy Vehicle Simulator (HVS)
tester formed the basis of the data for the 2009 guidelines.

Following this trend, the additional performance data
related to pavements with both BSM-foam and BSM-
emulsion were expanded in the 10 years following 2009.+is
paper addresses the developments in mix design and
pavement design of BSM based on updated performance
data from the LTPP and APT sections. In addition, a new
mechanistic-empirical design function has been developed
in this period.

+e noncontinuous binding behaviour of BSMs is
explained in the Asphalt Academy’s Technical Guideline
(TG2) [9]. +e failure mechanism of BSMs, permanent
deformation, is also thoroughly explained in the TG2. +e
design of BSMs should focus on permanent deformation in
the layer. +e current design methods, specifically the
pavement number (PN) method, are based on experience
and tend to be very conservative. +is paper aims to present
a design function for BSMs which relates mechanical ma-
terial properties and stress conditions to pavement life based
on field observations.

2. Background

2.1.Defining aBSM. Firstly, it is important to provide a brief
description of BSM technology and what sets it apart from
grave emulsion and cold patching mixes. Bitumen stabili-
sation is typically used in the rehabilitation of existing
pavement base layers (granular, cemented, or asphalt) using
either foamed bitumen or bitumen emulsion. +e granular
material is treated with small amounts of bitumen, i.e., less
than 3%. A small amount of active filler, typically 1%, is used
in themix to improve the bitumen adhesion to the aggregate.
+e resulting material is a noncontinuously bound material
that differs from hot mix asphalt (HMA) and cement-sta-
bilised material. Stabilisation with bitumen significantly
increases the cohesion of the aggregate particles with little or
no change in the angle of friction.

+e role of the BSM base in a pavement structure is to
protect the underlying layers and subgrade from excessive
stresses imposed by traffic. BSMs, with resilient modulus
values of typically 600 to 1400MPa, effectively achieve
distribution the imposed loads. In this way, the BSM layer
provides intermediate stiffness values between the high

modulus of the asphalt layers above and granular support
below, thus creating a balanced system to achieve the desired
design structural capacity.

2.2. Factors Influencing Permanent Deformation of BSMs.
Permanent deformation is the accumulation of shear de-
formation caused by repeated traffic loading. As BSMs fail in
permanent deformation, a design function for this material
should take the factors influencing permanent deformation
into account. +e factors influencing permanent deforma-
tion of BSMs include

(1) Grading of the parent material
(2) Physical properties of the aggregate particles
(3) Density achieved during compaction
(4) Moisture content (including equilibrium) and

moisture susceptibility
(5) Number of load repetitions applied to the material
(6) Magnitude of the applied loads
(7) Stress history of the material
(8) Lateral or confining pressure
(9) +e amount of active filler added to the mix

Of these variables, four significant factors were identified
for incorporation into a mechanistic design function. +e
four selected factors are: retained cohesion, percentage of
maximum dry density, deviator stress ratio, and permanent
strain limit. +is was reduced to three factors when the
permanent strain limit was included in a reliability function.
+ese factors incorporate an influence of the minor factors
to some degree, for example, the grading of the parent
material influences the achievable dry density, and the de-
viator stress ratio includes the effect of moisture in the BSM.

3. Mix Design of BSM

3.1. Review of Mix Design. +e revision of the BSM mix
design was encouraged by the evolution of key performance
parameters and appurtenant test methods. Key consider-
ations in this review included

Material variability: selection of appropriate condi-
tioning methods and reliable test methods
Specifications: appropriate guideline limits to provide
reliable performance
Duration: streamlining of procedures to minimise the
mix design time period
Resource economy: minimisation of new testing
equipment and procedures to the essentials
Performance related: evaluate material properties with
a reliable link to performance

To achieve the objective of meeting the road industry’s
needs, each set of issues needed to be considered and
addressed. Fortunately, a database with an excess of 300 mix
designs using the latest evaluation approach provided the
necessary platform for optimising the mix design procedure.
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3.2. Optimisation of Mix Design. A two-part process is re-
quired to optimise a BSM mix. Each step requires testing of
numerous specimens to take account of themix composition
variables and moisture conditioning of the specimens. To
keep the sample size of the aggregate within manageable
proportions, ITS tests are selected. Each specimen is 152mm
diameter and 95mm high. +e increase from the 100mm
diameter specimens in the previous decade is to reduce the
coefficient of variation of the tests, dictated by the ratio of
aggregate size to specimen diameter.

Firstly, the selection of active filler must be undertaken.
+is is achieved by using three variables of active filler: 1%
lime, 1% cement or no active filler, and two variables for
moisture conditioning: dry or wet. A standard bitumen
content is added to each specimen. +ree repeat tests are
conducted for each set of variables.

Secondly, the selection of optimum bitumen content is
undertaken. +is includes the selected active filler, four
variables of bitumen content, and two variables for moisture
conditioning. +e trend in ITS results, including the three
repeat tests, is plotted as an example in Figure 1.

Taking account of material variability of the repeat tests,
the ITS limits from Table 1 can be used to select the design
binder content on Figure 2.

+e flowchart for BSM mix design is captured in a se-
quence provided in Figure 2. After ITS testing, there is one
final step, i.e., triaxial testing. +e challenge was to develop
reliable but relatively simple and cost-effective equipment
for triaxial testing. +is included

Vibratory hammer compaction method: simulates field
compaction in producing BSM specimens in the lab-
oratory. Both ITS and triaxial specimens are produced
this way.
Triaxial cell: comprises an inflatable tube in a confining
cylinder for testing 150mm diameter× 300mm high
specimens. It enables a standardised testing procedure.
+e shear parameters that are determined serve as a BSM
classification tool in accordance with Table 2, as well as
input into performance models for structural design.

For the first time, the shear strength properties of BSM
take cognisance of the RA content for the classification.
Research shows that the addition of high RA content gen-
erally results in an increase in the cohesion and a slight
reduction in the friction angle. At the same time, a higher RA
content invariably leads to improved moisture resistance for
the BSM. +is is captured in an increased retained cohesion
value measure for triaxial specimens that have been con-
ditioned under water before testing.

+e new compaction methods and test protocols are
currently being tailored into SANS norms, although in the
interim, they will be included in the revised TG2.

4. Development of a BSM Transfer Function

4.1. Architecture of Transfer Function. +e failure mecha-
nism for BSMs, permanent deformation (or rutting), is
similar to that of granular materials. +erefore, the transfer
function for BSMs is based on the design function for

waterbound macadam shown in equation (1) [10]. +e
waterbound macadam transfer function calculates the
bearing capacity in terms of the number of standard axle
load repetitions (N) that can be sustained before a certain
level of plastic strain is induced in the layer:

logN � 1.891 + 0.075(RD) − 0.009(S) + 0.028(PS)

− 1.643(SR),
(1)

where N� number of standard axles the layer can sustain
before reaching the deformation limit, RD� relative density
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Figure 1: Selection of bitumen content from ITSDRY and ITSWET.

Table 1: Indirect tensile strength limits for classification.

Class
ITS limits

ITSDRY (kPa) ITSWET (kPa)
BSM1 >225 >125
BSM2 >175 >100

Pavement evaluation
and sampling

Compliance testing Determine blend
requirements

Determination of optimum
bitumen content

ITS testing

Determination of the shear
properties

triaxial testing

Is the material
suitable?

Active filler selection
lime vs. cem vs. none

ITS testing

No

Yes

Figure 2: Flowchart for BSM mix design steps.
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(%), S� saturation (%), PS� plastic strain limit as a per-
centage of the layer thickness (%), and SR� stress ratio (—)

+e resistance to permanent deformation of unbound
granular materials under repeated loading can be improved
by increasing the density of the material [11]. +e durability
and performance of a BSM mix depends on its level of
compaction [12]. Moisture damage contributes significantly
to the deterioration of pavement materials, including BSMs.
A reduction in shear strength through moisture ingress, i.e.,
a higher degree of saturation (S), results in an accelerated
rate of permanent deformation [13].

Finally, the rate of permanent deformation accelerates
with an increase in deviator stress and decreasing confining
pressure [14]. +e stress ratio (SR) used in this equation is a
function of the load intensity, the shear properties of the
materials, as well as the overall pavement structure.

4.2. Stellenbosch BSM Transfer Function. Using the archi-
tecture of design function for granular type behaviour, a
BSM function can be developed.+e new transfer function is
based on 14 different roads and 22 different analysis sections
as follows:

logN � A − B(DSR)
3

+ C Pmod · RetC(  + D, (2)

where DSR� deviator stress ratio as a fraction (—),
Pmod �maximum dry density as a percentage of modified
AASHTO density (%), RetC� retained cohesion (%),
A� constant based on design reliability, and B, C, and
D� constants from data correlation (Table 3).

+e DSR term describing the effect of deviator stress on
pavement performance yielded a power three function,
underlining the importance and sensitivity of this term. +e
DSR is evaluated at a depth of 25% of the BSM layer thickness:

DSR �
σ1 − σ3
σ1,f − σ3

�
σ1 − σ3
σ1,f − σ3

, (3a)

σ1,f �
(1 + sinϕ) · σ3 + 2 · C · cos ϕ

(1 − sinϕ)
, (3b)

where DSR� deviator stress ratio as a fraction, σ1 �major
principal stress (kPa), σ3 �minor principal stress, i.e.,
confining pressure (kPa), σ1,f �major principal stress at
failure (kPa), C� cohesion of the BSM default value (kPa),
F� friction angle of the BSM default value (°), and
F� friction angle of the BSM default value (°).

4.3. Calibration of BSMDesign Function. +e purpose of this
calibration is to determine values for the constants in

equation (2) and to best describe the relative influence of
each of the input variables on BSMs. +e transfer function
relates the number of standard axles the pavement can
accommodate with the remaining amount of permanent
strain in the BSM layer, i.e., a limiting value set in by design
criteria. +is enables the designer to specify the amount of
permanent deformation that may occur before the BSM is
deemed to have failed, linked to the design reliability.

Figure 3 shows the comparison of the accumulation of
plastic strain due to repeated loading (N actual) compared to the
prediction of remaining life, using the new transfer function (N
TF). +e calibration process aims to reduce the difference
between the estimated life and the actual life of BSMs.

4.4. Long-Term Pavement Performance Data. +e transfer
function can be calibrated to perfectly describe a specific case
if the information is sufficient. However, this will not be
useful as it will only describe the life of a specific BSM on a
local scale, limiting the relevance for design. By investigating
a number of pavement structures, with data available at
multiple points in time, the transfer function can be cali-
brated to describe the life of BSMs on a more extensive scale.

Data such as the material properties and subsequent
long-term performance of pavement structures were gath-
ered and analysed in the permanent deformation model. For
an overall representation of the properties and performance
of BSMs, results of fourteen long-term pavement perfor-
mance (LTPP) studies were interrogated. +is was part of a
long-term pavement performance study, by SANRAL. Each
of these pavements either had a BSM 1 or BSM 2 base layer
with a minimum thickness of 100mm. In total, 69 LTPP
sections have played a role in data provisions and shaping
the design functions.

+e data available for these pavements included densi-
ties, moisture contents, layer thicknesses, material types, and
classes as well as traffic data. +e data also included FWD
and rut depth measurements at different stages in their field
life. +e information used during the analysis of these
pavements is discussed in detail by Long and Jooste [15]. A
summary of the information available for these pavements is
presented in Table 4.

Table 2: Shear parameter limits for triaxial tests.

Class RA (%)
Triaxial

Cohesion (kPa) Friction angle (°) Retained cohesion (%)

BSM 1 <50 250 40 75
50–100 265 38 75

BSM 2 <50 200 38 65
50–100 225 35 75

Table 3: Reliability coefficient and limits.

Reliability (%) A Rut limit (mm)
95 0.8436 10
90 0.9312 15
80 1.0198 20
50 1.1369 25

4 Advances in Materials Science and Engineering



Areas of insufficient data required assumptions to be
made based on the performance and conditions of these
pavements. Where cohesion (C), friction angle (ϕ), and
retained cohesion values were not available, realistic and
representative default values were used. Reasonable and
conservative values were applied for each pavement, based
on the minimum design values specified in the TG2 [9].

+e data obtained from these pavements were used for
the calibration of the transfer function. +e structures of
each of these pavements was modelled in Rubicon Toolbox
to determine the critical (highest) DSR value when subjected
to an 80 kN standard axle load (E80). +e software required
the layer thicknesses and material properties for each of the
LTPP pavements to calculate the DSR.

4.5. Permanent Strain Development with Repeated Loading.
+e new BSM transfer function uses permanent strain as the
limiting factor when determining the life of a BSM. During

the analysis of the pavements used to calibrate the transfer
function, rutting measurements were taken at different
points in time. +e rutting measurements reflect the per-
manent deformation of the pavement structure as a whole. A
percentage of the total permanent deformation was used to
obtain the permanent deformation within the BSM base
layers.

+e accumulated permanent strain in the BSM layers of
the LTPP pavements varies for each pavement. +is poses a
challenge for the calibration of the transfer function.
Pavements that showed little deformation would reflect early
life permanent deformation behaviour, while pavements
that showed more significant deformation would reflect the
long-term permanent deformation behaviour. +is only
allows the rate of permanent deformation accumulation for
different pavements to be compared and not the absolute
values.

In order to obtain values for the actual traffic at higher
strain levels, the Huurman model for permanent strain
development was implemented for each pavement. +e
Huurman model for PS development was used to determine
the number of load repetitions at each of these PS levels up to
the final level of 10%.+e Huurman model for PS prediction
is as follows [16]:

εp � A ·
N

1000
 

B

, (4)

where N� number of load repetitions, εp � plastic strain
accumulation (%), and A and B� regression constants.

4.6. Calibration of the New BSM Transfer Function. +e data
obtained from the fourteen LTPP pavements were used for
the calibration of the transfer function. +e transfer func-
tion’s prediction of the number of load repetitions (N TF) to
reach a specific level of permanent strain was compared to
the estimated traffic (N estimate) that the various pavements
accommodated to reach that strain level.

Figure 4 illustrates a comparison of the transfer func-
tion’s predictions compared to the estimated traffic over a
range of permanent strain values. An estimation was con-
sidered good if it predicted a value close to the estimated
value. By using a large number of data points, the slope of
linear trendline through the data was used to determine the
function’s accuracy. A slope greater than one indicates that
the function overestimates the life of the layer, whereas a
slope smaller than one would indicate underestimation.

+e transfer function was calibrated using linear re-
gression to determine the values of A, B, C, and D that
yielded a slope of one, while minimizing the dispersion of
data points. +e comparison between the calibrated transfer
function and the estimated traffic is shown in Figure 5. +e
calibrated transfer function is shown in equation (5). In this
figure, the slope of the trendline (the dotted line) correlates
very well with the one-to-one relationship.

+e trendline for the calibrated transfer function was
y � 1.0006x + 1.0572.+e slope of the trendline was deemed
to be a good representation of the estimated life. However,
the intersect point (1.0572) indicates that the transfer
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Figure 3: Transfer function prediction compared to actual load
repetitions [10].

Table 4: LTTP pavement information [10].

Road BSM construction
year

BSM thickness
(mm)

Standard axles
accommodated
to date (MESA)

MR27 1988 100 5
MR504
(A) 1995 175 1.6

MR504
(B) 1995 175 1.6

N1-1 1984 100 17
N1-13 1980 150 14
N1-14 1980 150 14
N2-16 1980 140 3.4
N2-20 2000 180 2.4
N4-1 1997 170 5.6
N4-5X 1996 150 6.7
N11-8 2004 280 1.1
N12-
19(3) 1974 100 18

N12-
19(4) 1974 135 18

P243-1 2000 250 0.48
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function may overestimate the life of the material at low
remaining strain values.+is is due to the logarithmic nature
of the function, which produces positive results even when
the remaining strain is very small (or zero). +erefore, it is
recommended that a limit to the minimum remaining strain
is set in place for design purposes.

Permanent strain development obtained from traffic
estimation was compared to that of the transfer function for
each of the LTTP pavement structures. Figure 6 shows this
relationship between predicted and actual life for a section of
the MR502. It highlights significant differences in correla-
tion at low strain levels. +e slope of transfer function’s
predicted vs. actual life at higher strain levels is close to
parity. +is indicates that the transfer function accurately
predicts the long-term permanent strain development of the
BSM.

4.7. SafetyAdjustments forDesign. +enew transfer function
for BSMs is calibrated to best describe the observations made
from the LTPP data.+is function only aimed to describe the
observed trends. A design function, however, requires dif-
ferent levels of reliability to be explicitly built into the

function. Based on South African pavement design, four
categories and appurtenant reliability have been incorpo-
rated into the transfer function, i.e., category A (95% reli-
ability), category B (90% reliability), category C (80%
reliability), and category D (50%).

+e calibration process was repeated by only adjusting
the value of constant A, which adjusts the prediction of
functions without altering the relationship between the
function’s variables. Reliability in the transfer function was
measured as the percentage of data predicted by the transfer
function that had a smaller value than the observed data.
Figure 7 illustrates the principles used to calibrate the
transfer function to different levels of reliability. It is shown
that the transfer function produced lower life predictions
than was estimated for 90% of the data points.

+e new design function’s prediction of the LTPP life
compared to the estimated life is shown in Figure 8. +e
slope of the transfer functions predictions compared to the
estimated life reduces with the increase in reliability. +e
reduction in slope indicates that the transfer function un-
derestimates the life of the material by higher margins. +is
underestimation increases the probability of a designed
material to achieve the calculated design life.
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+e new calibrated BSM design function is shown in
equation (5).+e design function can be used to estimate the
life of BSMs for design purposes. However, this function’s
use should be compliant with rules outlined in TG2 [17]
where allocated materials stiffness and analysis positions in
the BSM layer are outlined.

logN � A − 57.286(DSR)
3

+ 0.0009159 Pmod · RetC( 

+ 0.86753.

(5)

5. Design Method Comparison

As part of the validation process, the new function was
compared to the older design methods for BSMs. In Bier-
man’s research [10], five different pavement structures were
initially investigated, and the results were compared. +ese
analyses were carried out before a structural pavement
design procedure was developed. +e methods included a
heuristic design pavement number (PN) method and the
mechanistic-empirical (ME) method. Unfortunately, the
analysis was carried out before the PN method, which re-
quired updating with new data and recalibration. Never-
theless, reasonable pavement life comparisons were
developed.

+e Stellenbosch BSM design function, however, could be
applied using the updated TG2 [17], thus providing more
realistic insights. +ese results are presented in this paper.
Focus was placed on a comparison with the old and new PN
designmethods [7, 18], and the lives of ten different pavement
structures were compared. Only two of these structures are
highlighted in this paper (see Table 5).

+ere are fundamental differences between the heu-
ristic PN design method and the ME method. +e PN
provides an estimate of pavement life of the entire
pavement structure based on performance of the LTPP
pavements with BSM layers. +e architects of the PN
methods used ME analysis to develop the design model, so
a design only needs to input the pavement materials’
classifications and structure. +e Stellenbosch BSM design
function interrogates the structural mechanics of each
layer to determine the “weakest link” and thus determine
the design life.

+e comparison between the design life of the selected
pavements using the different design models is provided in
Figures 9(a) and 9(b). +e variables included in the life
calculation include

Design models: PN method old-2009 and new-2019 as
well as Stellenbosch BSM ME Design function
Reliability levels: 95% (category A) and 90% (category B).
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Figure 8: Underestimation of life at different levels of reliability [10].

Table 5: Pavement structures for design comparison [10].

Pavement Pavement layer Material class +ickness (mm) Stiffness (MPa) BSM properties

1

Surfacing HMA 35 3500 C (kPa) 250
Base BSM 1 250 720 φ (°) 40

Sub-base G5 250 240 RetC (%) 75
Selected subgrade G8 180 120 Pmod (%) 100

Subgrade G8 N/A 90

2

Surfacing HMA 20 2500 C (kPa) 225
Base BSM 2 280 500 φ (°) 39

Sub-base G6 250 200 RetC (%) 70
Selected subgrade G8 150 100 Pmod (%) 98

Subgrade G8 N/A 90
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Layer ME analysis of BSM: single layer vs. sublayer (at
least 100mm)

BSM Classification: BSM1 vs. BSM2

Default values for BSM properties based on the TG2
[17] guidelines

+e pavement life determined using the PN method
compares well with the new Stellenbosch ME BSM design
function. Sensitivity to design reliability is evident. Sub-
layering of the BSM layer and using an analysis position at
1/4 depth of the layer provide a more realistic design life. It
should be noted that sublayering provides a more
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Figure 9: (a) Design life of pavement 1 with BSM1 base vs. design method. (b) Design life of pavement 2 with BSM2 base vs. design method.
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representative density profile and resilient modulus profile
for a thick layer of material that is stress-dependent.

6. Economics

Jenkins and Collings [19] compared four different rehabil-
itation strategies in terms of life-cycle costing and energy
consumption, based on actual projects. +e four interven-
tions were

(1) Patch and overlay
(2) Mill and replace
(3) Cement stabilise the existing base + surfacing and

overlay
(4) Recycle using bitumen stabilisation technology.

It is obvious in Figure 10 that initial construction costs
alone are inadequate for selection of rehabilitation alter-
natives. +ey can provide skewed and unrealistic rehabili-
tation selection, which will lead to unnecessary wastage of
resources. Cheapest is the dearest.

+e whole-of-life analysis using PWOC (present worth
of costs) provides more realistic financing requirements for
pavement upkeep over the entire analysis period. +e
combined energy and life cycle costs provide the most in-
formative insight into sustainable solutions. For this par-
ticular project, bitumen stabilisation technology scores as
the most cost-effective and sustainable solution for
rehabilitation.

In this case, energy is used as a surrogate for emissions
too; however, life cycle analysis (LCA) approach would be
the ultimate way to analyse different rehabilitation
interventions.

7. Conclusions

+e past decade has provided the opportunity to gather
invaluable performance data of BSMs from several hundred
mix designs and 69 LTPP sections. In turn, these data have
provided the opportunity to upgrade the design and ap-
plication and bitumen stabilised materials (BSMs). Some of
the highlights of areas where BSMs are being taken forward
by many strategic developments include

Guidelines for a refined mix design method for BSMs
including:

Vibratory hammer compaction of ITS and triaxial
specimens
Phased analysis to determine active filler (type and
content) and binder content for optimal performance
Triaxial testing of the proposed mix to evaluate shear
properties at equilibrium and wet conditioning to be
used in material classification and provide inputs into
structural design
Certification of all test procedures using SANS
standards

An updated material classification system that uses
significantly more materials data to provide a more
robust method for evaluation and design

An upgrade pavement number design system that
removed biases and provides for a greater range of
types of pavement structures and more accurate design
outcomes based on extended data
A new mechanistic-empirical design system for BSMs
based on extensive analysis of LTPP sections and
performance parameters of the BSM
Economic and environmental (energy consumption)
analyses provide important insight into the sustain-
ability of rehabilitation options and highlights the
advantages of cold recycling technology

+e improved understanding of key performance pa-
rameters of BSMs and implementation of these findings in
the application of the technology will offer more effective
and reliable solutions in pavement rehabilitation.

Data Availability

+e research data that have been used in this publication
emanates from research at Stellenbosch University and is
clearly referenced. Additional data can be obtained from the
accredited publications in the reference list.

Conflicts of Interest

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

Acknowledgments

+e authors acknowledge the financial support provided by
Roadmac Surfacing Cape toMr Carl Bierman in carrying out
this research project.

References

[1] L. H. Csanyi, Foamed Asphalt in Bituminous Paving Mixes,
Highway Research Board Bulletin, Washington, DC, USA,
1957.

[2] S. M. Acott and P. A. Myburgh, “Design and performance
study of sand bases treated with foamed asphalt,” Trans-
portation Research Record, vol. 898, pp. 290–296, 1982.

[3] F. M. L. Akeroyd and B. J. Hicks, Foamed Bitumen Road
Recycling, Alad Limited, London, UK, 1988.

[4] F. M. L. Akeroyd, “Advances in foamed bitumen technology,”
in Proceedings of the 5th Conference on Asphalt Pavements for
Southern Africa, Mbabane, Swaziland, June 1989.

[5] SABITA, GEMS—:e Design and Use of Granular Emulsion
Mixes, Southern African Bitumen Association, Cape Town,
South Africa, 1993.

[6] SABITA, ETB—:eDesign and Use of Emulsion Treated Bases,
Southern African Bitumen Association, Cape Town, South
Africa, 1999.

[7] SABITA, :e Design and Use of Foamed Bitumen Treated
Materials, Southern African Bitumen Association, Cape
Town, South Africa, 2002.

[8] D. Collings and K. Jenkins, “+e long-term behaviour of
bitumen stabilised materials,” in Proceedings of the 10th
Conference on Asphalt Pavements for Southern Africa, Dra-
kensberg, South Africa, 2011.

[9] Asphalt Academy, Technical Guideline TG2: Bitumen Stabi-
lised Materials: A Guideline for the Design and Use of Bitumen

Advances in Materials Science and Engineering 9



Emulsion and Foamed Bitumen Stabilised Materials, Asphalt
Academy, Cape Town,South Africa, 2009.

[10] C. R. Bierman, A Design Function for Bitumen Stabilised
Material Performance Based on Laboratory and Field Evalu-
ation: MEng (Research), Stellenbosch University, Stellenbosch,
South Africa, 2017.

[11] A. A. Van Niekerk, “Mechanical behavior and performance of
granular bases and sub-bases in pavements,” Doctoral degree,
Technical University Delft, Delft, Netherlands, 2002.

[12] K. J. Jenkins, “Mix design considerations for cold and half-
warm bituminous mixes with emphasis on foamed bitumen,”
Doctoral degree, University of Stellenbosch, Stellenbosch,
South Africa, 2000.

[13] F. Lekarp, U. Isacsson, and A. Dawson, “State of the art II :
permanent strain response of unbound aggregates,” Journal of
Transportation Engineering, vol. 126, no. 1, 2000.

[14] S. Werkmeister, Permanent Deformation Behaviour of Un-
bound Granular Materials in Pavement Constructions, Tech-
nischen Universitat Dresden, Dresden, Germany, 2003.

[15] F. Long and F. Jooste, Summary of LTTP Emulsion and
Foamed Bitumen Treated Sections, Technical Memorandum,
Sabita, Cape Town, South Africa, 2007.

[16] M. Huurman, “Permanent deformation in concrete block
pavements,” Doctoral degree, Technical University Delft,
Delft, Netherlands, 1997.

[17] Asphalt Academy, Technical Guideline TG2: Bitumen Stabi-
lised Materials: A Guideline for the Design and Construction of
Bitumen Emulsion and Foamed Bitumen Stabilised Materials,
Asphalt Academy, Pretoria, South Africa, 3rd edition, 2020.

[18] Asphalt Academy, Technical Guideline TG2: Bitumen Stabi-
lised Materials: A Guideline for the Design and Construction of
Bitumen Emulsion and Foamed Bitumen Stabilised Materials,
Asphalt Academy, Pretoria, South Africa, 2nd edition, 2009.

[19] K. J. Jenkins and D. C. Collings, “Combining LCC and energy
consumption for enhancing decision making regarding re-
habilitation options,” in Proceedings of the 10th Conference on
Asphalt Pavements for Southern Africa, Drakensberg, South
Africa, 2011.

10 Advances in Materials Science and Engineering



Review Article
On the Recent Trends in Expansive Soil Stabilization
Using Calcium-Based Stabilizer Materials (CSMs):
A Comprehensive Review

Fazal E. Jalal ,1,2 Yongfu Xu ,1,2,3 Babak Jamhiri ,1 and Shazim Ali Memon 4

1State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
2Department of Civil Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
3Wentian College of Hohai University, Ma’anshan 243000, China
4Department of Civil and Environmental Engineering, Nazarbayev University, Nur-Sultan 010000, Kazakhstan

Correspondence should be addressed to Yongfu Xu; yongfuxu@sjtu.edu.cn and Shazim Ali Memon; shazim.memon@nu.edu.kz

Received 15 October 2019; Revised 12 December 2019; Accepted 27 January 2020; Published 10 March 2020

Guest Editor: Andrea Graziani

Copyright © 2020 Fazal E. Jalal et al. 1is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Calcium-based stabilizer materials (CSMs) exhibit pozzolanic properties which improve the properties of clayey soils by hy-
dration, cation exchange, flocculation, pozzolanic reaction, and carbonation. In this comprehensive review, comprising over past
three decades from 1990 to 2019, a mechanistic literature of expansive soil stabilization by incorporating CSMs is presented by
reviewing 183 published research articles. 1e advantages and disadvantages of CSMs as the ground stabilizing agent are
succinctly presented, and the major outcomes of physicochemical effects on soil properties are discussed in detail. After blending
with CSM, the main and interaction effects on soil properties with focus on chemical processes such as X-ray fluorescence, X-ray
diffraction analyses, and microstructure interaction by using scanning electron microscopy and thermogravimetric analysis have
been reviewed in light of findings of past researchers.1is work will help geotechnical engineers to opt for suitable CSM in the field
of geoenvironmental engineering in committing to sustainable construction of civil engineering structures over expansive soils.

1. Introduction

1e behavior of fine-grained soils is largely governed by
moisture content variations. Upon interaction with water,
the clay particles in such soils are primarily responsible for
the expansive nature and hence called “expansive” or
“swelling” soils [1]. Among others, the main clay minerals in
expansive soils include illite, kaolinite, and montmorillonite
(further on referred to as Mt). Owing to the hydrophilic
nature and high dispersivity of the clay minerals, they cause
high risk to the civil engineering foundations, to landslides
triggering [2], and to the road subgrades [3] especially before
bituminous coating as soil improvement additives or cold
mixtures [4–7]. For practical implications in engineering,
the treatment of expansive soils is imperative. 1e me-
chanical and chemical soil stabilization improves the en-
gineering characteristics of the problematic soils [8].

Stabilization of soil may be expensive, but it decreases the
overall construction cost of buildings and road subgrades
[9]. In order to improve the behavior of expansive soils,
geotechnical engineers seek help from soil science and
geology. 1e first modern use of soil stabilization was
introduced in 1904 in the USA [10]. Brashad [10]
explained the phenomenon of clay expansion due to water
considering the various interlayer cations in 1950. Petry
and Little [10] investigated the stabilization of expansive
soils by evaluating the effectiveness of traditional calcium-
based stabilizer materials (CSMs) in their state-of-the-
practice stabilization during 1940 and 2001. Simons [11]
discussed the microstructural processes, chemical inter-
actions, and the waste reuse and sustainability in an at-
tempt to modify expansive soil properties. In yet another
study, Behnood [12] reviewed the comparison of calcium
(Ca) based and non-Ca-based stabilizers with detailed
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discussions on techniques and challenges in soil modi-
fication. According to Godenzoni [13], the cementing
materials (CMs) are produced by the most conventional
stabilizing materials, that is, lime, cement, and their mixes
along with other pozzolanic materials. Today, a detailed
literature is available, and a worldwide research on ex-
pansive soil stabilization using a wide array of classical
and emergent materials is still in progress [14–22]. Al-
though well-documented studies on the use of numerous
stabilizers are available, to these authors’, knowledge, no
study made between 1990 and 2019 that explains the main
and interaction effects of CSMs on the expansive soils, has
been found. Also, the standardization for various addi-
tives is unavailable in the field of geotechnical engineering
which leads to geoenvironmental issues and affects the
environment. 1is comprehensive review serves three
main objectives on the following subjects: (1) gain insights
about the history, mechanism, damages associated, and
prevalence of expansive soils over last 30 years, (2) review
the practice of efficacious stabilization using Ca-based
stabilizer materials for civil engineering structures and
road pavements, and (3) serve a guideline for researchers
and practitioners to select materials under the domain of
this study.

2. Fundamental Knowledge about
Stabilization of Expansive Soils

2.1. Mechanism. Improvement in properties of an ex-
pansive or problematic soil means increase in the com-
pressive strength and permeability, reduction in plasticity
and compressibility, and improvement in durability of
these soils. More concisely, “soil stabilization” is mainly
the addition of chemical admixtures to soil which results
in chemical improvement [23]. Swelling in expansive soils
deals mainly with prevalence of type and amount of pore
spaces and their interaction with water. 1e phenomenon
of swelling may comprise over a relatively long time
ranging between 5 to 8 years during early service life of
foundations and pavements [24]. Figure 1 illustrates the
pore spaces between the unit layers of clays, also known as
interlayer space, which represent the “microporosity,”
whereas pore spaces between adjacent particles or ag-
gregates, called the interparticle pores or interaggregate
pore spaces, respectively, represent the “macroporosity”
in the compacted smectite particles. 1e water present in
both these regions differ in terms of their physical states.
Swelling takes place when the water enters into the in-
terlayers. Petry and Little [10] outlined the empirical
methods to determine the volume change resulted from
swelling in expansive soils.

Figure 2 depicts the process of water entry inside clay
plates at extended microlevel. 1e “clay particle” represents
an interconnected stack of clay layers with a maximum
four layers of crystalline water. 1e “clay aggregates” are
the assembly of “clay particles” forming unit of a compacted
clay double structure. 1e portion of the clay particle
surface parallel to that of “clay layers” is called the “particle
face.” However, the part of the clay particle surface normal to

the particle face is known as “particle edge.” Diffuse double
layers are produced around particle faces with the attached
water called “double-layer water.” 1e water other than
the diffuse double layers is shown by the “equilibrium
solution.”

1e role of diffused double layer theory comes into play
while evaluating the expansivity of clay minerals. Accord-
ingly, the repulsive and attractive forces generated by
physicochemical effects are quantified on the particle scale
level [26]. 1is theory is applicable to smectite particles
present in monovalent electrolytes with lesser concentration.
1e thickness of the double layer is shown in the following
“Poisson–Boltzmann equation”:

1
K
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Dk T

8πη0ε2V2



, (1)

where 1/K�DL, i.e., thickness of double layer (cm),
D� dielectric constant, k�Boltzmann constant� 1.38∗
10−23 J/K, η0 � bulk solution of the electrolyte concentration
(ions/cm3), ε� unit electronic charge (esu), T� absolute
temperature (K), and v � cation valence. Note that DL is
directly proportional to the cation exchange capacity (CEC)
and specific surface area (SSA) of clay minerals and has
pronounced effect on these entities [27–29].

1e clay minerals belong to “phyllosilicates” family
and carry a net residual negative charge. 1e mechanism
of clay modification by calcium-rich stabilizers involves
dissociation of higher calcium content into calcium ions
that react with both silica and alumina leading to the ion
exchange, flocculation, and pozzolanic reactions. 1is
process is expressed in equations (2)–(5). Also, the Cal-
ifornia bearing ratio (CBR) is increased, and the forma-
tion of two main components takes place, calcium silicate
hydrates (C-S-H) gel, represented by chemical formula
[5Ca2SiO4: 6H2O], and calcium aluminate hydrate (C-A-
H) gel, with chemical formula [Ca5Si5Al (OH)O17·5H2O].
As shown in equations (4) and (5), it is due to this
pozzolanic reaction that soil durability is largely improved
[30]. It is also notable that, in some cases, calcium alu-
minate silicate hydrate (C-A-S-H) may form which also
adds to the soil strength.1e pozzolanic reactions occur in
a highly alkaline environment gradually dissolving the
aluminosilicates which also contributes to the long-term
strength gain [31]. 1e presence of clay mineral type and
calcium (Ca2+) ions governs the effectiveness of these
reactions. 1e volumetric stability of the soil matrix is
enhanced as Ca2+ tends to replace monovalent Na+ or H+

ions. Production of C-S-H and C-A-H gels in this way is
called “polymerization process” [32, 33]:

CaO + H2O �������������������→280 cal/g⟶ CaO Ca(OH)2 (2)

Ca(OH)2⟶ Ca2+
+ 2(OH)

− (3)

Ca2+
+ 2(OH)

−
+ SiO2⟶ C − S − H (4)

Ca2+
+ 2(OH)

−
+ Al2O3⟶ C − A − H (5)
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2.2. Identification and Characterization. It is essential to
quantify the amount of swell pressure (Ps) exerted by
expansive soil upon water uptake. Expansive soils below the
ground surface level extending to a depth of approximately
1.5 meters are more susceptible to swelling pressure in the
particular zone called “active zone depth.” However, the
region beyond the active zone depth is termed as “zone of
constant volume” experiencing lesser volume change with
moisture entry [28]. 1e susceptibility of such soils to
volumetric swelling makes them highly unsuitable for use
in supporting foundations. Shi et al. [29] presented the
common methods to evaluate the swell intensity, i.e., free
swell (FS) [34] and Ps, which were determined using simple
tests such as Atterberg limits (liquid limit (LL), plastic limit
(PL), and shrinkage limit (SL)), contents of colloids, and
activity (A) value of clay. 1e LL, PL, and SL are index
properties used for classification of fine-grained soils and
determine the mechanical behavior, i.e., shear strength,
compressibility, and swell potential [27]. According to the
experimental study by Cantillo et al. [35], the Atterberg

limits contribute very least statistical significance to esti-
mation of Ps as evidenced by conducting tests on 38
samples obtained from database of material parameters.
“Free Swell Index” (FSI), a measure of FS, is the increase in
soil volume without any external constraints when sub-
merged in water. “Ps” is defined as the pressure exerted by
clay when it absorbs water in a confined space. “Activity”
(A), the ratio of plasticity index (PI) to the percent of clay
fraction, represents the water holding capacity of clay soil
and is function of type and amount of clay mineral. Activity
of Mt (commonly greater than 4) is highest than for ka-
olinite and illite. 1e FS and Ps [28, 36] are calculated using
oedometer in accordance with ASTM standards [37].
Moreover, to determine the Ps, the zero swell test and
oedometer test methods are preferable because of their ease
and simple procedure [38, 39]. For a variety of expansive
soils in Egypt, it was revealed by Mehmood et al. [40] that,
for highly plastic clays with activity between 0.8 and 1.5, the
swell potential parameters were calculated using the fol-
lowing equations:
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Double-layer water

Clay aggregate

Macro voids, filled with air
at higher matric suctions

Figure 2: Compacted clay structure depicting the process of water entry inside clay plates at the extended microlevel, adapted from [25].
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Figure 1: Effect of water entry on micro- and macroplates of compacted smectite with classification of “microporosity” and “macro-
porosity,” reproduced with permission from [12].
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Ps � 0.1266(3.6 × activity)
3.47

, (6)

activity � 0.2783(FS)
0.288

. (7)

1e identification and characterization of expansive soils
are presented in numerous studies during the annals of
history. In Table 1, the expansive soils have been classified
based on swell tests, Atterberg limits, free swell ratio,
dominant clay type, suction, and absorption capability.
Unlike the studies in the 70’s and 80’s, the classifications
suggested in 2000 and onwards witnessed a marked dif-
ference. For instance, according to the China Ministry of
Construction (CMC 2004) classification, the expansive soils
having a PI less than 15% are low expansive, whereas those
exceeding 40% are high expansive soils. 1e latest classifi-
cation methods take into account the important soil suction
parameter, dominance of clay mineral, and absorption
ability of the clay-rich soils in order to improve categorizing
the expansive soils to a higher degree of accuracy [45, 46].
According to latest classification based on index properties,
it is alluded that clay soils with LL greater than 40%, lying
above the A-line on Casagrande’s plasticity chart and
containing more than 5%Mt content, are known as swelling
soils [38, 44, 47].

2.3. Basic Clay Minerals. 1e swelling of expansive soils is
mainly attributed with the presence of clay minerals such as
illite, kaolinite, and Mt [48, 49] whose mineralogical
properties are listed in Table 2.1e order of their expansivity
is Mt> kaolinite> illite. Mt is combination of silica tetra-
hedrons and alumina octahedral linked via weak Van der
Waal’s forces. It has high liquid limit (up to 900%) and SSA
(850 g/cm2) values [15]. 1e Mt carries (1) permanent
negative charge over the surface, which is function of iso-
morphous substitution of magnesium and iron ions [50],
and (2) positive charge distributed on the edges, which is
function of pH of the soil [36]. Kaolinite is the least ex-
pansive among the three clay minerals due to presence of
fixed K+ ions. Illite has an expansion index ranging between
Mt and kaolinite, while its structure resembles with that of
Mt. Illite has also fixed potassium ions between the interlayer
spaces which decrease its expansiveness.

When water interacts with the clay minerals, Nelson
et al. [47] argues that an intermolecular bonding develops
due to the dipolar nature of water which causes ion hy-
dration and adsorption of water on surfaces of clay particles
by virtue of four simultaneous mechanisms including hy-
drogen bonding, cation hydration, osmosis, and dipole at-
traction. However, according to Labib and Nashed [51] and
Akgün et al. [39], the stress equilibrium inside the clay-water
mix is disturbed due to presence of H+ and OH− in water
because the clay particles carry negative edge charge and
positive surface charge, which is responsible for the “ex-
pansive” movement. 1e magnitude of this movement is
sometimes several degrees higher, and the theory of con-
solidation, moisture content, and suction-based techniques
are used to predict the resulting movement [23].

3. Damages Caused by Expansive Soils in
Superstructures and Infrastructures

1e damage of expansive soils to lightly loaded civil engi-
neering structures (pathways, highways, boundary walls, one
to three storied buildings, water, and sanitation pipelines
below the ground surface) is more significant due to large
swelling pressure. 1e swelling phenomenon is complex and
hazardous in nature, with Ps sometimes approaching to
lifting up the foundation of structures and pavements,
causing partial damage or entire destruction and monetary
losses [52–54]. It has been established that almost 33% of
total land in Sudan, 20% land area each in Indonesia and
India, more than 12% of the Syrian land, and 6% land of
China comprise arid regions with presence of expansive soils
and/or black cotton soils [23, 41, 55–58]. 1e annual eco-
nomic loss due to construction on expansive soils exceeds
approximately nine billion US $ in USA [59], one billion
USA $ in China [60], and USA $ 0.5 billion in the UK [36]. In
another study by Simons [11] and Zhao et al. [61], in USA,
between 1970 and 2000, the total annual building loss due to
expansive soil damages increased by 140% with cost of
damages reaching USA $4.7 billion. Also, 25% of all homes
in the USA were affected by the expansive soil damages [41].

In many cases, for example, in parts of USA and Aus-
tralia, the maintenance cost of roads built on expansive soils
exceeds the cost of construction [1, 2, 11]. Dafalla and
Shamrani [62] noted that if preliminary geotechnical in-
vestigation of expansive soils in subgrades of pavements is
not carried out prior to construction, it may lead to im-
proper drainage and premature structural failures. Puppala
and Pedarla [63] stressed the need of utilizing ecofriendly
and economical waste materials such as bagasse ash, which
offers high strength and more durability, to build subgrades
over expansive soils [64–67]. 1ese swelling soils are also
present in the Middle East and Gulf countries including
Pakistan, Iran, India, Oman, and Saudi Arabia that largely
affects the lightly loaded civil engineering structures [40, 68].
Figure 3 shows an overview of the damage to buildings,
roads, and embankments across different countries.

If the expansive soils are not dealt properly, the cracks
may propagate wider and deeper due to rapid moisture exit,
as shown in Figure 4.1e cracks are minimized and localized
when blending with CSM (calcium carbide residue, in this
case) is done. 1e integrity of sample is also significantly
increased by using a higher dose of prescribed stabilizer mix.
However, the damage associated with the expansive soils is
countless, widespread, and inevitable. 1erefore, more
studies are required to further explore the complex cracking
mechanism in order to gain a real insight about their un-
known hazardous behavior.

4. Ca-Based Stabilizers in Limelight

4.1. Stabilization of Expansive Soils Using CSM. 1e search
for state-of-the-art potential stabilizing materials to deal
with the problematic soils is always in progress. 1e reasons
which draw the attention of geotechnical engineers to
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Table 1: Various classification and characterization criteria available in the literature for expansive soils using basic geotechnical tests.

#1 on the basis of swelling [41]

Swell potential Total expansion Swell pressure Degree of expansionUS customary (tsf ) SI units (kPa) Metric units (kg/cm2)
0–1.5 0–10 <2.05 <196 <2 Low
1.5–5 10–20 2.05–4.1 196–392 2–4 Medium
5–25 20–35 4.1–7.2 392–687 4–7 High
>25 >35 >7.2 >687 >7 Very high
#2 on the basis of Atterberg limits [42]
Linear shrinkage Shrinkage index PI LL SL Expansivity index
0–8% <25% <18% <35% <14% Low
8–13% 25–35% 18–25% 35–45% 12–14% Medium
13–18% 35–50% 25–35% 45–60% 10–12% High
>18% >50% >35% >60% <10% Very high
#3 on basis of free swell ratio (FSR) [43]
FSR Soil expansivity Clay type Dominant clay mineral
<1 Negligible Nonswelling Kaolinite
1–5 Low Swelling and nonswelling Kaolinite and montmorillonite
1.5–2 Moderate Swelling Montmorillonite
2–4 High Swelling Montmorillonite
>4 Very high Swelling Montmorillonite
#4 on the basis of liquid limit (LL)
LL Classification
0–20% No swell
20–35% Low swell
35–50% Medium swell
50–70% High swell
70–90% Very high swell
#5 U.S. Army Waterways Experiment Station (WES 1983)
Classification of potential swell Swell potential (%) LL (%) PI (%) Soil suction (kPa)
Low <0.5 <50 <25 <160
Marginal 0.5–1.5 50–60 25–35 160–430
High >1.5 >60 >35 >430
#6 China Ministry of Construction (CMC 2004) [44]
Standard absorption M.C (%) PI (%) Free swell value (%) Swell potential class
<2.5 <15 <40 Nonexpansive
2.5–4.8 15–28 40–60 Low
4.8–6.8 28–40 60–90 Medium
>6.8 >40 >90 High

Table 2: Mineralogical properties of basic clay minerals (kaolinite, illite, and montmorillonite).

Clay mineral Structure Interlayer bond/
intensity

Isomorphous
substitution

Shrink-
swell

CEC
(meq/100 g) LL (%) K (m/s)

Kaolinite (1 :1 clay
mineral)

Alumina

Alternating sheets
of silica tetrahedron

and alumina
octahedral sheets

Silica
Hydrogen, strong Low Very low 3–15 30–75 10−5–10−7

Illite (2 :1 clay
mineral)

Alumina

Silica

Alternating sheets
of alumina

octahedral sheets

between two
silica tetrahedrons

Silica

K-ion, moderate Moderate Low 10–40 60–120 10−6–10−8

Montmorillonite
(2 :1 clay mineral)

Van der Waal,
very weak High Very

high 29–150 Up to
900 10−7–10−9
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employ CSM are as follows: (1) the replacement with coarse
grained materials may be uneconomical because the ex-
pansive soil layers are extended deep and in irregular pat-
tern, (2) the presence of Ca2+ ions speeds up the pozzolanic
reactions [63] and tends to decrease the Ps, (3) it is a hot
topic and is widely practiced in field nowadays, (4) the
prewetting technique among other takes higher time (several
years) for soils with low hydraulic conductivity [73], and (5)
recycling gains environmental and economic benefits by
reducing the usage of natural resources which leads to
development of low-emission and low-energy technologies

[74]. 1e stabilizing materials with Ca2+ lower down the Ps
by two mechanisms: (1) by stabilizing the structure of clay
particles using cation exchange and (2) by increasing the
concentration of cations held between soil within water and
thus depleting the double layer thickness [72].

4.2. Characteristics of CSM. A large number of CSMs, for
instance, lime, cement, fly ash (FA), ground-granulated blast
furnace slag (GGBS), bagasse ash (BA), cement kiln dust
(CKD), rice husk ash (RHA), silica fume [64], steel slag (SS),

Ground heave at Al Kod, Oman

Swell pressure causes diagonal cracking in
2-storey building

Uplifting of flexible pavement due
to expansive soil

King Abdul Aziz road, Saudi Arabia

Expansive soils cause slope failure
of embankment

Slope failure in Texas, USA

The wall is recorded to repeatedly
crack after reconstruction

Cantonment area in Kohat city, Pakistan

Figure 3: Expansive soil damage to civil engineering infrastructure across Oman, KSA, Pakistan, and USA (with some changes for
comparison purpose) [62, 69–71].
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(a)

≈20 
cracks

(b)

≈10 
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(c)

≈5 
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(d)

<5 
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(e)

Figure 4: Morphology of cracks in expansive soil (LL� 77.6%, PI� 40.7%, MDD� 1.47 g/cm3, and OMC� 28%) after blending with several
mixtures of calcium carbide residue (CCR) and rice husk (RHA) and cured for 28 days [72].
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sewage sludge ash (SSA), palm oil fuel ash (POFA), fuel oil
fly ash (FOFA), groundnut shell ash (GSA) [12, 34, 75–78],
are employed in geotechnical engineering. Some “nano-
materials” rich in Ca content [79] also act as CSM, and Sabat
[80] suggested these could be used for strength enhance-
ment, plasticity reduction, and limiting swell and shrinkage
strains. Also, the mixture of cement, emulsion, and water
forms evolutive materials such as cold recycled mixtures
(CRMs), which are responsible for the long-term properties
in the pavement construction [81–83].

1e different CSMs with chemical compositions deter-
mined using X-ray fluorescence (XRF) are listed in Table 3.
1e widely used CSMs are lime (CaO≈40-50% and 70-80%),
cement (≈40-50% and 60-70%), FA (<10% and 30%–50%),
GGBS (≈30–50%), and BA (<5% and 10-20%). 1e avail-
ability of surplus Ca2+ tends to replace the monovalent so-
dium or hydrogen ions rapidly especially in a high pH
environment, which gives a higher volumetric stability to
expansive soils through ion exchange. 1is leads to the
flocculation reaction, which in turn improves the physical and
mechanical behavior of the soil and increases the soil strength.

However, calcium carbonate (CaCO3) is produced due
to carbonation of lime which is a source of weakness due to
its plastic nature which increases the plasticity of expansive
soils [23]. Modarres and Nosoudy [87] stated that CaCO3
formation is related to presence of excess lime and the
unavailability of the reactive SiO2 and Al2O3.

1e advantages and disadvantages of CSMs are briefly
summarized in Table 4, which serves as a guide to deal with
CSM stabilization of expansive clays, on-site commercially
and in the laboratory for research.

5. Effect on Geotechnical Properties with
Emphasis on Chemical Processes and
Microstructure Interaction

5.1. Main Effect of Lime Stabilization. Lime stabilization
improves the geotechnical properties by changing the mi-
crostructure and fabric of expansive clays [112] through four
important reactions [113], i.e., (1) cation exchange, (2)
flocculation-agglomeration, (3) carbonation, and (4) poz-
zolanic reaction. It is mainly due to the flocculation-ag-
glomeration reaction that the geotechnical properties of high
plasticity clay soils are improved. Because of flocculation, the
PI and FSI lower down, whereas compression strength and
permeability go up [23, 114–116]. Figure 5 shows that, with
lime treatment, the PI reduces by six times the original and
transforms from CH to ML showing the efficacy of lime
stabilization. 1e presence of kaolinite, illite, and Mt affects
the final stabilization and highly governs the stabilizer
characteristics, such as dosage methodology, strength gain,
engineering conditions, and curing condition effect [23].

1e period of curing is an important parameter in
achieving long-term compressive (qu) and split tensile
strength (qt), as the pozzolanic reaction progresses to-
wards completion [54, 63, 117]. 1e strength gain with 4%
lime and curing at 28 days for quartz, kaolinite, and Mt
were recorded as 330%, 230%, and 130%, respectively, in
contrast to samples with 4% lime and tested after one day
curing [118]. Increased curing duration is an effective
approach in reducing the swell potential of expansive soils
treated with lime. At same water content in the modified
compaction test, an increase of 133% in UCS is observed

Table 3: Summary of oxide composition of traditional Ca-based stabilizer materials (CSMs) from previous studies.

Popular Ca-based stabilizers CaO (C) SiO2 (S) Al2O3 (A) SO3 Fe2O3 MgO K2O TiO2 LOI Gs LL (%)
Hydrated lime [84] 70.9 1.20 0.70 — 0.10 0.50 0.10 0.10 26.1 2.32
Extinct lime [85] 83.3 2.50 1.50 2.50 2.00 0.50 — — — — —
Lime [86] 45.0 12.0 1.20 0.00 0.50 0.70 0.80 — 40.0 — —
Lime sludge [87] 48.0 6.50 1.15 — 1.20 — — — — — —
Cement [88] 44.7 27.4 13.1 3.96 3.30 1.19 1.14 — 4.01 — —
Cement [89] 65.2 20.4 4.10 3.20 4.50 0.59 — — — —
Cement [90] 63.0 20.0 6.00 2.00 3.00 — 1.00 — — — —
CKD [91] 63.9 11.9 9.90 0.00 3.40 1.70 0.10 — 4.70 2.80
FA [92] 1.60 54.4 28.6 — 3.20 1.40 1.70 1.80 5.00 2.15 32
FA [93] 2.40 58.5 27.8 0.03 8.10 0.70 0.01 — 2.10 — —
FA [94] 6.70 55.6 26.4 — 3.90 0.60 2.10 1.00 3.68 2.13 46
FA [95] 1.60 54.4 28.6 — 3.20 1.40 1.70 1.80 5.00 2.15 32
FA [96] 48.9 19.9 9.30 7.30 5.70 3.70 0.50 — 3.01 — —
Class C FA [97] 29.1 31.9 17.5 2.0 5.10 — — — 1.00 2.6 NP
Class F FA [98] 14.3 41.3 16.3 0.70 6.30 4.70 2.60 — 0.10 2.53 NP
GGBS [99] 34.0 34.3 17.9 1.64 1.00 6.02 0.64 — 2.66 — —
GGBS [100] 44.9 29.2 13.8 — 5.50 6.20 1.00 2.10 — 2.84 40
Steel slag [100] 25.8 16.4 2.40 — 26.0 10.0 — 0.80 — — —
BA [91] 11.7 47.8 10.2 — 5.70 2.80 2.60 0.80 16.1 — —
BA [95] 3.20 57.1 29.7 0.02 2.75 — — 1.13 — — —
BA [101] 4.30 67.8 6.90 — 3.84 — — — — — —
Coal waste ash (CWA) [102] 2.30 55.7 23.3 — 3.40 0.90 3.50 1.20 38.7 1.94 —
GSA [93] 10.9 33.4 6.8 6.40 2.16 4.72 25.4 — — — —
GSA [103] 15.5 23.9 8.9 5.7 5.2 6.9 22.9 1.02 — — —
LOI: loss on ignition; Gs: specific gravity; NP: nonplastic; —, “no available data.”
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for cement-treated samples cured from 7 days to 28 days
[119]. Ali and Zulfiqar [114] remarked that this behavior is
due to the replacement of hydrated lime Ca(OH)2 with
quicklime CaO at earlier days, which in turn intensifies
the pozzolanic reaction. 1is observation was also
depicted from their test results.

According to Idris and El-Zahhar [120], the micro-
structural properties (surface features, size, and shape) of the
sampled particles of lime stabilized soil are highly dependent
on the curing period. Scanning electron microscopy (SEM)
determines the effect of stabilizer treatment on morpho-
logical structure with magnifications at micrometer scale.
Also, by the virtue of chemical analysis, SEM assists in
evaluating the calcium localization on clay particles [118].

1e SEM micrographs in Figure 6 show a variety of samples
were stabilized with 8% lime and (20% pozzolan + 8% lime)
blend, respectively, and upon 7 days curing, the particles of
clay soils become coarser at microlevel. 1e 8% lime
treatment contains coarse soil matrix, illustrated in Area 3,
and is attributed to plasticity reduction.

It is important to determine how efficient lime acts when
it is used as a potential CSM.1e suitability of lime in silica-
rich soils, soil containing gypsum, sulfate-rich soils, and
Fe2O3-rich soils is briefly discussed. In order to analyze the
efficacy of lime as the stabilizer material, the ratio between
lime: silica, lime: alumina, and lime: (silica + alumina), for
the poststabilization samples, must be greater. 1e over
dosage of lime is more indicative in SiO2-rich soils, where
the formation of highly porous silica gel takes place. So, the
strength is substantially undermined due to cementation as
the excess gel is porous and has a high water holding ca-
pacity. 1erefore, it contributes to an overall strength loss
and results in higher plasticity and swell potential. In their
study on soils containing gypsum, lime treatment of 3% was
found as optimum for strength requirement, and thereafter,
the effect reversed [121]. In addition, Shi [122] stated that, for
SO4-rich soils, the unavailability of hydrated CaO makes
lime a weaker choice too. A variety of soils with large
contents of Fe2O3 and lime exhibits poor dispersibility, and
the particle-to-particle bonding is improved, which aids in
restraining both the FS and Ps [115]. 1us, it can be inferred
that lime stabilization of expansive soils ranging from low to
high characterization mainly depends on type of clay
minerals and environment of lime-soil reactions.

5.2. Main Effect of Cement and Interaction Effect with Lime.
1e ordinary Portland cement (OPC) is the “key material” to
housing and infrastructure worldwide which is also
employed in soft ground stabilization. But its use is
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Figure 5: 1e main and interaction effects of lime in comparison
with untreated soil, on Casagrande’s plasticity chart (with some
modifications in the original figure) [112].

Table 4: Summary of advantages and disadvantages of calcium-based stabilizer materials (CSMs).

Stabilizer Advantages Disadvantages

Ca based materials (CSMs): lime
[12, 104–106], cement [107], FA [12, 24], SF
[108], GGBS [109], BA [76, 110], CCR [72],
POFA [111], GSA [93]

(i) Long-term strength is achieved as a result
of pozzolanic reaction which is time-

dependent and lasts for longer duration.

(i) 1e release of deleterious substances
contaminate the underground water. 1e
“ultimate” strength gain reaches several

years.

(ii) Lime-treated soils undergo immediate
modification resulting in a relatively denser

microstructure and higher strength.

(ii) 1ese cause adverse environmental and
economic concerns by vast CO2 emissions.
At early modification stages, lime makes the

soil less dense.
(iii) In viewpoint of economy, usually small
amount of material is required as compared

with non-CSMs.

(iii) 1e variation in site conditions with
those simulated in a laboratory often leads to

marginal errors.
(iv) 1e rate of strength gain is much higher
and faster in soil stabilized using cement.

(iv) 1e brittle failure is undesirable with
respect to structural stability.

(v) 1e PI reduction by lime is the highest for
problematic Mt. Alternatively, using
quicklime due to its elevated reaction

temperature enables stabilization in cold
regions.

(v) 1e effect of lime modification in clays
containing quartz is almost negligible due to
the increased period of curing is essential.

(vi) 1e most commonly used materials
comprising aluminosilicates include GGBS

and fly ash.

(vi) Class F fly ash contains low calcium and
thus requires an activator in order to be used

as the stabilizer material.
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somehow restrained since global warming and rapidly
changing climate are challenging global issues of today’s
world [22, 123]. Figure 7 indicates the global annual cement
production between 1925 and 2009 and the cement pro-
duction in various countries with China taking the lead as it
plans to construct 40 billion square meters of floor space
until 2036.

Cement stabilization is specifically recommended and
significantly increases the cohesion, strength, and durability
of coarse-graded mixtures having a low PI [126]. Zaimoglu
[127] refrained the use of cement owing to its high cost and
hazardous nature. Cement and lime stabilization are more or
less identical in yielding results with respect to mechanism of
modification since the formation of C-S-H and C-A-H takes
place in both cases which form cementitious links with the
untreated clay particles. Lime and cement have their own
benefits and ill effects regarding the viewpoint of stabilizing
materials.

1e effect of cement alone on the geotechnical properties
and engineering characteristics is reviewed first. Cement
modifies the physical properties of certain waste materials
(e.g., marble industrial waste and bottom ash) and decreases
their toxicity level [128–130]. 1e plasticity and swell indices
lower down, thereby increasing the shear strength param-
eters and permeability characteristics. Based on results from
past literature, it is illustrated from Figure 8 that, up to 10%
addition of cement and lime each, both Ps and FS values are
reduced considerably. 1e Ps is necessary to evaluate the
nature of problem associated with expansive problems. So,
in order to study the effect of stabilizers on Ps, almost all
curves record to follow similar declining trend, from 500 to
700 kPa, for untreated soil to 170 to 300 kPa, for both lime
and cement (10% dosage each), with the least amount of
variance between lime and cement [71]. 1e significant
reduction in maximum Ps is observed in the data of
Vijayvergiya and Ghazzallay in contrast to almost identical
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Figure 7: Global annual cement production: (a) between 1925–2009 [124]; (b) in different countries [125].

Untreated clayey soil paste
(7 days cured)

8% lime-treated clayey soil paste
(7 days cured)

20% natural pozzolana and 8% lime-treated
clayey soil paste (7 days cured)

SEM micrographs

Figure 6: Microstructural comparison of clay soil paste cured at 7 days (untreated sample, treated with 8% lime, treated with 20%
pozzolan + 8% lime) (modified after [54]).
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values reported by Turkoz and Tuson [131], when consid-
ering the initial and final Ps values on each curve. On the
contrary, the treatment of lime and cement within range of 2
to 10% dosage level indicates that FS curves experience wide
variance. 1e trend shown by Komornik and David is most
significant, witnessing almost 6 times reduction among
untreated and highest dosage values, in contrast to results
obtained by Turkoz and Tuson which changes from 20% to
merely 15%. Moreover, the remaining three curves for lime
and cement are seen to follow a similar trend which illus-
trates an intermediate effect on the reduction of FS values.
Lastly, it can be seen in Figure 8 that the stabilization
mechanism of lime and cement for each specified treatment
resembles each other, with cement proving to be more ef-
fective in terms of minimizing the swell. Note that, by using
9% lime alone, the Ps becomes zero and the effect on
plasticity value is almost the same as recorded for the case of
lime-cement mix [132].

1e CKD is fine-grained powder-like dust material
obtained as a by-product from the manufacturing of cement
[133]. It contains traces of reactive CaO and alkaline
compounds and is therefore highly fine to be used as the
effective soil stabilizing agent. However, the properties of
CKD largely differ depending upon themanufacturing plant,
cement kiln type, and the characteristics of raw materials
employed in cement production [12, 134, 135]. Its pro-
duction is estimated to be approximately 30 million tons per
year, across the globe, of which 80% causes an environ-
mental threat and is not safely disposed [97]. Many re-
searchers have suggested its use as potential stabilizer for
clayey soils. 1e (volcanic ash + 20% CKD) stabilizer mix
will yield a significant improvement in mechanical prop-
erties [136] and pronounced increase in CBR values (above
80%); therefore, Yu et al. [91] found it suitable for the
construction of economical building units and small-scale
roadways.

In terms of the final stabilization effects, the interaction
effect of cement with lime is more efficacious than lime or

cement alone treatment [116]. 1e PI decreases by 60%, and
the Ps drops by 82% when (5% lime + 3% cement) blend is
used to modify medium expansive soil extracted from depth
[71]. 1e Ps value is recorded to decrease from 249 kPa for
untreated soil to 45 kPa for (5% lime + 3% cement) blend.
1eir combined effect on geotechnical properties is also
summarized succinctly in Table 5.

Recently, it is found that recycled cement can be yielded
by burning old OPC pastes at elevated temperatures of 450°C
(RC-450), which will lower down the CO2 emission by 94%,
attaining an equivalent strength of OPC. It is obvious from
surface morphology studies by SEM that CO2 is reduced by
(1) formation of calcium carboaluminate and (2) C-S-H gels
containing calcite, as both are evidenced in the SEM mi-
crographs in Figures 9(a) and 9(b), and in the EDX analyses
in Figures 9(c) and 9(d), respectively. In the plots between
energy on abscissa and counts on ordinate, the peaks for only
calcite, silica, and alumina are shown with almost no traces
of other problematic clay minerals [94, 144]. Figures 9(a)
and 9(b) also reveal the formation of portlandite and
ettringite with a honey-combed structure in the micrograph
of OPC being transformed into a denser structure with
newly formed carboaluminate at 4 μmmagnification level. It
is therefore to say that RC-450 (1) is richer in calcium
carbonate amount, (2) has densely arranged nanoparticles,
and (3) has no portlandite content. Kolias et al. [99] de-
lineated that tobermorite formation leads to a denser and
stable soil structure.

1e thermogravimetric analysis (TGA) measures change
in mass of a material as a function of either temperature or
time and is capable to quantify phase compositions in
ettringite, portlandite, gehlenite, and calcite [145]. 1e re-
sults of TGA in Figure 9(e) show that CO2 fixation (that is to
combat the challenge of global warming [146]) in case of RC-
450 is low (75%) in contrast with that of a higher value for
OPC (87%) at same temperature. 1e trend of reducing
weight loss with temperature thus signals a low CO2 fixation
value for RC-450.1is shows the significant effect of recycled
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Figure 8: Main effect of both cement and lime on the plot of swelling pressure and free swell, from past literature.
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Table 5: A succinct list of research conducted on Ca-based stabilizer materials for different expansive soils across the world.

Location of
expansive soil

Expansive soil properties Stabilizer
Properties improved

Gs
LL
(%)

PL
(%)

PI
(%) Activity USCS MDD

(kN/m3)
OMC
(%) Type Optimum

amount

Oman, Al-
Khoud [71] 2.80 50 29.5 20.5 1.03 MH 17.5 21

Lime (L),
cement (C),
pozzolan (P)

5% L+ 3% C.
Other studies:
2% L+ 1% C

[94]
4% L+ 30% red

mud [137]
8% L+ 4% C

[71]
8% L+ 20% P

[84]

Ps↓� 249 to 45 kPa
PI↓� 20 to 8%
Ps↓� by 840%

China, Hefei,
Anhui [138] 2.71 42.8 22 20.8 — MH 17.3 18.9

Fly ash (F),
sand (S),
basalt fiber

(B)

10% F+ 8%
S+ 0.4% B

LL↓, PI↓, PL↑ UCS
↑� 345 to 900 kPa (with

0.4% Ba fibers)

USA, Idabel,
Oklahoma [121] — 79 25 54 1.30 CH — —

Lime (L) and
Class C fly
ash (CFA)

5, 10, 15, and
20% [54]

L and CFA each

Shrinkage↓�maximum
at 20% lime

India, Calcutta
(80% BC+ 20%
Na-bentonite)
[95]

2.66 78 45 33 3 CH — —
Fly ash (F)
and GGBS

(G)

20% mixture of
F and G [121]

(F:G 70 :
30) + 1% L

UCS↑� 270 to 450 kPa
(28 days curing)
Addition of 1%

Lime: 270 to 875 kPa

Australia,
Queensland [68] 2.65 86 37 49 1.66 CH 12.65 36.5

Bagasse ash
(B) and lime

(L)

25% B (modest
effect on
strength)

10%B+ 10% L
[95]

MDD↓, swelling↓
UCS↑ (0–25% BA+ lime

mix)

Pakistan, Kohat
city, KPK [139] 2.71 43 41 22 0.6 CL 18.1 14.9

Bagasse ash
(B) and

marble dust
(M) [68]

4-6 % B
8–10% M [140]
Combined effect:
8% B+ 16% lime
sludge [139]

B: swelling↓, UCS↑
till 5% B, MDD5%↑
M: swelling↓, UCS↑
At 10% M, MDD4%↑

India, Dadri
(100%
bentonite) Dadri
[96]

2.71 412 60 352 3.5 CH 12.6 41.0 Dadri fly ash
and lime (L)

10–15% [141]
(with 3% L)

UCS↑ (strength of cured
sample> uncured

samples)
Ps � ↓(as F and L content

increases)

China, Guangxi
province [14] 2.73 77 34 43 — CH 17.2 —

Ps versus ω,
MDD
relation

—

Models developed which
needs to be validated due
to lack of experimental

results

Algeria, S-H
clay, M’sila [142] — 84 33 51 1.98 CH 19.7 19.43

Portland
cement (P)
and lime (L)

12% P and L
each. (lime is a
much better
option)

PI:↓, methylane blue
values↑, CBR↓, shear

strength↑

Iran, taleghan
city [87] — 47 21 26 <1 CL 16.4 18.0

Coal ash (C)
and hydrated
lime (HL)

9% C+ 6% HL

With coal: less effect on
properties

coal + h. lime, UCS↑
PI↓, CBR↑

Taiwan, taipei
[137] — 30 20 10 >1 CL 16.6 16.8

Sewage
sludge ash (S)
and lime (L)

8% admixture
(S:L 4 :1) CBR↑, UCS↑, PI↓

Sudan,
Khartoum [123] 2.64 76 24 52 1.3 CH 1.49 26.0 Fly ash (F)

10% F (F: SiO2 is
54%, alumina
34%, CaO is

3.6%)

Ps↓ (50% to 70%),
at 25% F, Ps↓ (90%),
UCS↑ (almost 100%)

Brazil, curitiba
city [143] 2.71 53 32 21 <1 MH 13.8 28.5 Lime (L) 9% L UCS (by 75%)

Porosity↓, MDD↑

Spain, Granada
[21] 69 48 21 1.4 CH 15.7 40 Lime (L),

steel slag (S)

Dolomite L
(effective as

commercial L) S:
also good

Increase in pH↑
Increase in CO3↑
UCS↑, plasticity↓

↑ represents an increase; ↓ represents a decrease, in the corresponding property.
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cement at an elevated temperature on the microstructure of
expansive clay soil. So, cement proves to be more efficacious
in controlling swell potential, and it is obvious that the
mechanism of cement and lime stabilization of soils follows
a similar pattern and yields identical results.

5.3. Main Effect of Fly Ash and Interaction with Lime and
Cement. Fly ash (FA) controls the swell potential in ex-
pansive soils [24, 137] and is classified into several types
based on the source of extraction and nature of pozzolanic
behavior. 1e ASTM categorizes the noncrystalline FA into
Class N, Class F, and Class C [71], represented here as NFA,
FFA, and CFA, respectively. One advantage inherent to FA is
its pozzolanic nature. CFA is obtained when subbituminous
coal is burnt in plants, while generating electricity [129].1is
form of CFA is being considered as an additive with high-
calcium fly ash (HCFA) in conjunction with other catalytic
binders and a waste material rich in silica-alumina to de-
velop a new cold mixture for asphalt binders and emulsion
mixtures in pavement design and practice [147]. In India
alone, as of 2005, according to Dahale [97] the total pro-
duction of FA reached 75M tons/year, 92% of which would
go useless in contrast with findings of He et al. [129] for the
western countries, stating the effective utilization of 70% of
total FA produced. In the Table 3, Kate reported the FA with
CaO approximately equals to 49% [96]. It can be observed
from the table that all FA types have silica + alumina + iron
oxide content exceeding 80% and is therefore defined as
“pozzolan”, according to ASTM [148].

Fly ash is a geopolymer, i.e., a cementitious additive
capable of reacting with H2O in the presence of alkaline
activators [96]. Activation of FA prior to stabilization
using different activators (such as NaOH, Na2SO4, and
K2SO4) is necessary for their performance. In order to
elevate the pH environment, generally 1% CaO is in-
corporated in the industrial wastes for initiating the
chemical reaction. 1e cementitious nature lacks because
the CaO content in FA is less than 10% although the Al2O3
and SiO2 contents are generally high. 1erefore, lime,
cement, or GGBS are incorporated to enhance the poz-
zolanic behavior of FA [149].

Of all ASTM types of FA, the CFA proves to significantly
improve the expansivity. 1is results in decreasing perme-
ability, PI, FS, and Ps of soft clays [12, 95, 150]. 1e ce-
mentation in expansive clays stabilized with lime, lime-FA,
and OPC is associated with formation, setting, and inter-
growth of gelatinous reaction products (such as crystalline,
hydrous calcium silicates, and aluminates). Figure 10
highlights the particulate characteristics of four types of
pozzolan. 1e environmental scanning electron microscopy
(ESEM) is an advanced form of SEM [151]. It is shown in
Figure 10 that trass pozzolan (T) has the capability to absorb
large amount of water in contrast to tuff pozzolan (A)
exhibiting roundish and rough surface which witnesses a
lower water uptake, owing to their mineral shape, size, and
orientation. 1e subsequent increase in angularities of
pozzolan K (sharp edged, split-like grains, more even, and
dense structural surface) and P (sharp-edged, split-like
grains, glassy-like, and even more even and dense surface)
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(Figures 10(c) and 10(d), respectively) also leads to reduced
water penetration [121].

In addition, the indirect tensile strength of specimen
stabilized with FA can be calculated, which is helpful for soils
subjected to traffic load, differential temperature, and/or
nonuniform settlement, and an equation is employed on the
basis of which a correlation (25% FA treatment) has been
developed to determine the Brazilian tensile strength (BTS),
using the unconfined compression strength (UCS) value, in
equation (8) [152]. For a given value of LL, the PI can be
directly evaluated using correlation suggested in equation
(9) and can further be used to determine BTS from the
derived equation (10), after original equations by past
researchers:

BTS � 0.026 × UCS1.116
, (8)

PI � 0.11 × LL2, (9)

BTS � 0.0012 × PI0.558
. (10)

1e main and interaction effects of FA are briefly dis-
cussed. According to Kommu et al. [153], the FA aids in

increasing OMC whereas accounts for a reduction in MDD
in the presence of sand, which acts as the filler material to
improve compaction characteristics due to capillary bridge.
Also, by keeping FA content constant and increasing the
amount of sand, the results were inversed. In terms of
strength characteristics evaluation, a highest UCS value is
attained with an addition of 10% FA and 8% sand in the
expansive soil sample, which is attributed to C-S-H gel and
AFt phase formation because of FA hydration and thus
significantly improving cohesion between clayey particles.

1e CFA has been used in conjunction with cement and
waste gypsum [97], and the maximum UCS is achieved at 28
days (0.36MPa to 3.49MPa) with strength reporting to be
decreased by 36% at 56 days. While dealing with coal ash, the
probable chromium (Cr) and lead [97] concentration is to be
kept in limits [154]. According to Kolias et al. [99], the FA
increases the tobermorite formation which enhances the
strength, while further addition of cement provides im-
proved setting and hardening. 1e mixture of cement-FA
yields high early and final strength for treated soils. 1e FA
less than 50% is optimum and. achieves the highest UCS and
shear strength values. However, the strength drops beyond
this threshold.

Trass pozzolan (T)

66% + 12% + 3% 
SiO2 + Al2O3 + Fe2O3Roundish, rough 

surface 

(a)

Tuff pozzolan (A)

73% + 12% + 2% 
SiO2 + Al2O3 + Fe2O3

Roundish, edge-rich grain 
habitus. More coarse grains

(b)

Pumice pozzolan (K)

59% + 17% + 5% 
SiO2 + Al2O3 + Fe2O3Sharp-edged, split-like grains

More even and dense surface

(c)

Pumice pozzolan (P)
SiO2 + Al2O3 + Fe2O3

65% + 16% + 4% 

Sharp-edged, split-like grains 
Glass-like, very even, and more 

dense surface

(d)

Figure 10: Environmental scanning electron microscope (ESEM) images of various types of pozzolans providing an insight to particulate
characteristics (reproduced from research study by [121] with some modifications).
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5.4. Main Effect of GGBS and Interaction Effect with Lime and
Cement. 1e ground granulated blast furnace slag (GGBS) is
a prominent industrial waste that helps in giving long-term
strength to problematic soils [155, 156], and sometimes, it is
also used as a replacement of cement due to its high ce-
mentitious nature. Unlike lime, the GGBS is far more ef-
ficacious to stabilize the sulfate bearing soils. Much has been
learnt about the physical, mechanical, and hydraulic be-
havior of clayey soils stabilized using GGBS and their ac-
tivation with lightweight alkalis (lightweight alkali-activated
GGBS (LAS)). As shown in Table 6, use of this particular
CSM experiences no cracks visible to naked eye when dipped
in sodium sulfate solution for four months, thereby yielding
a higher compressive strength [157, 158]. It can also be
observed that C-S-H formation before soaking in case of
LAS-treated clays is in more quantity than that of LPC-
treated clays, and after soaking, it is vice versa. 1e LAS-
treated clays are more durable and experience fewer number
of cracks when dipped in sodium sulfate solution for 120
days, in contrast with LPC-treated clays which are less
durable and witness more cracks.

1e role of GGBS, alone and in combination with FA and
lime, in affecting the engineering characteristics is of vital
importance to soil engineers, practitioners, and scientists.
According to Sivapullaiah [159], the slags with a larger
amount of Ca2+ ions (such as in the case of GGBS) than Na2+

ions, such as Cu slags, tend to minimize swell potential more
effectively. It suggests that suitability of stabilizer is highly
dependent on its chemical composition. In addition, Sharma
and Sivapullaiah [95] and Jiang et al. [160] employed GGBS
for investigating effects on expansive soils to control the
uncontrollable swelling, mainly occurring in sulfate-rich
soils upon CaO or cement addition, concluding that GGBS is
a suitable material for pavement stabilization, owing to its
high wear resistance. 1e use of GGBS in combination with
lime and RHA (20%, 5%, and 10%, respectively) is effective,
as plasticity reduces drastically by 67% and the strength
increases by 95% in contrast to that of virgin soil [98].
Moreover, considering the wide variation in properties of
GGBS and FA, for instance, the deficiency of CaO in FA and
the excess of CaO in GGBS make their “interaction effect” as
superadvantageous, in terms of treating expansive soil. With
using almost 10% steel slag, the MDD is expected to rise and
the UCS also increases by 50%. However, beyond this
amount, the strength loss is reported at a much slower rate.
Also, the reduction of 70% in PI is recorded at 30% steel slag
content. Moreover, by using 20% optimum blend of GGBS
and FA for stabilization of high plastic clays along with 1%
lime, the test results indicate reduction in LL and PI, whereas
shrinkage limit, MDD, UCS, and amount of C-S-H gel
produced are significantly increased. Despite high cement

prices and/or unavailability of lime in some places, the
GGBS-FA mix binder is cost-effective and significantly re-
duces the burden on environment [161].

5.5. Main Effect of Bagasse Ash and Interaction Effect with
Lime and Cement. 1e bagasse ash is a waste in the form of
agricultural byproducts which is obtained from sugarcane
industry. 1e juice extracted from sugarcane forms a mass
resembling fiber called “bagasse.” When bagasse is burnt, an
ash is produced in the form of fine residue, with coarse-
grained structure and lowerGs value than that of soil, termed
as “bagasse ash [95].” 1e BA is a serious issue and is usually
dumped without any economic value. Being rich in SiO2
content, it is used as a pozzolanic material because the
amount of alumina, silica, and calcium oxide exceeds 70%.
ASTM defines such materials as Class N or Class F pozzolan,
while if the accumulated percentage exceeds 50%, then it is
categorized as Class C pozzolan [149]. In addition, it has
been confirmed from leaching tests on expansive soil sta-
bilized with bagasse ash that it is suitable for stabilization of
road subgrades owing to its nonhazardous nature [162, 163].
1e addition of BA reduces the PI, swell, alkalinity of soil
matrix, and cation exchange value while increases the
CaCO3 content and the total soluble solids [3].

1e improvement mechanism of BA is identical to the
chemical reaction involved in cement stabilization. 1e clay
reacts with lime and BA resulting in flocculation and the
cation exchange phenomenon that is a “short-term reac-
tion.” 1en, the formation of C-S-H and C-A-H gels takes
place, due to the pozzolanic reaction, giving “long-term
strength” to the soils [164, 165]. However, the strength gain
and durability are quite low when BA is used alone for
purpose of stabilization. However, it effectively lowers the
PI, FS, and Ps values [68]. 1e UCS of high expansive soil,
when treated with 0.5% BA+ 6.25% lime mix and cured for
three days, witnessed a dramatic increase of almost 96% as
compared to when no lime treatment was done. Similarly,
for the same dosage levels of stabilizer contents cured for 28
days, the percentage increase in strength was about 150%,
reflecting the effectiveness of curing in the strength gain
process [166]. 1e MDD drops, and the OMC rises when
(8% BA+ 16% lime sludge) mix is incorporated in expansive
soil (LL� 60%, PI� 28%, Ps � 128 kN/m2) [167]. In Fig-
ure 11, the increase in RHA from 0 to 7.5% indicates a
gradual increase in the UCS and later drops when further
increased up to 12.5%.1e trend of CDA is almost similar to
that of SCBA. In contrast, following the same pattern, RHA
experiences a sharp rate of strength gain and strength loss.
1erefore, it can be concluded that BA is a less effective
stabilizer and its performance is highly improved when lime

Table 6: Comparison of lime-activated GGBS (LAS) and lime-activated Portland cement (LPC), in perspective of stabilization.

LAS∼LPC-treated clay Soaked in Na2SO4 for 120 days
(durability check)

C-S-H formation
(before soaking)

C-S-H formation
(after soaking)

Compressive strength
(start till soaking)

LAS-treated clays No cracks, more durable More Less Steady drop (775 kPa to 625 kPa)
LPC-treated clays Extensive cracks, less durable Less More Sharp loss in strength gain (after 28 days)
LAS: lightweight alkali-activated GGBS; LPC: lightweight Portland cement.
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is added to it, and the curing period is increased up to 28
days.

5.6. Efficacy of Other Eco-Friendly Stabilizer Materials.
1e extent of other CSMs cannot comprehensively be
enclosed in one research paper; however, few eminent
materials are presented in this section, for instance, calcium
carbon residue (CCR), groundnut shell ash (GSA), and
sewage sludge ash (SSA).

When acetylene is burnt, calcium carbon residue (CCR)
is produced. It is deleterious in nature but rich in lime [138]
content; therefore, it can be used to modify the properties of
expansive soils [169]. 1e stabilization with CCR achieves
better results than with lime from the viewpoint of economy
and environment [170]. Horpibulsuk categorized the
strength development of CCR-stabilized soils into three
zones, namely, active, inert, and deterioration zones. Only
the first two zones are beneficial with respect to strength
improvement. In the first zone (i.e., CCR less than 7%), the
natural pozzolanic material is sufficient for the pozzolanic
reaction. Hence, the FA is not required to further improve
the strength. But, in the inert zone (i.e., CCR between 7%
and 11%), the strength gain is achieved by adding FA which
helps in densification and speeding up the pozzolanic re-
action [78]. Moreover, Somna et al. [171] utilized CCR-RHA
mix and recorded 22% increase in the UCS upon curing
from 28 days to 180 days. 1ese materials are also employed
for yielding high strength concrete in construction. In ad-
dition, BA and CCR are mixed in combination for making
the stabilized mix more ductile. In the stabilization of soft
Bangkok clay, the pozzolanic reaction intensified as the
amorphous Si from BA was dissolved in alkaline environ-
ment and reacted with the CCR [172]. With 8% CCR
treatment, for no BA content and with 9% BA after 36 days
curing, the change in UCS was as high as 400% [173].

Ground nuts are grown in abundance in different re-
gions of the world approximately 20,000,000 hectares per
annum [174].1e use of GSA, a form of agricultural waste, is
useful in waste management. It needs to be safely disposed to

avoid polluting the environment [93]. Addition of GSA to
black cotton soil (LL� 83.36% and PI� 89.32%) significantly
improved the compaction and strength characteristics.
However, it cannot be used as standalone stabilizer for road
construction owing to the smaller value of CBR after sta-
bilization [175]. Venkatraman et al. [176] concluded from
his study on the settlement behavior of clayey soil using the
plate load test that the GSA stabilization enhances the ul-
timate bearing capacity. GSA and cement increased the
optimum moisture content [177] whereas slightly decreased
the dry density as well as the modulus of elasticity of soil.1e
(2% GSA+ 0.1% cement) blend may be used as a feasible
alternative in pavement construction and for stabilizing soil
where load is emplaced [103]. 1e GSA with dosage levels
increased from 4% to 6% was applied to low plasticity clay
and a rise of 15% in UCS at 7 days was recorded, which fell
short of standard requirement for stabilization of base
materials [178]. Behnood [12] enumerated that 8% GSA is
helpful in mitigating the swell by effectively lowering down
the PI value.

SSA resembles FA in terms of cementitious nature has a
higher percentage of Ca2+ in SSA (8%) than in FA (3 to 5%)
[162] and acts as an efficient stabilizer. Sewage sludge
blended with coal fly ash (CFA) can lower the availability of
heavy metals such as Cu, Zn, and Cd in the sludge [179].
Behnood [12] outlined that SSA effectively modifies the
properties of CL soil by increasing their UCS, CBR, cohe-
sion, and shear strength while reducing the swelling and
angle of internal friction [180]. 1e UCS of specimens was
improved 3–7 times by using incinerated sewage sludge ash
(ISSA) and cement. Also, the swelling behavior was reduced
by 10–60%, and the improvement in the CBR values was up
to 30 times [181]. 8% SSA+ lime can change untreated
expansive from weak subgrade soil to better subgrade soil in
road construction [137].

6. Discussion

It has been evolved to this day that the evaluation of
stabilization of expansive soils is well documented in a
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Figure 11: Stabilization of subgrade soil in India using indigenous nonplastic materials such as rice husk ash (RHA), sugarcane bagasse ash
(SCBA), and cow dung ash (CDA). 1e in situ soil (depth of 1.5m–2.5m was intermediate plastic clay (figure taken from [168]).
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series of diverse philosophies laid down, wherein a variety
of CSM have been employed for stabilizing low to high
range expansive soils. However, one significant short-
coming associated with the use of CSM is the increased
brittleness; therefore, several stabilized elements are in-
corporated to overcome this problem [173]. 1e two
prominent and conventional CSMs, lime and cement,
witness brittle failure in the modified soil matrix system.
Lime stabilization is commonly and widely used for road
pavements. According to findings of Bell [117] and
Mukhtar et al. [118], the optimum percentage of lime (for
pH � 12.4) ranges between 4% and 8%, depending upon
the soil conditions and type of soil. However, if used in
excess that is 6% and more, Tran et al. [119] emphasized
that lime treatment may undergo significant reduction in
compressive and shear strength (of up to 30%, or even
more) because of requirement of large amount of water
and higher initial porosity. As a result, the unconsumed
hydrated lime becomes unreactive in the strength gain
process [120]. Cement provides the highest strength
among other CSMs, whereas lime containing excess of free
lime is suitable for materials with PI > 10% as the free lime
reacts with clay particles to reduce the plasticity. Lime
cement blends are usually limited to stabilize materials
with PI < 10%. 1e strength achieved depends on amount
of stabilizing agent incorporated and the type of material
treated. However, excessive cement may be detrimental
for the subgrade performance as it could form semibrittle
materials [13].

1e results of XRD and XRF of lime-treated soils
revealed the significant mineralogical changes upon treat-
ment. 1e long-term strength is improved when curing is
done, and the strength increase upon treatment of 4% lime
in low swelling clays (i.e., kaolinite) is the highest in
comparison to the lowest strength for the case of high
swelling clay minerals (e.g., Mt). 1is is associated with the
replacement of calcium hydroxide with calcium oxide at the
early stages of lime mixing with the soil. According to
Behnood [12], soil stabilization with lime in the regions
exposed to severe weathering is less effective (at low lime
content) because the beneficial effect of lime stabilization in
reducing the swell potential of lime-treated soil is reduced in
this condition. However, for many other scenarios, lime
stabilization of expansive soils is still regarded as an effective
approach to minimize the swelling potential. According to
Dafalla et al. [104], when laminated clay is stabilized using
lime, the PI value reduces more effectively for soils con-
taining calcic Mt or sodic Mt than clays with kaolinite.
However, Al-Rawas [71] argue that lime modification may
be unsuitable for soils with content of Mt in excess of 40%,
which is having 8% as the optimum lime dosage level. It is
explained by the notion that, with increase in Mt percentage
in the clay fraction, a simultaneous increase in volumetric
strain is also accompanied, depicting the effect of miner-
alogical properties of expansive clay on long-term charac-
teristics of chemical stabilizer materials. 1e microstructural
characteristics indicate that PI is significantly increased with
8% lime due to [50] formation of C-S-H and C-A-H gels
[117], which fill the pores in clays with discontinuous

structure [122] and (2) increase in calcium to silica ratio.
According to Dash and Hussain [115], these studies are in
good agreement with those observed for microstructural
behavior of expansive soils. 1us, lime stabilization is fea-
sible for SiO2-rich soils, soils having gypsum, and the soils
containing iron with varying optimum percentage of lime
for each, depending on presence of respective ingredient.
However, in SO4-rich soils, the use of lime is not recom-
mended since there is no hydrated calcium oxide available.
Because when in absence of sulfates, the CEC of the soil
greatly depends on its negatively charged particles [182].
1us, it can be inferred that lime stabilization of expansive
soils is mainly function of environment of lime-soil reactions
and type of clay minerals.

For cement versus lime stabilization, it is often mis-
interpreted that both stabilizers are identical in yielding
results in terms of C-S-H and C-A-H formation, but cement
proves to be a relatively better choice. Few common char-
acteristics related to the cement stabilization are briefly
discussed. Cement assists in minimizing the toxicity level
from certain wastes, for instance, agricultural or industrial
waste, and causes reduction in PI and swell potential.
Generally, 10% cement is considered as optimum for
treating medium to high expansive soils, whereas the var-
iation in improvement widely varies when it is used between
2–10% because of varying soil type, weathering effects, and
period of curing. Cement is not used for soils with PI higher
than 30%.1erefore, lime is usually added to the soil prior to
cement mixing for workability. Cement reduces swell more
effectively than lime does. It can be inferred that (i) the rate
of decrease for both FS and Ps with the addition of 2%
cement is significant. An increase up to 12% cement causes
uniform and gradual reduction in Ps and a relatively non-
uniform but a gradual decrease in FS. Also, the modification
mechanism of cement and lime is more or less similar
because C-S-H and C-A-H gels formation leads to ce-
mentitious links with the untreated expansive soil particles
particularly containing organic matter. [183] A general in-
creasing trend is observed in UCS values with higher CKD
content along with the curing time for problematic soil (with
a potential for a time-dependent increase in strength). So,
strength increases with more curing. 1erefore, further
studies on longer curing times and possibly increased CKD
contents are required. CKD, volcanic ash, and their mixes
are helpful in reducing cost of construction of small-scale
houses and pavements, in terms of strength and durability
aspects [171]. It is important to mention here that blend of
5% lime and 3% cement will effectively reduce the PI by 60%
and Ps by 82%. 1us, cement is more efficacious in con-
trolling swell potential although the mechanism behind
stabilizing soils by cement and lime follows a similar pattern
and results in general.

Fly ash less than 50% is suffice for increasing the OMC
and reducing the MDD in expansive soils, thereby achieving
higher UCS and shear strength values. But a successful
treatment requires an alkali activator due to the inherent
lack of calcium oxide (less than 10%) in FA. It is said that 1%
lime is suited for compensation, but the rate of increase of
OMC and MDD is still important. While modifying the
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capacity against expansion, FA is also proven to increase the
strength of expansive soils, such as adding 10%. But an
optimized dosage for a joint application, for example, both
increasing UCS while reducing expansion is still open for
further investigation leading to introduction of multipur-
pose FAs. To this end, modified FAs, such as CFA, FA-sand-
marble dust, and variety of similar materials are incorpo-
rated to reduce the PI, FS, and Ps of soils as feasible mixtures
in practice as, for example, in flexible pavement where both
strength and expansion are significant.

1e ground-granulated blast furnace slag is another
highly cementitious one, and it also needs an activator,
generally with lightweight alkali. GGBS lacks binder leading
to a more CaO presence compared with lime which due to
less cementitious nature has less CaO content. As a result,
both GGBS and lime are used in conjunction, and it is
established that 20% GGBS and 1% lime will effectively
reduce LL and PI and increase the MDD, UCS, and C-S-H
formation. 1e ground basic oxygen furnace slag (GBOFS)
performs better than the GGBS. In a study by Goodarzi and
Salimi [109], 10% GBOFS is sufficient to eliminate disper-
sion in soil, whereas a greater percentage of GGBS (i.e.,
20–25%) is required for achieving the same impact. It is
attributed to the lower activity (crystalline nature) of GGBS
in contrast to that of GBOFS. One associated shortcoming is
that the ultimate improvement in engineering properties
requires still a higher percentage (15–20%) of GBOFS along
with increased curing time [12].

Owing to its nonhazardous nature and suitability for
road subgrades, bagasse ash alone used for stabilizing soil
affects the durability. 1e improvement mechanism of BA
resembles with that of cement stabilization. For better re-
sults, lime should be added to the BA. It is observed that
0.6% BA and 6.25% lime will increase the strength by 96%
after curing for three days, suggesting that curing plays a
major role. Indicating the fact that BA is a less effective
stabilizer, its performance is highly improved when lime is
added to it with increased curing.

7. Conclusions and Recommendations

1is study reviews the trends in stabilization of low to high
expansive soils with Ca-based materials (CSMs). 1e in-
fluence of the effectively proven CSMs on the engineering,
geotechnical, and microstructural properties of expansive
soils used in soil stabilization has been evaluated. In addi-
tion, the recent studies stressing the use of more environ-
mentally friendly and nonconventional stabilization
materials and techniques have also been discussed. In the
light of discussions in this study, the main conclusions and
findings are stated as follows:

(1) 1e microstructure of expansive soil is a key pa-
rameter in evaluating the swell-shrink properties,
compressive strength behavior, and the environ-
mental potential in various soil stabilization projects.
A successful and reliable choice of stabilizers should
be on the basis of their subsequent effect on the
microstructure.

(2) Along with the microstructure effects, the rate of
hydration and pozzolanic reactions in the poly-
merization process and cementation play a major
role in the required duration and condition of soil
curing. Before soil stabilization with the selected
CSM, an optimum dosage and methodology of
practical application on the host soil should be
characterized.

(3) In accordance with the past literature, Table 5 is
created with the knowledge of the variety of ex-
pansive soils across the globe using different CSMs in
order to quantify the main and interaction effects of
the type of stabilizers in terms of the applicable host
soil, optimum CSM dosage incorporated, and the
associated improved properties.

(4) Despite cement being the widely used CSM, con-
sidering the expenses and challenge of CO2 emission
and associated toxicity levels in treated soils, lime
alongside other pozzolans (FA, BA, GGBS, CCR,
GSA, and SSA in order of their practical efficiency) is
more beneficial option for stabilizing expansive soils.

In addition, this study identifies research needs for future
including energy perspectives with respect to sustainable
local construction and developing a satisfactory protocol
explaining the stabilization mechanisms. 1e search for
choosing environmentally friendly biomaterials and nu-
merous waste materials is still under investigation and is
needed to maintain global sustainability standards.
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Cement emulsified asphalt paste (CEAP) is widely used as a construction and building material by combining the advantages of
cement rigidity and asphalt flexibility. However, the properties of CEAP can be evidently reduced due to the addition of emulsified
asphalt. In this work, graphene oxide (GO) was prepared by the Hummers method and was innovatively used to improve the
workability and strength of CEAP.+e viscosity of CEAPwas tested by Brookfield viscometer. In addition, the effects of GO on the
setting time of CEAP were studied.+e adsorption between cement and asphalt with GO was tested through an ultraviolet-visible
spectrophotometer and the stability of CEAP was tested by zeta potentiometer. +e effects of GO on the strength of CEAP were
studied. +e reinforcement effects of GO on CEAP were analyzed. +e results show that the viscosity of CEAP and cement
hydration products can increase after adding a reasonable dosage of GO to CEAP. +e setting time of CEAP first decreases and
then increases with the increase of GO dosage. +e adsorption and viscosity of cement and asphalt increase with the increase of
GO dosage. GO can reduce CEAP stability and make the paste easier to agglomerate. +e flexural strength and the compressive
strength of CEAP at 28 curing days first increase and then decrease with the increase of GO dosage, but excessive GO can hinder
cement hydration. +e reasonable dosage of GO in CEAP can be determined as 0.06% in asphalt weight.

1. Introduction

Cement emulsified asphalt paste (CEAP) is widely used as a
construction and building material, which has the rigidity of
cement-based materials and flexibility of asphalt-based
materials [1–3]. +e addition of emulsified asphalt into
cement can significantly improve many properties of cement
material, such as rheological performance and elasticity
[4, 5]. However, the addition of emulsified asphalt can affect
the cement hydration process and decrease the mechanical
strength of mixtures [6–9]. At present, the main improve-
ment technique is to add reinforcingmaterials, such as rebar,
reinforcing fibers and inorganic binders, and slag powder.

Graphene oxide (GO) is an oxide of graphene and it is
usually in the form of a solution, powder, or flake [10–12]. Its
structure contains a hydroxyl group (-OH), carboxyl group
(-COOH), epoxy group (-O-), and other hydrophilic groups
[13]. GO can evenly disperse in aqueous solution due to the
electrostatic repulsion between functional groups [14, 15].

GO has been applied in wide fields for its properties are more
active than graphene. +e properties of cement-based
composites can be improved by the reaction between active
functional groups [16]. Some researchers have found that the
fluidity of cement paste was decreased and the compressive
strength and flexural strength were improved with the ad-
dition of GO [17–20]. +e compressive strength and flexural
strength of cement-based materials are increased by 38.9%
and 60.7%, respectively, when the dosage of GO is 0.03%
[21, 22]. GO can influence the microscopic morphology of
cement hydrates and make it regularly grow with GO as a
template [23]. Go can improve the freeze-thaw cycle re-
sistance of cement-based materials [24]. In addition, the
setting time of cement can be shortened by 30min when the
dosage of GO is 0.05% in cement weight [18, 25]. In addition,
GO can promote the cement hydration and improve the
workability of cement-based composites [26–29]. GO affects
not only cement-based materials but also emulsified asphalt.
GO can promote the demulsification of oil in the water

Hindawi
Advances in Materials Science and Engineering
Volume 2020, Article ID 3462342, 11 pages
https://doi.org/10.1155/2020/3462342

mailto:gangli@shzu.edu.cn
https://orcid.org/0000-0002-9488-0242
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3462342


system; the demulsification efficiency was as high as 99.94%
when the dosage of GO was about 30mg/L [30, 31]. GO can
improve the high and low-temperature properties of asphalt
and the aging resistance of asphalt [32, 33]. In addition, GO
can enhance the rutting resistance of asphalt [34].

In this work, GO was adopted to solve the problem of
strength reduction of CEAP. +e improvement effect of GO
on CEAP was studied. +e microscopic morphology of
cement hydrates before and after adding GO was compared.
+e effect of GO on the viscosity and setting time of CEAP
was tested. +e influence of GO on adsorption between
cement and emulsified asphalt was studied by ultraviolet-
visible spectrophotometer. +en, the influence of GO on the
stability of CEAP was tested by the zeta potentiometer.
Finally, the influence of GO on the mechanical properties of
CEAP was studied. +e results of this work can effectively
solve the problem of low strength of CEAP and provide a
theoretical basis for improving the properties of CEAP.

2. Raw Materials and Experiments

2.1. Raw Materials. Ordinary Portland cement was used in
this work and its physical and chemical properties are shown
in Table 1. Original asphalt was used to prepare emulsified
asphalt and its physical and chemical properties are shown
in Table 2. +e properties of emulsified asphalt are shown in
Table 3, which can meet with #e Technical Specification for
Construction of Highway Asphalt Pavements in China (JTG
F40-2004).

2.2. Experiment Methods

2.2.1. Preparation and Characterization of GO. In this work,
the Hummers method was adopted to prepare GO. +e
experimental process was divided into three stages by dif-
ferent temperatures: low-temperature stage, medium tem-
perature stage, and high-temperature stage. +e GO
preparation process was as follows: (a) low-temperature
stage: the flake graphene, NaNO3, and KMnO4 were added
to a beaker with concentrated H2SO4 under stirring in a
preprepared ice-water bath, and the reactive temperature
was maintained at about 4°C for 90min; (b) medium
temperature stage: the reaction temperature was increased to
37°C and stirring process was continued for 30min; (c) high-
temperature stage: 46mL water was added to the beaker and
the reaction temperature was increased to 98°C.+en, 10mL
H2O2 (30% concentration) was slowly added in order to
ensure that graphite is fully oxidized and the reaction is
sustained for 20min. Finally, GO specimens were obtained
after washing and drying. +e preparation schematic dia-
gram of GO prepared by the Hummers method is shown in
Figure 1. As can be seen from Figure 2, the prepared GO
samples by the Hummers method can show a lamellar
structure.

2.2.2. Preparation of GO-Modified Asphalt Emulsion. +e
preparation chart of GO-modified asphalt emulsion is
shown in Figure 3. Water (60°C), emulsifier, and CaCl2

stabilizer were weighed and mixed, and then the pH of the
mixtures was adjusted to 2–3 with hydrochloric acid.
Emulsified asphalt can be obtained by pouring the prepared
emulsified soap into the colloid mill and then the weighed
original asphalt was slowly poured into the colloid mill. +e
emulsified asphalt was added to the mixer and then GO was
added to obtain GO-modified asphalt emulsion. In this
work, 0.02%, 0.04%, 0.06%, 0.08%, and 0.10% GO in asphalt
weight was used to prepare GO-modified asphalt emulsion,
respectively. +e mix proportion of GO-modified emulsified
asphalt is shown in Table 4.

2.2.3. Preparation of GO-Modified CEAP. +e dosage of
GO-modified asphalt emulsion was 8.0% in cement weight
in CEAP [28]. +e water-cement ratio in CEAP was 0.38.
+e water consumption of emulsified asphalt was included
in the total water consumption. +e specimens were placed
at room temperature to cure for 24 h; then the CEAP
specimens were cured for 28 days at the temperature of 20°C
and the humidity of 90%. +e mix proportion of CEAP is
shown in Table 5.+e laboratory tests of CEAP conducted in
this work are shown in Table 6.

2.2.4. ESEM Test. In this work, firstly, a small number of
samples were ground into fine powders with a mortar and
then pasted on the conductive adhesive. +e conductivity of
the samples is improved after the gold spraying treatment.
Finally, the microscopy morphology of CEAP was studied
with the environmental scanning electron microscope
(ESEM) with observing the microscopic morphology of
paste before and after adding GO with 0.06% in asphalt
weight. +e ESEM test was carried out at the resolution of
1 nm and the temperature of 20°C.

2.2.5. Viscosity Test. According to Standard Test Methods of
Bitumen and Bituminous Mixtures for Highway Engineering
(JTG E20-2011), the Brookfield rotational viscometer was
used to test the viscosity of CEAP with different dosages of
GO at initial, 30min, and 60min setting time. +e 21#
standard rotor was used in the test; the rotator speed was
50r/min and the sample was weighed 8.5± 0.5 g for each test.
+e test temperature was 20°C and the resolution was
0.01 Pa·s. +e average results of three samples from each
group were adopted as the testing results.

2.2.6. Setting Time Tests. +e setting process of CEAP
consists of two stages, initial setting and final setting. +e
influences of GO on the initial and final setting time of
CEAP were tested in accordance with Test Methods for
Water Requirement of Normal Consistency, Setting Time and
Soundness of the Portland Cement (GB/T 1346-2011).

2.2.7. Adsorption Test. Adsorption between cement and
asphalt emulsion with different asphalt emulsion concen-
trations was measured by ultraviolet-visible spectropho-
tometer. +e absorbance of emulsified asphalt with different
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concentrations was measured at 750 nm wavelength [35].
When the function had fitted, the emulsified asphalt was
firstly prepared and the absorbance was measured to obtain
its concentration. +en, cement was added to the emulsion
of emulsified asphalt. +e supernatant fluid concentration

was tested after the paste was stirred and allowed to stand for
30 minutes. Finally, the adsorption rate between cement and
emulsified asphalt can be calculated by

D �
10m1

m2
× c1 − c2( , (1)

where D is the adsorption rate between cement and asphalt
emulsion (mg/g), m1 is emulsified asphalt weight (g), m2 is
cement weight (g), c1 is the initial concentration of emul-
sified asphalt (%), and c2 is the concentration of emulsified
asphalt at one moment (30min, in this work) (%). +e
adsorption test process is shown in Figure 4.

2.2.8. Zeta Potential Test. +e stability of CEAP suspension
was evaluated by measuring the surface charge of parti-
cles. CEAP with different GO dosages was used to obtain
zeta potential by zeta potential test. +e effect of different
GO dosages on the stability of CEAP was also analyzed.
+e potential test was carried out at the temperature of
20oC.

Flake graphite T = 4°C t = 90min T = 37°C t = 30min T = 98°C t = 20min

Flake graphene Oxygen-containing groups

H2SO4 NaNO3 KMnO4 H2O2 H2O

Figure 1: Schematic diagram of GO preparation by Hummers method.

Table 1: Properties of ordinary Portland cement.

Setting time (min) Flexural strength (MPa) Compressive strength
(MPa)

Main chemical
composition (%)

Initial Final 3 days 28 days 3 days 28 days CaO SiO2
140 271 3.8 6.9 18.1 45.2 60.1 20.8

Table 2: Properties of original asphalt.

Penetration
(25°C, 0.1mm) Ductility (15°C, cm) Softening point (°C) Solubility (%) Flash Point (°C) Density (g/cm3) Wax content (%)

65.0 15.0 45.2 99.6 265.0 1.03 2.37

Table 3: Properties of asphalt emulsion.

Evaporation
residue content (%)

Residue on 1.18mm
sieve (%)

Penetration of residue
(25°C, 0.1mm)

Softening point of
residue (°C)

Ductility of
residue (cm, 15°C)

Storage
stability
(%, 25°C)
1d 5d

60.9 0.04 77.1 45.7 49.8 0.4 2.2

S4800 5.0kV 15.5mm × 10.0k SE(M) 5.00µm

Figure 2: ESEM picture of graphene oxide.
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2.2.9. Mechanical Property Tests. +e specimens with sizes
of 40mm× 40mm× 160mm were prepared for strength
tests, such as flexural strength and compressive strength.+e
flexural strength and compressive strength of CEAP were
tested according to Method of Testing Cements-Determina-
tion of Strength (GB/T17671-1999).+e flexural strength and
the compressive strength of CEAP were tested three times
and six times, respectively, and the average value was
adopted as the test result.

3. Results and Discussion

3.1. Viscosity Test Results. +e adsorption between cement
and asphalt is closely related to the stability of CEAP. +e
stronger the adsorption between cement and asphalt, the

faster hydration of cement and the demulsification of
emulsified asphalt, and the greater the viscosity of the paste.
+erefore, the adsorption between cement and asphalt can
be characterized by testing the viscosity of the paste. +e
adsorptions between cement and asphalt with different GO
dosages can be reflected by the viscosity of CEAP.

Figure 5 shows the viscosity of paste increases with the
increase of GO dosage at initial, 30min, and 60min setting
time. +e phenomenon can be explained by the following
reasons. GO can be evenly dispersed in the paste. GO can
result in the aggregation of free water and promote cement
hydration.+e addition of GO can also absorb the free water,
which can result in the difference of the free water con-
centration in the paste and promote the demulsification of
emulsified asphalt. In addition, the asphalt can wrap the

Table 6: +e laboratory tests of CEAP.

Laboratory tests Properties Objectives
ESEM test Micromorphology Effects of GO on the morphology of the paste
Viscosity test Viscosity Effects of GO on the adsorption between cement and asphalt
Setting time test Setting time Effects of GO on cement hydration and asphalt demulsification
Adsorption test Adsorption Effects of GO on adsorption between cement and asphalt
Zeta potential test Stability Effects of GO on the stability of the paste
Mechanical property tests Mechanical properties Effects of GO on mechanical properties of the paste

Water

Emulsifier Emulsified
asphalt 

CaCl2

Mix

HCl

Colloid
mill 

Original
asphalt 

pH = 2-3

GO

Stir Blender
mixing

Figure 3: Preparation chart of GO-modified asphalt emulsion.

Table 4: Mix proportion of GO-modified emulsified asphalt.

GO dosage (%) Original asphalt (g) Water (g) GO dosage (g)
0.02 600 400 0.12
0.04 600 400 0.24
0.06 600 400 0.36
0.08 600 400 0.48
0.10 600 400 0.60

Table 5: +e mix proportion of CEAP.

GO (%) Cement (g) Water (g)
GO-modified emulsified asphalt

Asphalt (g) Water (g) GO (g)
0.02 1350 469.8 64.8 43.2 0.013
0.04 1350 469.8 64.8 43.2 0.026
0.06 1350 469.8 64.8 43.2 0.039
0.08 1350 469.8 64.8 43.2 0.052
0.10 1350 469.8 64.8 43.2 0.065
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cement hydration products, which can form a complex
spatial network structure.+erefore, the viscosity of CEAP is
increased.

3.2. Setting Time Test Results. +e setting time has an im-
portant influence on the strength development of CEAP.
When the flexible emulsified asphalt is added to the rigid
cement paste, the setting time of cement paste can be in-
creased. However, the addition of GO can shorten the setting
time of cement-based materials. +erefore, the effect of GO
on the setting time of CEAP was studied.

+e setting time test results of CEAP with different
dosages of GO are shown in Figure 6. It shows that the initial
and final setting time of CEAP first decreases and then
increases with the increase of GO dosage. Some reasons can
be used to explain this phenomenon. +e effect of GO on
cement is higher than that of GO on emulsified asphalt when
the dosage of GO is little. +e free water in the paste is
agglomerated and the cement hydration is promoted due to
lots of hydrophilic groups on the surface of GO. Conse-
quently, the setting time of CEAP is decreased. However, the
effect of GO on emulsified asphalt is higher than that of GO
on cement when the dosage of GO increases (more than
0.06% in asphalt weight). +e difference in free water
concentration caused by GO can promote emulsified asphalt
demulsification, hinder cement hydration, and increase the
setting time of CEAP.

3.3. Absorptions in GO-Modified CEAP. Figure 7 shows the
absorbance results of CEAP at different asphalt emulsion
concentrations. +e concentration of asphalt emulsion can
be obtained from Figure 7 through testing the absorbance of
the solution. +e absorbance increases gradually with the
increase of asphalt emulsion concentration. It is mainly due
to the increase of asphalt emulsion concentration, the in-
crease of asphalt concentration, and the thickness of asphalt
film in the solution. At the same time, the absorbance in-
creased with the increase of GO dosage. +is phenomenon
can be explained by these reasons. On the one hand, the
increase of GO dosage can result in the increase of solution
concentration; on the other hand, GO can promote the
demulsification of emulsified asphalt and reduce the in-
tensity of refraction light. As a result, the absorbance be-
tween cement and emulsified asphalt increases.

+e fitting curve expression of emulsified asphalt with
different GO dosages and the corresponding absorbance
values are shown in Table 7. It shows that the (c1− c2) value of
CEAP increases with the increase of GO dosage. In other
words, the adsorption of cement and asphalt increases with
the increase of GO dosage. +erefore, the addition of GO is

Testing the absorbance of different asphalt emulsion
concentration 

Fitting the relationship between asphalt emulsion
concentration and absorbance 

The absorbance of asphalt emulsion was determined
and the initial asphalt emulsion concentration was c1

The concentration of asphalt emulsion was c2 after
adding cement powder

Calculating the adsorption rate according to
formula (1) 

Evaluation of the adsorption between cement and
asphalt 

Figure 4: +e process for the adsorption test.
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Figure 5: Viscosity of CEAP with different GO dosage.
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Figure 6: Setting time of CEAP with different GO dosages.
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helpful to the combination of asphalt and cement. +e in-
teraction among GO, cement, and emulsified asphalt is
shown in Figure 8. GO has numbers of active functional
groups on its surface, which can generate physical and
chemical reactions between GO and asphalt molecules and
increase the combination between GO and asphalt. In ad-
dition, cement hydrates can grow around with GO as the
template and the combination between GO and cement
hydrates can increase [36]. +erefore, GO is equivalent to a
bridge connecting cement and emulsified asphalt to
strengthen the combination between cement and asphalt.
Consequently, GO can increase the adsorption between
cement and asphalt.

3.4. Stability of CEAP. Workability stability is an important
parameter to evaluate the performance of CEAP. +e po-
tential of CEAP with different GO dosages was tested by zeta
potentiometer and the results are shown in Figure 9. It shows
that the zeta potential value decreases with the increase of
GO dosage. It indicates that the stability of CEAP is de-
creased with the increase of GO dosage and the paste is more
condensable. Some reasons can explain this phenomenon.
Firstly, for the presence of oxygen-containing functional
groups on the surface of GO, it is easy to absorb ions or
cement particles with opposite charges in CEAP to generate
agglomeration and flocculation, which can reduce the sta-
bility of the paste. Secondly, GO can adsorb water molecules

and promote the cement hydration process in cement
materials.

At the same time, GO also can adsorb ions with opposite
charges in cement to cause agglomeration and flocculation
of cement particles. When GO adsorbs water molecules,
hydration products preferentially form polyhedral structure.
+en, the cement hydration products grow around with the
polyhedral structure as the template. +e grown cement
hydration products can shield the attraction of GO to op-
posite charges and can reduce the agglomeration and
flocculation of the paste. Finally, GO can cause agglomer-
ation and flocculation of cement particles and can affect the
cement hydration, which can decrease the workability sta-
bility of CEAP. In other words, CEAP is easier to
agglomerate.

3.5. Mechanical Properties of CEAP. Flexural strength and
compressive strength test results of CEAP cured at 28 days
are shown in Figure 10. It shows that the flexural and
compressive strength of CEAP first increases and then de-
creases with the increase of GO dosage. +e addition of GO
can improve the flexural and compressive strength of CEAP.
+e flexural and compressive strength of CEAP can reach
the maximum value when the dosage of GO is 0.06% in
asphalt weight.

+e microstructures of CEAP before and after adding
0.06% GOwere observed by ESEM and the results are shown

Table 7: Effects of GO on absorption between cement and emulsified asphalt.

GO dosage (%) Regression curve
Absorbance Proportion of emulsified asphalt (%)

(c1− c2) (%)
Mixed cement Unmixed cement Mixed cement Unmixed cement

0.02 y� 362.08x− 0.32 0.762762 0.735821 0.00299 0.00292 0.00008
0.04 y� 348.13x− 0.09 0.859808 0.811187 0.00273 0.00259 0.00014
0.06 y� 341.08x+0.02 0.997323 0.875902 0.00287 0.00251 0.00036
0.08 y� 350.74x+0.04 1.103588 0.902976 0.00303 0.00246 0.00057
0.10 y� 348.66x+0.11 1.342773 1.130586 0.00354 0.00293 0.00062
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Figure 7: Absorbance results of CEAP with different emulsified asphalt concentrations.
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in Figure 11. In contrast to the microscopic morphology of
CEAP before and after adding GO, it is found that there are
some cracks and fewer hydration products. A part of cement

particles is wrapped with asphalt and there exists loose
structure in CEAP without GO. However, the number of
cracks decreases, the hydration products increases, and the

Cement particlesGO-modified
emulsified asphalt 

Cement particles
adsorb GO 

GO

Asphalt
GO combined
with asphalt 

Hydration crystal
growth 

GO connects
cement and asphaltCement emulsified asphalt

Figure 8: Diagrammatic sketch of absorption in CEAP.
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Figure 9: Zeta potential of CEAP with different GO dosages.
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Figure 10: Effects of GO on the strength of CEAP. (a) Flexural strength. (b) Compressive strength.
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structure becomes denser when GO is added in CEAP. +e
reason is that GO can promote cement hydration and in-
crease the cement hydration products in CEAP. +erefore,
GO can improve the flexural and compressive strength of
CAEP.

3.6. Mechanism of GO-Modified CEAP. GO is easy to form
intercalation structure with cement hydration products,
which can increase the properties of CEAP. +e reasons are
that the strong oxidant gradually adsorbs on the edge of
graphite, oxidizes, and intercalates the edge part in the low-
temperature reaction. A part of intermolecular forces is
gradually destroyed and the oxygen-containing functional
groups are generated. +e reaction temperature is increased
after the low-temperature oxidation. +e oxidation and
intercalation ability of strong oxidant is gradually enhanced
with the increase of reaction temperature. More oxygen-
containing functional groups are generated between
graphite sheets, which put forward the foundation for the

stripping of graphite sheets. +e residual intermolecular
forces are destroyed after the addition of deionized water
and hydrogen peroxide in the high-temperature stage, which
can make the graphite sheets strip “ to ” which will peel off
the graphite sheets.+e increase of the active sites of GO will
increase the reaction with cement paste.

In addition, it is easy to form an intercalated composite
structure with hydration products to increase the properties
of CEAP, due to the high strength and flexibility of GO. +e
electrostatic interaction between oxygen-containing groups
on the GO surface and cement particles results in ag-
glomeration and flocculation. +e free water of the system is
lost because this function requires a large amount of free
water. +erefore, the friction between the cement particles is
increased, the fluidity of CEAP is decreased, the setting time
is shortened, and the strength of CEAP is increased. GO
adsorbs water molecules in cement paste after adding GO. It
leads to aggregation of free water and promotes cement
hydration reaction [16]. In addition, the oxygen-containing
functional groups of GO can react with the reactive groups

S4800 5.0kV 9.8mm × 10.0k SE(M) 5.00µm

Asphalt

AFt

Ca(OH)2

(a)

Asphalt

C-S-H

GO

S4800 5.0kV 14.0mm × 10.0k SE(M) 5.00µm

(b)

Figure 11: ESEM pictures of CEAP: (a) without GO and (b) with GO.
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Figure 12: Diagrammatic sketch of interaction between GO and cement emulsified asphalt.
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C3S, C3A, C2S, and C4AF in the cement to form hydrated
crystals in the process of the hydration process. +e hy-
dration products are preferentially fixed on the GO sheet and
the cement hydration products grow continuously around
GO template. Interwoven, cross-linked, dense, and uniform
network structure is formed, which can increase the
properties of CEAP [21].

+e interaction between GO and cement emulsified
asphalt binders in CEAP is shown in Figure 12. Cement
hydration can produce amounts of calcium hydroxide,
which causes the cement paste to be alkaline. GO is ag-
glomerated due to the difference of pH value in the alkaline
paste, which can result in the uneven dispersion of GO in
CEAP and can affect the mechanical properties of the paste.
However, GO can be evenly dispersed in emulsified asphalt
due to the existence of hydrophilic groups on the surface of
GO.

However, the properties of CEAP decrease with the
increase of GO dosage again. As can be seen from Figure 13,
the nonhydrated cement particles and hydration products
are covered by GO, which can hinder the cement hydration
and reduce the properties of CEAP. In addition, redundant
GO is encapsulated in asphalt particles, which cannot make
contact with cement and reduce the strengthening effect of
GO on CEAP.+erefore, the mechanical properties of CEAP
are reduced.

4. Conclusions and Recommendations

In this work, GOwas prepared by the Hummers method and
it was adopted in emulsified asphalt to prepare GO-modified
emulsified asphalt. +en, the GO-modified asphalt emulsion
was used to prepare CEAP.+e effects of GO on the viscosity
and setting time of CEAP were tested and analyzed. +e
influences of GO on properties of CEAP were analyzed with
microcharacterizations, such as an ultraviolet-visible spec-
trophotometer, zeta potentiometer, and ESEM. In addition,
the strengthening effect of GO on CEAP was tested. Finally,
the mechanism of GO-modified CEAP was analyzed. +e
following conclusions are drawn:

(1) +e viscosity and setting time of CEAP with different
dosage GO was tested. +e results show that the
viscosity of CEAP increases with the increase of the
GO dosage. +e setting time of CEAP first decreases

and then increases with the increase of GO dosage.
+erefore, a small amount of GO can promote ce-
ment hydration. However, it can also promote the
emulsified asphalt demulsification and hinder the
cement hydration with the increase of GO dosage.

(2) +e adsorption between cement and emulsified as-
phalt with GO was tested by an ultraviolet-visible
spectrophotometer. +e results show that the ad-
sorption between cement and emulsified asphalt
increases with the increase of the GO dosage.
+erefore, the addition of GO is beneficial to form
reinforcing binders by promoting the combination
of cement and asphalt.

(3) +e zeta potential decreases with the increase of the
GO dosage, which indicates that the stability of
CEAP decreases. GO can adsorb the oppositely
charged particles in the paste, which can result in
agglomeration and flocculation of cement particles.
+erefore, GO can reduce the stability of the CEAP
and make the paste easier to agglomerate.

(4) +e flexural strength and compressive strength of
CEAP first increase and then decrease with the in-
crease of the GO dosage. GO can improve the strength
of CEAP through promoting the growth of cement
hydration products. However, the flexural strength
and compressive strength decrease because excessive
GO can result in the emulsified asphalt demulsifica-
tion and then can hinder the cement hydration.

(5) GO with suitable dosage can improve the viscosity,
setting time, and stability of CEAP and increase the
strength of harden CEAP. According to the test results
of the workability andmechanical properties of CEAP,
the reasonable dosage of GO in CEAP is determined
and recommended as 0.06% in asphalt weight.
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'e use of reclaimed asphalt pavement is a practice that is adding significant environmental value to road technologies, not only
due to the reduction of materials sent to landfill but also because of the mechanical properties of the reclaimed asphalt (RA) that
can be reused. 'is research focuses on the rheological properties of hot and cold bituminous mastics made up as follows: (1) hot
mastics mixed with limestone filler (LF) and bitumen, (2) hot mastics, made from bitumen mixed with jet grouting waste (JW), a
mixture of water, cement, and soil derived from land consolidation work in underground tunnels, and (3) hot mastics mixed with
LF and JW as filler and bitumen. 'ree different ratios (0.3, 0.4, and 0.5) of filler per unit of neat bitumen (B50/70) were studied.
'e same number was used for mixing cold mastics, by using an appropriate laboratory protocol designed since the adoption of a
cationic bituminous emulsion. A total of 18 mastics were prepared and investigated. 'e comparison was carried out using the
frequency sweep (FS) test, analysing shear modulus G∗, applying the multistress creep and recovery (MSCR) test (40°C and 60°C)
as well as the delta ring and ball (ΔR&B) test, focusing on two main issues: (1) the stiffening effect caused by the filler type used for
mixing each mastic, and (2) a comparison, in terms of stiffening effects and nonrecoverable creep compliance (Jnr) of hot and cold
mastic performance to highlight JW reuse in mastics.'e results showed that the best G∗ performance at test temperatures higher
than 30°C is given by cold mastic after 28 days of curing time when JW is added to LF and bitumen. 'e lowest Jnr value was 40°C
and 60°C for the same mastic.

1. Introduction

Pavement engineering researchers have been developing
numerous new technologies to achieve more environment-
friendly and energy-efficient pavement maintenance/con-
struction solutions in order to reduce the costs of mainte-
nance operations, enhancing and redeveloping road heritage
[1]. Since road maintenance involves milling existing old
layers (RA) [2], the cold recycling technique has become an
increasingly popular alternative for road pavement con-
struction as it minimizes financial and environmental im-
pact through high performance.

Cold recycling techniques provide considerable advan-
tages, i.e., limited exploitation of environmental resources

due to reduced aggregate extraction, greater productivity
throughout the entire process, and, on the same layer, they
offer identical levels of durability as layers made from virgin
materials, energy savings by reducing the temperatures for
heating virgin aggregates and, in the case of on-site recy-
cling, the transportation of materials to and from the work
site is eliminated, in addition to reductions in fuel fumes,
dust, and gas released into the atmosphere from heating and
transportation.

A validated design procedure for cold bituminous
mixtures is not yet available, andmany researchers are trying
to develop a more appropriate procedure [3].

Flores et al. [4], for example, proposed a design meth-
odology for cold recycled emulsion mixtures, evaluating air
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void content, indirect tensile stress (ITS), indirect tensile
strength ratio (ITSR), rutting resistance, stiffness modulus,
and fatigue damage.'ey studied a series of possible dosages
of bituminous emulsion contents of 2, 3, and 4% and cement
contents of 0, 1, and 2% over the weight of the aggregates; in
light of the results of the laboratory tests, a methodology was
proposed and a single value “GPI” (Global Performance
Index) has been proposed, taking into account the results
obtained from previous laboratory tests. 'e results showed
a strong relationship between GPI with gradation curves,
bituminous emulsions, and cement.

Du [5] proposed a mix design procedure based first of all
on a preliminary investigation of an optimum water content
to add to an optimum bituminous emulsion content to in-
vestigate the properties of a cold recycled mixture made up of
composite Portland cement (CPC), hydrated lime (HL), and a
combination of hydrated lime and ground-granulated blast-
furnace slag (GGBF).'eCPChelped reach best performance
in terms of ITS, moisture, and rutting resistance.

RA gradation does not always meet the requirements of
technical specifications, and virgin aggregates and filler
powders need to be added. Lyu et al. [6], for example,
suggested a potentially effective mix design made up of 3.8%
bituminous emulsion, 2% cement, 80% RA, and 20% virgin
aggregates.

Kuna and Guttumukkala [7] further investigated the
performance of cold reclaimed asphalt pavement using the
dynamic modulus. 'e results showed that cold mixtures
have lower entity variation from the highest to lowest
temperatures compared with hot mix asphalt (HMA), where
higher increments occur.

Filler is added to correct the lower part of a granulo-
metric curve for both cold and hot mixture and to fill the
gaps between grains left by larger elements. 'e filler bonds
closely with the binder to form a bituminous mastic, which
envelops the stone phase and provides full cohesion through
the entire mixture, affecting the final stiffness of the mixture.
'e stress-strain response of flexible pavements is strictly
linked to the rheological behaviour of the binder and its
interaction with the lithic skeleton.

Many studies have focused on investigating the prop-
erties of the mastics with reference to cold bituminous
mixture with RA.

Godenzoni et al. [8] evaluated the effects of different
mineral fillers on the linear viscoelastic (LVE) properties of
cold bituminous mastics. 'e shear modulus was measured
on bituminous mastics prepared with calcium carbonate and
cement as filler at filler-to-bitumen volume ratios of 0.15 and
0.3. It has been shown that G∗ values are higher for mastics
containing cement than those containing calcium carbonate
as an added mineral; specifically, G∗ increases with a higher
cement concentration ratio and LVE behaviour evolves from
that of liquid material to that of solid material.

Some studies have shown that the multistress creep and
recovery (MSCR) method is the most appropriate for
measuring the rutting resistance performance of asphalt
binder. Indeed, it is widely accepted that, compared to the
existing superpave rutting factor G∗/sin δ (δ � phase angle),
nonrecoverable creep compliance Jnr following the MSCR

test is more closely related to the rutting resistance per-
formance of asphalt mixture [6].

Vignali et al. [9] have measured to what extent cement
and limestone filler contents affect the rutting response of
two mastics produced using cationic bituminous emulsion:
(1) 75% bitumen and 25% cement and (2) 75% bitumen,
12.5% filler, and 12.5% cement per volume. 'e results have
confirmed that the presence of limestone filler improves
mastic stiffness at high temperatures with a G∗ higher than
mastic with cement; this was confirmed by theMSCR results,
where the mastic containing limestone filler accumulated
less deformation at both test temperatures (46°C and 58°C)
and both stress levels (0.1 kPa and 3.2 kPa).

Garilli et al. [10] focused on asphalt emulsion cement
(AEC) mastic mixing to evaluate the behaviour of cold in-
place recycling in the phase of coexistence of viscoelastic and
brittle materials using a bending beam rheometer (BBR). 'e
authors proposed introducing glass microspheres to act as an
“inert solid skeleton” in the production of AEC mastics for
BBR prismatic beams, to study the interaction between bi-
tuminous emulsion and cement in thin film, and to limit the
specimens’ shrinkage and warpage during the curing period.

Following the main results available in scientific litera-
ture on cold bituminous mixtures (CBM) and mastics, the
research presented here aims to bridge a gap in the labo-
ratory protocol for mixing the cold bituminous mastics and
to appreciate the main differences in relation to hot bitu-
minous mastics.

Different mastics were prepared based on a filler-to-
bitumen weight ratio of 0.3, 0.4, and 0.5. 'e fillers adopted
were of the limestone (LF) and jet grouting waste (JW) types,
while neat bitumen 50/70 (B50/70) was adopted for hot
mastics, and bituminous emulsion (BE) made up of 60%
neat bitumen and 40% water was used for the cold ones;
mixing was carried out without adding cement traying to
substitute it with JW in the cold bituminous mixture pro-
duction since the JW is also a mixture made up of cement.

G∗ (at 10, 20, 30, 40, 50, and 60°C, at frequencies from
0.1Hz to 10Hz), MSCR (test temperatures 40°C and 60°C at
0.1 kPa and 3.2 kPa), and delta ring and ball (ΔR&B) tests
were performed for all mastics. Figure 1 shows the flowchart
for the number of specimens in the series of experiments.

2. Materials and Methods

2.1.Materials. Different mastics were prepared according to
the filler-to-bitumen ratios of 0.3, 0.4, and 0.5.'ree types of
mastics were prepared for each ratio: (1) LF plus B50/70
(hot) and LF plus BE (cold), (2) JW plus B50/70 (hot) and
JTW plus BE (cold), and (3) JW plus LF plus B50/70 (hot)
and JW plus LF plus EB (cold).

JW is a mixture of water and cement injected into the soil
at high pressure; its element composition is shown in
Table 1(a), where the presence of calcium (25.7%), silicon
(67.6%), magnesium (1.7%), and other elements (0.006%)
can be observed.

Before moving on to mastic preparation, the JW was
subjected to a crushing process using a ball mill and curve
gradation measurement (Figure 2).
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LF and JW (see main properties in Table 1(b)) were
adopted in bituminous mastics production as a total passing
through a 0.063mm sieve.

Hot and cold mastics were prepared: hot-process neat
bitumen 50/70 produced by an oil refinery in southern Italy
was used, while a bituminous emulsionmixture of 60% neat
bitumen 50/70 and 40% water was used for the cold
process.

'e main properties of the bitumen and bituminous
emulsion are shown in Table 2.

2.2. Mastic Preparation. 'e mastics were prepared adopt-
ing two different laboratory protocol procedures for hot and
cold mastics.

For the hot mastics, suitable mixing temperatures were
chosen according to AASHTO T316 using rotational vis-
cosimetry. An RW 20 DZMNmechanical mixer was used to
mix the filler and binder at the traditional temperature of
150°C used for the HMA mixture.

'e mixing process was performed carefully to obtain
homogenous matrices: a stainless-steel beaker was used,
cleaned, and kept in an oven at test temperature with the
asphalt binder.'e beaker was put on a hot plate to maintain
a constant mixing temperature; a mixer running at 500 rpm
was then used. An amount of filler preheated to 150°C, in
compliance with each of the three mentioned filler-to-bi-
tumen study ratios, was gradually added to the beaker while
stirring; the mixing process lasted for at least 30 minutes,
until a homogenous binder-filler mastic was obtained
(Figure 3).

In the case of cold mastics (Figure 3), the bituminous
emulsion and filler were put into two different boxes and
heated in an oven to 60°C according to the technical
workability specification of the bituminous emulsion, until
homogenous conditioning was reached.

'e mixing process was different from that adopted
for the hot mastics. An initial water content hypothesis
was assumed for a suitable mastic workability level in
compliance with UNI EN 1744-1; consequently, a filler-to-
water content per mass of 0.5 (f/W� 0.5) was used for all
three study filler-to-extracted bitumen (0.3, 0.4, and
0.5) ratios. Table 3 shows the minimum quantity of water
for each mastic, which was guaranteed by varying the

Specimen preparation 

I. Limestone filler II. Jet grouting waste III. Limestone filler + jet grouting waste

Cold mastics
Fillers + bituminous emulsion

0.3 0.4 0.5

2 specimens 2 specimens 2 specimens

Hot mastics
Fillers + neat 50/70 bitumen 

0.3 0.4 0.5
Check the filler-to-bitumen ratio a�er mixing phase to

design hypothesis by centrifugation 

2 specimens 2 specimens 2 specimens

Curing time, a�er keeping in the oven (3 days
at 60°C), at room temperature (25°C) for 25 days 

(i) Check the filler-to-bitumen ratio a�er mixing phase to
design hypothesis by centrifugation 

Frequency sweep test
(UNI EN 14770)

(ii) 4 specimensG∗

Strain amplitude sweep test
(UNI EN 14770) 

(i) 2 specimensLVE region

3 days curing time at 60°C

3 days curing time at 60°C

Filler over bitumen ratio

Study mastics by different filler type

Filler over bitumen ratio

(i)

Strain amplitude sweep test
(UNI EN 14770) 

2 specimensLVE region(i)

Frequency sweep test
(UNI EN 14770)

4 specimensG∗(ii)

Multi stress creep and recovery test
(UNI EN 16659)

4 specimensJnr(iii)

Delta ring and ball test
(UNI EN 13179-1)

2 specimensΔR&B(iv)

Strain amplitude sweep test
(UNI EN 14770) 

LVE region 2 specimens(i)

Frequency sweep test
(UNI EN 14770)

4 specimensG∗(ii)

Multi stress creep and recovery test
(UNI EN 16659)

4 specimensJnr(iii)

Delta ring and ball test
(UNI EN 13179-1)

2 specimensΔR&B(iv)

Figure 1: Flowchart for the mixed specimens in laboratory investigations.

Table 1: Main properties of materials: (a) chemical composition of
JW filler, and (b) JW and LF specific gravity and Rigden voids.

(a)
Elements Results (%)
Ca 25.701
Fe 4.859
Si 67.642
Mg 1.735
As 0.003
Be 0.003
Co 0.004
Cr 0.008
Ni 0.004
Cu 0.007
Zn 0.026
Others∗ 0.006
(b)
Filler Specific gravity (g/cm3) Rigden voids (%)
LF 2.737 41.440
JW 2.687 51.360
∗Sn, V, Cd, Ti, and Mn.
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filler type and according to the three abovementioned
ratios.

For only the cold mastics containing LF or JW filler, the
bituminous emulsion broke up within 15 minutes after
adding filler with water (see amount of mastic mixing per
100 gr of the study sample in Table 3). 15 minutes were long
enough to allow the separation of the bituminous emulsion
into water and bitumen.

On the contrary, for mastics made from LF plus JW filler
added to BE previously mixed with a suitable amount of
water to obtain workability, the BE broke up at the close of
the 24th hour.

'e water remaining from the separation of the water
and bitumen was removed, and the cold mastic obtained was
subsequently subjected to a 72 h conditioning process in the
oven at 60°C until the remaining water was fully expelled.

A comparison of bitumen produced from bituminous
emulsion after conditioning in the oven for 72 h at 60°C and
aged bitumen made from bituminous emulsion using a
rolling thin film oven (RTFO) procedure (Figure 4) has

shown that the values of the latter, in terms of softening
point and penetration grade at 25°C, are not comparable to
the previous one as they are higher (Table 4); the condi-
tioning process was therefore such that it did not cause aging
of the bitumen contained in the cold mastics.

After the conditioning process, the actual filler content
for each of the 18 mastics was checked.

Ten grams of mastic were poured into glass test tubes,
and a suitable quantity of “perchloroethylene” was added to
submerge the mastic; the sample was stirred for ten minutes
(Figure 5). Centrifugation was performed on four samples at
the same time to verify the repeatability of the results
achieved; the four samples (mastic plus perchloroethylene)
reached the same weight. In fact, before inserting the four
glass test tubes into the centrifuge, the correct balance of
sample quantities (mastic plus solvent) was checked to avoid
imbalance during centrifugation. Centrifugation lasted 30
minutes at a speed of 6,000 revolutions/minute. At the end of
the centrifuge process, the solvent was removed using a filter
paper to help retain filler particles. To remove all quantities

(a) (b) (c)

Figure 2: Jet grouting waste before and after the grinding process. (a) Before grinding. (b) Grinding device. (c) After grinding.

Table 2: Binder properties: (a) neat bitumen 50/70, (b) bituminous emulsion 60/40, and (c) bitumen contained in bituminous emulsion.

Properties Unit Standard Value
(a)
Penetration at 25°C dmm UNI EN 1426 64
Softening point (R&B) °C UNI EN 1427 46
Dynamic viscosity at 150°C 0.25
Dynamic viscosity at 135°C Pa s UNI EN 13702 0.413
Dynamic viscosity at 60°C 3.220
Fraass °C UNI EN 12593 − 9
Characteristics Unit Value Standard
(b)
Water content % 40 UNI EN 1428
pH value — 4.2 UNI EN 12850
Settling tendency at 7 days % 5.8 UNI EN 12847
Properties Unit Standard Value
(c)
Penetration at 25°C dmm UNI EN 1426 62
Softening point (R&B) °C UNI EN 1427 47
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(A) (B)

(a)

(A) (B)

(b)

(A) (B)

(c)

Figure 3: Mastic preparation using jet grouting waste. (a) Filler preparation: (A) cold mastic and (B) hot mastic. (b) Adding filler to the
binder: (A) cold mastic and (B) hot mastic. (c) Final mastic: (A) cold mastic and (B) hot mastic.

Table 3: Amount of mastic mixing materials per 100 gr of the study sample.

Type Filler-to-bitumen
ratio (%) Label

Materials (gr)

LF JW Water f/W� 0.5
(added + contained in BE) B50/70 BE

(60% bitumen + 40% water)

Hot
mastics

0.3
LH0.3 30 — — 70 —
JH0.3 — 30 — 70 —
LJH0.3 15 15 — 70 —

0.4
LH0.4 40 — — 60 —
JH0.4 — 40 — 60 —
LJH0.4 20 20 — 60 —

0.5
LH0.5 50 — — 50 —
JH0.5 — 50 — 50 —
LJH0.5 25 25 — 50 —

Cold
mastics

0.3
LC0.3 30 — 60 (13.2 added + 46.8 contained in BE) — 117 (70.2 bitumen + 46.8 water)
JC0.3 — 30 60 (13.2 added + 46.8 contained in BE) — 117 (70.2 bitumen + 46.8 water)
LJC0.3 15 15 60 (13.2 added + 46.8 contained in BE) — 117 (70.2 bitumen + 46.8 water)

0.4
LC0.4 40 — 80 (40 added + 40 contained in BE) — 100 (60 bitumen + 40 water)
JC0.4 — 40 80 (40 added + 40 contained in BE) — 100 (60 bitumen + 40 water)
LJC0.4 20 20 80 (40 added + 40 contained in BE) — 100 (60 bitumen + 40 water)

0.5
LC0.5 50 100 (66.8 added + 33.2 contained in BE) — 83 (49.8 bitumen + 33.2 water)
JC0.5 50 100 (66.8 added + 33.2 contained in BE) — 83 (49.8 bitumen + 33.2 water)
LJC0.5 25 25 100 (66.8 added + 33.2 contained in BE) — 83 (49.8 bitumen + 33.2 water)
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of solvent, the filter papers and each glass test tube were put
in an oven heated to above the boiling temperature of the
solvent for a maximum of around one hour to reach a
constant weight.'e amount of residual filler and, therefore,
its ratio to bitumen are expressed in the following equation:

f

b
�

P2 − P3

P3 − P1
, (1)

where f/b is the actual ratio of the mastic being tested; P1 is
the weight of the glass test tubes, in grams; P2 is the weight of
the glass test tubes plus the quantity of mastic before cen-
trifuge, in grams; and P3 is the weight of the glass test tubes
with the residual amount of filler after the curing process, in
grams.

'e results in Table 5 show that, in the case of hot
mastics, the amount of filler obtained following the
abovementioned procedure is the same as that adopted in
the first phase of mastic preparation and no change in the
filler-to-bitumen ratio was observed before and after
centrifugation.

On the contrary, a loss of filler was observed when cold
mastic was prepared with filler-to-bitumen ratios of 0.4 and
0.5 after centrifugation for all the filler types adopted here.
Consequently, the ratios of 0.4 and 0.5 were not investigated
further as the mixture is chemically unstable and produces
insufficient adhesion for the solution proposed here. Con-
sequently, only a filler-to-bitumen ratio of 0.3 was examined
further, as it satisfies the test proposed here due to the
component materials adopted, and will therefore be simply
labelled LC (LF added to EB), JC (JW added to EB), and LJC
(LF plus JW added to EB) in the rest of this paper.

2.3. Methods. 'e bituminous binder has extremely varied
mechanical behaviour that ranges from a typical elastic solid

at low temperatures to that of a Newtonian-type viscous
fluid at high ones. 'ese boundary conditions include in-
termediate viscoelastic stages, i.e., characterized by the si-
multaneous presence of elastic and viscous phases. 'e
elastic and viscous responses make the material time de-
pendent. Reactions to traffic and environmental conditions
can be observed through its rheological properties, clearly
connected to the performance of an asphalt binder such as
shear modulus G∗ and nonrecoverable creep compliance Jnr.

2.3.1. Frequency Sweep Test. An “Anton Paar” dynamic
shear rheometer (DSR) (Figure 6) was used to analyze the
dynamic mechanical properties of bitumen and the stiff-
ening effect connected to the addition of two fillers: mineral
filler (LF) and alternative filler (JW), which were adopted to
mix mastics.

'e complex shear modulus G∗ is calculated as follows:

G
∗

�
τmax

cmax
,

τmax �
T · r

I
,

(2)

where τmax is the maximum value of the shear stress, T is the
maximum torque applied, and I � 

r

0 u2dA �

moment of inertia, where u is the speed of the torque and r is
the radius of the specimen (either 12.5 or 4mm):

c �
u

h
θ⟶ cmax �

r

h
θ, (3)

where c is the shear strain, h is the specimen height (either 1
or 2mm), cmax is the maximum value of the shear strain, and
θ is the rotation angle.

'e test at the selected temperatures starts at the highest
frequency and moves to the lowest falling within the LVE
region. In this context, it is important to investigate the LVE
properties in order to understand how the proportion of
each filler type can affect the entire LVE behaviour of the
associatedmixture. Different proportions generating various
microstructures can produce a wide range of bituminous
material behaviours [11].

An FS test was conducted at a range of frequencies
between 0.01 and 10Hz, at temperatures of 10, 20, 30, 40, 50,
and 60°C. An 8mm plate with a 2mm gap was used below
30°C, and above this temperature, a 25mm plate and a 1mm
gap were used. In the FS test, the complex shear modulus
(G∗) was measured and analyzed from the point of view of
master curves. [12].

Master curves were then plotted using the time-tem-
perature superposition principle by shifting the modulus
data at various temperatures with respect to frequency until
the curves merged into a single function of the modulus in
relation to the reduced frequency. 'e shift factor a(T) is the
amount of shift required to form the master curve at each
temperature.

'e shift factor depends on the nature of the material
and should therefore be assessed experimentally. 'e
common equation used take the name of the Wil-
liams–Landel–Ferry law is as follows:

Figure 4: RTFO device.

Table 4: Bitumen from EB 60/40 properties after aging and curing.

Properties Unit Standard Aged bitumen
from EB60/40

Bitumen
from EB60/40
after 72 h at

60°C
Penetration
at 25°C dmm UNI EN

1426 40 60

Softening
point (R&B)

°C UNI EN
1427 54.5 49
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log
a(T)

a T0( 
�

− C1 · T − T0( 

C2 + T − T0
, (4)

where a(T) and a(T0) are the shift factors at temperatures T
and T0, T is the shift temperature, T0 is the temperature of
reference for the shift, and C1 and C2 are the constants that
depend on the nature of the material.

2.3.2. Multistress Creep and Recovery Test. To assess bitu-
minous binders at high service temperatures, and especially

to evaluate stress or loading resistance [13], the MSCR test
was performed in accordance with UNI EN 16659.

Nonrecoverable creep compliance Jnr is an indicator of
the resistance of bitumen and bituminous mastics to per-
manent deformation under repeated load.

'e test was performed at 40 and 60°C in light of the
main results from the FS test where the 25mm parallel plate
geometry was used with a 1mm gap setting.'e test consists
of an initial loading phase kept constant for one second,
followed by a recovery phase of nine seconds; ten creep and

Table 5: Filler-to-bitumen ratio results.

Hot mastics

f/b Weight
LH JH LJH

Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2

0.3

P1 112.230 115.880 135.970 126.160 112.200 115.830
P2 122.260 126.000 145.990 136.190 122.200 125.860
P3 114.480 118.105 138.279 128.469 114.450 118.121
f/b 0.289 0.282 0.299 0.299 0.290 0.296

0.4

P1 112.210 115.830 135.930 126.120 112.200 115.880
P2 122.210 226.780 145.930 137.120 122.900 125.880
P3 115.036 147.530 138.739 129.183 115.259 118.726
f/b 0.394 0.400 0.391 0.386 0.400 0.398

0.5

P1 112.230 115.860 135.910 126.150 112.180 115.860
P2 122.430 125.960 145.910 136.350 122.580 125.860
P3 115.627 119.163 139.243 129.486 115.627 119.153
f/b 0.499 0.486 0.500 0.486 0.496 0.491

Cold mastics

f/b Weight LC JC LJC
Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2

0.3

P1 136.000 126.120 112.220 115.880 135.990 126.150
P2 146.100 136.120 122.230 125.900 146.100 136.140
P3 138.331 128.412 114.520 118.000 138.302 128.455
f/b 0.300 0.297 0.298 0.268 0.296 0.300

0.4

P1 135.980 126.160 112.210 115.870 135.960 126.110
P2 146.680 136.260 122.210 125.990 146.160 136.130
P3 138.584 128.754 114.719 118.332 138.490 128.497
f/b 0.322 0.346 0.335 0.322 0.330 0.313

0.5

P1 135.000 126.110 112.230 115.880 135.970 126.130
P2 145.100 136.110 122.390 126.150 146.330 136.330
P3 137.613 128.753 114.845 118.371 138.710 128.620
f/b 0.349 0.359 0.347 0.320 0.360 0.323

(a) (b) (c) (d)

Figure 5: Checking filler content: (a) calibration of the glass test tubes, (b) specimen ready for the centrifuge, (c) centrifuge equipment, and
(d) residual filler.
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recovery cycles are run at 0.100 kPa creep stress followed by
ten more cycles at 3.200 kPa creep stress.

MSCR results show that adding filler leads to reduced
susceptibility, to permanent deformation, and an enhanced
elastic response depending on the combination of filler types
[14].

'e results obtained from theMSCR test are expressed as
follows:

(i) Jnr, nonrecoverable creep compliance, calculated by
dividing the residual strain postrecovery phase by
the stress applied during creep loading

(ii) Jnr, the average nonrecoverable creep compliance,
calculated as the mean of 10 Jnr values

(iii) Jnr and JTOT, the ratio between the residual
strain and accumulated strain at the end of the creep
phase, where JTOT is evaluated immediately before
load removal

(iv) Jnrratio, the ratio between the average creep compli-
ance (Jnr) of the mastic containing alternative filler
(LJH and LJC28d (cold mastic with LF and JW after
28 days curing time)) and the respective mastic
containing limestone filler (LH and LC28d (cold
mastic with LF after 28 days curing time)) at the
same stress level and test temperature

3. Results

3.1. Frequency Sweep Test. G∗ was taken as the rheological
benchmark used to characterize and compare the nine
mastics prepared by adopting a filler-to-bitumen ratio of 0.3.
Test temperatures were between 10°C and 60°C with an
increment of 10°C, and a test frequency ranges from 0.1 to
10Hz across the 19 obtained measures. Strain amplitude
sweep (SAS) tests were performed first with the aim of
identifying the LVE limit and defining a suitable range of
strain level for hot and cold mastics with all filler types.
'e SAS tests were performed at 10°C using 8mm parallel
plate geometry and a 2mm gap, applying a constant fre-
quency of 10 rad/s (1.59Hz). A unique strain level of 0.05%
was adopted as the LVE limit for all mastics in order to
simplify the testing procedure.'is value was selected on the
basis of the LVE limit identified for the LH mastic, although
the other mastics had higher LVE limits [8, 15–17].

Figure 7 shows the master curves for the three hot
mastics ((1) hot mastics made with LF filler added to B50/70,
(2) hot mastics with JW filler added to B50/70, and (3) hot
mastics with LF plus JW added to B50/70). It may be noted
that adding the filler to the three hot mastics increases
stiffness when compared to B50/70. In greater detail, LH
returns the lowest G∗ values for all test temperatures and
frequencies investigated compared to JH and LJH; on the
contrary, at a test temperature of 10°C, JH behaves in a
similar way to LH. It should also be noted that the highest G∗

values were observed for LJH; specifically, at a low test
temperature, there were no great differences between LH
and JH, with behaviour very close to that of B50/70. Oth-
erwise, at high temperatures, LJH gave higher G∗ perfor-
mance than LH and B50/70, albeit quite close to that of JH.
'e phase angle behaviour of mastics follows the base bi-
tumen trend; neither filler changes the viscoelastic response
of the bitumen, giving a completely viscous response at high
temperatures and an elastic approach at low temperatures.

Before moving on to assess the cold mastics from the
point of view of G∗ and δ, an assessment of the behaviour of
B50/70 in terms of G∗ and δ and the bitumen extracted
(EB60/40) from the bituminous emulsion was carried out.
Figure 8 shows the master curve results for the two bitu-
mens, with no variation when moving from high to low test
temperatures. Further clarification will be provided by the
MSCR test in Section 3.3.

'ree cold study mastics (LC, JC, and LJC) were prepared
following the procedures shown in Section 2.2 and kept in an
oven for 3 days at 60°C until a constant weight was reached.
On the third day, no variation in weight had occurred, so after
this period, three specimens of the coldmastics were tested for
G∗ configuration according to the geometric configuration of
the plates and gap shown in Section 2.3.1.

'e master curves for the cold mastics are shown in
Figure 9. What is immediately evident is the remarkable
difference between the cold mastics after 3 days of curing
time and the EB60/40 at low temperatures, where the former
(LC, JC, and LJC) show lower G∗ values compared to EB60/
40; on the contrary, JC reaches performance at temperatures
up to 40°C and seems to produce the same behaviour as
EB60/40. In comparison with the other two cold mastics at
10°C, the LC shows a dramatic fall in G∗. In terms of the
phase angle, it is possible to observe a lower δ value at high
temperatures for LC than for EB60/40, with slightly elastic

Bitumen
sample

T
r

u
du

h

Shear strain

γ

θ

Figure 6: 'e dynamic shear rheometer used for investigating rheological properties.
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Figure 7: Master curve for hot mastics and neat bitumen 50/70.
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Figure 8: Master curve of bitumen and bitumen vontained in emulsion.
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Figure 9: 'e master curves of the cold mastics after 3 days of curing time in an oven heated to 60°C and EB60/40.
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behaviour, which is the opposite of what happens at low
temperatures, where the δ value for JC is higher than for
EB60/40.

In particular, it can be observed that the trend of the
phase angle at low temperatures for JC is the opposite of the
trend for G∗ modulus; in this case, the behaviour of JC,
unlike the other mastics, approaches that of a pseudoplastic
material, which may mean that a mastic mix using only JW
as a filler cannot increase the stiffness of bitumen after 3
days.

Since many studies carried out on CBM have demon-
strated that maximum mechanical performance in terms of
ITS and/or stiffness can be achieved on the 28th day of
curing time [18], coldmastics that had been kept for 3 days at
60°C were subsequently kept at room temperature for 25
days (for a total of 28 days’ curing time) and then subjected
to G∗ evaluation (labelled LC28d (LF added to EB after 28
days of curing time), JC28d (JW added to EB after 28 days of
curing time), and LJC28d (LF plus JW added to EB after 28
days of curing time).

'e results of the FS test in terms of master curves are
reported in Figure 10. Unlike the previous results for all cold
mastics, G∗ always resulted higher than EB60/40, high-
lighting the stiffening effects of the fillers in the bitumen. In
particular, it can be noted that, although JC28d G∗ is higher
than EB60/40 at low temperatures (10–20–30°C), JC28d is
comparable to LC28d; on the contrary, at high temperatures
(40–50–60°C), it displays worse behaviour with a reduction
in G∗. When JW filler is added to the bitumen without LF,
JC28d G∗ is lower than the remaining mastics. On the
contrary, when JW is added to bitumen with LF, theG∗ value
increases at all temperatures and for all frequency ranges (see
LJC28d).

'e phase angle behaviour of mastics follows the bitu-
minous emulsion trend; in particular the LC28d δ values at
higher temperatures resulted lower for all the mastics and
the bituminous emulsion, while JC28d shows greater elas-
ticity than the others at low temperatures. Furthermore,
greater viscosity was observed when both LF and JW were
added to bituminous emulsion.

'erefore, cold interaction between LF filler with bitu-
men favours the best mechanical performance of all the
prepared mastics, including the hot ones (Figure 10).

On the basis of the results achieved so far, focusing only
on the mastics that returned better performance during
comparison when hot and cold procedures were used, it can
be observed in Figure 11 that three main regions can be
identified taking into account G∗ values: (1) for region I (test
temperatures >30°C), it may be observed that LJC28d shows
higher performance in terms of G∗ than LJH; (2) for region
II (test temperatures from 20°C to 10°C), LJC28d shows the
same performance in relation to G∗ as LJH; and (3) for
region III (test temperatures<10°C), LJC28d displays poorer
performance than LJH, which, on the contrary, has a
higher G∗.

3.2. MSCR Test. 'e passage of traffic loads generates stress
within the pavement causing accumulated strain in the

mixture. 'e rutting resistance of cold bituminous mixtures,
like those of a traditional HMA, is due to (a) the interlocking
of the aggregates and their form and (b) the stiffening effect
of the mastic [19].

In the research presented here, mastic response to
permanent deformation was estimated using the MSCR test.
As the results shown in the previous sections demonstrated
that best performance of cold mastics can be achieved at the
end of the 28th day of curing time, theMSCR test was carried
out using the abovementioned mastics and the hot mastics
(LH, JH, and LJH) as control systems to measure the per-
formance of the cold ones.

Table 6 shows Jnr, values for each of the six mastics (LH,
JH, LJH, LC28d, JC28d, and LJC28d) at temperature of 40°C
and 60°C and 0.1 kPa and 3.2 kPa stress levels.

As expected, Jnr increases as the temperature rises both
for binders (B50/70 and EB60/40) and mastics. 'is is due to
lower viscosity during the bituminous phase at higher
temperatures, which results in higher permanent strain in
the material under stress.

First of all, from a comparison between hot and cold
mastics at the same test temperatures and load levels, all the
cold mastics show a reduction of Jnr; in particular, at 40°C
and at 3.2 kPa stress level, a greater reduction was observed,
comparing the cold mastics with the corresponding hot
mastics, for LJC28d, associated with a 68% Jnr reduction
compared with LJH; a reduction of 57% was observed
moving from LH to LC28d and a 21% Jnr reduction when
moving from JH to JC28d.

'e experimental data highlight the contribution of
adding alternative fillers to the bitumen and the bitumen
derived from bituminous emulsion. 'e presence of JW
improves the resistance of bitumen to permanent deforma-
tions, especially when added together with LF to bituminous
binder. In fact, at temperatures of 40°C and 60°C, when JW is
added to B50/70 for hot packaging, the Jnr values decrease by
38% and 21%, respectively, compared with LH; as for the cold
mastics, LJC28d returned the highest reduction compared
with the remaining cold mastics. In particular, LJC28d is
characterized by a 74% Jnr reduction at a 40°C test temper-
ature and 52% Jnr at a 60°C test temperature compared to LH.

Figure 12 shows the differences between hot and cold
bituminous mastics in terms of accumulated strain during 10
creep and recovery cycles; when adding LF and JW to bi-
tumen contained in bituminous emulsion (LJC28d), the
stiffening effect reaches its highest value both at 40°C and
60°C. 'is confirms the results obtained previously for Jnr.

'e ability of each mastic to recover from deformation at
the end of the creep phase was evaluated in terms of Jnr/JTOT.

If the material is unable to recover from any deforma-
tion, and the strain measured at the end of the creep phase
remains the same at the end of the recovery phase, Jnr/JTOT
will be 1. On the contrary, if the material is totally elastic and
able to recover from all the accumulated deformation,
Jnr/JTOT will be 0 [14].

'e results, in terms of Jnr/JTOT expressed as percent-
ages, are reported in Figure 13 but only at a test temperature
of 60°C and 3.2 kPa, as the results shown in Table 6 high-
lighted the most critical situations under these conditions.
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Table 7 shows that more than 30% of elastic deformation
is recovered by LJC28d and positive performance was also
observed for LC28d, which regains more than 25% of the
deformation, while JC28d returns less than 25% of elastic
deformation.'ese results match previously achieved results
in terms of G∗. Hot mastics have poorer performance in
terms of recovery from elastic deformation when compared
with cold mastics and, in all cases, less than the hot mastics.

JH shows the best performance (recovery of elastic defor-
mation less than 15%). 'is circumstance also confirms the
results previously achieved in terms of G∗ for the cold
mastics.

In order to further evaluate the stiffening effect of the
JW when added to hot and cold bituminous mastics, a
ratio between Jnr for mastics containing JW with LF (as
results for G∗ and Jnr/JTOT demonstrated how these mastics
achieved the best performance) and Jnr for mastics con-
taining only LF, defined Jnrratio, was calculated from results in
Table 6.

'e results in Table 7 show that JW filler improves
mastic stiffening during both hot and cold mixing. In
particular, under hot conditions, the increase in stiffening
caused by the addition of JW changes with the temper-
ature but is not affected by stress levels. Under hot
conditions, JW filler helps increase stiffening by almost
25% compared with LH mastic at a test temperature of
40°C. In the case of hot mixing, the stiffening effect de-
creases from 40°C to 60°C, making up only around 10% of
a further increase in stiffness due to the presence of JW in
the mastic.
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Figure 10: Master curves of the cold mastics subsequent to curing time, after being kept in the oven for three days at 60°C and at room
temperature (25°C) for 25 days.
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Figure 11: Master curves comparison between LJC28d and LJH.

Table 6: Jnr value of hot and cold mastics.

Test temperatures

ID Specimens
40°C 60°C

Jnr_0.1 kPa Jnr_3.2 kPa Jnr_0.1 kPa Jnr_3.2 kPa
1 B50/70 0.128 0.139 4.149 4.321
2 EB60/40 0.112 0.128 3.387 3.829
3 JH 0.083 0.091 2.312 2.503
4 JC28d 0.053 0.062 2.059 2.211
5 LH 0.137 0.143 3.002 3.054
6 LC28d 0.051 0.072 1.767 2.394
7 LJH 0.104 0.108 2.745 2.753
8 LJC28d 0.036 0.052 1.360 1.529
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'e greatest benefits can be achieved when the mastics
are prepared under cold conditions: JW increases stiffness,
both at 40°C and 60°C. At 0.1 and 3.2 kPa, the increase is
around 30% compared with cold mastic made up of lime-
stone filler and bitumen.

3.3. Mean Correlation Comparing Delta Ring and Ball and
Jnr. 'e final test carried out was the most common ΔR&B
(UNI EN 13179-1) assessment, measuring the difference
between the R&B of each mastic (LH, JH, LJH, LC28d,
JC28d, and LJC28d) and the R&B of the binder adopted for

mixing mastics (B50/70 and EB60/40) with a filler-to-
bitumen ratio of 0.3 (see Section 2.2 for more details).

Figure 14 shows the ΔR&B value for each mastic plotted
as a function of two variables: the x-axis shows the study
mastics (a total of six), while the y-axis shows the mean value
of the stiffening increase produced by the addition of each
filler to a mastic, compared with the binder, taking into
account the effects produced at two test temperatures (40°C
and 60°C) and two stress levels (0.1 and 3.2 kPa). 'e last
parameter is called Jtemp,stress and can be calculated for each
hot mastic using equation (5) and for each cold mastic using
equation (6) as follows:
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Figure 12: Accumulated strain results at the end of every 10 creep-recovery cycles of hot and cold bituminous mastics: (a) LH vs LC28d (I at
40°C and II at 60°C), (b) JH vs JC28d (I at 40°C and II at 60°C), and (c) LJH vs LJC28d (I at 40°C and II at 60°C).
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Jtemp,stress �
1
n


i,j

Jnr hotmastici,j

JnrB50/70i,j

⎛⎝ ⎞⎠, (5)

where Jnr hotmastici,j refers to Jnr measured for each hot mastic
at i-th temperature (40° or 60°C) and j-th stress level (see
rows 3 to 5 in Table 6), JnrB50/70i,j refers to Jnr measured for
B50/70 at i-th temperature (40° or 60°C) and j-th stress level
(see row 1 in Table 6), and n is the number of combined
conditions at test temperatures and stress levels equal to 4 in
the case study (Table 6):

Jtemp,stress �
1
n


i,j

Jnr coldmastici,j

JnrEB60/40i,j

⎛⎝ ⎞⎠, (6)

where Jnr coldmastici,j refers to Jnr measured for each cold
mastic at i-th temperature (40° or 60°C) and the j-th stress
level (see rows 6 to 8 in Table 5), JnrEB60/40i,j refers to Jnr
measured for EB60/40 at i-th temperature (40° or 60°C) and
the j-th stress level (see row 2 in Table 5), and n is the number
of combined conditions test temperatures and stress levels
equal to 4 in the case study (Table 5).

Firstly, it may be observed that the ΔR&B trend is in-
versely related to Jtemp,stress, where an increasing ΔR&B
corresponds to a decreasing Jtemp,stress: based on the results
in Figure 14, the more suitable solution among these
mastics (highest ΔR&B, lowest Jtemp,stress) is LJC28d, while
the lower performances are found for LH traditional
mastics.
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Table 7: Jnrratioresults: (a) LJH/LH and (b) LJC28d/LJ28d.

Mastics
Temperature

40°C 60°C
Jnrratio_0.1 kPa Jnrratio_3.2 kPa Jnrratio_0.1 kPa Jnrratio_3.2 kPa

(a) LJH 0.763 0.755 0.914 0.901
(b) LJC28d 0.706 0.694 0.770 0.639

7.3
6.5

5

4 4
3.30.399

0.575 0.588
0.570

0.654

0.725

0

0.1

0.2

0.3

0.4

0.5

0.6

J te
m

p,
str

es
s (

%
)

0.7

0.8

0

1

2

3

4

5

6

7

8

LJC28d LC28d JC28d JH LJH LH

ΔR
&

B 
(°

C)

Mastics

Figure 14: Delta ring and ball results compared with Jtemp,stress.

Advances in Materials Science and Engineering 13



4. Discussion

'e study described in this paper focuses first of all on the
construction of a laboratory mixing protocol for cold bi-
tuminous mastics and on the examination of their rheo-
logical performance and main differences in terms of shear
modulus G∗ and nonrecoverable creep compliance Jnr when
compared to hot mastics. Specifically, the addition of jet
grouting waste as a filler for bitumen with and without
additional LF led to the best response in cold mastics.

'ree filler-to-bitumen ratios (by weight) were investi-
gated, namely, 0.3, 0.4, and 0.5 (Table 3); after submitting the
cold and hot mastics to centrifuge, no loss of filler was ob-
served for a filler-to-bitumen ratio 0.3 (Table 5). 'is made it
possible to proceed with the analysis by examining the
performance of mastics following the ratio mentioned above.

'e FS test showed that hot mastics with JW filler (JH and
LJH) have a higher G∗ value than traditional LH (Figure 7),
with δ values that do not differ from those obtained from the
binder used for the mixing phase, and G∗ results for all the
cold mastics showed that a curing time period of 3 days at
60°C in the oven, where 60°C is the typical laying temperature
for CBM, is not enough to reach a suitable level of mechanical
performance in coldmastics (Figure 9). Further curing time at
room temperature is needed up to the 28th day to obtain
adequate rheological performance; in particular, it was ob-
served how cold mastics with only JW as a filler allow good
performance at low temperatures (<30°C), while JW and
limestone fillers should be added to bituminous emulsion at
high temperatures (Figure 10).

Since no differences exist between neat bitumen 50/70
and bitumen contained in bituminous emulsion used for
mixing cold mastic (with no variations in terms of master
curves G∗ (Figure 8)), a comparison between the hot and
cold mastics was carried out where LJC28d returned greater
stiffening behaviour than traditional hot LH in terms of G∗.

'e deformation recovery capacity of binders and
mastics in both hot and cold specimens was assessed using
an MSCR test. 'e nonrecoverable creep compliance Jnr of
all mastics was lower than Jnr of bitumen, which indicates
the extent of contribution of fillers to increasing the stiffness
of the mastics of which they are a component. Specifically,
when JW and LF are used as binder fillers for mixing, it was
observed that the cold mastics recovered accumulated de-
formation after the 28th day of curing time at room tem-
perature (LJC28d), showing a Jnr reduction of 74% at 40°C
and 52% at an average temperature of 60°C compared to the
traditional LH (Table 6). 'e effect of the stiffness of each
mastic produced by adding alternative filler is further
confirmed by calculating the following ratio: Jnr mastic with
JW filler to Jnr mastic with LF as a filler.

'e results showed that the stiffening effect produced by
the presence of JW is not stress dependent for either hot and
cold mastics but is temperature dependent when moving
from 40°C to 60°C in the case of LJH; LJC28d produced the
highest stiffening performance at all test temperatures, and
the stress levels allowed a mean reduction of almost 30% of
accumulated deformation compared with traditional LH
(Table 7).

Based on the observation listed above, the stiffening
effect of the fillers in bituminous mastics is summarised in
Figure 15; specifically, the stiffening effect was estimated by
observing many parameters. Figure 15 shows R&B′ vs
Jtemp,stress′ and G

∗′ calculated according to equations (7)–(9),
respectively, as follows:

R&B′ �
R&Bmastic

R&Bbinder
− 1  · 100, (7)

where R&Bmastic is the ring and ball value calculated for each
mastic (hot and cold) and R&Bbinder is the ring and ball value
of each binder (B50/70 for hot mastics and EB60/40 for cold
mastics):

Jtemp,stress′ � Jtemp,stress − 1  · 100, (8)

where Jtemp,stress is calculated according to equation (5) for
hot mastics and equation (6) for cold ones:

G
∗′ �

G
∗
mastic

G
∗
binder

− 1  · 100, (9)

where G
∗
mastic is the average of the G∗ values for the test

temperatures 40°, 50°, and 60°C of each mastic (hot and cold)
and G

∗
binder is the average of the G∗ values for the test

temperatures 40°, 50°, and 60°C of each binder (B50/70 for
hot mastics and EB60/40 for cold ones).

Figure 15 shows that the stiffening effect of the fillers is
different for hot and cold mastics and two different regions
of interest emerge. 'e highest area of region I identified for
hot mastics is occupied by JW when it is added to B50/70,
while the highest area of region II identified for cold mastics,
which is also the peak of the total region, is identified for JW
when it is added together with LF into EB.'is different filler
behaviour for cold and hot mastics may be due to the very
high temperature in the hot mastic mixture, which leads to a
reduction in the stiffening effect of the fillers within the
mastics.
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5. Conclusions

On the basis of the results discussed above, the following
observations can be made:

(i) Cold mastics mixing jet grouting waste, limestone
filler, and bituminous emulsion were made at
60°C using a filler-to-bitumen weight ratio of 0.3;
the separation of bitumen from water into bi-
tuminous emulsion took place without the ad-
dition of cement as traditionally happens with
cold bituminous mixtures; and this is due to the
role and contribution of jet grouting waste
comprising water, cement, and soil available in
site.

(ii) It was observed that cold mastics after 3 days of
curing time at 60°C return a worse G∗ performance
than neat bitumen 50/70 contained in bituminous
emulsion.

(iii) 'e contribution of the jet grouting waste in terms
of G∗ is higher when it is adopted for hot mastics
than cold mastics; the effects of jet grouting waste
seriously affects G∗ when it is added to limestone
filler making cold mastics. 'e last combination
allows us to reach a reduction of the phase angle
compared to remaining mastics.

(iv) 'e combination of jet grouting waste and lime-
stone filler in cold mastics increases the stiffness
response, returning a higher G∗ modulus, con-
firmed also by a reduction of the accumulated de-
formation obtained from a multistress creep and
recovery test.

'ese conclusions may constitute a starting point for
the further study of cold mastics: increasing the filler ratio
and changing the type of bituminous emulsion or even
adding a rejuvenator; a mastic mixture without using
cement could be produced in order to verify the con-
tribution offered by jet grouting waste alone. 'ese will be
no more than small-scale analysis results to be transferred
full scale in the proportions required to mix cold bitu-
minous mixtures designed without the addition of
cement.
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In the process of using Buton rock asphalt- (BRA-) modified asphalt, in order to improve the utilization rate of Buton rock asphalt and
the performance of the modified asphalt, this paper puts forward the process of “activation” treatment of Buton rock asphalt, that is,
grinding and heating of BRA to make natural asphalt precipitate. Laboratory tests show that compared with modified asphalt without
activation process, the penetration of the modified asphalt decreases, the softening point rises, the ductility at 5°C and the kinematic
viscosity at 135°C all have been increased, and the performance of the modified asphalt increases with the increase of the content of
activated BRA. In order to further clarify the effect of “activation” process on the properties of BRA-modified asphalt frommicrolevel,
atomic force microscopy (AFM) was used to test the microproperties of Buton rock asphalt before and after activation. It is found that
theDerjaguin–Muller–Toporov (DMT)modulus of themodified asphalt is about 2.5 times that of base asphalt, which indicates that the
viscous degree of modified asphalt with activated BRA has been greatly increased and the modification effect is remarkable.

1. Introduction

Buton rock asphalt (BRA) is natural rock asphalt produced
in the Buton island of Indonesia. It is an asphalt residual
substance derived from the combined action of heat energy,
pressure, oxidation, and catalyst bacteria after the seepage
and overflow of ancient oil after hundreds of thousands of
years of deposition and change. Buton rock asphalt is a
special asphalt-mineral blend with stable properties and
strong peeling resistance, which has developed micropore
and strong adsorption capacity for free asphalt. *e surface
and interior of active minerals with high crystallinity also
have strong adsorption capacity for pure asphalt with high
viscosity. It usually has high softening point, high viscosity,
strong oxidation resistance, and antimicrobial corrosion
ability. It contains no wax, has a large molecular weight, is
easy to store and process, and has a good water sensitivity

and weather resistance. Similar to the chemical structure of
matrix asphalt, it has good compatibility and no segregation.
Modified asphalt as a modifier can improve the performance
of asphalt pavement, especially high temperature stability,
water damage resistance, and durability. Social and eco-
nomic benefits are very significant [1–4].

Li et al. found the presence of more calcium carbonate in
BRA. In the BRA-modified asphalt, asphalt and BRA par-
ticles were present infiltrated, forming a two-phase con-
tinuous structure with interlacing.*e number of aggregates
in BRA-modified asphalt decreased, and the temperature
stability is improved [5]. Liu et al. revealed that the asphalt in
Buton rock can obviously improve the high-temperature
performance of base asphalt but, at the same time, reduce its
low-temperature performance [6]. Zou et al.’s test results
show that, with increasing BRA content, the binder’s pen-
etration decreased, softening point increased, dynamic
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viscosity at 60°C increased, and complex modulus increased.
*e incorporation of BRA in the binder also changed the
viscoelastic property of the asphalt binder [7]. Liu et al. used
the uniaxial penetration test to study the high-temperature
performance of Buton rock asphalt mixture with different
mixing process in amixing plant.*e results showed that the
high-temperature performance of Buton rock asphalt
mixture prepared by BRA postprocessing process was better
than that of conventional process [8]. Wu et al. systemati-
cally studied the high-temperature performance of Buton
rock asphalt-modified asphalt through the conventional
high-temperature performance test and dynamic shear
rheological test. *ey found that the high-temperature
performance of Buton rock asphalt-modified asphalt was
significantly better than that of No. 70 base asphalt [9].

Li et al. studied the effect of BRA on the physical and
mechanical properties of asphalt binder and asphalt mixture.
*ey found that the activation treatment can effectively en-
hance the molecular polarity of Buton rock asphalt but the
micromechanism needs to be explained [10]. Tan and Guo
studied the cohesion and adhesion of asphalt mastic by using
surface free energy method.*ey found that a good correlation
exists between complex modulus G∗ of asphalt mastic and
work of adhesion [11]. Furthermore, they investigated the
interaction between asphalt and mineral fillers and its corre-
lation to mastics’ viscoelasticity in detail and found that the
interfacial behavior had a significant effect on the bulk property
[12]. *ese findings imply that BRA could be improved by
some interface treatment. *e BRA looks like the asphalt
mastic, but it has more complicated interfacial structure.

*e content of natural asphalt in Buton rock asphalt
ranges from 20% to 30%. Most of the natural asphalt is
distributed in the cracks of BRA. If it is not treated, it can be
modified directly by blending it with base asphalt, which
results in the effective asphalt that can play a very few role
[10, 13]. Nowadays, China only regards natural asphalt as a
special asphalt modifier and has not formed a set of relatively
perfect technical performance standard system. Most of the
existing related research is limited to the mix design and
road performance verification of modified asphalt mixtures,
lacking in-depth study on the modification mechanism of
natural asphalt [14]. In order to improve the utilization rate
of Buton rock asphalt and improve the performance of
modified asphalt, this paper puts forward the “activation”
treatment of Buton rock asphalt; that is, the natural asphalt
in the cracks of Buton rock asphalt can be precipitated after
grinding the BRA to a certain size range and heating at
150–180°C. In order to clarify the effect of “activation”
process on the performance of BRA-modified asphalt, the
following research is carried out in this paper.

2. Materials and Methods

2.1. RawMaterials. Buton rock asphalt raw material is made
of BRA dry powder produced by Hubei ZhengKang Natural
Asphalt Technology Co., LTD., and the base asphalt is road
asphalt 70. Specific performance indicators are shown in
Tables 1 and 2. *e technical indicators meet the specifi-
cations [15–17].

2.2. Activation Technology of Buton Rock Asphalt. *e
crushed BRA particles with particle size less than 3mmwere
added to the activation equipment, dehydrated, stirred, and
maintained for 9 minutes at 150°C–180°C, and the moisture
content of dehydrated BRA particles was controlled below
2%. *e process activates the resin composition in natural
BRA, and the activated oil was coated with sand grains,
which can transform the original BRA into colloidal asphalt,
which is beneficial to improve the use effect of asphalt.
*rough microscopic image characterization, we observed
the preactivated and activated BRA, in which the activated
BRA surface was covered with a large number of natural
asphalt, as shown in Figure 1 [18].

3. Results and Discussion

3.1. Effect of “Activation” of Buton Rock Asphalt on the Per-
formance of Modified Asphalt. Unactivated and activated
Buton rock asphalt was added into matrix bitumen
according to 10%, 20%, 30%, and 40%, respectively. Mod-
ified bitumen with different content of Buton rock asphalt
was prepared by an indoor small colloidal mill. *e pene-
tration at 25°C, softening point, ductility at 5°C, and kine-
matic viscosity at 135°C were measured. *e specific test
results are shown in Figures 2–5.

From Figures 2–5, it can be seen that the penetration and
ductility at 5°C of modified asphalt decrease with the in-
crease of BRA content, and the softening point and viscosity
increase with the increase of BRA content, regardless of
whether the former or the latter, indicating that the viscosity
of asphalt increases with the increase of BRA, which is
beneficial to the improvement of the high-temperature
deformation resistance of modified asphalt.

Compared with BRA-modified asphalt before activa-
tion, the penetration of modified asphalt decreased, soft-
ening point increased, and ductility at 5°C and kinematic
viscosity at 135°C increased after adding activated BRA,
and the trend became more and more obvious with the
increase of the content of activated BRA, indicating that the
activation process further enhanced the viscosity of BRA-
modified asphalt. Specifically, when the content of

Table 1: Technical index of BRA.

Items Units Test results Technical indices

Colour character — Brown
powder Black or brown powder

Ash content % 73.6 ≤80
Moisture
content % <0.6 <2

Table 2: Technical index of #70 road petroleum asphalt.

Items Unit Test
results

Technical
requirements

Penetration at 25°C 0.1mm 73 60∼80
Softening point °C 47 >46
Ductility at 5°C cm 100 100
Kinematic viscosity at 135°C m2/s 0.45 <3
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activated Buton rock asphalt is more than 30%, the ductility
index attenuates seriously. *is is due to the ash content of
Buton rock asphalt in BRA-modified asphalt. During the
ductility test, it is easy to produce stress concentration at

ash particles, which results in low ductility index, indi-
cating that this test method is not suitable for evaluating
BRA-modified asphalt.

(a) (b)

Figure 1: Preactivated (a) and activated (b) BRA microscopic images.
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Figure 2: Chart of penetration of BRA-modified asphalt with
dosage before and after activation.
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activation.
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3.2. Study on Microstructure of BRA-Modified Asphalt before
and after Activation Based on Atomic Force Microscope.
In order to study the effect of activation process on the
properties of BRA-modified asphalt from the micropoint of
view, in this paper, the nanomorphology of the modified
asphalt doped with 30% activated precursor asphalt and
activated BRA was observed by atomic force microscopy [19].

*e peak force QNM mode is selected for the AFM test.
*e cantilever end of AFM is RFESPA of Bruker company.
Its nominal resonance frequency is 75Hz, and its nominal
elastic constant is 3N/m (the real elastic constant measured
by the “thermal tune” method is 4.3N/m).*e tip material is
silicon with a height of 15–20 μm and a nominal tip radius of
8 nm. *e peak force set point is 10 nN, the scanning fre-
quency is 0.5Hz, the scanning angle is 90°, and the scanning
area is 30 μm× 30 μm.

3.2.1. Nanotopography. Figures 6–8 show that the nano-
morphology of modified asphalt and that of #70 road asphalt
have not changed much after adding BRA.

3.2.2. Nanoadsorption. Since there is no significant differ-
ence between BRA-modified asphalt and #70 road asphalt in
nanomorphology, the surface nanoadhesion force of asphalt
samples was characterized by the atomic force microscopy
(AFM) DMTmodel [20]. In 1977, Tabor introduced a kind
of dimensionless parameter [21], which can be used to
distinguish the applicability of JKR and DMT models. *e
DMT model is suitable for contact with small deformation
and large elastic modulus. *e DMTmodel can describe the
real force between probe and sample and estimate the ad-
hesion work reasonably. *e typical results are shown in
Figures 9–11.

0.0 30.0µm
–2.0µm

3.0µm

1: height sensor

Figure 6: Nanomorphology diagram of #70 matrix asphalt.

–4.2µm

2.7µm

0.0 30.0µm1: height sensor

Figure 7: Nanomorphology of #70 matrix asphalt + 30% pre-
activated Buton rock powder.
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Figure 8: Nanomorphology of #70 matrix asphalt + 30% activated
Buton rock powder.
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Figure 9: DMT modulus diagram of matrix asphalt.
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From Figures 9–11, it can be seen that adding 30%
activated Buton rock powder can slightly reduce the surface
DMT modulus of base asphalt but adding 30% activated
Buton rock powder can significantly improve the surface
DMT modulus of base asphalt.

In order to study the overall regularity of different
modification effects on asphalt, this part takes the average of
the nanoadhesion force of all samples on the area of
30 μm× 30 μm, and the results are shown in Figure 12.

From Figure 12, it can be seen that before 30% activation,
Buton rock powder can slightly reduce the DMTmodulus of
asphalt. However, 30% activated Buton rock powder can
significantly improve the DMTmodulus of asphalt, and the
DMTmodulus of modified asphalt is about 2.5 times that of
base asphalt. *is shows that the viscous degree of activated
BRA-modified asphalt has greatly increased, which confirms
the macro test results.

4. Conclusions

(1) “Activation” technology activates the resin compo-
sition in BRA, and the activated oil is coated with
sand grains, which can transform the original rock
state asphalt into colloidal state asphalt, which is
beneficial to improve the use effect of asphalt.

(2) Laboratory tests show that the penetration of
modified asphalt decreased and softening point,
ductility at 5°C, and kinematic viscosity at 135°C of
the modified asphalt with “activation” process are
higher than those without “activation” process, and
the trend is more obvious with the increase of the
content of the modified asphalt.

(3) Atomic force microscopy (AFM) was used to test the
microproperties of Buton rock asphalt before and
after activation. It is found that the DMTmodulus of
modified asphalt is about 2.5 times that of base as-
phalt, which indicates that the viscous degree of
modified asphalt with activated BRA has been greatly
increased and the modification effect is remarkable.
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(e development of non-black asphalt mixtures for surface courses may play a significant role to improve functional, aesthetic and
environmental issues of road pavements. Nowadays, the development of clear binders as substitutes for traditional bitumen in
asphalt mixtures, which combine durability and mechanical properties, exalting the color of pavements for a better integration of
road networks in urban and environmentally sensitive areas, is undoubtedly a timing challenge. However, the selection and
classification of clear binders are often based only on color and standard requirements referred to traditional bitumen that do not
describe consistently the binder behavior. A better understanding on clear binder properties is required to guide the aggregate
selection and the mix design for surface layer, merging safety, aesthetical and environmental benefits into long lasting pavement.
(is paper presents a comprehensive experimental program, including empirical tests, infrared spectrum analysis, and rheological
testing over a wide range of temperature and frequency, to determine the overall mechanical behavior of three clear binders.
Results highlighted that the selected clear binders differ from traditional bitumen in terms of mechanical behavior. Different
composition or origin can induce to completely different performance. Moreover, the combination of several testing procedures
allowed suggesting specific application methods and uses for the three clear binders.

1. Introduction

A new awareness on environmental impact and driver safety
has risen more and more interest in non-black asphalt
pavements since the color of the road pavement helps in
achieving numerous advantages. Indeed, the development of
non-black asphalt mixtures may play a significant role to
improve functional, aesthetical, and environmental issues
for road pavements [1, 2].

Currently, non-black asphalt pavements are intended to
satisfy specific functional and safety requirements separating
different traffic flows through well-evident pedestrian, bus,
or bicycle lanes, or identifying distinctive zones such as
intersections, roundabouts, or border of residential areas.
Moreover, a non-black asphalt pavement facilitates the in-
tegration of the road network in a human context, mitigating
and giving an additional contribution to the aesthetical
perception of the overall surrounding area. For these

reasons, non-black asphalt pavements also offer favored
solutions in historic center, touristic areas, or pathways [3].

Non-black asphalt pavements can be obtained in several
ways such as using colored aggregates and pigments to tra-
ditional bitumen or clear binders (or a combination of them)
in surface treatments and in asphalt mixtures for surface layer
[4]. However, after weathering and wearing, the color of
aggregates becomes dominant in influencing the aesthetic and
durability of pavement color [2]. (erefore, the most effective
and durable method appears to be the selection of aggregates,
in terms of both physicochemical properties and color, and
translucent binders, or so-called “clear binders.”

(e transparence of these binders allows the natural color
of mineral aggregates to be really exalted over time, along with
complying binding and covering performance. An additional
paramount potentiality in reducing environmental impact
can be obtained when using white aggregate and clear binder.
Really, enhanced photometrical characteristics allow energy
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consumption for lighting to be significantly reduced with the
largest advantages in tunnels [5, 6] and the urban heat island
phenomenon to be substantially moderated [7, 8].

In the past, clear binders were mainly used in surface
layer mixtures only for pedestrian areas. Nowadays, the
improvement of the mechanical performance makes clear
binders suitable in trafficked road, too.

Clear binders are special formulations with a yellowish
aspect that may contain tackifying resin, dispersing oil, ma-
terials of vegetal origin, or polymers [9]. Clear binders can be
mainly distinguished in low asphaltene content bitumen,
natural binder, and synthetic binder [3, 10]. (ough different
clear binders offer similar aesthetical impact and mimic the
mechanical properties of bitumen, origin and production
processes influence their mechanical behavior, durability, and
ageing [11]. (erefore, a thorough understanding of clear
binder properties over a wide range of temperature and fre-
quency must be considered to address the selection of con-
stituent materials and to deal with the mix design, accurately.

2. Objectives

Clear binders are asked to improve the road safety, aesthetic,
and environmental impact of pavements, ensuring high me-
chanical performance to withstand the vehicular traffic.
Currently, a lack of standardized methods to classify and to
characterize clear binders (they are not polymer modified
bitumens, neither paving grade bitumens) makes the selection
of clear binders a hazardous and rash procedure, often without
matching their specific characteristics with applicationmethod
and use. A better understanding on clear binder properties is
needed to identify specific uses (climatic and traffic condi-
tions) and applications (production, laying and compaction
procedures). Future research on a proper mix design method
for surface layer mixtures should merge safety aesthetical and
environmental benefits into long lasting pavement.

(is paper focuses on the chemical identification and
mechanical characterization of three clear binders that
represent an alternative to traditional bitumen when used in
asphalt concrete for surface courses.

In this context, the objectives of this paper are as follows:

(1) Chemical identification and determination of com-
ponents in clear binders by Fourier transform in-
frared spectroscopy (FTIR) testing

(2) Verification of empirical testing to characterize and
to classify clear binders

(3) Investigation on the viscoelastic behavior of clear
binders by means of rheological characterization in a
broad range of temperature and frequency

(4) Recommendation for use/selection of the three clear
binders in specific circumstances (traffic loading and
climate condition)

3. Experimental Program and
Testing Procedures

(ree yellowish clear binders (so-called K, R, and C) coming
from different production processes were selected as the

most representative in the Italian market. (e experimental
program consisted in three main phases:

(1) Identification and qualitative analysis of binder
components by means of FTIR

(2) Empirical characterization to classify clear binders
using the well-known framework specification for
bituminous binders for a preliminary ranking

(3) Rheological characterization to determine the me-
chanical properties of clear binders as a function of
loading frequency and temperature

In the first phase, FTIR allowed studying the inter-
actions of matter with electromagnetic radiation using
electromagnetic waves within a wide, continuous range of
frequencies. Fundamental vibrations, mainly stretching
and bending of chemical bonds as well as some rotational
motions in molecules, were detected in the middle infrared
region within the interval of wavenumbers from 4000 to
600 cm− 1. (e intensity of signal, passing through the
probing sample was measured at each specific wave-
number (wavelength or frequency) by a detector resulting
in an interferogram which was immediately transformed
into an infrared spectrum by the mathematical function
Fourier transform. In this case, spectral data were obtained
with a PerkinElmer Spectrum GX1 FT-IR, in transmission
mode on NaCl plates. (e spectral resolution was 4 cm− 1.
Baseline (two-point linear fit), second derivative, Fourier
self deconvolution, and low Gaussian character curve
fitting procedures were applied. For data handling,
Spectrum v.6.3.1 and Grams AI software packages were
used.

For the second phase, the empirical characterization of
the binders was based on the EN 14023 with regards to the
following:

(i) Penetration value at 25°C complying with EN 1426
to evaluate the consistency of the binders at 25°C

(ii) Softening point by ring and ball testing in accordance
with EN 1427 to evaluate the consistency of the
binders at high service temperature and the transition
temperature from viscoelastic to viscous behavior

(iii) Elastic recovery at 25°C complying with EN 13398 to
evaluate the behaviour of binders under large
deformation

(iv) Rolling thin film oven test (RTFOT) complying with
EN 12607-1 to evaluate the effect of the short-term
ageing on the binders in term of mass variation,
retained penetration, and increase of softening
point

(v) Viscosity at 100, 135, 160, and 180°C in accordance
with EN 13302 to evaluate the consistency of
binders at the operative temperatures (storage,
pumping, mixing, compacting, and other handling
operations)

Moreover, the Ancona stripping test (AST) was used to
evaluate potential stripping of a binder-aggregate system [12].
(e ASTwas selected for this preliminary study on the affinity
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between clear binders and aggregate. (e past experience
helped in the interpretation of results (transparent or yel-
lowish color does not facilitate the assessment of the degree of
binder coverage on aggregate particles) and sample prepa-
ration method. A sample of binder-covered aggregates (60 g
of coarse aggregate, passing 10mm sieve and retained on
6mm sieve, mixed with 3 g of binder) was placed in a 600ml
beaker with 200ml of distilled water. (e 600ml beaker was
then placed in a 2000ml beaker containing 600ml of boiling
water for 45minutes. At the end of this period, the binder-
aggregate system was removed from the beaker and cooled at
room temperature, and a visual assessment of the stripping
percentage was made by three technicians. In this study, the
three clear binders were mixed with a siliceous coarse ag-
gregate at the mixing temperature of the specific binder (Tmix)
as indicated by viscosity testing.(e siliceous coarse aggregate
was selected having suitable physical properties (Los Angeles
coefficient� 17; water absorption� 1.22%; polished stone
value� 50; shape index� 10) and luminance (69.3 cd/m2) to
exalt the aesthetical aspect and photometric characteristics of
a surface layer.

In the third phase, the rheological characterization of the
clear binders was performed by means of sinusoidal oscil-
latory tests using a dynamic shear rheometer (DSR). Strain
sweep tests were carried out to determine the linear vis-
coelastic limit and, consequently, a suitable deformation
amplitude (c � 0.5%). (e frequency sweep with a strain
amplitude c � 0.5% was conducted to measure the complex
modulus G∗, storage modulus G′, loss modulus G″, and the
phase angle δ over a frequency range from 0.159 to 15.9Hz
(0.159, 0.283, 0.503, 0.894, 1.591, 2.833, 5.029, 8.945, and
15,915Hz), i.e., from 1 to 100 rad/s, and over a temperature
range from 82 to 34°C and from 34 to 4°C (6°C intervals)
using the 25mm plate and the 8mm plate, respectively (EN
14770: 2012). Although clear binders resulted rheological
complex materials, the experimental data measured at dif-
ferent temperatures were superposed onto master curves at a
reference temperature (Tr � 20°C) to extend the investigation
over a wide range of loading frequency [13]. (e data
analysis considered the average values from three repetitions
for each test.

(e obtained results on clear binders were compared
with a 70/100 paving grade bitumen (considered as a typical
unmodified bitumen) and a styrene butadiene styrene (SBS)
modified bitumen PMB 45/80-70 (considered as a typical
modified bitumen).

4. Analysis of Results

4.1. Chemical Identification. When the infrared radiations
pass through a sample, some of them are absorbed and
others are transmitted. (e resulting spectrum represents
the molecular absorption or transmission, creating a mo-
lecular fingerprint of the sample. Like a fingerprint, no two
different molecular structures produce the same infrared
spectrum. Figure 1 shows the FTIR spectra for the selected
clear binders in comparison with a traditional bitumen (70/
100 paving grade bitumen) and a styrene butadiene styrene
(SBS) modified bitumen (PMB 45/80-70).

(e infrared spectrum of K (light blue line), analogously
to a 70/100 traditional bitumen (black line), mainly shows
hydrocarbon absorptions like CH2 and CH3 stretching in the
range of 3000–2800 cm− 1, CH2 and CH3 bending at 1460 and
1376 cm− 1, and a weak band at 1600 cm− 1 due to the
presence of aromatic linkages. On the other hand, analo-
gously to a polymer modified bitumen PMB 45/80-70, ad-
ditional bands at 969 and 699 cm− 1 due to the presence of
aliphatic C�C double bonds (SBS) can be clearly identified.
Moreover, bands at 1215 and 753 cm− 1 attributable to CH2
out of plane bending deformations can also be highlighted.
(e data analysis suggests that the origin of K derives from a
deasphalted bitumen (low amount of asphaltenes) modified
with SBS polymer to perform a satisfactory link with the
matrix.

(e spectra of C (green line) and R (grey line) can be
assigned to hydrocarbon absorptions, like CH2 and CH3
stretching in the range of 3000–2800 cm− 1 and CH2 and CH3
bending at 1460 and 1376 cm− 1. For both binders, high
amount of CH3 presumes short chains, implying low stiff-
ness at ambient temperature. C and R show a spectrum like
an aromatic phthalic polymer (ester, CO stretching in the
range of 1740–1720 cm− 1 and C-O stretching in the range of
1170–1070 cm− 1), suggesting a synthetic origin. Moreover,
the C spectrum deconvolution highlights a band at
1715 cm− 1 that would claim the presence of natural waxes
[14].

As regards to polymer modification, the percentage of
SBS was evaluated by the ratio between the reference bands
at 1376 cm− 1 (CH3 symmetric band) and the characteristic
bands at 969 and 699 cm− 1 of the unsaturated component
[15, 16]. (e polymer blend as a modifier for bitumen
provides a new route to enhance its rheological properties
directly related to service performance. (e unsaturation
index was calculated as 8.2, 5.0, 4.9, and 2.3 for R, PMB 45/
80-70, K, and C, respectively [17].

4.2. Empirical Characterization. (e most common em-
pirical tests for bitumen characterization were used to
classify the selected binders, although results could not
necessarily address the same deductions as for traditional
bitumen.

(e clear binders showed penetration and softening
point values of the same magnitude of bituminous binders
(Figure 2); hence, bitumen traditional testing may be con-
sidered to determine the clear binder consistency at service
temperature (from 25°C to the transition temperature from
viscoelastic to viscous behavior).

(e selected clear binders are characterized by higher
softening point and elastic recovery values than those of
paving grade bitumens, due to the contribution of the
polymeric modification as highlighted by FTIR.

Binder K showed penetration and elastic recovery values
at 25°C similar to PMB 45/80-70, even if the softening point
of K is close to the 70/100 paving grade bitumen [4]. In terms
of consistency at service temperature, binder K could be
considered as a paving grade bitumen with improved elastic
recovery.
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Binders C and R have the highest penetration values at
25°C; thus, in terms of consistency at 25°C, binders C and R
could be considered softer than the 70/100 paving grade
bitumen but with softening point similar to PMB 45/80-70.
Moreover, the elastic recovery of binder R is even higher
than PMB 45/80-70 confirming the findings from FTIR.

Clear binders showed resistance to short-term ageing
process complying with the EN 12591 requirements for their
specific grade as shown in Table 1.

(e classificationmethod for paving grade bitumens (EN
12591) has been extended to modified binders for road
pavements having improved performances. Using the
framework specification for polymer modified bitumens
(EN 14023), the characteristics for polymer modified bitu-
mens are classified into range of grades suitable for the
manufacture of the materials for road construction and

maintenance. Particularly, the designation of polymer
modified bitumens comprises the penetration range and the
minimum softening point. Following this principle, the
nomenclature of K, C, and R should be 45/80-50, 65/105-65,
and 65/105-65, respectively.

As far as the elastic recovery is concerned, binder C that
showed the lowest elastic recovery value could not be in-
cluded into a specified class. Note that, as reported by FTIR
analysis, binder C had the lowest polymer content.

Dynamic viscosity tests showed that the viscosity values
of binder C are similar to those of the 70/100 paving grade
bitumen, whereas the other binders showed high viscosity
values, closer to those of polymer modified bitumens. As the
softening point of binder C is higher than that of a paving
grade bitumen, binder C seems to melt quickly from about
60 to 100°C, changing from a modified bitumen-like con-
sistency to a bitumen-like consistency.(is behavior appears
consistent with the supposition of the presence of natural
waxes from FTIR analysis.

Table 2 reports the mixing and compaction temperatures
(Tmix and Tcomp, respectively) obtained by analysing the
evolution of viscosity η versus temperature T using a power
law relationship η� a·Tb, where a and b are material ex-
perimental parameters.

Considering the recommended viscosity ranges for bi-
tumen [4] during mixing and compaction phases of an
asphalt concrete (i.e., 170± 20mPa·s and 280± 30mPa·s,
respectively), the binder C has a mixing temperature of
about 155°C and a compaction temperature of about 140°C,
whereas binders K and R required the highest mixing and
compaction temperatures probably due to the high con-
centration of polymers (Figure 3).

As far as binder stripping concerns, the visual inspection
of samples established the following coverage percentages:
75% for binder K, 25% for binder C and 30% for binder R
(Figure 4). (erefore, binder K showed the highest affinity
with the selected siliceous aggregates. (e assessment of the
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degree of binder coverage on aggregate particles was carried
out by drying the samples at room temperature for one day
and using a torch to highlight the reflective portion of
particles (portion covered by binder).

4.3. Rheological Characterization. Master curves of dynamic
properties extend the rheological analysis to time and
temperature domains. (e frequency-temperature super-
position principle (FTSP) was applied to allow the identi-
fication of continuous rheological master curves in terms of
G∗, δ, G′, and G′′ [18, 19], in the entire investigated domain
of reduced frequencies (from Figures 5–7). (e complex
modulus master curve at the reference temperature

(Tr � 20°C) was modelled fitting the experimental data
through the equation proposed in NCHRP Report 459 [20]
and Williams–Landel–Ferry (WLF) formulation [21]. (e
shift factors and master curve parameters were simulta-
neously calculated by a solver, minimizing the sum of
squares of differences.

Binder K shows the asymptotical behaviors typical of a
paving grade bitumen [22] (Figure 5). At high reduced
frequencies, the complex modulus |G∗| individuates a trend
in the logarithmic plot (Figure 5) towards the glassy state
limit with the decrease of the phase angle δ down to about
30°. At low reduced frequencies, |G∗| master curve shows a
constant slope and the phase angle δ approaches the limit
value of 90° achieving the pure viscous flow (Figure 6).
However, the intermediate behavior internal to the two
asymptotes is mainly characterized by an inflection, between
10− 2 and 10− 4 Hz, in complex modulus master curve (Fig-
ure 5). In this frequency range, the K behavior deviates if
compared to the common trend of a paving grade bitumen
[23], showing a simultaneous phase angle (minimum phase
angle equal to 65°) and complex modulus decrease with the
decrease in reduced frequency (or the increase of temper-
ature). (e local minimum of δ master curve characterizes
bitumens modified by SBS copolymers and binders in-
cluding the same copolymer [10], identifying the presence of
polymer elastic networks or entanglements in the modified
binders [23] (Figure 6). (e phase angle minimum can be
attributed to a hard/soft relaxation for polymer-modified
binders [9]. (e polymer modification gives an enhanced
consistence at high service temperature with higher resis-
tance to non-reversible deformation. Confirming the FTIR
results, the continuous development of rheological param-
eters highlights the good compatibility between the polymer
and the binder matrix due to the characteristic absence of
asphaltene micelles in binder K, which are traditionally
considered as detrimental for bitumen/polymer compati-
bility [9].

On the contrary, the viscoelastic behavior of binder C
and binder R is more complex than a bituminous binder,
and it cannot be explained by the uniform transition from
elastic response (high reduced frequencies) to viscous re-
sponse (low reduced frequencies) reducing frequency as for
the conventional bitumen [19]. (e values of δ measured at
different temperatures do not overlap to form a unique
master curve, implying a thermo-rheologically complex
behavior (Figure 6). (erefore, the FTSP could not be used
due to the viscous component of the C and R binder re-
sponse. C and R do not show a unique relaxation
mechanism.

Table 1: Effect of short-term ageing with RTFOT on tested binders.

Binder RTFOT—EN 12607-1 Mass variation Penetration Softening point
Δm (%) P (mm× 10− 1) Retained P (%) R&B (°C) ΔR&B (°C)

K − 0.3 46 82 53.4 0
R − 0.8 97 97 68.2 2
C − 0.8 58 56 67.0 0
70/100 − 0.7 41 52 58.0 11
PMB 45/80-70 − 0.1 37 69 76.2 2

Table 2: Mixing and compaction temperatures of selected binders.

Material a b Tmix (°C) Tcomp (°C)
K 4.0830E+ 17 − 6.8072E+ 00 182 169
C 8.0434E+ 15 − 6.2605E+ 00 153 141
R 1.2453E+ 23 − 9.1289E+ 00 193 183
70/100 2.4879E+ 18 − 7.3836E+ 00 155 145
PMB
45/80-70 7.4602E+ 22 − 9.1418E+ 00 181 172

y = 4.0775E + 17x–6.8070E+00

R2 = 9.9981E – 01
y = 8.0546E + 15x–6.2607E+00

R2 = 9.9854E – 01

y = 1.2443E + 23x–9.1288E+00

R2 = 9.9086E – 01

y = 2.4913E + 18x–7.3838E+00

R2 = 9.9966E – 01
y = 7.4602E + 22x–9.1418E+00

R2 = 9.9372E – 01
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Binder C reaches the pure viscous flow at low reduced
frequencies and approaches to the glassy state limit at high
reduced frequencies as a paving grade bitumen (Figure 5).
Nevertheless, the rheological behavior of the binder C is
characterized by an inflection on the |G∗| master curve and
the presence of a discontinuity on δ master curve between
10− 3 and 10− 4Hz. In this case, the assumption of thermo-
rheological simplicity cannot be properly considered and the
FTSP does not apply on the entire time-temperature domain
[24]. Specifically, the δ master curve can be divided into
three regions (Figure 6) [24]. From the highest reduced
frequencies to 1Hz, the rheological properties of binder C
follows the common trend of a paving grade bitumen: the

phase angle continuously increases, and the complex
modulus decreases as the reduced frequency decreases (or
temperature increases). Between 1Hz and 10− 4Hz, the phase
angle decays from 80 to 50° and |G∗| shows a rubbery
plateau, highlighting a solid-like behavior or a structured
physical network (crystals) into the binder that offers
stiffness to the binder. However, the transition to a rubbery
state is inhibited by the melting of wax-like materials.
Stiffness and elasticity are instantaneously lost when the
material turns into a liquid state. Indeed, decreasing fre-
quencies (or increasing temperature) below the disconti-
nuity, the phase angle rises to the limit value of 90°,
confirming a liquid state.
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Figure 4: Siliceous aggregate and binder systems after AST.
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Figure 5: |G∗| master curves for the selected binders in comparison with bituminous binders.
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Binder R shows an in�ection on the |G∗| master curve
and the presence of a discontinuity on δ master curve
between 10− 2 and 10− 4 Hz. At low reduced frequency, |G∗|
master curve tends to a horizontal asymptote with a

rubbery plateau, while δ evolves in distinctive branches,
highlighting the presence of di�erent solid-like compo-
nents. Consequently, the FTSP cannot be valid in that
frequency range.
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Figure 6: δ master curves for the selected binders in comparison with bituminous binders.
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Figure 7: G′ and G″ master curves for the selected binders.
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Observing the relationship between G′ (storage modu-
lus) andG’’ (loss modulus) in Figure 7, it can be asserted that
at low frequencies, binder R shows G′ values higher than G″
values. (is highlights a high polymer content confirming
the FTIR analysis, while binder K reaches the highest storage
and loss moduli values at high frequencies, representing a
significant resin concentration [13, 18]. At high
frequencies, K and C seem to converge at similar glassy
modulus values, whereas R keeps the lowest stiffness values.

Considering Figure 7, significant differences among
binders occur at intermediate and low frequencies, where the
nature of the polymer network is dependent on the prop-
erties of the base bitumen (maltenes composition), polymer
type and content, and the compatibility of the system [23].
At intermediate frequencies, binder K shows a continuous
development of rheological parameters that highlights the
good compatibility between the polymer and the binder
matrix, whilst binder C shows the melting of wax-like
materials with instantaneous decrease in stiffness and
elasticity which inhibits the transition to a rubbery state. At
low frequencies, binders C and K approach the pure viscous
flow, while binder R shows a horizontal asymptote identi-
fying a rubbery plateau. Moreover, binder R appears less
susceptible to temperature variations since the master curves
evolve in a narrow range in the domain of reduced
frequencies.

5. Conclusions

Surface courses using clear binder can improve several
functional and safety requirements, highlighting specific
lanes or areas, harmonizing the integration of the road
network in a human context, and mitigating environmental
impact. Nevertheless, clear binders have specific properties
that differ from straight-run bitumens, significantly. For this
reason, the selection and characterization of clear binders
must be based on their overall behavior and not only on
empirical testing for bitumen characterization.

(is paper focuses on the chemical identification and
mechanical characterization of three clear binders that can
represent an alternative to traditional bitumen. (e fol-
lowing conclusions can be drawn:

(1) FTIR testing suggested different binder origins and
important remarks on binder components which
resulted consistent to the results from mechanical
testing. Particularly, the FTIR analysis pointed out
that the origin of K derives from a deasphalted bi-
tumen (low amount of asphaltenes) modified with
SBS polymer with effective link between matrix and
SBS, whereas C and R show a spectrum like an ar-
omatic phthalic polymer suggesting a synthetic or-
igin. Moreover, the C spectrum deconvolution
suggested the presence of waxes.

(2) Bitumen traditional testing may be considered to
determine the clear binder consistency at service
temperature (from 25°C to the transition tempera-
ture from viscoelastic to viscous behavior) but
rheological testing imposed that no prediction can be

done at other temperature ranges since the experi-
ence on traditional bitumen can address wrong
suppositions.

(3) From empirical testing, it can be asserted that the
clear binders could be considered as a paving grade
bitumen with improved elastic recovery and soft-
ening point. All clear binders comply with the
technical requirements on short-term ageing for
their specific grade. Dynamic viscosity tests showed
that the viscosity values of binder C are close to those
of a paving grade bitumen, whereas the other binders
showed far higher viscosity values.

(4) (e three tested clear binders are thermo-rheolog-
ically complex materials, and the analysis of their
behavior needs a specific investigation as testing
conditions change.

(5) Binder K showed the asymptotical behaviors to the
glassy state limit or the pure viscous flow and a
continuous development of rheological parameters.
(e local minimum of δ master curve identified the
presence of polymer elastic networks with good
compatibility between the polymer and the binder
matrix. On the other hand, C and R binder response
in terms of δ values highlighted a thermo-rheolog-
ically complex behavior. Particularly, C is charac-
terized by the presence of a discontinuity on δmaster
curve at intermediate frequencies due to the melting
of wax-like materials and R showed a complex be-
havior strongly influenced by the presence of dif-
ferent solid-like components which generate a
rubbery plateau and a δ evolution in distinctive
branches at low reduced frequency.

(6) (e obtained results can address specific technical
recommendations. Binder K can be considered
suitable in a wide range of conditions, while binders
C and R appeared rather soft at the service tem-
peratures. C can compromise the durability of
pavements under quasistatic traffic loading or in hot
and wet weather conditions, whereas binder R
showed the best performance at the highest and
lowest temperatures.

(7) (e operative temperatures for production and
laying of binder C do not change if compared with a
paving grade bitumen, whereas binders K and R
require higher operative temperatures. Considering
the remarkable cost of these binders (about 10 times
of a paving grade bitumen), the correct application
allows a more sustainable investment.

6. List of Standards

EN 1426: determination of needle penetration (2007).
EN 1427: bitumen and bituminous binders; determi-
nation of the softening point; ring and ball method
(2007).
EN 12591: bitumen and bituminous binders; specifi-
cations for paving grade bitumens (2009).

8 Advances in Materials Science and Engineering



EN 12607-1: bitumen and bituminous binders; deter-
mination of the resistance to hardening under the
influence of heat and air; part 1: RTFOTmethod (2007).
EN 13302: bitumen and bituminous binders; deter-
mination of dynamic viscosity of bituminous binder
using a rotating spindle apparatus (2010).
EN 13398: bitumen and bituminous binders; specifi-
cations for paving grade bitumens (2010).
EN 14023: bitumen and bituminous binders; frame-
work specification for polymer modified bitumens
(2010).
EN 14770: bitumen and bituminous binders; deter-
mination of complex shear modulus and phase angle;
dynamic shear rheometer (DSR) (2012).
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Cold recycled mixture with asphalt emulsion (CRME) has gained more appreciation due to its environmental and economical
advantages. Surfactant greatly affects the interaction between asphalt emulsion and cement, which can greatly affect the vol-
umetric and mechanical properties of CRME. If the surfactant can greatly improve the volumetric and mechanical properties of
CRME, that could be of great attraction. In this study, a polycarboxylate-based superplasticizer and wetting agent (DN500,
polymers containing high-pigment groups) were employed to improve the volumetric and mechanical properties of CRME.
Results indicate that the addition of superplasticizer and DN500 can reduce the void content of CRME and increase the indirect
tensile strength (ITS) and stiffness modulus as well as critical strain energy density (CSED) of CRME. Besides, the failure strain of
CRME is also increased by adding superplasticizer and DN500. -is phenomenon is probably due to that superplasticizer can
decrease the viscosity of cement asphalt emulsion paste (CAEP) and help to form a better asphalt film, and DN500 canmoderately
decrease the viscosity of CAEP and increase the wetting ability of asphalt emulsion as a wetting agent. CRMEwith superplasticizer
has the best mechanical properties among all CRMEs. Compared to reference CRME, the ITS, stiffness modulus, and CSED of
CRME with superplasticizer can increase by 33.7%, 8.0%, and 17.5% at the optimum water content, respectively. It is rec-
ommended to improve the volumetric and mechanical properties of CRME by adding superplasticizer.

1. Introduction

Asphalt pavement tends to deteriorate gradually during its
service life due to traffic load and environment action [1].
As a result, many reclaimed asphalt pavements (RAPs) are
produced every year. To minimize nonrenewable fossil
fuels and mine resource, recycling of RAP attracts more
attention in these years [1, 2]. Nowadays, recycling of RAP
has two methods: cold recycling and hot recycling [1]. In
cold recycling method, the RAP is first milled and then
mixed with asphalt emulsion, water, virgin aggregates, and
active additives, such as cement and mineral powder. -e

mixture is called as the cold recycled mixture with asphalt
emulsion (CRME). Generally, virgin aggregates should be
added in order to meet to grading criteria [3, 4]. Compared
with the hot recycling, the mixing, laydown, and compaction
of CRME can be carried out at the ambient temperature
because of the low viscosity of asphalt emulsion. -is is
beneficial to extend the construction season and construction
time. Besides, cold recycling technology (CRT) can also
greatly reduce the emission of harmful gases due to no heating
required during production [5, 6]. Moreover, CRT can
maximize the utilization rate of RAP which can be higher
than 70%. It has been proven to be a technically reliable,
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environmentally friendly, cost-effective method of strength-
ening and maintaining a wide range of aged asphalt pave-
ments in different countries [7].

Although the CRT has been widely used in pavement
rehabilitation in the world due to its pronounced advan-
tages, there are still some serious challenges in the future
application. CRME is normally used in the base and sub-base
layers because of its relatively weaker mechanical properties
compared to the hot recycled mixture [8]. For instance, the
indirect tensile strength (ITS) of CRME is much lower than
that of the conventional hot mixture. Pavement scholars and
engineers have been trying to use CRME as traditional
asphalt layer material in recent years. -erefore, the volu-
metric and mechanical properties of CRME should be
further improved to achieve this ambitious goal.

Many researchers focused on the ITS of CRME in both
laboratory and filed pavement. Previous studies indicated
that the cement could accelerate the breaking of asphalt
emulsion and the cement hydration products could enhance
the hardness of cement asphalt emulsion paste (CAEP),
which increased the ITS of CRME [5, 7, 9, 10]. However, the
enhancement effect of cement on CRME is still limited.
Besides, the high cement content can decrease the ductility
of CRME, thus increasing the risk of cracking.-erefore, the
upper cement content in CRME is usually limited to 2%. In
addition to the low ITS, some studies showed that the use of
CRME ordinarily came out with some problems such as the
high void content, stripping, and long curing time [7]. Some
voids are formed due to water evaporation during curing so
that the void content in the hardened state is very high [11].
Because of the high void content, a large amount of water
can easily permeate the interior of the CRME specimen,
which affects the adhesive ability of the asphalt emulsion
binder and leads to aggregate stripping. It is known that the
cement hydration degree and breaking of asphalt emulsion
affect the strength of CRME to a great extent [2]. However,
the cement hydration and emulsion breaking processes take
a long time, so the CRME needs long curing time to achieve
the desirable strength. In short, there is a growing need to
improve the mechanical properties of CRME to promote the
use of RAP [12].

According to the strength theory of the asphalt mixture,
the strength of the mixture closely depends on the cohesive
force of the asphalt binder and the internal friction resis-
tance provided by aggregate skeleton. Cement can promote
cement hydration and breaking of asphalt emulsion to
enhance its cohesive force, thus improving the mechanical
properties of the asphalt emulsion mixture. However, the
high void content reduces the internal friction resistance of
aggregate skeleton, so the mechanical properties are also
decreased. Factors influencing the volumetric and me-
chanical properties of CRME were intensively investigated
in the past, such as the gradation types, asphalt emulsion
content, the additional water content, the cement content
and cement types, and filler types [3, 7, 8, 10, 13–20]. -ese
studies are all very meaningful to optimally design the
mechanical properties of CRME.

To the best of our knowledge, few studies were
conducted to control the interaction between asphalt

emulsion and cement for improving the physical and
mechanical properties of CRME, although controlling
such interaction is believed to be very important. In the
field of grouting cement asphalt emulsion mortar in
high-speed railway, the interaction between asphalt
emulsion and cement was intensively studied [21–26].
Results indicated that superplasticizer can greatly im-
prove the demulsifying behavior of asphalt emulsion and
the rheological properties of fresh cement asphalt
emulsion paste (CAEP) [21, 27]. -erefore, the addition
of superplasticizer may improve the mechanical prop-
erties of CRME. Besides, the mechanical properties of
CRME are closely related to whether the CAEP can be
well coated on the aggregate surface. It is well known that
the wetting agent can reduce the contact angle of aqueous
solution. -erefore, it is possible to improve the me-
chanical and volumetric properties of CRME by adding
the superplasticizer and wetting agent.

Based on the above consideration, superplasticizer and
wetting agent were added into CRME to improve its me-
chanical and volumetric properties. -e mechanical and vol-
umetric properties of CRME with superplasticizer and wetting
agent at different additional water contents are discussed in this
paper. Besides, the action mechanism of the wetting agent and
superplasticizer is discussed by rheology test. To the best of our
knowledge, it is a very meaningful work to improve the me-
chanical and volumetric properties of CRME.

2. Experimental Program

2.1. Material and Specimen Preparation. CRME was com-
posed of cationic slow-setting asphalt emulsion, basalt ag-
gregate, RAP, Portland ordinary cement P.O 42.5, and
mineral powder. All these materials were obtained from the
market. -e properties of asphalt emulsion are listed in
Table 1 according to the Chinese standard [28]. -e cement
andmineral powder composition are listed in Tables 2 and 3,
respectively. -e RAP was obtained from one expressway in
Liaoning province in China. -rough sieving tests, it was
found that the gradation of RAP could not meet the required
specification of the Chinese standard [29]. -us, new ag-
gregates were added to satisfy the gradation requirements.
-e amounts of new aggregates were 20% by the weight of
dry mixture (aggregates and fillers). A uniform dense ag-
gregate gradation for AC-13 was used in this study according
to Chinese Technical Specifications [29]. Figure 1 presents
the gradation of RAP materials, mix blends, and specifica-
tion limits. -e total amount of fillers (including cement and
mineral powder) was 6% by the weight of dry mixture, in
which cement accounts for 2% andmineral powder accounts
for 4%.-e CRMEs are prepared by the following procedure
which is shown in Figure 2. Long mixing time can well
ensure the uniformity of the mixture. However, the mixing
time of asphalt emulsion should be not more than 60 s to
avoid the breaking of asphalt emulsion according to the
Chinese standard [29]. No significant breaking phenomenon
was observed when asphalt emulsion was mixed for 60 s.
-us, the mixing time of every procedure in Figure 2 was
chosen as 60 s.
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Table 1: Properties of asphalt emulsion.

Test of emulsion Value Test on residue from distillation Value
Mean particle size (μm) 1.52 Residual content (%) 63.4
Residue on sieve 1.18mm (%) 0 Penetration (25°C, 0.1mm) 55.1
Storage stability (1 d, 25°C, %) 0.02 Softening point (R＆B, °C) 48.8
Storage stability (5 d, 25°C, %) 0.6 Ductility (25°C, mm) 84
Mixing stability with cement, residual (%) 0.75

Table 2: Chemical components of P.O 42.5 cement.

Chemical composition CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O3 TiO2 Na2O
Percentage (%, by weight) 62.13 23.45 5.24 2.08 2.05 3.39 0.63 0.07 0.77

Table 3: Mineral components of mineral powder.

Mineral composition C3S C2S C3A C4AF
Percentage (%, by weight) 46.52 29.57 9.02 8.78
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-ere are several methods to determine the optimum
asphalt emulsion and the optimum additional water content.
However, there is no universally accepted mix design for
CRME. In this study, the specimens were firstly prepared
with 3% of the asphalt emulsion content (asphalt emulsion
to all aggregate ratio by weight). -e additional water
content was added to the mixture at percentages ranging
from 2% to 6% by weight of the total dry mixture at 1%
increments. Four specimens were prepared for one mixture.
RAP and virgin aggregates were dried in the oven before the
experiment. -e asphalt emulsion mixture was mixed by the
automatic mixing machine for the asphalt mixture and then
compacted by applying 75 blows per side with the Marshall
hammer. After compaction, the specimens were firstly kept
for 24 h at ambient temperature in the molds to finish an
initial curing, and then they are extruded and cured in the
oven for 3 days at a temperature of 50°C [18]. -e initial
curing could ensure enough strength to extrude from the
molds and the following 3 days curing was to accelerate
asphalt emulsion breaking process and cement hydration
process to quickly achieve the desirable strength. -e op-
timum additional water content was determined at 3.5% by
the weight of dry mixture by using the ITS, void content, and
the maximum specific gravity. After obtaining the optimum
additional water content, a variable asphalt emulsion con-
tent from 2.5% to 5% was used to prepare specimens. -e
optimum asphalt emulsion content was determined at 3.7%
by the same method as the optimum additional water
content.

In this study, there are two surfactants used in the
CRME. One is polycarboxylic acid-based superplasticizer
and the other is wetting agent (DN500, polymers containing
high-pigment groups) whose function is to increase the
contact angle of liquid (the additional water and asphalt
emulsion). In order to determine the optimal dosage of
surfactants, different superplasticizers and DN500 dosages
were studied, with results listed in Table 4. According to
Table 4, the optimum superplasticizer and DN500 dosages
are 2% of the weight of cement and 0.5% of total water,
respectively. -erefore, reference CRME, CRME with 2% of
superplasticizer, and CRME with 0.5% of DN500 were in-
vestigated in this study. Meanwhile, the paper studied the
experiment about CRME with superplasticizer and DN500,
but results showed that the ITS of CRME with super-
plasticizer (0.95MPa) was slightly higher than that of CRME
with superplasticizer and DN500 (0.86MPa). -us, super-
plasticizer and DN500 were investigated alone in this study.
Actually, 0.5% of DN500 in water was recommended by the
manufacturer because water can have the best wetting ability
at this content. Besides, the optimum superplasticizer
content in CRME is higher than that in pure cement paste
(normally 1%) perhaps because cement particles only ac-
count for 2% of the dry materials in CRME and other solids
can also adsorb some superplasticizers. -e wetting agent
was divided into two parts to be added into the mixture. -e
first part which accounts for 3/4 was added into asphalt
emulsion, and the rest part was added into additional water.
In order to study the effect of adding superplasticizer and
wetting agent in different additional water contents, the

effect of additional water content ranging from 1% to 5%was
investigated in CRME with superplasticizer and wetting
agent. It is difficult to fabricate the Marshall specimens with
1% of additional water content for CRME without super-
plasticizer and wetting agent due to too dry of mixture to be
compacted. -erefore, the additional water content ranging
from 2% to 6% was tested for reference CRME.

2.2. Testing Program

2.2.1. Void Content Test. -e void content of CRME is
calculated according to the following equation [28]:

VV � 1 −
ρs

ρt

  × 100%, (1)

where ρs is the apparent specific gravity of the mixture and ρt

is the maximum specific gravity of the mixture. Since the
maximum specific gravity of CRME changes with curing
time due to water evaporation, the final void content of
CRME was studied in this paper. -e apparent specific
gravity of CRME can be measured by the surface-dry
condition method after curing. According to the Chinese
standard [28], the maximum specific gravity of CRME can
be calculated by

ρt �
100 + Pa

P1/c1 + P2/c2 + · · · + Pn/cn + Pa/ca

× ρw, (2)

where Pa is the asphalt aggregate ratio; P1, P2 ,. . ., Pn are the
blending percentage of aggregate of each grade (the ag-
gregate proportion of each grade is 1); c1, c2, . . ., cn are the
specific gravity of aggregate of each grade; ca is the specific
gravity of bitumen; and ρw is the specific gravity of water.

2.2.2. Indirect Tensile Strength (ITS) Test. -e ITS test
usually determines tensile properties of the asphalt mixture,
which can reflect the cracking properties of asphalt pave-
ment [30]. -e ITS of CRME is calculated by using the
following equation [28]:

ITS �
2Fmax

πdh
, (3)

where ITS is the indirect tensile strength of the specimen;
Fmax is the applied load at failure; h is the thickness of the
specimen; and d is the diameter of the specimen. -e
specimens were loaded at a deformation rate of 50mm/min
and at a temperature of 15°C.

Table 4: Effect of individual addition of different dosages of
superplasticizer and DN500 on the ITS of CRME.

Dosages of SP (%) ITS
(MPa) Dosages of DN500 (%) ITS (MPa)

0 0.68 0 0.68
1 0.82 0.1 0.70
2 0.95 0.3 0.71
3 0.84 0.5 0.83
4 0.80 0.8 0.82
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2.2.3. Stiffness Modulus Test. -e stiffness modulus is the
most important parameter in the mechanical design of as-
phalt pavement [20]. -e stiffness modulus of CRME was
calculated by the loading range between 10% and 40% of the
maximum load according to the Chinese standard [28]
because the load has a good linear relation with displacement
in the range. A typical force-displacement curve of CRME is
shown in Figure 3, and the stiffness modulus was calculated
by the following equation [8, 31]:

E �
0.3Fmax(4 + πμ − π)

πh u40% − u10%( 
, (4)

where E is the stiffness modulus of the specimen; Fmax is the
maximum force achieved during the test; h is the thickness of
the specimen; μ is Poisson’s ratio of the specimen, and its
value is 0.3 according to the Chinese standard [28]; μ10% is
the horizontal displacement corresponding to 10% of the
failure load; and μ40% is the horizontal displacement cor-
responding to 40% of the failure load.

2.2.4. Failure Strain and Critical Strain Energy Density
(CSED) Test. Failure strain is an index of deformability. A
larger failure strain indicates a better deformability. -e
critical strain energy density (CSED) is based on the stress
and strain in the center of the specimen. It can be an in-
dicator of cracking and fatigue resistance [8]. A large CSED
indicates a better cracking resistance and a long fatigue life
for the mixture. -e failure strain of CRME is evaluated by
equation (5), and the CSED of CRME is calculated by using
the following [8, 31]:

ε �
2u

d
·

1 + 3μ
4 + πμ − π

, (5)

U �
4

πd2h
·

1 + 3μ
4 + πμ − π


u
F(u)du, (6)

where h is the thickness of the specimen; d is the diameter of
the specimen; u is the horizontal displacement; and μ is

Poisson’s ratio of the specimen, and its value is 0.3 according
to the Chinese standard [28].

2.2.5. Rheology Test. In this experiment, rheometer shown in
Figure 4 was adopted to measure the apparent viscosity
under different shear rates at a constant temperature of 20°C.
-e diameter of the rotor and the inner diameter of the
cylinder are 26.659mm and 28.920mm. -us, the thickness
of the shear layer is 1.1305mm. -e shear process as shown
in Figure 5 was performed in the rheology test. First, a 60 s
preshear at 100 s− 1 was intended to create a uniform con-
dition for specimens before testing. -en, specimens were
rested for 180 s. Finally, specimens were then sheared with a
gradually increasing shear rate from 0 to 100 s− 1 for 100 s.
-e apparent viscosity of the cement asphalt emulsion paste
(CAEP) decreased at first and then increased between 0 and
100 s− 1, showing that the paste has a minimum apparent
viscosity between 0 and 100 s− 1 [32].-eminimum apparent
viscosity of the specimen was analyzed in the following
section. And the mix proportion list is shown in Table 4.-is
test was performed thrice for each specimen at least. CAEP
was composed of cationic slow-setting asphalt emulsion,
Portland ordinary cement P.O 42.5, surfactant (super-
plasticizer and DN500), and mineral powder. In this study,
the mix proportions in Table 5 are to study the effect of
water-to-cement (W/C) on CAEP. CAEP had a constant
asphalt emulsion-to-cement (AE/C) at 1.75% and a constant
mineral powder-to-cement (M/C) at 2%. -e dosage of
superplasticizer and DN500 was the same as above.

3. Results and Discussion

3.1. 5e Void Content of CRME with Different Surfactants.
Figure 6 shows the void content of CRME with different
surfactants. It can be observed from Figure 6 that the ad-
dition of superplasticizer and wetting agent can moderately
affect the void content of CRME.-eminimum void content
is 12.42%, 11.11%, and 11.72% for reference CRME, CRME
with DN500, and CRME with superplasticizer, respectively.
-e void content of CRME can reduce by 5.59% and 10.55%
by DN500 and superplasticizer, respectively. -erefore, both
addition of DN500 and superplasticizer can be beneficial to
the compactibility of CRME. Besides, the corresponding
additional water content of CRME at the minimum void
content is 3%, 4%, and 4% for reference CRME, CRME with
DN500, and CRME with superplasticizer, respectively. -e
addition of superplasticizer can reduce the water require-
ment for obtaining the optimum compactibility of CRME.
Superplasticizer can sharply reduce the flocculation struc-
ture and adsorption ability of cement particles, and also, it
can greatly improve the mixing stability of asphalt emulsion
with the cement [24, 25]. -us, more free water can be
released during compaction when superplasticizer is added,
which is beneficial to the compactibility of CRME. However,
it should be noted that the addition of superplasticizer can be
harmful to the compactibility of CRME when the additional
water content is high. -is phenomenon is probably due to
that the excess free water released by superplasticizer can
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Figure 3: Typical curve of force-horizontal displacement.
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lead to the high hydrodynamic pressure during compaction.
-e addition of DN500 does not change the water re-
quirement for obtaining the optimum compactibility of
CRME. -us, its function differs from superplasticizer in
improving the compactibility. As a wetting agent, DN500
can increase the wetting ability of fresh cement asphalt
emulsion paste (CAEP), thus improving the coating ability
of CAEP on aggregate. With more uniform coating state, the
compactibility of CRME can be improved. In summary, the
superplasticizer and DN500 can reduce the void content of
CRME with different action mechanisms.

3.2. 5e ITS of CRME with Different Surfactants. Figure 7
shows the ITS of CRME with different surfactants. It can be
seen from Figure 7 that both addition of superplasticizer and
DN500 can increase the maximum ITS of CRME. Certainly,
as previously shown in Figure 6, the enhancement effect of
superplasticizer and DN500 on CRME is related to the
decreased void content of CRME when the two surfactants
are added. Besides, this enhancement effect is also related to
the improving effect of the two surfactants on the interaction
between asphalt emulsion and cement particles. Meanwhile,
the fresh mixing state of CRME with 3% of additional water
content is shown in Figure 8. It can be seen from Figure 8
that the wetting degree of the mixture is ranked as follows:
CAEP with superplasticizer>CAEP with DN500> reference
CAEP. -e surfaces of course aggregates are well coated by
enough CAEP by adding superplasticizer and DN500.
Superplasticizer and DN500 can improve the mixing state of
CRME and thus can increase the ITS of CRME. In com-
parison of Figures 6 and 7, CRME with superplasticizer has
an equal void content with reference CRME at 2% of ad-
ditional water content; however, the ITS of CRME with
superplasticizer is much higher than that of reference
CRME. Similarly, the ITS of CRME with DN500 is higher
than that of reference CRME at 2% of additional water
content although the void content of CRME with DN500 is
higher than that of reference CRME. Superplasticizer can
greatly improve the mixing stability of asphalt emulsion with
cement [24, 25] and decrease the viscosity of CAEP [33],
which can be beneficial to the coating ability of CAEP on the
aggregate surface. As a result, the ITS of CRME can be
increased by superplasticizer. Similarly, as a wetting agent,
DN500 can greatly increase the wetting ability of asphalt
emulsion, which can also increase the strength of CRME.
Compared to the maximum ITS of reference CRME,
superplasticizer and DN500 can increase the maximum ITS
of CRME by 33.7% and 16.7%, respectively. Besides, the
price of superplasticizer and DN500 is 1.4 $/kg and 2.8 $/kg,

Figure 4: Rheometer.
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Figure 5: Shear rheology method of CAEP.

Table 5: Mix proportions of cement bitumen emulsion pastes for
rheology test.

Mix W/C A/C M/C
CAEP1 0.4 1.75 2
CAEP2 0.6 1.75 2
CAEP3 0.8 1.75 2
Note: every CAEP includes reference paste, paste with superplasticizer (SP)
and paste with DN500.

0.5 1 2 3 4 5 6 6.5
10

11

12

13

14

15

16

17

18

5.59%

V
oi

d 
co

nt
en

t (
%

)

Additional water content (%)

Reference
SP
ND500

10.55%

Figure 6: -e void content of CRME with different surfactants.
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respectively. Because superplasticizer and DN500 content is
only 2% of cement and 0.5% of total water by weight, the
material cost of CRME is only 0.57 $ and 0.86 $ per ton with
the individual addition of superplasticizer and DN500, re-
spectively. -erefore, the addition of superplasticizer and
DN500 nearly does not increase the material cost of CRME.
Adding superplasticizer or DN500 into CRME is an efficient
and economical way to increase the ITS of CRME.

In comparison of Figures 6 and 7, it is clearly found that
the maximum ITS of CRME did not occurr at the additional
water content of the minimum void content. -e corre-
sponding additional water content of the maximum ITS for
all CRMEs is 3%. However, the additional water content of
CRME at maximum ITS is lower than that at the minimum
void content for reference CRME and CRME with DN500.
Previous study indicated that the cement asphalt emulsion
mixture with maximum ITS had better mechanical prop-
erties than that with minimum void content [8]. -us, the
optimumwater content of all CRMEs is 3% in this study.-e
volumetric properties and strength theory of CRME can
explain this phenomenon. According to the strength theory

of the asphalt mixture, the strength of the mixture closely
depends on the cohesive force of the asphalt binder and the
internal friction resistance provided by aggregate skeleton.
-e internal friction of aggregates decreases with the in-
creasing void content. However, the cohesive force of ce-
ment asphalt emulsion paste is highly related to water-to-
cement ratio. -e harden cement asphalt emulsion paste
becomes looser with the increasing water-to-ratio due to
water evaporation [8]. -us, low water content is beneficial
to the hardness and cohesive force of cement asphalt
emulsion paste. Because of both effects, the corresponding
water content of the maximum ITS is lower than the water
content of the minimum air void content.

3.3. 5e Failure Strain of CRME with Different Surfactants.
-e failure strain is an indicator of the deformability ability
of the asphalt mixture which is related to the cracking re-
sistance of CRME. Figure 9 illustrates the failure strain of
CRME with different additional water contents and sur-
factants. It can be seen from Figure 9 that the failure strain of

(a) (b) (c)

Figure 8: Mixing state of CRME with 3% of additional water content. (a) CRME with SP. (b) Reference CRME. (c) CRME with DN500.
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CRME firstly decreases and then increases with the in-
creasing additional water content. Besides, the failure strain
of CRME with superplasticizer and CRME with DN500 is
higher than that of reference CRME except for special
points. Especially, the minimum failure strain of CRMEwith
superplasticizer can increase by 10.4% compared to the
minimum failure strain of reference CRME. A higher failure
strain of CRME indicates a better cracking resistance.
-erefore, the addition of superplasticizer is greatly bene-
ficial to the cracking resistance of CRME. It should be noted
from Figures 6 and 9 that the changing law of failure strain
with additional water content is similar to that of void
content with additional water content. All CRMEs with
lower void content have lower failure strain. -is phe-
nomenon was also observed in a previous study with the
following probable reason [8]. Voids are beneficial to hinder
the propagation path under loading; thus, the increasing
void content may increase the failure strain. Besides, a good
asphalt film can also increase the deformability of CRME [8].
CRME with superplasticizer and CRME with DN500 have
lower void content but higher failure strain than reference
CRME, which indicates that the addition of superplasticizer
and DN500 are both beneficial to the film formation of
asphalt emulsion. As mentioned previously, superplasticizer
can greatly improve the mixing stability of asphalt emulsion
with cement and DN500 can increase the wetting ability of
asphalt emulsion. Both the two surfactants can improve the
asphalt film formation. As a result, the deformability of
CRME is improved by the two surfactants. Because of the
improvement in the asphalt film formation, the failure strain
of CRME with superplasticizer at the optimum water
content of 3% can be still equal to that of reference CRME.

3.4.5eStiffnessModulus ofCRMEwithDifferent Surfactants.
-e stiffness modulus of CRME with different additional
water contents and surfactants is shown in Figure 10. It is

observed from Figure 10 that the stiffness modulus of CRME
firstly increases and then decreases with the increasing
additional water content. Besides, the stiffness modulus of
CRME with superplasticizer and CRME with DN500 is
slightly higher than that of reference CRME. -e maximum
stiffness modulus of CRME with superplasticizer and CRME
with DN500 increased by 8% and 5%, respectively. -e
stiffness modulus of CRME is mainly related to its strength.
In combination of Figures 7 and 10, the relationship between
the stiffness modulus and ITS of CRME is obtained, which is
shown in Figure 11. It can be observed that a strong cor-
relation exists between ITS and stiffness modulus for all
CRMEs, perhaps because all CRMEs have the similar
components except the surfactant. -e stiffness modulus
increases with the increasing ITS. Because the two surfac-
tants can increase the strength of CRME, they can also
increase the stiffness modulus of CRME. Compared to the
reference CRME, the stiffness modulus of CRME with
superplasticizer has a significant increase. A higher stiffness
modulus indicates a better deformation resistance. -ere-
fore, the addition of superplasticizer is beneficial to the
deformation resistance of CRME.

3.5. 5e Critical Strain Energy Density (CSED) of CRME with
Different Surfactants. Although ITS and failure strain are
very suitable to characterize the mixture performance in
general, they are still not sufficient to reflect the cracking
resistance of CBEM because the stiffness modulus of CBEM
differs greatly with mix proportion. A more suitable indi-
cator is CSED which has been proved to be a good fatigue
cracking indicator of the bitumen mixture [34, 35]. It is also
suitable to characterize the fracture behavior of CBEM [36].
-e CSED of CRME with different additional water contents
and surfactants is shown in Figure 12. It can be seen from
Figure 12 that the CSED of CRME firstly increases and then
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decreases with the increasing additional water content.
Besides, the peak CSED of CRME with superplasticizer
and DN500 increases by 17.5% and 5.9% compared to
that of reference CRME, respectively. -e addition of
superplasticizer can significantly increase the CSED of
CRME with superplasticizer. In comparison combination
of Figures 6 and 12, the relationship between the CSED
and ITS of CRME is obtained, which is shown in Fig-
ure 13. It can be observed from Figure 13 that a strong
correlation exists between ITS and CSED for all CRMEs.
-e CSED increases with the increasing ITS. Because
superplasticizer can greatly increase the strength of
CRME, it can also increase the CSED of CRME. Since

CSED is an aggregative indicator of the fracture and
fatigue cracking resistance, it can be inferred that the
fracture and fatigue cracking resistance of CRME can be
greatly improved by superplasticizer.

3.6. 5e Apparent Viscosity of CAEP with Different Surfactants.
-e apparent viscosity of CAEP can reflect the interaction
between asphalt droplets and cement particles. It can also
affect the compactibility of CRME and the coating ability of
paste on the aggregate surface. Figure 14 shows the apparent
viscosity of CAEP with different surfactants. It can be seen
from Figure 14 that the apparent viscosity of paste is ranked
as follows: CAEP with superplasticizer<CAEP with
DN500< reference CAEP. Superplasticizer can greatly de-
crease the viscosity of CAEP, which is beneficial to the
coating ability of CAEP and the compactibility of CRME. It
is reasonable that the addition of superplasticizer can reduce
the void content of CRME and improve the mechanical
properties of CRME. As a surfactant, DN500 can also
moderately decrease the viscosity of CAEP, which is helpful
to the compactibility of CRME. Besides, DN500 can improve
the coating ability of CAEP as a wetting agent.-erefore, the
addition of DN500 can also improve the mechanical
properties of CRME.

4. Conclusions

-is experimental study focused on using the low content
level of suitable surfactants to improve the volumetric and
mechanical properties of CRME. Based on the results and
discussion, the following conclusions can be drawn:

(1) -e addition of superplasticizer can reduce the void
content of CRME and greatly increase the ITS of
CRME. Meanwhile, the deformability of CRME can
also be slightly improved by superplasticizer. -is
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phenomenon is probably due to that superplasticizer
can decrease the viscosity of CAEP and help to form
a better asphalt film.

(2) -e addition of wetting agent (DN500) can also
reduce the void content of CRME and increase the
ITS of CRME. Meanwhile, the deformability of
CRME is not degraded with the increase of strength
by adding DN500. -is is because DN500 can
moderately decrease the viscosity of cement asphalt
emulsion paste and increase the wetting ability of
asphalt emulsion as a wetting agent.

(3) -e stiffness modulus and CSED of CRME have a
linear relationship between the ITS of CRME. Since
the addition of superplasticizer can increase the
strength of CRME, it can also increase the stiffness
modulus and CSED of CRME.

(4) Since the ITS, failure strain, and CSED are all the
indicators of cracking resistance of CRME and the
stiffness modulus is the indicator of deformation
resistance, the addition of superplasticizer and
DN500 is beneficial to the cracking and deformation
resistance of CRME. CRMEwith superplasticizer has
the best mechanical properties among all CRMEs.
Compared to reference CRME, the ITS, stiffness
modulus, and CSED critical strain energy density of
CRME with superplasticizer can increase by 33.7%,
8.0%, and 17.5% at the optimum water content,
respectively. It is recommended to improve the
volumetric and mechanical properties of CRME by
adding superplasticizer.
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Fatigue cracks are main damages to steel bridge deck pavement with thermosetting epoxy asphalt. By combining a high-toughness
resin material with fiber woven fabrics, this study formed an ultrathin overlay of fiber-reinforced high-toughness resin to improve
cracking resistance of pavement.-rough theoretical measurement and bending test, this research studied change laws of bending
and tensile properties of epoxy asphalt concrete after fiber reinforcement and analyzed bending strength and the maximum failure
strain of beams at different temperatures. Moreover, the reinforcing effects of different fibers were discussed. It is found that
bending strength, maximum failure strain, and stiffness modulus of the beams with epoxy asphalt are improved after fiber
reinforcement. With the decrease of temperature, after fiber reinforcement, the mode of bending failure of the epoxy asphalt
mixture (EAM) changes from brittle fracture into shear failure, accompanied with significant yield phenomenon. Furthermore,
organic carbon fiber is sensitive to influences of temperature, while glass fiber is least sensitive to temperature.

1. Introduction

Steel bridge deck pavement is to pave thin layer structures
with thickness of 5∼8 cm on the orthotropic plates. Due to
flexibility of steel bridge deck, there are extremely high ap-
plication requirements for pavement materials, mainly in-
cluding coordinated deformation capacity, waterproofness,
high strength, and excellent fatigue performance of steel plates
[1–3]. At present, typical pavement schemes, such as epoxy
asphalt, gussasphalt, and stone matrix asphalt (SMA), are
mainly used [4]. Of them, epoxy asphalt materials with higher
antirutting performance at high temperature and bending
fatigue performance are universally used in China [5, 6].

Different from thermoplastic asphalt pavement, because
epoxy asphalt is a thermosetting material, cracking as shown
in Figure 1, a main type of damages mainly occurs in wheel
track bands, longitudinal diaphragms of steel box beams, and
ends of U-shaped ribs under long-term load [7, 8]. At present,
technologies for preventive maintenance of asphalt pavement
have been mainly studied, thus proposing some relative

mature schemes, such as fog sealing layer, slurry seal,
microsurfacing, and thin overlays. However, at present, there
are no mature technologies and materials for timely pre-
ventive maintenance of cracks on epoxy asphalt pavement.

-e traditional technologies for preventive maintenance
of asphalt pavement are mainly based on asphalt materials.
Due to limited strength and low bond strength of the ma-
terials with epoxy asphalt pavement, peeling and cracking
easily appear. -e research on the maintenance technology
of steel bridge deck pavement started relatively late. -ere
are some researches on cracks, swelling, and patching [9∼11]
and some achievements in pavement in which the original
hot-blended epoxy asphalt is replaced with new cold-
blended epoxy resin materials are mainly obtained. How-
ever, there are few technologies for preventive maintenance
of bridge deck. -e authors and other researchers have
reported the scheme of preventive maintenance of bridge
deck using epoxy resin seal [12, 13]. Because of high re-
quirements for deformation capacity of materials on steel
bridge deck pavement, fatigue cracking easily appears when
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using the general scheme of epoxy resin and synchronous
surface dressing.

In order to further improve tensile resistance of pavement
materials, the research results of the fiber-reinforced asphalt
mixture have been reported inmany literatures, and the optimal
mixing amount and performance mechanisms of the polyester
fiber in the asphalt mixture have been proposed [14–16]. As
composites emerge, researchers have conducted research and
made breakthrough in high-temperature performance, vitrifi-
cation, and fatigue properties of fiber-reinforced resinmaterials,
which makes it possible for the materials to be applied in
engineering of the transportation industry [17–19].

Based on a high-toughness resin material and its
combination with fiber woven fabrics, the research pre-
pared an ultrathin overlay of fiber-reinforced high-
toughness resin with the thickness of only about 5mm.-e
overlay enhanced cracking resistance of the existing epoxy
pavement, thus extending service life of steel bridge deck
pavement with epoxy asphalt. It is expected to provide
supports for research and engineering application of
technologies for preventive maintenance of steel bridge
deck pavement with epoxy asphalt.

2. Materials and Experimental Methods

2.1. Experimental Materials. -is study used the Bv epoxy
asphalt mixture (EAM), which was produced by ChemCo
Systems Company in the United States and composed of
component A (liquid bisphenol A epoxy resin) and component
B (homogeneous compositions comprising petroleum asphalt
and curing agent) with the ratio of 100: 518. Special aggregates
for steel bridge deck pavement produced by Jiangsu Maodi
Group Co., Ltd. and mineral powder manufactured from
limestone in Jurong county, Jiangsu province, China, were
utilized.-e proportion of mineral aggregates, i.e., 1# aggregate
(with diameter of 10∼13mm), 2# aggregate (with diameter of
5∼10mm), 3# aggregate (with diameter of 3∼5mm), 4# ag-
gregate (with diameter of 1∼3mm), 5# aggregate (with di-
ameter of 0.075∼1mm), and mineral powder was 2.5%: 22.5%:
21.5%: 22%: 23%: 8.5%. Controlling the resultant gradation
according to the median of the gradation range, the results are
shown in Table 1. -e asphalt-aggregate ratio was 6.5%.

-e used RPF high-toughness epoxy resin was provided by
Jiangsu SinoRoad Transportation Science and Technology Co.,
Ltd., China, and comprised component A (polyurethane-
modified epoxy resin) and component B (fatty amine curing
agent) with the ratio of 4 :1. By referring to the ASTM D638-
2014 test method, the tensile strength and elongation of high-
toughness resin were measured through tensile test.-e tensile
strength, elongation at fracture, and tensile elastic modulus
were 25.2MPa, 63.2%, and about 40MPa, respectively, tested at
23± 1°C and a stretching rate of 50mm/min.

In reference to the ASTM D4541-09 test method, bond
performance of high-toughness resin and epoxy asphalt
concrete was determined through the pull-off test at room
temperature of 23°C and high temperature of 70°C at a
drawing rate of 0.7MPa/s. -e test results are presented in
Table 2. At room temperature of 23°C, the fracture surface in
the pull-off test was found at the interface of sealing materials
and the mixture, and bond strength of high-toughness resin
was 14.65MPa. When temperature rose to 70°C, the fracture
surface was located in the interior of EAM. -e fracture
surface in the pull-off test is demonstrated in Figure 2. -is
indicated that there was a strong bond capacity between high-
toughness resin and epoxy asphalt concrete.

-e utilized fiber cloth included basalt, glass, and carbon
in total. -e basalt fiber cloth was manufactured by Jiangsu
Tianlong Co. Ltd., China, and represented with BF, while
glass fiber cloth was produced by Jiangsu Zhongyitong
Company, China, and expressed as GF. Moreover, the
carbon fiber cloth was from Zhejiang Haining Company,
China, expressed as CF. Performance parameters at room
temperature of fiber are presented in Table 3.

(a) (b) (c)

Figure 1: Fatigue cracks in epoxy asphalt on steel bridge deck pavement.

Table 1: -e aggregate gradation used in this study.

Mesh (mm)
Mass percentage of aggregates passing
through meshes (square mesh, mm) (%)
13.2 9.5 4.75 2.36 0.6 0.075

Grading
requirements 100 95∼100 65∼85 50∼70 28∼40 7∼14

Resultant
gradation 100.0 99.7 75.2 59.3 34.5 11.0

Median of
gradation 100.0 97.5 75.0 60.0 34.0 10.5
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2.2. Finite Element Simulation. By using the finite element
software ABAQUS, mechanics simulation was performed on
steel bridge deck pavement with fiber-reinforced epoxy
resin-modified asphalt (Figure 3). By referring to boundary
parameters and the worst load position in literatures [9, 10],
the influences of changes of modulus of different fiber-
reinforced thin resin layers on mechanical response of the
original pavement structure were analyzed.-e moduli were
3,000, 5,000, 7,000, 9,000, 11,000, 13,000, 15,000, 17,000,
19,000, and 21,000MPa. Load was standard axle loading of
100 kN on a single axle with dual tires, and tire pressure was
0.7MPa. Model parameters are shown in Table 4.

-e maximum transverse tensile stress σ and strain ε
were selected as indexes of mechanical analysis. -e cal-
culation results are displayed in Figure 4. With the increase
of modulus of the thin overlay, the maximum tensile stress
and strain of the original epoxy asphalt pavement surface
significantly decrease. When modulus of the thin overlay
increases to 21,000MPa, the maximum tensile stress and
strain of the original pavement reduce by about 66.2% and
64.3%, respectively, in comparison with the pavement
without thin overlay. As modulus of the thin overlay rises,
the maximum tensile stress of the thin overlay itself re-
markably increases, while the maximum tensile strain sig-
nificantly decreases. When the modulus of the thin overlay
increases from 3,000 to 21,000MPa, the maximum tensile
stress of the thin overlay rises about 212.6% while the
maximum tensile strain reduces about 53.7%.

2.3. Specimen Preparation and Experimental Methods. By
referring to the EN 12697-33-2007 method of specimens
prepared by roller compactor, a rutting plate of the EAM
was molded. After molding, the plate was placed in an oven
to be cured for 4 h at 120°C. After taking it out and cooling
to room temperature, the surface of the plate was manually
uniformly coated with high-toughness resin by using a
brush with coating weight of 0.5 kg/m2, and fiber cloth was
immediately laid at the same time. After that, high-

toughness resin was smeared on the surface of the fiber
cloth again with coating weight of 0.5 kg/m2, so as to ensure
that the fiber cloth was fully infiltrated in the resin layer.
-e processes of specimen preparation are shown in
Figure 5.

After being cured for 16h at 23°C, the test plate was cut into
prismatic beam specimens with dimensions of
240± 2mm× 30± 2mm× 35± 2mm by using a rock cutting
machine. After that, by referring to EN 12697-24-2018, the
bending test was conducted on the specimens of the fiber cloth-
reinforced epoxy resin-modified asphalt mixture by using the
three-point beam (3PB) bending test. -e test schematic is
shown in Figure 6. By placing one side of fiber resin cloth on
the bottom, the maximum bending strength, the maximum
fracture strain, and bending stiffness modulus were measured.
-e test was carried out at room temperature (15°C) and low
temperature (− 10°C) at loading rate of 50mm/min.

At present, there are still no specific test methods for
evaluating the fatigue resistance of overlay of the fiber-
reinforced thin resin. Considering this, the research
designed a fatigue test on plates under cyclic loading based
on the rutting test, to assess the fatigue resistance of the plate.
-e test schematic is shown in Figure 7.

-e test plates were prepared in the following steps, and
the processes of specimen preparation are shown in Figure 8.

(1) A rutting plate of epoxy asphalt concrete measuring
30 cm long, 30 cmwide, and 2.5 cm thick wasmolded
at first. -en, by using a stone cutting machine, the
plate was cut into three plates with the dimensions of
30 cm× 10 cm× 2.5 cm (length×width× thickness),
which were then halved to two plates measuring
30 cm long, 5 cm wide, and 2.5 cm thick.

(2) RPF high-toughness epoxy resin was used to bond
the halved specimens into a test plate with the di-
mensions of 30 cm× 10 cm× 2.5 cm (length×

width× thickness), which was then put in the oven
to be cured at 60°C for 16 h.

(3) High-toughness resin was uniformly coated on the
surface of the test plate, on which different types of
fiber cloth were immediately laid. -en, high-
toughness resin was smeared on the surface of the
fiber cloth again after the fiber cloth was fully
infiltrated in the bottom resin layer and interlaminar
bubbles were removed. -en, the plate was placed in
the oven to be cured for 16 h at 60°C again.

(4) After putting the cured plate in the rutting test box
for 5 h, metallic supports were placed under two
sides of the plate to lift the plate by 20 cm. -en, the
fatigue test under wheel rolling was conducted. -e
loading wheel rolled back and forth along the di-
rection perpendicular to the joint of the plate at the

Table 2: Bond strength of high-toughness resin with epoxy asphalt concrete.

Test temperature (°C) Pull-off strength (MPa) Fracture surface
23 14.65 Interface between resin and mixture
70 1.56 Interior of the mixture

Figure 2: Fracture interface in pull-off test (70°C).
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speed of 42 times per minute at 60 and 75°C. -e
wheel load used was 0.7± 0.05MPa. -e processes of
fatigue test are shown in Figure 9.

3. Results and Discussion

3.1. ,eoretical Measurement. Based on the classical theory
of fiber composites, it is considered that the single-layer fiber
cloth in the fiber-reinforced resin composites studied in this
research is continuously and uniformly arranged in the resin
matrix and is firmly bonded to the resinmatrix. It is assumed
that fiber, resin matrix, and fiber cloth-reinforced resin
composites have the same tensile strain. Under vertical
loading force, the resin matrix completely transfers tensile
force F to fiber through the interface, and the simplified
model is displayed in Figure 10.

According to the balance of forces, the following for-
mulas are obtained:

F � Ff + Fm � σf · Af + σm · Am,

Ac � Af + Am,

Vf �
Af

Ac
,

Vm �
Af

Ac
,

Vf + Vm � 1,

(1)

where Af, Am, and Ac represent the cross-sectional areas of
fiber, resin matrix, and fiber cloth-reinforced resin composites,
respectively; Vf and Vm indicate the volume fractions of fiber
and resin matrix, respectively. Moreover, σf and σm denote the
forces applied on fiber and resin matrix, so the average tensile
stress on fiber cloth-reinforced composites is shown as follows:

σcL �
F

Ac
�

σf · Af + σm · A( 

Ac
� σf · Vf + σm · Vm. (2)

In the fiber cloth-reinforced thin resin overlay, the
matrix is resin. When fiber cloth and resin matrix are within

the range of elastic deformation, the following formula is
obtained in accordance with Hooke’s law:

σf � Ef · εf ,

σm � Em · εm,

σcL � EcL · εcL,

(3)

where εf, εm, and εcL indicate the longitudinal strains of fiber,
resin matrix, and fiber cloth-reinforced resin composites,
respectively; Ef, Em, and EcL represent the elastic moduli of
fiber, resin matrix, and composites, respectively. Based on
the isostrain assumption εf � εm � εcL, the expression of
longitudinal elastic modulus of unidirectional continuous
fiber-reinforced composites, that is, the rule of the mixture is
demonstrated as follows:

EcL � Ef · Vf + Em · Vm � Ef · Vf + Em · 1 − Vf( . (4)

Elastic moduli of CF, BF, and GF are 230, 104, and
72GPa, respectively, and modulus of the resin matrix is
0.04GPa. According to formula (4), the relationship be-
tween modulus of fiber-reinforced resin composites and
fiber content can be obtained as shown in Figure 11. In the
experiment, resin content is 1 kg/m2, and weight of fiber is
demonstrated in Table 3. In accordance with the ratio of
weights of fiber to resin, CF and BF contents are 30% and GF
content is 45%. Furthermore, through theoretical calcula-
tion, moduli of CF-, BF-, and GF-reinforced resin com-
posites are 69.03, 31.23, and 32.42GPa, respectively.

Based on formulas (3) and (4), the following formula is
obtained:

σcL � Ef · εf · Vf + Em · εm · 1 − Vf( . (5)

-e ratio of load of fiber to resin matrix is presented as
follows:

Ff

Fm
�

Ef · εf · Vf

Em · εm · 1 − Vf(  
�

Ef · Vf

Em · 1 − Vf(  
. (6)

In accordance with formula (6), when volume content Vf
of fiber is certain, the larger the ratio of Ef/Em, the more the
load the fiber bears and the stronger the reinforcing effects
are. In theory, because tensile elastic modulus (Table 1) of CF
is higher than those of GF and BF, the effects of CF in im-
proving bending and tensile resistance of the composite resin
overlay and overall structure of the mixture are the best.

Similarly, Em′ , Ef′, and EcL′ represent the elastic moduli of
the matrix of EAM, fiber, and composite structure, re-
spectively; Vm′ and Vf′ indicate the volume fractions of the
matrix of EAM and fiber, respectively. Based on bending test
of the mixture, tensile elastic modulus of the matrix of EAM
in the linear elastic stage is 1,063MPa, and theoretical
moduli of CF-, BF-, and GF-reinforced resin composites are

Table 3: Requirements of technical indexes of fiber cloth.

Fiber Weight (g/m2) Tensile strength (MPa) Tensile elastic modulus (MPa) Elongation (%)
CF 300 ≥3400 ≥2.4×105 ≥1.6
GF 450 ≥1500 ≥0.72×105 ≥2.8
BF 300 ≥2200 ≥1.04×105 ≥1.6

y

xz

Figure 3: Structural model of steel bridge deck pavement.
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69,030, 31,230, and 32,420MPa, respectively. In accordance
with formula (4), theoretical values of tensile elastic moduli
of the fiber-reinforced composite structure are shown in
Table 5.

3.2. Evaluation of Cracking Resistance

3.2.1. Test at Room Temperature. -e bending test results at
room temperature are shown in Figure 12. -e bending

strength of the EAM beam (blank specimen) is 7.29MPa at
room temperature of 15°C, and the maximum bending
strain and bending stiffness in failure are 10,876 με and

Table 4: Model parameters in finite element simulation.

Structural layer Length (m) (Z) Width (m) (X) -ickness (m) (Y) Elastic modulus (MPa) Poisson’s ratio
-in overlay 11.25 6 0.005 — 0.25
Original pavement layer 11.25 6 0.055 2000 0.25
Steel bridge deck 3.75× 3 6 0.014 210000 0.3
Transverse diaphragm plate 0.01 6 0.84 210000 0.3
U-shaped rib 11.25 0.006 0.28 210000 0.3
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Figure 4: Change laws of the maximum tensile stress and strain of the pavement layer with modulus of the thin overlay.

(a) (b) (c) (d)

Figure 5: Specimen preparation of fiber-reinforced resin composite overlay: (a) blade coating resin on the bottom; (b) laying fiber cloth;
(c) brush coating resin on the surface; (d) curing.

F

Figure 6: Tensile and bending test of the fiber overlay.
Void area

Load: 0.7MPa
Temperature : 60°C, 75°C

2.5cm

2.5cm

F

Crack

Figure 7: Schematic diagram of fatigue test on plates based on
rutting.
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670MPa, respectively. After fiber reinforcement, bending
strength, maximum bending strain, and bending stiffness
of the EAM are improved to some extent. At room
temperature of 15°C, the reinforcement amplitude of CF is
the highest and bending strength and the maximum
bending strain can be improved to 99.62MPa and

50,393 με. Moreover, bending stiffness in failure can be
increased to 1,778MPa. -e reinforcement amplitudes of
GF and BF are basically the same and their bending
strengths are 41.2 and 42.7MPa. Furthermore, the max-
imum bending strains are 28,760 and 32,458 με and
bending stiffness in failure is 1,435 and 1,308MPa,
respectively.

As shown in Figure 13, at room temperature of 15°C,
with constant increase of load, bending deflections of the
beams linearly rise and shows a good linear elastic trend.-e
CF-reinforced beam has the highest bending stiffness, fol-
lowed by GF- and BF-reinforced ones, which all show the

(a) (b) (c)

Figure 8: Preparation process of the test plate for the fatigue test. (a) Bonding using the high-toughness resin. (b) Smearing the high-
toughness resin. (c) Laying CF cloth.

Crack

(a) (b)

Crack direction

(c)

Figure 9: Fatigue test on the plate.
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Figure 10: Simplified model of unidirectional continuous composites.
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Figure 11: Moduli and fiber contents of unidirectional continuous
composites.

Table 5: Tensile elastic moduli of the composite structure through
theoretical calculation at room temperature.

No. Material Tensile elastic modulus (MPa)
1 EAM beam 1063
2 CF-reinforced beam 4733
3 BF-reinforced beam 2692
4 GF-reinforced beam 2756
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typical brittle failure. -is law well corresponds to tensile
strength and modulus of fiber materials, that is, the higher
the tensile strength and elastic modulus of fiber materials for
reinforcement, the better the reinforcing effects.

Failure and fracture of the specimens at room temper-
ature of 15°C are shown in Figure 14. -e EAM beam (blank
specimen), GF-reinforced beam, and BF-reinforced beam all
show fracture failure of normal section.-e specimen of CF-
reinforced beam presents obvious failure phenomenon that
the CF-reinforced resin and the epoxy asphalt beam are
separated at the bond interface. -is indicates that strength
and tensile elastic modulus of the CF-reinforced resin
composite are much larger than those of the EAM beam, and
displacements of them under the same load are inconsistent.
With the increase of bending and tensile load, relative
slippage occurs on the interface of the CF-reinforced beam,
finally resulting in delaminating failure.

3.2.2. Test at Low Temperature. -e bending test results at
low temperature of − 10°C are shown in Figure 15; in
comparison with the room temperature of 15°C, bending
strength of the EAM beam (blank specimen) increases to
15.98MPa with the decrease of temperature. Moreover, the
maximum bending strain reduces to 5,865 με and bending
stiffness in failure rises to 2,724MPa. After fiber re-
inforcement, bending strength and the maximum bending
strain of EAM increase to some extent.
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Figure 12: Bending test results at room temperature: (a) bending strength at 15°C; (b) the maximum bending strain at 15°C; (c) bending
stiffness modulus in failure at 15°C.
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At low temperature of − 10°C, reinforcing effects of CF
are optimal. Bending strength and the maximum bending
strain of the CF-reinforced beam are 56.17MPa and
18,149 με, respectively, and bending stiffness in failure is
2,724MPa. For the BF-reinforced beam, bending strength
and the maximum bending strain are 31.09MPa and
8,607 με, and bending stiffness in failure is 3,612MPa. In
addition, bending strength, maximum bending strain, and
bending stiffness in failure of the GF-reinforced beam are
45.73MPa, 24,677 με, and 1,853MPa, respectively.

As shown in Figure 16, at low temperature of − 10°C, as
load constantly rises, bending deflections of the beams
linearly increase at first. -e typical brittle failure is still
found on the EAM beam (blank specimen). After fiber
reinforcement, when load rises to a certain degree, there is a
certain yield phenomenon in the late stage, gradually
changing from the initial elastic deformation to plastic
deformation until the mixture is finally fractured.

-e reason for yield phenomenon at low temperature is
generally that shear failure is likely to appear to the materials

(a) (b) (c) (d)

Figure 14: Fracturing behaviors of beam specimens of resin composite overlay reinforced with different fibers at 15°C. (a) Blank. (b) CF. (c)
GF. (d) BF.
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Figure 15: Bending test results at low temperature. (a) Bending and tensile strength at − 10°C; (b) the maximum bending and tensile strain at
− 10°C; (c) bending stiffness modulus at − 10°C.
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under bending and tensile forces. -e fracture surface of the
specimens at low temperature of − 10°C is further verified, as
shown in Figure 17. -e EAM beam (blank specimen) still
shows brittle fracture failure. For CF-, GF-, and BF-reinforced
beams, the fracture surface shows an angle of 45° with load,
indicating that tensile strength of the normal section of the
materials is very high owing to modulus of fiber largely in-
creasing at low temperature. With the rise of bending and
tensile load, shear stress of the oblique section of the materials
exceeds the maximum strength, so essentially the materials
show shear failure.

3.2.3. Comparison of Room-Temperature and Low-Temper-
ature Performances. By analyzing results of different spec-
imens at room temperature and low temperature as shown
in Figure 18, the following conclusions are made:

(1) With the reduction of temperature, obvious brittle
phenomenon is found on the EAM beam (blank
specimen) and bending stiffness in failure rises from
670 to 2,724MPa, with increase amplitude of 300%.
Bending strength increases from 7.29 to 15.98MPa,
while the maximum bending strain decreases from
10,876 to 5,865 με.

(2) Change of performances of the organic CF-reinforced
beam is sensitive to temperature, and bending stiffness
in failure increases by 74% compared with that at room
temperature. Bending strength reduces by 44% from

99.62 to 56.17MPa and the maximum bending strain
decreases to 18,149με with amplitude of 64%.

(3) In comparison with room temperature, bending
stiffness of the BF-reinforced beam increases by
176%, while bending strength decreases by 26%.
Furthermore, the maximum bending strain reduces
by 73% from 32,458 to 8,607 με.

(4) For inorganic nonmetal GF-reinforced beam, the
change of performance is least sensitive. Bending stiff-
ness rises by 29% compared with that at room tem-
perature, while bending strength increases from 41.27 to
45.73MPa, with amplitude of 10%. In addition, bending
strain reduces by 14% from 28,670 to 24,677με.

3.3. Evaluation of FatiguePerformance. -e results of fatigue
tests on the plates are shown in Table 6. Considering that
modulus of materials always decreases and cracking re-
sistance of structures declines at high temperatures, the
research focuses on testing of fatigue and cracking resistance
of the plate at high temperatures. -e results of fatigue tests
on the plates are consistent with those of static bending tests.
-e results reveal that

(1) -e EAM beam (blank specimen) is fractured im-
mediately after loading at high temperature of 60°C,
while BF-, GF-, and CF-reinforced beams are not
damaged, even no cracking appearing at the joints.
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Figure 16: Load-deflection curves at − 10°C.

(a) (b) (c) (d)

Figure 17: Fracturing behaviors of the beam specimens of resin composite overlays reinforced with different fibers at − 10°C. (a) Blank. (b)
CF. (c) GF. (d) BF.
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(2) As the temperature rises to 75°C, fractures still
occur to the EAM beam immediately after loading;
the GF-reinforced beam is fractured after loading
for 1 h; the BF-reinforced beam presents certain
bending after loading for 1 h; while no cracking
occurs to the CF-reinforced beam. -e fatigue
cracking behaviors of the specimens are shown in
Figure 19.

4. Application and Effect

-e research results have been applied in the pavement and
maintenance projects of a series of steel bridge decks, in-
cluding Zhenjiang–Yangzhou Yangtze River Bridge, the

third Nanjing Yangtze River Bridge, and Suzhou–Nantong
Bridge, which are shown in Figures 20 and 21. Double-layer
epoxy asphalt of 5.5 cm thick was paved on these steel bridge
decks. -e construction technologies of the thin overlays
mainly involve sandblasting and shot blasting of the original
pavement (to enhance the interfacial bonding), smearing of
resin, and laying of CF cloth. In addition, to improve the skid
resistance, basalt gravels with grain size of 3∼5mm need to
be spread on the surface of resin. -e structure depth can be
as thick as 1.2mm and the frictional coefficient exceeds 60
BPN. -e structural design of the application scheme is
displayed in Figure 22. -e research results have been ap-
plied to the bridges for at least 5 years and still present
favorable effects.

15.98
7.29

56.17

99.62

45.73 41.27
31.09

42.47

0

20

40

60

80

100

120

10°C 15°C

Be
nd

in
g 

str
en

gt
h 

(M
Pa

)

Temperature

Blank
CF

GF
BF

(a)

5865
10876

18149

50393

24677
28760

8607

32458

0

10000

20000

30000

40000

50000

60000

10°C 15°C

M
ax

im
um

 b
en

di
ng

 st
ra

in
 (μ

ε)

Temperature

Blank
CF

GF
BF

(b)

Blank
CF

GF
BF

2724

670

3095

17781853
1435

3612

1308

0

1000

2000

3000

4000

5000

10°C 15°C

Be
nd

in
g 

sti
ffn

es
s m

od
ul

us
 (M

Pa
)

Temperature

(c)

Figure 18: Room-temperature and low-temperature performances: (a) bending strength; (b) the maximum failure strain; (c) bending
stiffness modulus in failure.

Table 6: Fatigue test results of composite structures under wheel rolling at 60 and 75°C.

Fiber type Temperature (°C) Test time (h) Result

EAM beam 60 — Fracture failure immediately after loading
75 — Fracture failure immediately after loading

BF-reinforced beam 60 2 No fracture
75 1 No fracture and obvious bending at the midspan

GF-reinforced beam 60 2 No fracture
75 1 Cracking of the mixture

CF-reinforced beam 60 2 No fracture
75 2 No fracture
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(a) (b)

(c) (d)

Figure 19: Fatigue cracking behaviors of the specimens of resin composite overlays reinforced with different fibers at 75°C. (a) Blank. (b) BF-
reinforced beam. (c) GF-reinforced beam. (d) CF-reinforced beam.

(a) (b)

Figure 20: Continued.
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5. Conclusion

-rough beam bending test, this study mainly investigated
change laws of bending and tensile performances of epoxy
asphalt concrete after fiber reinforcement and analyzed
bending strength and the maximum failure strain of the
beams at different temperatures. Moreover, reinforcing ef-
fects of different fibers were discussed.-emain conclusions
are made as follows:

(1) After fiber reinforcement, bending strength, maxi-
mum failure strain, and stiffness modulus of the EAM
beam are improved, which is favorable for cracking
resistance in pavement. It provides a theoretical basis
manifesting the engineering application value of the
thin overlay of fiber-reinforced resin.

(a) (b) (c)

Figure 21: Effects of construction. (a) Zhenjiang–Yangzhou Yangtze River Bridge (2014). (b) -e third Nanjing Yangtze River Bridge. (c)
Suzhou–Nantong Bridge.

(c) (d)

Figure 20: Construction technology of the thin overlay of fiber-reinforced resin on the Suzhou–Nantong Bridge.

5.5cm epoxy asphalt 
pavement

Steel deck

Basalt gravels with grain size of 3~5mm

Figure 22: Structure of the thin overlay of fiber-reinforced resin.
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(2) As temperature decreases, the bending and failure
mode of fiber-reinforced EAM changes from brittle
fracture into shear failure, accompanied with sig-
nificant yield phenomenon. -e result suggests that
the thin overlay of fiber-reinforced resin is able to
change the brittle failure of the original EAM
pavement to yield failure, which makes most of the
performance of the pavement materials and exerts
practical significance for prolonging the service life.

(3) By comparing results of CF, GF, and BF, it is found
that organic fiber is sensitive to influences of tem-
perature, while GF is least sensitive to temperature.

(4) By performing fatigue tests on plates, it is found that
compared with the original EAM pavement, the CF-
reinforced specimen improved the fatigue and
cracking resistance at the greatest extent, particularly
showing favorable effects at high temperatures.

(5) To enhance the application value in engineering, a
thin overlay structure of CF-reinforced resin and
gravel is designed. It can improve fatigue perfor-
mance and skid resistance of the pavement. -e
earliest application of the design has been in service
for 8 years, still showing favorable effects.
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+is article presents a study to evaluate the performance of the ecofriendly calcium sulfate whisker fiber- (CSWF-) reinforced
asphalt mixture as a sustainable pavement material. Asphalt mixtures containing 0.2 wt.%, 0.4 wt.%, 0.6 wt.%, and 0.8wt.% of the
CSWFwere designed by theMarshall method. Asphalt mixtures without fiber were also prepared as control samples.+eMarshall
test, wheel-tracking test, low-temperature bending test, water sensitivity test, and fatigue test were conducted to evaluate the
performance of the CSWF asphalt mixture. And the mechanism of fiber reinforcement was discussed.+e results showed that the
CSWF could improve the high-temperature stability and low-temperature crack resistance of the asphalt mixture. Water stability
of asphalt mixtures in the presence of the CSWF was also improved. When the CSWF content was 0.4 wt.% of the total mixture,
the performance of the asphalt mixture is the best. Compared with the conventional asphalt mixture, the CSWF asphalt mixture
not only utilized power plant waste effectively to preserve ecosystems but also improved the performance of the pavement, which
is suggested to be used in sustainable pavement construction and rehabilitation.

1. Introduction

Pavement plays a significant role in the transportation net-
work affecting economic and social development of the
country. At present, there are about billions of kilometers of
pavement in the world [1]. +ese pavements enhance the
social productivity and improve people’s quality of life.
However, pavement construction and rehabilitation consume
a large number of materials derived from nonrenewable
natural resources, which will destroy the environment.
Meanwhile, due to the combined effects of repeated traffic
loadings and the environment’s influence such as rain,
sunlight, and chemicals, the asphalt pavement begins to
deteriorate significantly and needs to be rehabilitated after
three to five years of service [2, 3]. Repeated rehabilitation of
the pavement will also destroy the environment. +erefore, it

is necessary to construct sustainable pavements. According to
the definition of the Federal Highway Administration
(FHWA), sustainable pavement should meet three re-
quirements: meeting performance standards, utilizing re-
sources effectively, and preserving the ecosystem [4]. A large
number of studies have shown that the addition of ecofriendly
fibers is an effective method to preserve ecosystems and
improve the long-term performance of pavements [5–11]. In
addition, some studies have found that green technologies
hold promise in developing more sustainable pavements
[1, 12]. Guan et al. found that the combination of 0.4wt.%
brucite fiber produced from the brucite tailings can effectively
improve the strength and toughness of the fiber-reinforced
asphalt mixture [13]. Nsengiyumva et al. found that the
addition of the corn husk fiber could not only enhance the
cracking resistance of HMA but also improve the cracking
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resistance of cold-mix asphalt (CMA) [14]. Stempihar et al.
found that fiber-reinforced asphalt concrete can be used as a
sustainable paving material for airfields [15].

As a novel kind of ecofriendly fiber, the calcium sulfate
whisker fiber (CSWF) is made from flue gas desulfurized
gypsum which is the byproduct produced by limestone-
gypsum wet flue gas desulfurization in thermal power plants
[16].+e CSWF is widely used as a reinforced material and is
also commonly applied to surface modification, polymer
materials, papermaking technology, friction materials, and
other aspects [17–21]. Yang et al. assessed the mechanical
property of clay aerogel with the CSWF content, and the
CSWF/clay aerogel composite was found to effectively form
a dense “honeycomb” structure, increasing the modulus and
consequently resulting in a high mechanical strength of
composite materials [22].Wang et al. evaluated the impact of
the CSWF on the reinforced effect in silicone rubber
composites and concluded that the CSWF was beneficial to
the development of tensile strength and elongation of room-
temperature-vulcanized silicone rubber/CSWF composites
[23]. Xing et al. studied the effect and mechanism of the
calcium carbonate whisker on the asphalt binder and found
that the addition of the calcium carbonate whisker can
improve the softening point of asphalt and decrease its
penetration and ductility [24]. From these researches, it is
found that, due to the high strength, large specific surface
area, and high-temperature resistance, the CSWF can im-
prove the performance of the matrix material effectively.+e
performance of the asphalt mixture may be improved by the
addition of the CSWF. However, few studies reported this. In
China, the deposit of flue gas desulfurization gypsum is up to
billions of tons and amounts up to more than 50million tons
per year [25]. To utilize this power plant waste effectively and
improve the performance of the pavement, the utilization of
the CSWF in the asphalt mixture as a sustainable pavement
material in the asphalt pavement may be a promising way.

In this paper, the performance of the ecofriendly CSWF-
reinforced asphalt mixture as a sustainable pavement ma-
terial was investigated. +e performance of the CSWF as-
phalt mixture was evaluated by the Marshall test, wheel-
tracking test, three-point bending test, fatigue test, and water
sensitivity test under harsh environment. According to the
test results above, the optimum content of the CSWF in the
asphalt mixture was determined to satisfy the optimum
performance of the asphalt mixture. Meanwhile, the
mechanism of the CSWF-modified asphalt mixture was also
discussed.

2. Materials and Methods

2.1. Materials. In this study, base asphalt 90# according to
the American Society of Testing Materials (ASTM) was used
as the binder. Its properties are shown in Table 1. Physical
properties of the calcium sulfate whisker fiber are provided
by the manufacturer, which are shown in Table 2. It can be
seen from Table 2 that the calcium sulfate whisker has good
thermal stability and high tensile strength. +e morphology
of the CSWF was captured by using an SEM. Figure 1(a)
presents the appearance of the CSWF. And Figures 1(b),

1(c), and 1(d) show the micrograph of the CSWF at various
scales from 50 μm to 5 μm.+e CSWF exhibited a white fluffy
powdery appearance with obvious edges and corners on the
surface that promotes mixture resistance to several pavement
distresses. Industrial sodium sulfate (Na2SO4) was used in the
test, and the content of sodium sulfate was more than 99%.
SK-90# matrix asphalt is used in this paper, and the coarse
aggregate is the crushed basalt mineral, with a density of
2.86 g/cm3. +e fine aggregate was obtained from crushed
basalt and mechanical sand, with a density of 2.83 g/cm3. +e
mineral filler is of limestone type, with a density of 2.73 g/cm3.
And more than 95% of the filling size is less than 75 μm.

2.2. Sample Preparation. Gradation is the AC-13 asphalt
mixture, and the designed gradation is shown in Table 3.+e
samples of the asphalt mixture with 0%, 0.2%, 0.4%, 0.6%,
and 0.8% CSWF contents were prepared in accordance with
the Chinese standard JTG E20-2011 [24]. To achieve good
fiber dispersion, the CSWF and aggregate were mixed in a
rotary mixer at 600 RPM for 90 seconds before the asphalt
and mineral filler were added.

2.3. Scanning Electron Microscopy (SEM) Analyses. +e
microstructures of the CSWF and CSWF-reinforced asphalt
mixture were examined by a scanning electron microscope
(SEM).

2.4. Marshall Test. According to the content of different
CSWFs, the optimum asphalt content (OAC), bulk specific
gravity, air void volume (VV), voids in mineral aggregates
(VMA), and Marshall stability (MS) of different asphalt
mixtures were obtained by the Marshall test. All tests were

Table 1: Technical indicators of the asphalt binder.

Test properties Unit Test results Test basis
Penetration (25°C,
100 g, 5 s) 0.1mm 86.4 ASTM D5-97

Softening point °C 47.0 ASTM D36-06
Ductility (15°C,
5 cm/min) cm 182 ASTM D113-99

Wax content % 1.74 ASTM D3344-90
Specific gravity — 1.030 ASTM D70-76
Flash point °C 304 ASTM D92-02

RTFOT (163°C, 75min)
Mass change % 0.15 ASTM D2872-04
Penetration ratio (25°C) % 60.5 ASTM D5-97
Ductility (10°C) cm 10.1 ASTM D113-99

Table 2: Main characteristics of the CSWF.

Characteristics Unit Test results
Diameter μm 2–4
Length μm 40–60
Length/diameter ratio (mean) — 16
Tensile strength MPa 2050
Melt temperature °C 1450
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conducted following the method T0709 in JTG E20-2011
[23].

2.5. Wheel-Tracking Test. +e wheel-tracking test was con-
ducted in terms of JTG E20-2011 (T0719) [26]. +e loose
asphalt mixture was compacted into a few 300× 300× 50mm
slabs. +ese slabs were placed in the testing chamber at 60°C
for 6 h. +en, a solid rubber tire moved back and forward on
the slab surface with the travel distance of 230± 10mm. +e
test load was 0.7MPa, and the test wheel-rolling speed was
42± 1 cycles/min. +e DS (times/mm) can be calculated by
equation (1). Each asphalt mixture with different CSWF
contents was repeatedly tested four times to acquire a reliable
measure of the DS of the test specimen.

DS �
t2 − t1(  × N

d2 − d1
× C1 × C2 �

42 × 15
d60 − d45

, (1)

where t1 and t2 are time corresponding to 45min and
60min, respectively; N is the wheel-traveling speed, and
N� 42 cycles/min in this paper; d1 and d2 are the rutting
depth recorded at t1 and t2, respectively; and C1 and C2 are
parameters and taken as 1 in this paper.

2.6. Low-Temperature Cracking Test. +e three-point
bending test was conducted in accordance with the Chinese
standard JTG E20-2011 (T0715) [26] to evaluate the effect of
the CSWF on the low-temperature cracking performance of
the asphalt mixture. +e span length was 200mm. +e
midpoint of the beam was stressed, and the load was applied
at a speed of 50mm/min. +e loose asphalt mixture was
compacted into a 300× 300× 50mm slab and sawed into a
beam (250× 30× 35mm) such that each span length is
200mm. +e test temperature was − 10°C. Five parallel
samples were used in this test.

(a) (b)

(c) (d)

Figure 1: SEM micrographs of the CSWF: (a) appearance; (b) magnification: 1000 times; (c) magnification: 3000 times; (d) magnification:
10000 times.

Table 3: Mineral gradation of AC-13 mixture design.

Percent of aggregate passing for a given sieve size
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Percent passing 100 96 77 49.8 35 25 22 14 11 7
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RB �
3 × L × PB

2 × b × h2 ,

εB �
6 × h × d

L2 ,

εB �
6 × h × d

L2 ,

(2)

where RB is the maximum bending stress (MPa); εB is the
flexural strain (με); b is the width of the cross section (mm); h
is the height of the cross section (mm); d is the midspan
deflection at failure (mm); L is the span of the beam (mm);
and PB is the maximum load (N).

2.7. Freeze-"aw Split Test. +e freeze-thaw split test was
conducted in accordance with the Chinese standard JTG
E20-2011 (T0729) [26] to evaluate the effect of the CSWF-
reinforced asphalt mixture on the water sensitivity perfor-
mance. Marshall specimens were divided into two groups.
+e control group tested the splitting strength at 25°C with a
loading rate of 50mm/min, marked as RT1. +e second
group tested the splitting strength under freeze-thaw cycles
at a temperature between − 18°C (16 h) and 60°C (24 h),
marked as RT2. Both conditioned and unconditioned
specimens were put in a water bath at 25°C for at least 2 h.
Finally, the specimens were loaded until failure, and the
tensile strength ratio (TSR) was calculated using equations
(3)–(5). Five parallel samples were used in this test.

RT1 �
0.006287PT1

h1
, (3)

RT2 �
0.006287PT2

h2
, (4)

TSR �
RT2

RT1
× 100, (5)

where TSR is the tensile strength ratio (%); RT1 is the average
tensile strength (MPa) of the unconditioned specimen; RT2 is
the average tensile strength (MPa) of the conditioned spec-
imen; PT1 is the maximum value of the test load for the test
pieces in the first group (N); and PT2 is the maximum value of
the test load for the test pieces in the second group (N).

2.8. Four-Point Bending Fatigue Test. +e fatigue life of the
asphalt mixture was measured by a four-point bending
fatigue test in JTG E20-2011(T0739) [26]. +e four-point
bending fatigue test is loaded in a partial sinusoidal loading
with load-to-stress ratios of 0.1, 0.2, 0.3, and 0.4. +e loose
asphalt mixture was rolled into a square billet with a size of
400× 300× 75mm and sawed into a beam (380× 50
× 63mm) at 25°C. Five parallel samples were used in this test.

2.9.VacuumImmersionAttackTest. +e vacuum immersion
attack test of 10% (by weight of the total solution) sulfate
concentration was improved by referring to the Chinese

standard JTG E20-2011 (T0709-2011) [26]. +e effect of
sulfate attack on the CSWF-reinforced asphalt mixture was
simulated by soaking Marshall specimens in 10% sodium
sulfate solution. +e Marshall stability of the control asphalt
mixture and CSWF-reinforced asphalt mixture was tested.
+e specimens were put into a vacuum dryer with vacuum
about 97.3 kPa for 15min.+en, under the action of negative
pressure, the sodium sulfate solution with a mass fraction of
10% was put into the dryer and all specimens were immersed
in the sodium sulfate solution (the submergence height was
no less than 20mm). After 15min, normal pressure was
restored. Marshall specimens of the CSWF-reinforced as-
phalt mixture and Marshall specimens of the control asphalt
mixture were tested for Marshall stability every 24 h after
48 h of immersion in sodium sulfate solution. +e effect of
water sensitivity of the CSWF-reinforced asphalt mixture
under sulfate attack was studied, and the feasibility of using
the CSWF-reinforced asphalt mixture in the sulfate envi-
ronment was discussed. +ree parallel samples were used in
this test.

2.10. Sulfate-Freeze-"awCycleTest. Marshall specimens (24
specimens) were formed by compaction (50 times for each
side) with 0.4 wt.% CSWF, which were divided into 6 groups
with 4 samples in each group. Referring to the freeze-thaw
split test, the specimens were soaked for 10 h in 10% sodium
sulfate instead of water. Marshall specimens without freeze-
thaw cycle were tested for splitting tensile strength after 72 h
of curing. +e other five groups were first placed in a plastic
bag containing 10% sodium sulfate solution and kept at
− 18°C for 16 h. +en, they were removed from the bag and
immersed in a water bath at 60°C for 6 h. Five groups of
specimens and control group were immersed in a water bath
at 25°C for 2 h and tested. +e 24 Marshall specimens were
subjected to 0–5 freeze-thaw cycles, respectively, and the
appearance changes of samples after freeze-thaw cycles were
observed. +rough the above experiments, the influence of
salt-freeze-thaw cycle coupling on the water stability of the
common asphalt mixture and CSWF-reinforced asphalt
mixture was studied. Four parallel samples were used in this
test.

2.11. Sulfate-Wet-Dry Cycle Test. +e sulfate-wet-dry cycle
was similar to the sulfate-freeze-thaw cycle. +e Marshall
specimens were immersed in 10% sodium sulfate solution
and kept at 30°C for 12 h and oven-dried at 40°C for 12 h.
After each sulfate-wet-dry cycle, four specimens were taken
out to test the splitting strength, and the relevant test results
were recorded. According to the results, the durability of the
CSWF-reinforced asphalt mixture under sulfate-wet-dry
cycles was analyzed. +ree parallel samples were used in this
test.

3. Results and Discussion

3.1. Marshall Index. Figures 2 to 6 show CSWF-reinforced
asphalt mixture parameters, including the optimum asphalt
content (OAC), bulk specific gravity, VV, VMA, and
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Marshall stability (MS) of each mixture. With the CSWF
content increase, the OAC increased from 4.61% to 4.85%.
+e main reason for this phenomenon was that the fiber
increased the internal specific surface area and absorbed part
of the free asphalt, so the asphalt content of the mixture
increased.

Figure 3 shows the bulk specific gravity of the asphalt
mixture with different CSWF contents. All of the bulk
specific gravity values were between 2.48 and 2.56. With the
CSWF content increase, the bulk specific gravity of the
CSWF-reinforced asphalt mixture gradually decreased.

Figure 4 shows that the value of VV increased with the
increase of the CSWF content. +e data show a positive
correlation between VV and CSWF content. +is increase
occurred probably due to the increase of CSWF surface area
that absorbed more free asphalt.

Figure 5 reveals that, for different asphalt mixtures, the
VMA also increase with the increasing content of the CSWF.

MS results are shown in Figure 6. Compared to those of
the control group, the MS results of the test groups were
improved by almost 7.4%, 21.7%, 16.2%, and 8.5%. Gen-
erally, the MS is an indicator to evaluate the anticracking
ability. A larger MS value means a better anticracking ability.
Maximum MS values were obtained when 0.40wt.% CSWF
was added.

3.2. High-Temperature Stability. Figure 7 displays the dy-
namic stability of the fiber-reinforced asphalt mixture with
different CSWF contents. Ordinarily, a higher DS value
means a preferable antirutting performance. When the
CSWF content is less than 0.8 wt.%, the DS of the asphalt
mixture with the CSWF goes up significantly, indicating that
the high-temperature stability of the asphalt mixture can be
improved. From Figure 7, it can be seen that dynamic
stability of the asphalt mixture increased with the increase of
the CSWF content. Compared with that of the nonfiber
asphalt mixture, dynamic stability of the 0.4 wt.% content of
the CSWF-reinforced asphalt mixture increased by 45.3%.
Because the fiber absorbs the asphalt, the free asphalt content
was reduced and the bonding strength was increased.

Figure 8 shows the micrograph of CSWF-reinforced asphalt.
+e fibers are evenly dispersed throughout the asphalt,
increasing its mechanical strength. It is indicated that the
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CSWF formed a mesh structure in the asphalt mixture, with
asphalt and CSWF having a good absorption and adhesion
ability. In addition, the CSWF has the function of bridge
connections, which could strengthen the weak area of the
interface between the aggregate and the asphalt.

3.3. Low-Temperature Stability. +e low-temperature
bending test was conducted under − 10°C. +e result is
elaborated in Figures 9–11. From Figures 9–11, it can be
summarized that there is good parabolic curve fitting among
the fiber-reinforced asphalt mixtures with different CSWF
contents and the bending tensile strength, the maximum
tensile strain, and the bending stiffness modulus. +e
bending tensile strength and tensile strain rose first and then
came down with the CSWF content increase. It is indicated
that the excessive content of the fiber would result in poor
low-temperature stability of the asphalt mixture due to its
uneven dispersion. +erefore, when the content of the
CSWF reached a certain figure, the resistance of the mixture
to the low-temperature crack will decrease. Furthermore, the
bending tensile strength and tensile strain showed good
performance at 0.4 wt.% CSWF content. +e decrease of the

bending stiffness modulus indicated that the CSWF could
improve toughness and strong crack resistance of the asphalt
mixture at low temperatures. Compared with that of the
control asphalt mixture, the anticracking ability at low
temperatures of the 0.4 wt.% content of the CSWF-rein-
forced asphalt mixture increased by 17.0%. +e reason for
this phenomenon is also attributed to the morphology effect
of the CSWF with its needle-like granules. In addition, the
CSWF has the function of bridge connections, which
strengthens the weak area of the interface between the ag-
gregate and the asphalt. +e main reason for the above
phenomenon is that the CSWF forms a special layered
structure between the aggregate and the asphalt, which plays
a key role in bridge connection and enhances the bonding
effect with aggregates. Under the action of fibers, asphalt has
higher stress recovery and ductility recovery, so as to im-
prove the self-healing ability of the asphalt mixture [27, 28].

3.4. Water Sensitivity. Figure 12 shows the results of water
sensitivity for five different types of asphalt mixtures. As
shown in Figure 12, the freeze-thaw split strength of the
CSWF-reinforced asphalt mixture increases from 0.2 wt.% to
0.8 wt.% compared to that of the control asphalt mixture.
CSWF can improve the splitting tensile strength and water
sensitivity of the asphalt mixture before and after freeze-
thaw cycling. When the CSWF content is less than 0.4 wt.%,
the splitting tensile strength significantly increased. From
Figure 12, it is obvious to see that when the whisker content
is about 0.4 wt.%, the tensile strength ratio of the freeze-thaw
split is highest and then declines as the CSWF content in-
creases. It is indicated that the optimum content of the
CSWF was 0.4 wt.%. At the optimum content, the freeze-
thaw splitting tensile strength of the CSWF-reinforced as-
phalt mixture increased by 12% and 28% compared with that
of the control asphalt mixture and asphalt mixture without
whisker addition after freeze-thaw cycles, respectively. +e
main reason for this phenomenon is that the fiber absorbed
and assimilated on bitumen. During the freeze-thaw cycle,
the CSWF increased the roughness of the interface that made
the asphalt film thick and enhanced the interface bonding
ability. +is is the reason why the CSWF-reinforced asphalt
mixture exhibited higher values for TSR and had good re-
sistance to water damage.

3.5. Fatigue Performance Evaluation. Fatigue tests were
carried out on the asphalt mixture mixed with and without
CSWF. At the same stress ratio, the fatigue frequency and
increase range of the asphalt mixture with the CSWF were
calculated. +e test data and results are shown in Figure 13.
It can be seen from Figure 13 that, under the same stress
ratio loading, the fatigue times of the asphalt mixture with
the CSWF are all higher than those without CSWF. When
the stress ratio was 0.1, the fatigue life of the CSWF-rein-
forced asphalt mixture increased by 7.2%, and when the
stress ratio was 0.3, the fatigue life increased by 54.2%.+ese
data show that the effect of CSWF addition on the fatigue
frequency of the asphalt mixture was not obvious when the
stress level was low. With the increase of stress ratio, the
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CSWF improved the fatigue resistance of the asphalt mixture
significantly, and the fatigue life of the fiber-modified asphalt
mixture had been greatly improved. +e addition of the
CSWF could improve the fatigue life of the asphalt mixture
and the fiber-modified asphalt mixture under the constantly
changing stress state as well as extend the service life of the
asphalt mixture.

3.6.Water Sensitivity in Sulfate Environment. MS test results
of various asphalt mixtures after sulfate attack are shown in
Figure 14. After 48 h immersion in the Marshall test, the
Marshall stability of the control sample was 10.47 kN and
that of the CSWF-reinforced asphalt mixture was 10.58 kN.
+e MS of the control sample decreased 19.5% and 51.6%
when soaked in sodium sulfate for 2 d and 8 d compared
with 2 d immersion in water, respectively. However, the MS
of the CSWF-reinforced asphalt mixture decreased 17.7%
and 40.9% in 2 d and 8 d under sulfate attack compared with
2 d immersion in water, respectively. It is indicated that the
performance of the asphalt mixture in the salt attack en-
vironment declined more seriously than that in the water
environment, and the CSWF has certain enhancement effect
on sulfate attack resistance of the asphalt mixture. And the
CSWF can enhance the anti-sulfate attack ability of the
asphalt mixture.

3.7.WaterSensitivityunderSalt-Freeze-"awCycles. +e test
data of freeze-thaw splitting tensile strength and freeze-thaw
splitting tensile strength ratio without freeze-thaw cycles and
each freeze-thaw cycle are shown in Figure 15. It can be seen
that, under the action of salt-freeze-thaw cycles, the tensile
strength of freeze-thaw cracking of the two mixtures

CSWF-reinforced asphalt
CSWF-reinforced asphalt

Figure 8: SEM micrographs of CSWF-reinforced asphalt.
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decreased significantly. After 5 salt-freeze-thaw cycles, the
tensile strength of freeze-thaw splitting of the ordinary as-
phalt mixture decreased to 0.30MPa, and tensile strength of
the 0.4 wt.% content of the CSWF-reinforced asphalt mix-
ture also went down to 0.47MPa. +e tensile strength ratios
of freeze-thaw cracking were 27% and 39.8%, respectively. It
is indicated that the addition of the CSWF could effectively
improve the sulfate attack resistance and freeze-thaw cycle
resistance of the asphalt mixture.

3.8. Water Sensitivity under Salt-Wet-Dry Cycles. It can be
seen from Figure 16 that the splitting strength of both
mixtures decreased under the continuous action of the salt-
wet-dry cycle. +e addition of the CSWF could improve the
sulfate attack resistance and wet-dry cycle resistance of the

asphalt mixture. +is is similar to what happens in the salt-
freeze-thaw cycle, but not as intense as in that cycle.

3.9. Comparison with Different Fiber-Reinforced Asphalt
Mixtures. Table 4 shows physical properties of different
fibers. Table 5 shows the results of high-temperature sta-
bility, low-temperature stability, water sensitivity, and fa-
tigue performance under different types and the optimum
content of the fiber. Compared with that of the control
group, the DS of 0.4 wt.% CSWF-reinforced asphalt mixture
increased by 44.6%, the low-temperature crack resistance
increased by 17%, and the TSR increased by 17.4%. As can be
seen from Table 5, compared with that of other fiber-
reinforced asphalt mixtures, the road performance of the
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Table 4: Physical properties of different fibers.

Fiber type
Properties

ReferenceDiameter
(mm) Length (mm) Length/diameter

ratio Tensile strength (MPa) Melt temperature (°C)

CSWF 0.003 0.05 16 2050 >1400 +is paper
Brucite fiber 0.02 0.5 25 932 >400 [13]
Lignin fiber 0.045 1.1 24 — — [29]
Glass fiber 12 — — 3250 >1500 [30]
Basalt fiber 0.013 6 460 3200 — [8]
Polyester fiber 0.02 6 300 531 — [29]
Polyacrylonitrile
fiber 0.013 5 385 >910 — [29]
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CSWF-reinforced asphalt mixture is not significantly im-
proved, but the enhancement effect is relatively balanced. As
can be seen from Figure 5, the CSWF is a single crystal fiber
which has a small diameter and length compared with other
fibers but has a high tensile strength.+e efficiency of a fiber-
reinforced composite depends on the fiber/matrix interface
stress transfer capability. Because of the small particle size of
the CSWF, the mechanical property enhancement effect of
the asphalt mixture is poor. However, under various harsh
environments, the CSWF with needle-like granules and
small particle size forms embedding and anchoring in the
mixture, consequently increasing the mechanical bonding
force between the asphalt and the aggregate.

4. Conclusions

+is study investigated the performance of the ecofriendly
calcium sulfate whisker fiber- (CSWF-) reinforced asphalt
mixture as a sustainable pavement material. Conclusions
were summarized as follows:

(1) With the increase of the CSWF content, the anti-
rutting performance, low-temperature crack re-
sistance, and durability of the asphalt mixture were
improved significantly.

(2) According to the analysis of road performance re-
sults, the optimal content of the CSWF is 0.4 wt.%.
Under the 0.4 wt.% content of the CSWF, DS,
bending tensile strength, and TSR increased by
44.6%, 17.0%, and 17.4% compared with those of the
control sample, respectively.

(3) Durability damage of the asphalt mixture is caused
by infiltration and expansion pressure generated in
the process of sulfate crystallization-dissolution. +e
CSWF-reinforced asphalt mixture has better re-
sistance to cracking strength degradation under the
coupling action of salt-freeze-thaw cycles and salt-
dry-wet cycles.

(4) Compared with the conventional asphalt mixture,
the CSWF asphalt mixture not only utilized power
plant waste effectively to preserve ecosystems but
also improved the performance of the pavement,

which is suggested to be used in sustainable pave-
ment construction and rehabilitation.
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