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Many road managers and stakeholders are looking for more
and better options for the construction and maintenance of
,exible and rigid pavements. Well-designed strategies for
pavement construction and maintenance have attracted the
interests of researchers since a large number of existing
pavements are facing deterioration all over the world. %e
selection and engineering properties of paving materials are
crucial factors a0ecting the durability and therefore demanding
standards of sustainability of the constructed pavement. Re-
searchers worldwide are putting extensive e0orts to develop and
promote advanced pavement materials and structures for
constructing andmaintaining sustainable pavements. Pavement
materials that can improve durability, cut costs, reduce de-
pletion of raw materials, and lower environmental impacts are
desirable for such purposes. Meanwhile, some new design ideas
that di0er from traditional pavement structures have shown
noticeable bene2ts in terms of pavement durability or cost. In
this regard, exploring the bene2ts of using advanced materials
in ,exible and rigid pavements is continuously investigated and
has currently gained increasing attention. %e articles of this
issue cover original research papers that will contribute to the
development and implementation of advanced pavement
materials for sustainable transportation infrastructure.
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Over the last decade increase in capacity and the intensity of vehicular traffic has increased manifoldly, including heavy trucks,
super singles, and higher tire pressures, resulting in significant increase of dynamic loads on the road surface which in turn lead
to high quality requirements for bitumen in order to avoid premature wear and failure of asphalt concrete pavements. One of the
possibilities to increase the quality of bitumen is to use special additives and modifiers that can provide a high adhesion to mineral
filler and inhibit the aging anddegradation processes in the asphalt coating. To achieve this, in the present study compositemodifiers
based on bisimidazolines derivatives were synthesized. The developed polyfunctional modifier (PFM) of complex action provides
enhanced thermal stability, significantly improves the adhesion between bitumen binder and aggregates, and also improves the
physical-mechanical properties of the asphalt concrete. Based on the test results it is recommended to use the synthesized samples
of the PFM additive with complex action in asphalt mixtures for road paving.

1. Introduction

Asphalt concrete (AC) coatings include two main compo-
nents: bitumen and aggregates (crushed stone). Bitumen
performs the function of a substance that binds particles of
mineral material to form an asphalt concrete coating. Being
nonpolar, bitumen has high waterproofing properties. It is
known that high-resinous and low-paraffinic petroleum is the
most suitable for the production of road and construction
bitumen. However, due to the limited supply of this type of
petroleum almost any oil residues are used. As a result, the
quality of bitumen is very unsure at the moment and that
leads to poor quality of bituminous materials resulting in
poor quality asphalt concrete pavements.

At the same time, most of the used aggregates have a
greater affinity for water than they do for bitumen binder [1–
3]. Polycyclic aromatic compounds, resins, and heteroatomic
compounds contained in the bitumen do not provide desired
adhesion to the mineral part of asphalt concrete. Oxygenated

compounds formed during the oxidation of vacuum residues
also have little impact on the adhesive properties of bitumen
[4–7].

Poor adhesion between the bitumen binder (BB) and
aggregate may lead to stripping (delamination of the binder
from the aggregate surface) in the presence of water which
leads to pavement failure such as raveling, potholes forma-
tion, and rutting [2, 3, 6–8]. The situation is aggravated
by the continuous increase in capacity and traffic volumes,
including heavy truck axle loads, super singles, and high
tire pressure that leads to a significant increase of dynamic
loads on the pavement. Therefore, to obtain high quality
pavements, key factor is in ensuring high adhesion between
bitumen and the mineral component of pavement. For this
reason adhesion additives are used; most frequently these are
cationic surfactants [3, 7–11]. Classical cationic surfactants
are diphilic structures in which nonpolar part is a long chain
hydrophobic alkyl and the polar part (so-called “head”) is
a positively charged ammonium center, or nitrogen atom
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capable of being protonated in acidic mediums. This fun-
damental property, diphilicity, is the reason why surfactants
are lined up at the interface “bitumen-mineral material” [5–
9]. Herewith, the positively charged (hydrophilic) groups
are fixed on polar surface of the mineral material and the
hydrophobic hydrocarbon chains are fixed in the bitumen.
Thus, the adhesive additive acts as bridge between bitumen
binder and aggregates that is schematically presented in
Figure 1.

Nowadays imidazolines and their derivatives (Ia–I;) as
well as bisimidazolines (IIa, II3) [9, 11, 12] that exhibit
the ability to increase the bitumen adhesion to mineral
material are most widely used as additives for bitumen;
the mechanism of their action is shown schematically on
Figure 2. Adhesion additive “Amidan” [12], which presents
the technical product, containing a mixture of imidazoline
(Ia–I;) and bisimidazoline (IIa, II3) derivatives, can be taken
as example.

N N

R (IIa)

N N

R

N N

R
(IIб)

N N

R

NH

N N X

R
(I)

＃（2

＃（2 ＃（2 ＃（2 ＃（2

＃（2

where R = alkyl or alkenyl (in all the structures (I-II)); X are
the possible substituents in (I) with the following structures
(I1–;):

X = H (Iа),
X = C（2–C（2–N（2 (Iб),

O

X = C（2–C（2–NH–C–R (Iв),

X = C（2–C（2–NH–C（2–C（2–N（2 (Iг),

O

X = C（2–C（2–NH–C（2–C（2–NH–C–R (Iд)

Composite modifiers such as sulfur, rubber (polybu-
tadiene, natural rubber, butyl rubber, chloroprene, etc.),
organic-manganese compounds, thermoplastic polymers
(polyethylene, polypropylene, polystyrene, ethylene-vinyl
acetate (EVA)), thermoplastic rubbers (polyurethane, olefin
copolymers, and block copolymers of styrene-butadiene-
styrene (SBS)) are also used in order to improve physical-
chemical properties of BB as well as the physical-mechanical
properties of AC [13–15].

The effectiveness and quality of additives are largely
related to their thermal stability, and this is due to the
following reasons (most relevant for Russia):

(1)Roadbitumen is produced in bulk by liquid-phase oxi-
dation of vacuum residue, the optimal process temperature
is 250∘C, and it is more viable to inject the additive to the
oxidized bitumen directly at its outlet from the oxidation col-
umn, to obtain bitumen with improved adhesion properties.
(2) The hot-mix asphalt concrete is the most used in

road construction, and the compounding of bitumen with
mineral material is carried out at relatively high temperatures
(160–170∘C).

It should be emphasized that a disadvantage of modern
adhesivemodifiers for bitumen is that they demonstrate a low
thermal resistance (up to 120–175∘C), while for some systems
there is a rapid loss of adhesion at 150∘C. On the other hand
their use often leads to deterioration of physical-mechanical
properties of the corresponding AC [16].

Thus, the aim was to develop the new modifiers with
increased thermal stability (up to 220–240∘C) that would
be capable of increasing the adhesion between bitumen and
aggregates and improving elasticity of the binder, that is, the
polyfunctional modifiers (PFM).

2. Materials and Methods

According to the concept of nonclassic cationic surfactants
[17, 18], they have hydrophobic hydrocarbon chains which
are fragmented (broken) by polar heteroatomic groups. This
structure ensures their physical and chemical properties and
adsorption behavior, different from the classic surfactants.
Based on this concept high-performance chemicals were
obtained that were useful for the production, treatment, and
transportation of petroleum as well as for the production
of corrosion inhibitors, emulsifiers, demulsifiers, the biologi-
cally active substances, and so on [17–19]. We used the same
concept to develop desired nitrogen-containing compounds.

2.1. Modifiers Synthesis. In accordance with the concept of
nonclassical surfactants, we had assumed that it is neces-
sary to increase polarity of the molecule of constructed
imidazolines by increasing the number of polar imidazoline
centers from one to two in order to create compounds with
needed properties, as well as to introduce nonclassical spacer
into the molecule, wherein the hydrophobicity of an alkyl
chain is broken (fragmented) by one or more alkanoylamide
fragments:

C O

N

R

n

＃（2 ＃（2

On one hand, this structure of the spacer provides
an increase in the molecule polarity that is responsible
for interaction between bitumen and hydrophilic surface
of the aggregates, because extra polar amide groups
appear along with two imidazoline cycles. On the
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Figure 1: Cationic surfactants as a bridge between the bitumen and aggregates.

N
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N
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N
C O

N
N

Mineral material

Bitumen

+ +
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Figure 2: Location of bisimidazoline molecules on the interface “bitumen-mineral material.”

other hand, the use of alkanoylamide fragments allows
introducing additional hydrophobic long chain alkyl
groups which increase the possibility of adhesive to
fix in the bitumen media. This enhances the adhesive
properties of the designed compounds. As a result, we

obtained N-acylated bisimidazolines with (ethylene-N-
alkanoylamide) spacers, namely, 1-(21-alkylimidazolinyl-11)-
2-[(22-alkylimidazolinyl-12)-poly(ethylene-N-alkanoylam-
ide)]ethanes, containing two imidazoline cycles, connected
by spacers:

N N

R

N N

R

N

C O

R

n

(IIIа–IIIв)

＃（2＃（2 ＃（2 ＃（2＃（2 ＃（2

where R = CH3–(CH2)7–CH=CH–(CH2)7–; 𝑛 = 1 (IIIa), 𝑛 =
2 (III3), and 𝑛 = 3 (IIIk).

The authors assumed that this construction of the additive
would lead to increasing of bitumen adhesion to the mineral
component of pavement. Furthermore, the conversion of
the secondary amino groups into alkanoylamides should
also increase significantly the thermal stability of designed
compounds due to the fact that tertiary amides are more
stable than the starting amine-compounds.

The desired spacers were obtained with the average yield
(the ratio of the mass of the obtained product to the mass of
the starting material) of up to 90%, and are viscous and pasty
brown liquids, the physicochemical characteristics of which
are given in Table 1.

The starting amino-compound and the resulting com-
pounds were analyzed by the conventional method of poten-
tiometric titration of a mixture of primary, secondary, and
tertiary amines with the definition of the total basicity BT,
the basicity of secondary and tertiary amines B2,3, and the
basicity of tertiary amines B3. Then the joint basicity of
tertiary amines and amides B3+amide was determined by
potentiometric titration of the sampleweight of test substance
in acetic anhydride (as solvent) with the use of 0.1 N solution
of HClO4 in glacial acetic acid. The basicity of amides
Bamide was determined by the difference between the basicity
B3+amide and the basicity B3 [20]. The results of obtained
compounds analysis are shown in Table 1.

The FTIR spectra of the additives and the original
bitumen are presented in Figure 3.
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Table 1: Physicochemical characteristics of N-acylated bisimidazolines derivatives (IIIa–IIIk).

Compound
Element analysis,
found/calculated

Basicity of amides,
ml 0.1 N HClO4/g,
found/calculatedC, % N, %

(III1) 78.57/78.64 7.29/7.40 10.49/10.56

(III3) 78.41/78.51 6.63/6.70 15.85/15.94

(IIIk) 78.32/78.43 6.19/6.28 19.18/19.21

100
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0
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(a)

100

80
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Figure 3: IR spectra of the additives (a) and the original bitumen BND 60/90 (TAIF-NK) (b).

Absorption bands with the following wave numbers were
observed in the IR spectra of the obtained compounds (Fig-
ure 3(a)): 𝜐C=N = 1600–1630 cm−1, indicating the presence
of imidazoline cycles; 𝜐C=\ = 1740–1745 cm−1, 𝜐–N(CO)R
= 1660 cm−1, and 𝜐CN = 1260–1300 cm−1 can be related to
alkanoylamide structures; 𝛿(CH2)x = 720 cm

−1 – corresponds
to pendular oscillation of alkylene structure in a chain [21].
Wide absorption bands at 1600 cm−1 in FTIR spectra of the
original bitumen (Figure 3(b)) stand for the 𝜐CH bond in
aromatic ring; sharp absorption bands with high intensity at
1440 and 1460 cm−1 correspond to stretch vibration of –CH2–
structure fragment in long chains, confirming high content
of paraffin waxes; absorption band at 1375 cm−1 is related to
methyl groups.

2.2. Bitumen Modification and Performance Properties Analy-
sis. Investigation of the effect of the synthesized compounds
on the adhesion between bitumen and the mineral material
was carried out by the use of example of oxidized bitumen of
60/90 penetration grade (BND 60/90 (the mark of bitumen
in Russia means “petroleum bitumen for roads”)) that was
produced in TAIF-NK PSC, with the following group chem-
ical composition, wt.%: 22.62 of saturates (including 10.2 %
of paraffin waxes), 15.14 of aromatics; 40.26 of resins; 21.98 of
asphaltenes.

The bitumen modification process was carried out as
follows:

(1) The BND was heated in a metal vessel to the tem-
perature of 80∘C with the use of stirring mechanism,
kept under thermostatic control for 20min to obtain
homogeneous diluted substance with homogeneous
distribution of components;

(2) The BND was gradually heated to the temperature of
120–130∘C, at which it was kept for 20min;

(3) Obtained PFM substances were injected into the
heated bitumen and stirred for 20–30min to ensure
homogenous dispersion of the PFM in bitumen
media.

The adhesion between bitumen and aggregates (mineral
material) testing was conducted in accordance with GOST
(GOST, Russian state standard) 12801-98 [22], the essence of
which is to determine the ability of the viscous bitumen that
is precoated on the surface of mineral material to persist on
it while being exposed by water. The quality of the adhesion
assessment was rated according to Table 2.

The ability of bitumen to coat aggregates was evaluated
based on contact angle measurement. Original BND 60/90
and modified by PFM in amount of 0.6, 0.8, 1.0, and 1.2 wt.%
were taken. The contact angle of wetting was determined
on two surfaces: on glass which is the standard of the
polar surface, as well as mineral rocks of various genesis:
(dolomitized limestone, consisting of 90% dolomite and 10%
calcite) from “Bianca gravel factory,” chemical compositions
of which are presented in Tables 3-4. Pervouralsk aggregates
were considered to be of “acidic” nature; Bianca – is of “basic”
nature.

Measurements were carried out using cathetometer KM-
8 by direct measurement of the base and height of the drop
with subsequent calculation [23]. The cosine of the contact
angle of the drop is calculated by the formula

cos 𝜃 = 𝑟
2 − ℎ2

𝑟2 + ℎ2
, (1)

where 𝑟 = 𝐿/2 is the droplet radius, 𝐿 is the droplet base,
and ℎ is the droplet height. With the help of a cathetometer,
the contact angles of the taken aggregates wetting by bitumen
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Table 2: Evaluation of grip (adhesion).

Feature of the bitumen film on the surface of crushed stone Evaluation of grip
Binder film is completely retained on the surface, local decreasing of the thickness of a film can be observed Excellent (five points)
Binder film is completely retained on the surface but is partially separated from the sharp corners and edges Good (four points)
Binder film is retained on over 50% of crushed stone surface Satisfactory (three points)
Binder film is retained on less than 50% of crushed stone surface. On the exposed surface individual bitumen
droplets are observed Poor (two points)

Table 3: Chemical composition of the “Pervouralsk mine management” gravel.

Content in terms of dry matter, wt.%
SiO2 TiO2 Al2O3 Fe2O3 FeO CaO MgO MnO K2O Na2O V2O5 P2O5 S
22,1 3,27 11,7 27,2 16,9 8,9 9,0 0,23 0,2 0,14 0,4 0,01 0,03

Table 4: Chemical composition of the “Bianca gravel factory” gravel.

Content in terms of dry matter, wt.%
SiO2 Fe2O3 CaO MgO Al2O3 SO3 ]3щ CaCO3 MgCO3
3,3 0,7 20,9 11,9 0,8 0,3 37,2 24,9

binder samples were determined. The drop of bitumen (of
the same size and mass, as far as possible) was laid onto the
surface of a substrate, at a bitumen temperature of 130∘C.
As the drop of bitumen cools instantly as soon as it reaches
the cold substrate surface, the samples of the stone materials
were heated to 40∘C, which practically did not change the
surface properties of the rock, but retained the liquid state
of the bitumen for a sufficient time. The equilibrium value
of the wetting contact angle was determined on the basis of
the kinetic curves. The wetting angle was measured twice:
immediately after the dropping of the bitumen and after 1
minute, necessary to achieve equilibrium wetting angle. The
latest value was taken into account.

It is known that adhesion of bitumen tomineral materials
is the work required to separate the bitumen layer from these
materials. In order to determine the work of adhesion (a
quantitative measure) between aggregates and bitumen, we
measured the surface tension of bitumen in the presence of
the PFM. Surface tension at the interface between binder and
air phases (𝜎BA) is the most important factor determining the
intensity of wetting of amineral substrate by bitumen. Surface
tension measurements were carried out at a temperature of
25∘Cusing EasyDyne S K20S tensiometer (KRUSS) by theDu
Nui ring method. Bitumen samples were dissolved in toluene
at a mass ratio of toluene : bitumen equal to 1 : 1.5.

Based on the obtained values of 𝜃 and 𝜎, the wetting
energy or the adhesive stress was calculated.

𝑊𝑒 = 𝜎 × cos 𝜃. (2)

The work of adhesion was calculated using Young-Dupré
equation:

𝑊𝑎 = 𝜎 × (1 + cos 𝜃) . (3)

The work of cohesion was calculated to assess the interac-
tion strength between the bitumen components. The work of

cohesion is determined by the expenditure of energy on the
reversible rupture of the body over a section equal to unit of
area. Since, as a result of a rupture, a surface with two-unit
area forms, the work of cohesion is as follows:

𝑊𝑘 = 2𝜎. (4)

To characterize the wetting process, the spreading coeffi-
cient 𝑆 is used which is taken as the difference between the
work of adhesion𝑊𝑎 and the work of cohesion𝑊𝑘. For the
complete wetting 𝑆 → 0.

𝑆 = 𝑊𝑎 −𝑊𝑘 = 𝜎𝑙 × (cos 𝜃 − 1) . (5)

The relationship between the work of adhesion and
cohesion can be expressed through a relative value, a relative
adhesion work of liquid, 𝑍𝑎:

𝑍𝑎 =
𝑊𝑎

𝑊𝑘
. (6)

If 𝑊𝑎 and 𝑊𝑘 are expressed in terms of the quantities
defined in (3) and (4), then

𝑍𝑎 =
1 + cos 𝜃
2
. (7)

To study the dynamic viscosity (according to ASTM
D4402) of modified bitumen samples, dynamic tests were
carried out using Rheotest RN 4.1. We obtained the depen-
dence of dynamic viscosity (mPa⋅s) from temperature (∘C)
at a constant shear rate (100 s−1). The measurements were
carried out in the following way: first, the measuring system
“cone-plate” was heated to 125∘b, on which bitumen samples
were laid (original bitumen and the bitumenmodified by 0.6,
0.8, 1.0, and 1.2 wt.% of PFM, resp.); then the measurements
were taken along with cooling of the samples. In order to
study the thixotropic properties of the samples, immediately
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Table 5: Physical-chemical characteristics of the PFM.

Number The name of indicators The meaning Testing method
(1) Appearance The viscous honey-like mass Visually
(2) Colour From light yellow to dark brown Visually
(3) Smell Weak, characteristic Organoleptic
(4) Density at 20∘C, g/cm3 0.9538 GOST 3900-85
(5) Kinematic viscosity at 100∘C mm2/s 139.6 GOST 33-2000

(a) (b)

Figure 4: The results of the impact of adhesion additive on the adhesion between bitumen and aggregates: (a) the original bitumen 60/90
without additive; (b) bitumen with 1 wt.% of PFM.

after direct measurements, the viscosity was measured in the
opposite direction, with a decrease in the shear rate from 1000
to 1 s−1 at temperatures of 80–120∘C.

The properties of binders such as softening temperature
(EN 1427, ASTMD36, AASHTOT53), brittleness temperature
according to Fraas (i.e., the Fraass Breaking Point, EN 12593-
2013), penetration (EN 1426, ASTM D5, AASHTO T49),
ductility (EN 13398/13587/13589, ASTM D 113, AASHTO T
51), and the change of the bitumen softening temperature
after heating were determined according to GOST 22245-
90 “Viscous petroleum road bitumen” [24]. First, bitumen
samples are heated in the drying oven at a temperature of
163∘C for 5 hours in accordance with GOST 18180-72 [25],
after which the softening temperature is determined. Density
at 20∘C and kinematic viscosity at 100∘C were determined in
accordancewithGOST 3900-85 [26] andGOST 33-2000 [27],
respectively.

The thermal stability test of modified bitumen was carried
out at temperatures of 163, 180, and 200∘C and a heating
duration of 25 hours (max) with the use of stone materials
of basic and acidic nature. The temperature of 163∘C is
specified by GOST 18180-72 [25] and ASTM D 2872 [28].
The temperatures of 180 and 200∘C were chosen upon the
recommendations of road constructing organizations. The
modified bitumen, that was under a thermal exposure, was
sampled every 5 hours, and then the adhesion test was
conducted according to the above-mentioned technique.
Bitumen binder can be stored at bitumen storage, where it is
constantly heated to keep fluidness, formaximum 24 h before
it is directed to an asphalt concrete mixing vessel. For that
reason the maximum duration of heating (25 h) was chosen
that exceeds possible storage period.

Pilot-scale tests were also conducted as well as the
technical inspection of asphalt concrete mixtures; the results
of the latest were compared with the GOST 9128-2009 [29]
requirements.

3. Results and Discussion

3.1. Comparative Study of the Obtained Additives and Their
Effect on Bitumen Properties. The features and advantages of
the PFM compared to adhesive “Amidan” are the following:
high adhesion (at high temperatures aswell), thermal stability
at 250–270∘C within 4 hours (compared to the values of
120–175∘C), high flash point, and high processability, the
possibility of dosing directly into the bitumen that is outflow
of the oxidizing columnwith a temperature up to 280∘C. PFM
includes both polymer and adhesive characteristics, which
affects the production costs. Despite the fact that additive is
doped in small amounts (up to 0.8–1.0 wt.%), they also affect
the physical-chemical properties of the finalAC.The specially
designed spacer’s structure enables starting of secondary
polymerization processes taking place between asphaltenic
and resinous compounds in bitumen media.

Physical-chemical characteristics of the synthesized PFM
are presented in Table 5.

Research of the polyfunctional modifier influence on
the adhesion between bitumen and the aggregates (mineral
material) was carried on the above-mentioned sample of
60/90 bitumen of OAO TAIF-NK production, with the
characteristics shown in Table 6. As it can be seen from
the data in Table 6, proposed compounds added at amounts
of 0.5–1.0% have improved adhesion between bitumen and
the mineral filler surface, corresponding to five points in
accordance with GOST 12801-98.

Pictures taken after the performed adhesion test are
presented on Figure 4. When a mineral material is coated
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Table 7: Surface tension of the bitumen samples.

Bitumen samples Original PFM content, wt.%
0.6 0.8 1.0 1.2

Average value, 𝜎𝑙, mN/m 33.04 31.38 31.34 31.46 31.42

with the original bitumen (i.e., without modifying additives),
the binder film is persistent on the area of less than 50% of
stones’ surface, corresponding to 2 points. Addition of 1 wt.%
ofmodifier leads to complete coverage of themineralmaterial
surface, corresponding to 5 points.

The use of PFM improves the thermal stability of bitumen
(Table 6). Thus, bitumen with PFM additive amounts of
0.9–1.0 wt.% has lowΔ𝑡soft, equal to 1

∘C,while for the bitumen
with “Amidan” Δ𝑡soft equals 6∘C. In addition, there has been
improvement in the penetration, which indicates the bitumen
binder improved plasticity.

The test results indicate the fact that the increase in the
content of adhesive additives in the range from 0 to 1.5 wt.%
leads to increase of penetration values (at 25∘C), namely, from
67 to 78 (0.1mm), respectively (Table 6).

The results of adhesive additive “Amidan” testing (Table 6)
indicate deterioration of the bitumen properties. Though the
adhesion is equal for both adhesives, “Amidan” acts as a
diluting agent, leading to increase in the penetration value.
The latest would lead to fractionation (i.e., delamination)
of the binder in the process of its application. The changes
of “Amidan”-modified bitumen softening temperatures after
heating are too high, do not meet the standard requirements,
and mean low stability of the binder. For that reason no fur-
ther tests were carried out for bitumen containing “Amidan.”

Regarding the brittleness temperature, determined
according to Fraas (the Fraass Breaking Point), it indicates
the lower temperature at which the bitumen loses viscoplastic
properties and, as a consequence, becomes brittle. It is known
that the lower the brittle point, the wider the temperature
range in which the bitumen is in the viscoplastic state and,
therefore, the better its physical-mechanical characteristics.
In this case, the additive doping allows reducing the brittle
point and, consequently, providing expansion of ductility
temperature range. Apart from the above-mentioned
advantages, it should be noted that the compounds are
superior to “Amidan” in adhesion at high temperatures.
Thus, the modified bitumen with additives amount of
0.9–1.0 wt.% shows high adhesion to sand (5 points) after
thermal exposure at temperatures of 220–240∘C for 12 hours.
It should be noted that the bitumen with the same amounts
“Amidan” exhibits much lower thermal stability, providing
similar adhesion only at temperatures above 170∘C.

3.2. Contact Angle Measurements and Adhesion Work Calcu-
lation. Figure 5 shows the dependence of the glass surface
wetting contact angle on the content of the additive. It is
established that bitumen does not wet the glass because
cos 𝜃 has negative values. Doping the proposed additive into

bitumen results in a slight increase in wetting ability, an
extremum is observed with an additive content of 0.8%.

Figure 6 shows the dependence of the aggregates wetting
contact angle on the content of the additive. It can be seen that
the presence of an additive significantly changes the wetting
of the mineral substrate by the modified bitumen; a wetting
inversion is observed; that is, cos 𝜃 increases with increasing
content of the additive and acquires positive values. We note
that, in the case of the surface of mineral materials, an
extremum is also observed with an additive content of 0.8%
by weight.

Surface tension measurements results are presented in
Table 7.

The data in Table 7 indicates that the surface tension
decreases with the addition of the additive. This agrees with
the data of [30] that the surface tension at the bitumen-solid
interface decreases with increasing of surfactants content.
Surface tension in combinationwith adhesion properties pro-
vides information of the strength of the bitumen adherence to
mineral material.

The calculated values of the above-mentioned charac-
teristics of the “aggregates-organic binder” system surface
properties, that is, wetting energy, adhesion work, cohesion
work, spreading coefficient, and relative adhesion work, are
presented in Table 8.

The analysis of the obtained data shows that the PFM,
being adsorbed at the interface, promotes better wetting of
the aggregates surface with bitumen. In this case, the contact
angle 𝜃 decreases, the spreading coefficient and relative
adhesion work increase reaching a peak when an additive
content is 0.8 wt.%, and cohesion work is reduced.

The value of𝑍𝑎 approaches 1. Consequently, the adhesion
forces between bitumen and mineral materials approximate
in magnitude to the binding forces of the bitumenmolecules.
This contributes to the formation of a material with a
homogeneous defect-free structure.

3.3. Component Composition and Dispersity of the Bitumen.
Information on the component composition can play an
important role in studying the changes occurring as a result
of bitumen modification (Table 9). Thus, when introducing
the developed additive into the initial bitumen in an amount
of about 1% by weight, mainly the content of saturates in
the direction of decrease and asphaltenes in the direction of
increase is changing. In this case, the relative and absolute
changes of the remaining groups of components are insignif-
icant.

The sequence of hydrocarbon group transitions in this
case can be delineated as follows [31]:

Aromatics (PCA) → aromatics (MCA)← saturates → asphaltenes, (8)
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Figure 5: Dependence of the glass surface wetting contact angle on the content of the PFM.
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Figure 6: Dependence of the substrates surface wetting contact angle on the content of the PFM.

where PCA is polycyclic aromatics and MCA is monocyclic
aromatics.

One of the most important characteristics of oil disperse
system (ODS) is stability, since it affects the ability of the
system to resist internal processes of interaction of particles
with each other, which can lead to changes in the particle
size of the dispersed phase and maintain an equilibrium
distribution of dispersed phase particles in the medium
[32]. Therefore, the radius of the particles of the dispersed
phase can reach only certain limiting sizes, because the
process of stratification can begin because of the difference
in the densities of the phase and the medium. The sizes of
dispersed particles can change under the influence of external
factors (like temperature fluctuations, the action of shear
deformations of the medium, the action of various additives,
etc.) [32]. In this connection, it was necessary to examine the
change in sizes of dispersed particles of bitumen affected by
PFM doping. The results obtained are presented in Figure 7.

As can be seen from the results of measurements, in
the medium of toluene-heptane mixture, regardless of the
ratio of solvents, the smallest particle diameter corresponds
to the additive in bitumen composition equal to 0.8% by

weight. This is due to the fact that the additive provides the
destruction of aggregate combinations with the formation
of smaller structures together with their solvation. This may
indicate that the bitumen systemwith this PFM content is in a
state that can be conditionally called an “active state” (the core
is minimal and the thickness of the solvate shell is maximal)
[32]. Apparently, with a further increase in the dosage of the
additive, a phase inversion, that is, enlargement of particles,
takes place.

Thus, the PFM doping into bitumen and its heating at
120–130∘C alters the behavior of some hydrocarbon groups in
comparison with the behavior of these groups in the absence
of an additive. Based on the results of the group chemical
composition, it can be concluded that the additive is dis-
tributed mainly between monocyclic aromatic hydrocarbons
and asphaltenes. As a result of the study of the particle size,
it has been established that the system is in the most “active
state” with an additive content of PFM in an amount of 0.8%
by weight.

3.4. Rheological Properties of Modified Bitumen. The rheo-
logical properties of the ODS essentially depend on their
composition and primarily on the content of the main
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Table 9: Group chemical composition of the original and modified bitumen.

Components,
wt.%

Bitumen samples

Original PFM content, wt.%
0.6 0.8 1.0 1.2

Saturates (S) 22.62 18.45 18.63 14.18 14.2
Aromatics (MCA)∗ 6.88 8.74 9.77 12.65 12.07
Aromatics (BCA + PCA)∗ 8.26 7.98 7.66 6.85 7.92
Aromatics (A) 15.14 16.72 17.43 19.5 19.99
Resins (R) 40.26 39.47 39.07 40.65 39.92
Asphaltenes (A) 21.98 25.36 24.87 25.67 25.89
∗MCA: monocyclic aromatics, BCA + PCA bicyclic and polycyclic aromatics.
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Figure 7: Dependence of the average diameter of dispersed particles
from the content of the additive in toluene : heptane medium.

structure-forming components, which include the most
high-molecular components, resinous-asphaltene substances
(RASs), as well as paraffins at temperatures below their
crystallization temperature, which can significantly influence
on the properties of bitumen [31–33].

Viscosity increases in proportion to the volume of parti-
cles of the dispersed phase and the degree of their aggregation
[31–33]. Aggregation of particles leads to an increase in
apparent viscosity, since aggregates reduce the effective cross-
section of the flow channel and create additional inhibition of
the displacement of the fluid layers [33]. Destruction of the
structure or deformation of solvate shells causes an anomaly
of viscosity.

Effective regulators of viscosity and the ultimate shear
stress of asphaltene-containingODS are surfactants that exert
peptizing action, blocking the adhesion planes of particles
and decreasing the strength of contact between the layers of
the dispersion medium through which the particles of the
disperse phase contact [33].

The viscosity of bitumen depends not only on the com-
position of bitumen and its temperature, but also on the
duration and nature of the action of the load. The graph of
viscosity change with temperature is shown in Figure 8. As
can be seen, when all the samples are cooled, the viscosity
increases equally, but in the initial bitumen, the fracture, that
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Figure 8: Dependence of viscosity on temperature.

is, destruction of the structure, begins at a higher temperature
(85∘C) than in the modified ones. This temperature corre-
sponds to the highest viscosity of the original unmodified
bitumen and is equal to 2.58 ⋅ 104 mPa⋅s.

Figure 9 shows the thixotropy curves of bitumen samples
at different temperatures in semilogarithmic coordinates. It
should be noted that, at temperatures of 80–90∘C, viscosity
increase is observed in samples of modified bitumen. The
additive can promote formation of spatial structures due to
the formation of complex structural unit (CSU), conjugated
with the available particles of the dispersed phase [32]. In this
case, the properties of the binder will be determined by this
new spatial conjugate structure [32].

We assume that the additive provides destruction due to
peptization of aggregate combinations of asphaltenes with
the formation of highly disperse RASs; that is, asphaltenes
disperse into smaller structures.This conforms to data on the
average particle diameter (Section 3.3), in which the smallest
particle diameter corresponds to the dosage of the additive in
the bitumen of 0.8 wt.%. As a result, the amount of particles
increases and thereby the viscosity increases due to the larger
contact surface. Summarizing the foregoing, we should note
that the additive has a structuring effect on the properties of
road bitumen that is expressed in the formation of a spatial
dispersed structure, conjugated with asphaltene complexes
of bitumen [31]. The structuring effect is manifested with a
certain concentration and only in the presence of a spatial
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Figure 9: Curves of thixotropy of samples at temperatures, ∘b: (a) 80; (b) 85; (c) 90.

Table 10: Results of laboratory tests of oxidized bitumen 60/90.

Number Indicators GOST 22245-90
requirements

Bitumen samples

Original Adhezoline content, wt.%
0.6 0.8 1.0 1.2

(1) Penetration, 0.1mm: Not below
at 25∘b 61–90 73 75 81 86 78
at 0∘b 20 25 30 30 25 23

(2) Softening temperature (𝑇soft),
∘b Not below 47 51.4 49.8 49.6 50 49

(3) Ductility, cm Not less than
at 25∘b 55 89 128 116 110 120
at 0∘b 3.5 4.5 4.9 5.0 4.5 4.9

(4) Adhesion to crushed stone, points
(1) Pervouralsk

Is not regulated

2 4 4 5 5
(2) Sangalyk 2 4 4 5 5
(3) Bianca 3 5 5 5 5
(4) Valegin Bor 2 4 5 5 5

(5) Penetration index From −1 to +1 0.1 −0.2 −0,1 0,2 −0,3

(6) Brittleness temperature, ∘b Not higher than minus
15

Minus
22.9

Minus
23.7

Minus
25.7

Minus
29.1

Minus
28.8

coagulation structure in the bitumen [31]. It is likely that this
specific concentration in the bitumen is 0.8 wt.%, which we
called the “active state” (Section 3.3).

3.5. The Effect of PFM on Bitumen Performance Properties.
The results of laboratory tests carried out on bitumen
modified using 0.6, 0.8, 1.0, and 1.2 wt.% of additive are
presented in Table 10 in comparison with the GOST 22245-
90 requirements.

The interrelation between the changes in the quality indi-
cators of bitumen given in Table 10 can be explained on the
basis of the specificity of the action of the synthesized reagent
and its subsequent polymerization activity when the group
component composition and the particle size of the dispersed
phase change. Thus, according to 𝑇soft value changes, the
concentration of PFM of 0.6 wt.% is characterized by an
increase in the structure formation (𝑇soft = 128∘b) and an
increase in the mechanical strength of the ODS; with an
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increase in the concentration of PFM up to to 0.8–1.0 wt.%
we observe a sharp drop in the value of softening point, to
116∘b and 110∘b, respectively. Apparently, this indicates the
disaggregation of resinous-asphaltene particles (RAS) in the
dispersion medium of the modified bitumen by the PFM.

The indicator “penetration index” (PI) is considered as
a reflection of the colloidal structure of bitumen. Taking
into account the fact that with the change of penetration
of bitumen the ductility indicator passes through the maxi-
mum value, the penetration index is limited from −1 to +1.
It is known that the PI indicator accurately characterizes
the elastic properties of bitumen and their dependence on
temperature [15, 31]. For the studied samples, the PI indicator
changes from +0.1 (for the original unmodified bitumen) to
the values of −0.2; −0.1; +0.2 for the concentrations (wt.%)
of PFM equal to 0.6; 0.8; 1.0, respectively. Thus, the increase
in the content of PFM up to 1.0 wt.% increases the elasticity
of modified bitumen. At the same time, an important trend is
observed: the further increase in the concentration of additive
up to 1.2 wt.% leads to a sharp decrease in PI to −0.3, which
is directly proportional to the penetration indicator. This
indicates the activation of the structure formation of the
disperse system of modified bitumen.

The use of bitumen as film-forming base in asphalt
materials is justified primarily by the fact that the rate of
diffusion of water into the bitumen is 0.83 ⋅ 10−15–1.66 ⋅
10−15 kg⋅m/(s⋅N) [5]; this causes low solubility of water in
the bitumen. As mentioned above, the degree of adhesion
between the bitumen and the stone material depends on the
chemical nature of the components and, therefore, the variety
of types of bitumen and the stone material [4, 16].

The process of adhesive bond forming is usually divided
into two stages. The first is the so-called transport stage,
during which adhesive molecules move to the surface of the
substrate (body on which the adhesive is applied) and the
functional groups of the adhesive interact, orientating in the
interphase layer.This results in intimate contact of molecules
and/or associates of the adhesive with the substrate. An
increase in temperature and pressure, as well as conversion of
one of the phases (typically an adhesive) to the liquid state by
dissolving or melting, contributes to the flow of the first stage
of the adhesion process. To achieve a more intimate contact
between the adhesive and the substrate we can apply more
thorough cleaning of the interacting surfaces. The adhesion
second step consists in direct intermolecular interaction of
the adhesive and substrate, which may be caused by the
different forces, from van der Waals to chemical forces.
Intermolecular interactions of contacting phases complete
the adhesion process, and that corresponds to the minimum
of interfacial (surface) energy [16].

We have developed a polyfunctional modifier of complex
action that is a nonclassical cationic surfactant, as mentioned
above. Based on the foregoing conceptualization, it is possible
to assume that the efficiency of PFM is due to the presence
of discontinuities in hydrophobic hydrocarbon chains caused
by presence of polar heteroatomic moieties which provide
the required hydrophilic-lipophilic balance (HLB) as well as
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Figure 10: Thermal stability of bitumen modified with the use of
PFM.

the optimal location of these polar groups and hydrophobic
hydrocarbon radicals in the adhesive molecule. In addition,
in this case the length of the nonpolar hydrocarbon chains
and their location has a great influence. All this allows us to
provide themost effective interaction of PFMwith the surface
of the dispersed phase and the volume of the dispersion
medium.

According to the existing technology of preparation of
asphalt mixtures used in the asphalt plants, asphalt under-
goes high temperatures. The essential drawback of adhesive
additives currently used in road construction is their thermal
instability (up to 140–150∘C).

The results of research for the thermal stability of bitumen
modified by PFM (as determined above, the optimal amount
of 0.8 wt.% was doped) are presented in Figure 10.

As can be seen from the data presented in Figure 10,
the temperature control at 163∘C for 20 hours provides the
adhesion degree evaluated with 5 points, which corresponds
to the control sample No. (1). Increasing the heating duration
at the same temperature for up to 25 hours leads to some
reduction in adhesion. An influence of temperature of 180∘C
and 200∘C for 10 hours and more leads to a decrease in
adhesion down to 4 points. It should be noted that the
bitumen without additive has shown insufficient adhesion
both with basic and acidic rocks, namely, 3 points after
thermal exposure for 5 and 10 hours and 2 points after 15–25
hours thermal exposure (at all the temperatures).

Thus, the synthesized polyfunctional modifier signifi-
cantly improves the adhesion of the bitumen to the surface of
the mineral material and pavements with enhanced thermal
stability.

We had conducted pilot-scale tests with the road con-
structing organization ZAO Trest Kamdorstroy. The results
of technical inspection have shown that asphalt concrete
mixtures obtained with the use of modified bitumenmeet the
GOST 22245-90 specification quality requirements.
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Field tests carried out to assess the physical and mechan-
ical characteristics of asphalt concrete mixtures based on
bitumen BND 60/90 produced by JSC “TAIF-NK,” modified
using 1 wt.% of PFM, taken from the coating after two years
and 9 months of operation of the roadway, have shown
that these asphalt mixes fully comply with GOST 9128-
2009 “Mixtures of asphalt concrete road, airfield and asphalt
concrete.”

Thus, the results obtained give grounds to judge the
increase in the between-repair time of the road surface, and,
as a consequence, its durability as a result of the use of PFM-
modified bitumen.

4. Conclusion

The experimental data indicate a high capacity of N-acylated
derivatives of bisimidazolines to improve the adhesion of
bitumen to mineral materials, as well as the plasticity of bitu-
men, while providing increased (up to 220–240∘C) thermal
stability.The polyfunctional modifier can be used as complex
additives for bitumen used in road and civil construction,
regardless of the nature of used aggregates (basic or acidic)
and regardless of the change in composition of the original
bitumen.

Thus, it was found that the presence of an adhesive
additive in the bitumen significantly changes the wetting of
the mineral substrate with modified bitumen. The wetting
inversion is observed; cos 𝜃 increases with increasing content
of the additive; it acquires positive values; the work of
adhesion increases, reaching a peak with an additive content
of 0.8% by weight; the work of cohesion and the surface
tension between the liquid and solid phases decrease.

It has been established that the smallest particle diameter
corresponds to the dosage of the additive in the bitumen of
0.8% by weight, so that it can be concluded that the additive
has a structuring effect on the properties of road bitumen.

The use of PFM leads to improved performance proper-
ties enabled by lowering the binder sensitivity to temperature
changes and load time susceptibility as well as providing
high adhesion between the binder and aggregates at elevated
temperatures in combination with high elasticity at low
temperatures.

Finally, it should be noted that, from January 2015 to
January 2016, the experiments were conducted to evaluate
the adhesive properties of bitumen in various weather condi-
tions. So, on January 14, 2015, a previously prepared sample of
bitumenmodified by PFM in the amount of 1 wt.%was placed
outside and kept under different weather conditions for one
year, after which the sample of the bitumen was monthly
examined for its adhesion properties. Over a year, outside
temperatures changed from minus 25∘C in winter to plus
35∘C in the summer. The obtained data on the evaluation
of adhesion proved to be quite satisfactory. Bitumen has
not lost its adhesive properties during the whole period of
storage in the open air at various temperatures, which can
also indirectly confirm the increased durability of this kind
of bitumen and asphalt concrete on its basis.
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-e recycling and reuse of waste materials is a topic of global concern and great international interest for those interested in
sustainable development and protecting the environment. In recent decades, global production of construction and demolition
waste (C&D waste) has signi7cantly increased and became a worldwide problem.-is research proposes to evaluate the feasibility
of using aggregate from recycled C&D waste for urban road embankment applications based on the Sanhuan road construction
project in eastern Xi’an. An extensive suite of laboratory and 7eld compaction tests were carried out to determine the physical
properties and engineering characteristics of the C&D waste. -e e=ect of curing on the strength of the C&D waste was in-
vestigated using uncon7ned compression strength (UCS), California bearing ratio (CBR), and deAection tests. -e results show
that the C&D waste has the characteristics of high strength and signi7cant stability after simple treatment and further suggest that
the use of these materials for paving urban road embankments is feasible. -is study is of value for the reasonable and e=ective
promotion of using C&D waste recycled materials in road subgrade applications.

1. Introduction

With the rapid development of the construction industry
and the accelerated pace of urbanization, large numbers of
old buildings are being demolished in urban areas, resulting
in extremely signi7cant amounts of C&D waste.-e amount
of C&D waste in China has accounted for as much as
30%–40% of total annual urban solid waste. Speci7cally, the
demolition of 1m2 buildings results in 0.5–1.0m3 of C&D
waste, and every 10 thousand m2 construction process will
produce 500–600 tons of C&D waste [1]. -e average annual
generation of C&D waste in China was approximately 2.36
billion tons during the period from 2003 to 2013 [2]. C&D
waste is mainly composed of metal, concrete, mortars,
bricks, woods, and plastic.-eoretically, by comparison with
other kinds of urban garbage, C&D waste has high potential
for having recycling and economic value, 80% of which may
be reused [3–5]. However, to date, most of the C&D waste
produced in China has been disposed by simple land7lling
or dumping, which in turn creates a potential risk that
threatens the security of the ecology and sustainable de-
velopment in the region [6–9]. As shown in Figure 1, the

recycling rate in China was merely 9.5% in 2012, which was
lower than the recycling rate of most EU countries [2].

-e recycling and reuse of waste materials, such as C&D
waste, waste plastics and rubber, tailing, and ladle furnace
slag, has been carefully studied in the last few decades in
a number of countries around the world, and techniques
have been proposed for how to successfully use these ma-
terials in pavements or subgrades [10–19]. Research on
recycled aggregates of C&D waste has mainly reAected its
basic performance in road base or subbase applications. For
instance, for cement concrete pavement, Ekanayake and
Ofori [20] reported that, in the United States, more than 20
individual states use C&D waste in highway construction.
Sobhan and Krizek [21] investigated the Aexural fatigue
behavior of a stabilized 7ber-reinforced pavement base
course material that was composed largely of C&D waste
with small amounts of Portland cement and Ay ash; this
study found that the performance of the composite material
was satisfactory as a base material. Park [22] observed that
the compaction degree of di=erent sizes, dissimilar kinds of
gradation, and di=erent kinds of mixtures of recycled ag-
gregate have a signi7cant impact on the bond strength and
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resilient modulus of the road base. Chi and Chan [23]
performed a series of shear strength and UCS tests based on
adjusting the moisture content and particle gradation of
C&D waste and found that it is feasible to apply these
materials in concrete pavement bases/subbases. Ayan et al.
[24] noted that the optimal moisture content of recycled
C&D waste used as a subbase material was higher than
that of natural aggregates. Xuan et al. [25] evaluated the
uncon7ned compressive strength, static elastic modulus, and
indirect tensile strength of cement-treated C&D waste ag-
gregates and concluded that this material has positive me-
chanical properties when used as a road base layer. Parallel
to this, other authors have focused on assessing the feasi-
bility of using C&D waste aggregates as subbase and base
layers for asphalt concrete [26–31].

-e majority of previous studies have used laboratory
tests to analyze the physical and mechanical properties of
C&D waste, and they demonstrate its feasibility as a road
base or subbase. To date, nevertheless, there are few studies
on C&D waste used as an urban road embankment material
[32–34]. Additionally, the mechanical properties and en-
gineering characteristics of the C&D waste in di=erent areas
are di=erent, and it remains to be veri7ed by means of 7eld
compaction tests whether laboratory tests can be used to
guide 7eld construction. In this study, based on the Sanhuan
road project in eastern Xi’an, we conduct an extensive suite
of laboratory and 7eld compaction tests to thoroughly
evaluate the engineering properties and extensive applica-
tions of C&D waste as an urban road embankment material.

2. Project Profile

-e Xi’an Sanhuan road project, with a total length of
71.4 km, is one of the highest grade urban road projects in
China. -e east Sanhuan road runs north to the high-speed
Xie Wang Interchange and south to Nandian Village. It is

14.7 km long and is designed for two-way traPc, with eight
lanes in each direction. After the project is completed, the
east Sanhuan road will be connected to the Xi-Tong, Xi-Yan
expressway, and many other highways, and it will serve as an
important channel to enter and exit the city and to carry
heavy highway traPc (Figure 2).

-e C&D waste investigated in this study came from
a residential demolition site located near the midpoint of
the east Sanhaun road, Xi’an. -e amount of C&D waste
was estimated initially at approximately 300 thousand
cubic meters and involving a length of about 700 meters.
-e average thickness of the C&D waste on the surface
was approximately 3.0 meters after the demolition, as
shown in Figure 3. -e road in the waste disposal area was
designed as an embankment structure with a 7lling height of
2.5–4 meters, according to the design requirements of the
construction drawing. In order to reduce environmental
pollution and reduce project cost, the C&D waste as an
embankment 7ller was fully utilized in this project.

3. Laboratory Test

3.1. Sieving Test. -e particle composition of the mixture has
an important inAuence on its physical and mechanical
properties [35–38]. -erefore, before running compaction
tests, we analyzed the composition of the sample, and the
screening results are shown in Figure 4. If the ratio of 7ne
(passing a 4.75mm sieve) to coarse (retained by a 4.75mm
sieve) material is de7ned as Kw [39–41], Kw of the C&Dwaste
was approximately 0.35 before the compaction, indicating
that the small and medium size composition of C&D waste
was less. -erefore, the porosity and permeability coePcient
were relatively large, and it was easy to produce signi7cant
settlement deformation under the external load conditions
for a long period of time. In terms of the theoretical analysis,
the composition of the 7ne material should be 1-2 times of
that of the coarse material, and the road e=ect can reach
a better state [42].

3.2. Compaction Test. In laboratory compaction tests, the
selection of the test parameters was carried out in strict
accordance with the parameters determined by the test
method of soils for highway engineering (JTG E40—2007)
[43] (Table 1). At the same time, in order to reAect the status
of the 7ller more truly, the samples were selected from three
di=erent locations (JZ-1, JZ-2, and JZ-3) at the construction
site. -e relationship between the moisture content and the
dry density of the C&D waste and the grain size distribution
is shown in Figures 5 and 6.

We determined that themaximum dry density di=erence
among the C&D waste from three construction sites was not
more than 5%, and the optimum moisture content varied
between 15 and 16%. Hence, a single index may be utilized
for compaction control in embankment construction.
Additionally, the particle content of the three sites was
di=erent, but the overall percentage of its mass content was
almost the same.-e particle composition of the C&D waste
from the di=erent sites was basically uniform; the material
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Figure 1: Treatment of China’s C&D waste with other countries
(in 2012) [2].
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with a particle size of less than 1mm accounted for 40% of
the total mass, and particles sized 2-3mm accounted for
approximately 38%. After the compaction of the C&Dwaste,
the ratio of 7ne to coarse material increased to 1.0, which

indicates that the content of 7ne material in the C&D waste
greatly increased, and the road performance of the 7lling
material has been substantially improved.

3.3. UCS Test. In order to analyze the overall stability of the
embankment after the 7eld compaction of the C&D waste
for use as a 7ller, the UCS test was conducted. A total of
six specimens were selected for this test, and the size of
each specimen was Φ150mm× 150mm. When the test was
carried out, the moisture content of the 7ller was controlled
for optimal moisture content (15.5%). Subsequently, the
model was placed on the shaking table for vibration com-
paction, so that the maximum dry density was consistent
with the maximum dry density (approximately 1.81 g/cm3)
after 7eld rolling. -e compaction degree of the specimen
was controlled at approximately 97%. Finally, the molded
specimen was regenerated under constant humidity con-
ditions. Figure 7 shows the UCS test of the specimen with 28
days of curing, which was carried out in the laboratory.
Additionally, in order to analyze the subgrade packing
strength under saturated water conditions, the same test was
carried out in the saturated state, and the speci7c test results
are shown in Table 2.

It can be seen from Table 3 that the UCS of the specimen
under the optimal moisture content was in the range of
0.85MPa to 0.62MPa, the mean value was 0.74MPa, and the
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Figure 3: Residential demolition site.
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Figure 4: Gradation curve of C&D waste sample.

Table 1: Technical parameters of compaction test [43].

Hammer
weight (kg)

Falling
distance (cm)

Compaction
layer

Compaction
times

4.5 45 3 98
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range was 0.23MPa. Under the condition of saturated
water, the UCS was in the range of 0.62 to 0.39MPa, the
mean value was 0.53MPa, and the range was 0.25MPa.
Under the condition of optimal moisture content, the UCS
of the 7ller was about 1.4 times that which occurred in the
saturated state. From the experimental results, water content
has a de7nite impact on the strength of the 7ller. According
to requirements of the speci7cations, the minimum strength
in the saturated state can also meet the requirements of
the road. -e feasibility of the C&D waste for use as an
embankment 7ller is veri7ed.

3.4. CBR Test. -e CBR test is a widely used and adaptable
penetration testing method for engineering materials [44].
In this paper, CBR tests were performed for these em-
bankment 7lling materials after they were compacted. -e
compaction test was divided into three layers, and the
specimen was compacted 98 times in every layer. -e CBR
test was conducted after the specimens had been soaked in
water for four days. -e test results are summarized in Table
3. It can be seen that when penetration is 2.5mm, the CBR
values of specimens 1, 2, and 3 are 38.6%, 24.1%, and 41.4%,
respectively. -e average value is 34.7%, while the pene-
tration is 5.0mm, and the average value of the sample is
43.0%. -us, the C&D waste strength stuPng meets the
requirement of speci7cation (JTG D30-2004) [45].

4. Field Compaction Test

Strict control of subgrade compaction is an important
guarantee to improve the overall strength and stability of the
subgrade. -e compaction function should be controlled
within a reasonable range, which is necessary to ensure
adequate compaction and avoid the excessive exertion of
compaction energy to ensure that the particle size does not
become too small to achieve continuous grading or prevent
the 7nal compaction degree of packing from meeting the
requirements [46–49]. In the 7eld compaction process, after
a period of curing time to bring the composite material to
moderate moisture content, a spiky roller was used for
compaction. -e rolling occurs along the two sides and then
to the middle, and the rolling speed is controlled at ap-
proximately 3 km/h. -e wheel overlap is 0.4-0.5m. When
the waste has been rolled 10 times, the particle size was larger
according to visual inspection, as shown in Figure 8(a).
When the waste has been rolled 18 times, the construction
waste particle diameter was less than 3 cm, as shown in
Figure 8(b). A small amount of noncrushed reinforced
concrete blocks was identi7ed, and it was Aat wheel rolled
two times, which means that embankment 7lling was rolled
a total of 20 times (Figure 8(c)).

4.1. Field Compaction and Sieve Test. -e second to the 7fth
layer of the rolled aggregate was used for the screening test,
and each layer of 7ller came from the material that had been
rolled between 10 and 18 times. -e test results are shown in
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Figure 7: UCS test in the laboratory.
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Figure 9. It can be seen that the composition of the four
layers of packing at di=erent rolling times was basically the
same, the particle size is 0.07–4mm, and the gradation curve
is consistent, indicating that the percentage of various
particle size fractions was similar. Additionally, the C&D
waste in the vibration rolling process contained broken
particles. As the number of rolling increased, the gradation
curve gradually became steeper, and the grain diameter
distribution became more uniform, especially when the
number of rolling reached 18 times. At that point, Kw in-
creased to 1.1–1.3, indicating that the content of 7ne ma-
terials in the C&D waste had increased, and the road
performance was improved.

4.2. Relation between Particle Composition and Compaction
of C&D Waste. Figure 10 presents the relationship between
the compaction degree and the particle composition of the
C&D waste. When the compaction degree was lower than
88%, that is, under the action of the existing mechanical
equipment, and the number of rolling times was less than
13 times, the change in the grain composition of the C&D
waste was not signi7cant. When the compaction degree
reached 88%, with the increase in rolling times, the com-
position of the particles changed, the coarse aggregate was
crushed, and the content of the 7ne material was notably
increased. -e main reasons for the above phenomenon are

as follows. Firstly, when the compaction degree is small, the
pore size of the C&D waste 7ller itself is relatively large, and
the compression of the 7ller is caused by the decrease in the
pore volume, the crushing and failure of the granule itself is
not apparent. Furthermore, when the compaction degree is
large, the contact between particles becomes closer as the
number of mechanical rolling increases, and the 7ller in the
coarse aggregate is gradually broken down.

4.3. .e Law of Variation of Kw with Rolling Times and
Compaction Degree. Figure 11 illustrates the variation of Kw
with the increase in rolling times during the process of the
compaction of the second to the 7fth layer of packing. When
the number of rolling was less than 13 times, the change in the
mass ratio (Kw) of 7ne to coarse aggregate was less pro-
nounced. However, when the number of rolling was more
than 13 times, Kw increased obviously. As mentioned above,
the main reason is that when the material is rolled merely
a few times, deformation of the 7ller is mainly a result of the
reduction in the porosity ratio. When the number of rolling
increases, the 7ller particles come into closer contact with each
other, which ultimately increases the content of 7ne aggregate
in the 7ller and improves the structure of the 7ller. Never-
theless, after the material was rolled for 18 times, the rate of
increase of 7ne content in the 7ller was signi7cantly reduced,
and the granular composition of the 7ller became stable.

Table 2: -e results of UCS test.

Optimal moisture content conditions Maximum pressure (P) kN 15.0 11.0 13.0 13.5 12.5 13.5
UCS (Rc) MPa 0.85 0.62 0.74 0.76 0.71 0.76

Saturated conditions Maximum pressure (P) kN 10.9 9.7 10.1 8.9 9.4 8.7
UCS (Rc) MPa 0.62 0.55 0.58 0.50 0.53 0.39

Table 3: CBR test results of C&D waste.

Penetration (mm)
CBR (%)

Average value (%)
Sample 1 Sample 2 Sample 3

2.5 38.6 24.1 41.4 34.7
5.0 49.3 35.7 44.0 43.0

(a) (b) (c)

Figure 8: -e change of subgrade test section after rolling. (a) 10 times, (b) 18 times, and (c) 20 times.
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Figure 12 illustrates the variation of Kw as the compaction
degree increased. When the compaction degree is less
than 88%, the curve is approximately a horizontal line,
indicating that the composition of 7ller particles in the
material did not change signi7cantly. However, when the
compaction degree is higher than 88%, the curve shows
a clear upward trend, indicating that the content of coarse
material 7ller decreased as the degree of compaction in-
creased. -is means that the content of the 7ne aggregate
has been greatly increased, and the porosity ratio has been
obviously decreased. At this point in the compaction
process, the physical and mechanical properties of the 7ller
have been improved. -erefore, we can conclude from the

above analysis that the optimal number of rolling times is
approximately 18.

4.4. Subgrade Compaction Results and Analysis. -e com-
paction degree is mainly relevant to the moisture content,
depth of loose layers, number of rolling times, and various
mechanical properties. In this study, three main parameters
were selected for analysis—moisture content, depth of loose
layers, and number of rolling times—to determine the extent
of inAuence of each one on the degree of compaction. -e
method for measuring the compaction degree of the site was
the sand cone method, as shown in Figure 13.
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Figure 9: -e gradation curve of the packing under di=erent rolling times. (a) Second layer of 7ller. (b) -ird layer of 7ller. (c) Fourth layer
of 7ller. (d) Fifth layer of 7ller.
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4.4.1. Compaction Degree-Moisture Content Relationship. -e
relationship between the compaction degree and the
change in moisture content is shown in Figure 14. It can
be seen that when the moisture content was low, because
of the large degree of friction between particles, the
compaction degree was also low. When the moisture
content was in the range of 14.8% to 16%, the compaction

degree of the 7lling material varied from 97% to 99%,
indicating that the optimum moisture content of 7eld
7llers is 14.8% to 16%, which also con7rmed the cor-
rectness of laboratory experiment. When the water con-
tent was high, the partial compaction work was consumed
due to the pore water, and the compaction e=ect was also
not obvious.
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Figure 10: Variation of particle composition of each layer with di=erent compaction degrees. (a) Second layer of 7ller. (b) -ird layer of
7ller. (c) Fourth layer of 7ller. (d) Fifth layer of 7ller.
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4.4.2. Compaction Degree-Loose Laying Depth
Relationship. Figure 15 shows the relationship between the
compaction degree and the depth of the loose layers.
Compaction degree of the 7lling material decreased as the
thickness of the loose layers increased, according to rolling
20 times using the existing mechanical equipment. -is
likely occurred since the decay rate of the compaction work
along the depth direction was signi7cant, preventing the
lower layers of soil from achieving the best compaction.
Speci7cally, while the degree of compaction was reduced, it
still met the requirements of the speci7cations. Taking into
account economic factors, the condition of the existing
compaction machinery, and the number of times the
compaction was conducted, we found that the most eco-
nomical compaction that would meet the requirements of
the constructions controls was a thickness in the loose
layers of 20 cm.

1.4

1.2

1.0

0.8

0.6

0.4

0.2

K w

10 12 14 16 18 20
Compaction times

Second layer
Fourth layer Fi�h layer

�ird layer

Figure 11: Relationship between Kw and the number of
rollings.
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Figure 13: Sand cone method test.
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4.4.3. Compaction Degree-Rolling Times Relationship.
Figure 16 presents the relationship between the degree of
compaction and the number of rolling times in the test
section.�e thickness of the second layer of the �ller is 30 cm,
when rolled between 15 and 17 times, the degree of com-
paction was still small, and its mechanical power was rela-
tively weak, and the compaction e�ect was not signi�cant. Not
until the sample was rolled 24 times were the compaction
requirements achieved. �erefore, we �nd that this method is
ine�cient and cannot guide the construction. �e compac-
tion degree of the �ller of packing layers 3 to 6 for the same
number of rolling was basically the same. In the early stage of
rolling, the dry density of the �ller increased rapidly. For
example, when rolled approximately 10 times, the compaction
degree of the packing was approximately 78.5%. When rolled
13 times, the compaction degree of the packing increased to
88%; nevertheless, with the number of rolling continued to
increase beyond that, the increase in the degree of compaction
declined. When the number of rolling reached 20, the �ller
had a compaction degree of 97% or more. When the number
of rolling is greater than 20 times, there was no signi�cant
switch in compaction. In actual construction conditions, the
intervals and compaction degree requirements are di�erent,
when the degree of compaction is 93%, the speci�cations can
be grati�ed, and the number of rolling at this time can be set
to 15 times. If the degree of compaction requirement is 95%,
subsequently the number of rolling may be set to 17 times.
�erefore, in the case of the compaction machine, the rea-
sonable control of the number of rolling has an important
engineering signi�cance.

4.5. Analysis of Field De�ection and Resilient Modulus. �e
de�ection and resilient modulus are an important index
of the subgrade quality evaluation [50–54]. �erefore,
a �eld de�ection test was carried out after the �nal
packing of each layer of the embankment, and the

resilient modulus was obtained using the de�ection value
obtained from the �eld de�ection test. �e empirical
formula of the subgrade resilient modulus and de�ection
value is as follows [55]:

E′0 � K1E0, (1)
where E′0 is the nonnegative seasonal rebound modulus
(MPa), E0 is the resilient modulus (MPa), and K1 is the
seasonal in�uence coe�cient (this study takes 1.2).

�e regression equation of soil base de�ection and the
resilience modulus is

l0 � 9308E′
−0.938
0 , (2)

where l0 is the calculation value of resilient modulus on top
of soil base, 0.01mm.

�erefore, the resilient modulus of the embankment may
be estimated using the following equation:

E0 �
�������
9380/l00.938

√
K1

. (3)

Figure 17 presents the results of the �eld de�ection
and resilient modulus test for the second through the
twentieth layer. Except for the �rst and second layer �llings
(the results for which were altered by the change in the
thickness of the test), the de�ection value was found to
be large, and the resilient modulus value was low. �e
thickness of the other layers was 20 cm, the de�ection value
of the test fell mainly between 0.6 and 0.7mm with an
average was 0.66mm, the coe�cient of variation was 0.036,
and the standard deviation was 8.19. �e resilient modulus
was mainly between 155 and 174MPa with an average of
162.69MPa, the coe�cient of variation was 0.038, the
standard deviation was 6.12, and the de�ection value and
resilient modulus were stable in the construction of each
test section. Additionally, taking into account the fact that
current research on the applications of C&D waste as an
embankment �ller is relatively sparse, there is no relevant
standards for reference. Compared with resilient modulus
of the gravel packing, it meets the requirements of subgrade
construction.

100

95

90

85

80

75

70

65
8 10 12 14 16 18 20 22 24 26

C
om

pa
ct

io
n 

de
gr

ee
 (%

)

Compaction times

Second layer �ird layer Fourth layer
Fi�h layer Sixth layer

Figure 16: Relationship between compaction degree and rolling
times.

180

160

140

120

100

80

60

180

160

140

120

100

80

60

40

D
e�

ec
tio

n 
va

lu
e (

0.
01

 m
m

)

0 2 4 6 8 10 12 14 16 18 20 22
Packing layer (N)

Re
sil

ie
nt

 m
od

ul
us

 (M
Pa

)

Line 1

Line 2

Figure 17: De�ection and resilient modulus of subgrade.

Advances in Materials Science and Engineering 9



5. Conclusions

(1) Results from laboratory test and 7eld rolling test
demonstrated that the e=ect of compaction was best
when the moisture content of C&D waste was
controlled at 15%-16% and the quality ratio of 7ne
materials and coarse materials of C&D waste was
0.328 and 1.1-1.2 before and after rolling, re-
spectively. It indicates that the content of 7ne ma-
terial is greatly increased after simple treatment, and
the road performance is improved.

(2) -e UCS of the specimen under the optimal
moisture content was in the range of 0.85MPa to
0.62MPa, and the mean value was 0.74MPa. -e
average CBR value of specimens was at least 34.7%,
which met the requirements for subgrade 7lling,
respectively.

(3) With the increase in the number of rolling times, the
compaction degree of the embankment 7ller in-
creased gradually, and the compaction rate increased
in the initial stages, while decreasing gradually in the
later stages. Under the condition that the thickness of
the loose layer is 20 cm, the compaction times are
suggested to be controlled 15–20 times, which can
meet the requirement of compaction.

(4) -e 7eld deAection test showed that the average
deAection of the embankment was 0.66mm, and the
resilient modulus was 162.7MPa, which meets the
requirements of relevant speci7cations. It demon-
strates that the construction of subgrade 7lled with
C&D waste is feasible. At present, this project has
been put into operation (Figure 18) and has saved
construction costs and reduced land use and po-
tential environmental impacts.
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[29] B. Gómez-Meijide, I. Pérez, and A. R. Pasandı́n, “Recycled
construction and demolition waste in cold asphalt mixtures:
evolutionary properties,” Journal of Cleaner Production,
vol. 112, pp. 588–598, 2016.

[30] J. X. Lai, J. L. Qiu, H. B. Fan et al., “Fiber bragg grating
sensors-based in-situ monitoring and safety assessment of
loess tunnel,” Journal of Sensors, vol. 2016, Article ID 8658290,
10 pages, 2016.

[31] J. X. Lai, H. B. Fan, J. X. Chen, J. Qiu, and K. Wang, “Blasting
vibration monitoring of undercrossing railway tunnel
using wireless sensor network,” International Journal of

Distributed Sensor Networks, vol. 2015, Article ID 703980,
7 pages, 2015.

[32] N. Cristelo, C. S. Vieira, and M. D. L. Lopes, “Geotechnical
and geoenvironmental assessment of recycled construction
and demolition waste for road embankments,” Procedia
Engineering, vol. 143, pp. 51–58, 2016.

[33] R. M. Brooks and M. Cetin, “Application of construction
demolition waste for improving performance of subgrade and
subbase layers,” International Journal of Research and Reviews
in Applied Sciences, vol. 12, no. 3, p. 375, 2012.

[34] J. X. Lai, K. Y. Wang, J. L. Qiu, F. Niu, J. Wang, and J. Chen,
“Vibration response characteristics of the cross tunnel
structure,” Shock and Vibration, vol. 2016, Article ID 9524206,
16 pages, 2016.

[35] M. O. Hamzah, “Properties of geometrically cubical
aggregates and its mixture design,” International Journal
of Research and Reviews in Applied Sciences, vol. 3, no. 3,
2010.

[36] J. Mills-Beale and Z. P. You, “-e mechanical properties
of asphalt mixtures with recycled concrete aggregates,”
Construction and Building Materials, vol. 24, no. 3, pp. 230–
235, 2010.

[37] A. Diab and Z. P. You, “Development of a realistic condi-
tioning and evaluation system to study moisture damage of
asphalt materials,” Air<eld and Highway Pavement Confer-
ence, pp. 1008–1017, 2013.

[38] W. H. Zhou, H. Y. Qin, J. L. Qiu et al., “Building information
modelling review with potential applications in tunnel
engineering of China,” Royal Society Open Science, vol. 4,
no. 8, p. 170174, 2017.

[39] A. Arulrajah, M. M. Y. Ali, J. Piratheepan, and M. W. Bo,
“Geotechnical properties of waste excavation rock in pave-
ment subbase applications,” Journal of Materials in Civil
Engineering, vol. 24, no. 7, pp. 924–932, 2012.

[40] Z. P. You and Q. L. Dai, “Review of advances in micro-
mechanical modeling of aggregate–aggregate,” Canadian
Journal of Civil Engineering, vol. 34, no. 2, pp. 239–252,
2007.

[41] A. Q. Shen, Road Engineering Materials, China Communi-
cations Press, Beijing, China, 2010, in Chinese.

[42] A. B. R. Chini, S. S. Kuo, J. M. Armaghani, and J. P. Duxbury,
“Test of recycled concrete aggregate in accelerated test track,”
Journal of Transportation Engineering, vol. 127, no. 6,
pp. 486–492, 2001.

[43] Ministry of Transport of the People’s Republic of China,
Test Method of Soils for Highway Engineering (JTG E40-
2007), China Communications Press, Beijing, China, 2007,
in Chinese.

[44] Y. J. Jiang, L. N. Y. Wong, and J. L. Ren, “A numerical
test method of California bearing ratio on graded crushed
rocks using particle Aow modeling,” Journal of TraAc
and Transportation Engineering, vol. 2, no. 2, pp. 107–115,
2015.

[45] China Ministry of Communications, Speci<cations for Design
of Highway Subgrades (JTG D30-2004), China Communica-
tions Press, Beijing, China, 2004, in Chinese.

[46] M. A. Mooney and R. V. Rinehart, “Field monitoring of roller
vibration during compaction of subgrade soil,” Journal of
Geotechnical and Geoenvironmental Engineering, vol. 133,
no. 3, pp. 257–265, 2007.

[47] K. Lee, M. Prezzi, and N. Kim, “Subgrade design parameters
from samples prepared with di=erent compaction methods,”
Journal of Transportation Engineering, vol. 133, no. 2,
pp. 82–89, 2007.

Advances in Materials Science and Engineering 11



[48] J. L. Qiu, H. Q. Liu, J. X. Lai et al., “Investigating the long term
settlement of a tunnel built over improved loessial foundation
soil using jet grouting technique,” Journal of Performance of
Constructed Facilities, 2018.

[49] J. L. Qiu, Y. L. Xie, H. B. Fan et al., “Centrifuge modelling of
twin-tunnelling induced ground movements in loess strata,”
Arabian Journal of Geosciences, 2018.

[50] W. J. Xue and E. Weaver, “InAuence of tire con7guration on
pavement response and predicted distress,” International
Journal of Pavement Engineering, vol. 16, no. 6, pp. 538–548,
2015.

[51] W. J. Xue and E. Weaver, “Pavement shear strain response to
dual and wide-base tires,” Transportation Research Record:
Journal of the Transportation Research Board,vol. 2225,
pp. 155–164, 2011.

[52] A. Arulrajah, J. Piratheepan, M. Disfani, and M. W. Bo,
“Resilient moduli response of recycled construction and
demolition materials in pavement subbase applications,”
Journal of Materials in Civil Engineering, vol. 25, no. 12,
pp. 1920–1928, 2013.

[53] Y. Li, Y. Yang, H. S. Yu, and G. Roberts, “Correlations
between the stress paths of a monotonic test and a cyclic test
under the same initial conditions,” Soil Dynamics and
Earthquake Engineering, vol. 101, pp. 153–156, 2017.

[54] Z. F. Wang, S. L. Shen, Z. Y. Yin et al., “Rapid 7eld evaluation
of the strength of cement-stabilized clayey soil,” Bulletin of
Engineering Geology and the Environment, vol. 74, no. 3,
pp. 991–999, 2015.

[55] JTJ 034-2000, Technical Speci<cations for Construction of
Highway Roadbases, China Communications Press, Beijing,
China, 2000, in Chinese.

12 Advances in Materials Science and Engineering



Research Article
The Variability and Evaluation Method of Recycled Concrete
Aggregate Properties

Zhiqing Zhang,1 Bozhao Shen,2 Hui Ren,3 JinWang,2 Shiyun Li,2 and Hao Liu2

1Engineering Research Center of Urban Transportation, Beijing University of Technology, No. 100 Pin Le Yuan,
Chaoyang District, Beijing 100124, China
2College of Metropolitan Transportation, Beijing University of Technology, No. 100 Pin Le Yuan, Chaoyang District,
Beijing 100124, China
3College of Engineering and Applied Science, University of Cincinnati, Cincinnati, OH 45221, USA

Correspondence should be addressed to Zhiqing Zhang; zhangzhiqing@bjut.edu.cn

Received 14 April 2017; Revised 9 July 2017; Accepted 12 September 2017; Published 23 October 2017

Academic Editor: Hainian Wang

Copyright © 2017 Zhiqing Zhang et al.This 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.

With the same sources and regeneration techniques, given RA’s properties may display large variations. The same single property
index of different sets maybe has a large difference of the whole property. How shall we accurately evaluate the whole property of
RA? 8 groups of RAs from pavement and building were used to research the method of evaluating the holistic characteristics of RA.
After testing and investigating, the parameters of aggregates were analyzed. The data of physical and mechanical properties show a
distinct dispersion and instability; thus, it has been difficult to express the whole characteristics in any single property parameter.
The Euclidean distance can express the similarity of samples. The closer the distance, the more similar the property. The standard
variance of the whole property Euclidean distances for two types of RA is 𝑆𝑘 = 7.341 and 𝑆𝑘 = 2.208, respectively, which shows
that the property of building RA has great fluctuation, while pavement RA is more stable. There are certain correlations among
the apparent density, water absorption, and crushed value of RAs, and the Mahalanobis distance method can directly evaluate the
whole property by using its parameters: mean, variance, and covariance, and it can provide a grade evaluation model for RAs.

1. Introduction

Accurate evaluation of RA is beneficial to its rational uti-
lization. The current problems in evaluating the variability
of RA are focused on the application of RA mixture only,
regardless of the study and conclusion [1]. How shall we
accurately express the whole property of RA and how shall
we effectively evaluate the grade of RA? So far, there is
still no reasonable method to be seen, and most of the
evaluation methods are the evaluation of mixtures with
RAs.

The single properties of aggregates are usually described
by the apparent relative density, water absorption, crushed
value, wear value, the adhesion index, while the comprehen-
sive property is the whole property of aggregate showed in
applications. The single property of different RAs shows a
large variability, so the comprehensive evaluation method of
each kind of RA needs to be studied.

Over the past decades, the United States, Europe, and
other developed countries have promulgated some quality
standards and technical specifications of RA according to
the RA characteristics of their own countries. Although each
of them has their own characteristic, it is still insufficient
for the evaluation method. The main problem is that they
focused more on the single property index and neglected the
whole property evaluation for the RA [2–4]. For example,
the American Society for Testing and Materials (ASTM)
made clear provisions for the extremum of the evaluation
index of coarse aggregate in different engineering fields.
The British Standard (BS) divided RA into three grades
based on different sources [3, 5]. V. W. Y. Tam and C. M.
Tam further put forward the RA should be divided into 7
grades in view of the evaluation indices of apparent relative
density, water absorption, flakiness content, impact value, the
contents of chloride, and sulfate in 2007 [6]. The common
problem is that the grading standard is too absolute and does
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Table 1: Properties of RA and NA.

Type of aggregate Density (g/cm3) Water absorption (%) Crushing value (%) Abrasion value (%) Adhesion grade
RA

RA1 (4.75–9.50mm) 2.730 2.171 13.32 13.60 2
RA2 (4.75–13.2mm) 2.742 2.233 13.40 13.60 3
RA3 (9.50–19.0mm) 2.780 1.695 13.58 15.00 4

NA
NA1 (4.75–9.50mm) 2.751 0.802 18.82 23.55 5
NA2 (4.75–13.2mm) 2.793 0.798 19.01 23.55 5
NA3 (9.50–19.0mm) 2.842 0.755 20.68 22.65 5

Commonly acceptable ≥2.600 ≤2.000 ≤28.00 ≤30.00 ≥4
�e analysis data of RA properties

�e single property index of
RA is discrete

Express the di�erence of the whole
property by distance method

Whether the correlation of property index is considered?

Euclidean distance Mahalanobis distance

No Yes

Figure 1: RA property evaluation flow chart.

not give the whole characteristics requirement in different
application fields. In 1998 Germany promulgated “Regen-
eration Aggregate Concrete Application Guide,” where the
quality requirements of RA must comply with the technical
requirements of natural aggregate (NA) [7, 8]. It ignores
the characteristics of RA, and it is not conducive to the
application of concrete aggregate. Although Spain and other
countries have not given a clear classification and grading
standard of the RA, only relevant qualificationwas performed
with recycled coarse aggregate [9, 10]. The standard did not
include many details. The common features are that these
specifications only gave a different range of values for a single
property index of the RA and did not make provisions for the
whole properties.

Because of the complexity of RA sources and regenera-
tion techniques, an RA’s properties show large variations in
its microstructure and physical, mechanical, and chemical
properties [1]. The test values show a large variability; the
same single property index of different sets maybe has a large
difference of the whole property, so the whole property of
RA could not be only expressed by a single property index.
Adopting the Euclidean distance method and Mahalanobis
distance method, respectively, in evaluating the single and
whole property of RA is proposed in this paper.Theflow chart
is demonstrated in Figure 1.

2. Test and Analysis of the Characteristic of
RA Used

2.1. Aggregate Characteristic Test. Two types of aggregates
were used in the present study: (1) RA produced from the old

building foundation concrete on the twentieth century, 1980s.
Its strength was equivalent to C20, and the coarse aggregate
was comprised of pebbles. The production process stages of
RA were pretreatment, crushing, grinding, screening, and
washing. (2) NA is made from granite.

The RAs used in the present study were screened
into three different sizes (4.75–9.50mm, 4.75–13.2mm, and
9.50–19.0mm) with the same processing method. After sam-
pling, the aggregates were sievedwith 4.75mm standard sieve
and then rinsed with water to ensure that they are free of dirt
and dust (see Figure 2) [11].

The properties of the RA and NA, such as apparent rela-
tive density, water absorption, crushed value, wear value, and
the adhesion, were tested according to the Chinese standard.
Table 1 presents the results from the above-described tests.

As indicated in Table 1, the properties of NA tested
satisfy all commonly acceptance, while RAs had higher water
absorption and lower adhesion to asphalt values than the
listed, commonly accepted values.

2.2. Aggregate Characteristic Analysis. As shown in Table 1,
the apparent relative densities of RA with different particle
sizes are similar, and they are all slightly lower than those of
NA. In addition, the water absorption of RA is much higher
than that of NA for the same size of aggregate. These may be
mainly attributed to the high porosity, or low density, of the
mortar adhered on the surface of the aggregate. In addition,
during the production process of RA, mechanical crushing,
particle collision, and sliding also producemicrocracks in the
aggregate, and these will result in an increase in the aggregate
porosity and a decrease in the apparent relative density. The
porous mortar and fine cracks are also responsible for the
high water absorption of the RAs. Furthermore, the high silt
content on the surface of the RA particles may also help to
increase the rate and amount of water absorption.

The crush values of RAs are clearly lower than those of
NA.And the degree of abrasion of RAs is all lower than that of
NA. Amain reason for these is that the RAs had already gone
through a crushing process during recycling. After crushing,
washing, and sieving, the RAs had high pebble content with
good integrity. As a result, the RAs used in this study had a
higher crushing and abrasion resistance than the NA. This
suggests that the lower the strength of the original concrete,
the smaller the damage degree in the process of the aggregate
regeneration and the better the property of resistance to
crushing of the recycled aggregate.
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(a) RA as received (b) RA after cleaning and sieving

Figure 2: RA before and after washing.

(a) NA 30-time SEM picture (b) RA 30-time SEM picture

(c) NA 100-time SEM picture (d) RA 100-time SEM picture

Figure 3: RA/NA SEM pictures.

Adhesion of aggregate to asphalt is critical for the prop-
erty of asphalt concrete pavements. Table 1 shows that among
three RA samples tested, two had adhesion level values less
than 4 as required. It was observed during the adhesion
testing that the general peeling area was around 10%, and
localized peeling area summed up to 30%.Theweak adhesion
of RA may be related to the reaction of water soluble ions
leaching out from the adhered mortar on the aggregate
surface with the carboxylic acids of asphalts.

A scanning electron microscope (SEM) was used to
observe the microstructure of RA and NA, as shown in
Figure 3.

It can be seen that RA possesses a large number of
pores and microcracks internally caused by the accumulated
damage during crushing, leading to an increase in the void
ratio, water absorption, and crush value (shown in Figure 3).
Compared to the surface structure ofNA, the asphalt bonding
material can penetrate into the RA surface more easily.
Further, the strength of interface may be improved.

In summary, for the RA from low strength concrete,
except for the water absorption rate, the other properties
of RA appear better than that of NA. Perhaps this is a
special case; more extensive investigation may need to be
done.
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Table 2: Property data of RA from buildings.

Property index 𝐴 𝐵 𝐶 𝐷 𝐸 𝐹 𝐺 𝐻
Density (g/cm3) 2.742 2.529 2.5 2.535 2.75 2.32 2.265 2.658
Absorption (%) 1.94 4.82 2.15 4.50 2.49 9.89 5.70 4.50
Flakiness (%) 6.98 3.70 2.50 3.40 3.00 2.50 3.10 2.60
Crushing value (%) 13.60 13.80 14.10 7.87 6.20 24.20 30.00 13.00
Stone species Pebbles Pebbles Pebbles Pebbles Gravel Gravel Gravel Gravel
Strength Low Low Low Low Low Low Low Low
Sources Foundation Floor Building Beam Foundation Building Building Building

Table 3: Property data of RA from pavement.

Property index 𝑎 𝑏 𝑐 𝑑 𝑒 𝑓 𝑔 ℎ
Density (g/cm3) 2.67 2.64 2.64 2.68 2.55 2.443 2.582 2.51
Absorption (%) 2.50 4.20 4.20 2.50 5.7 6.00 4.00 5.70
Flakiness (%) 5.20 4.60 4.00 5.10 2.37 6.30 2.90 3,30
Crushing value (%) 11.10 12.00 11.50 10.90 14.20 12.60 13.30 17.20
Stone species Pebbles Pebbles Pebbles Pebbles Pebbles Pebbles Pebbles Pebbles
Strength Low Low Low Low Low Low Unknown Low
Sources Overpass Pavement Pavement Pavement Pavement Pavement Pavement Pavement

3. Variability Analysis of the RA Property

3.1. Property Data of RA Tested and Investigated. RA prop-
erties can be evaluated by some experimental indices, which
include property density, water absorption, needle and flaki-
ness content, and crushing value [12–14].

Sixteen groups of RAs were selected from pavements and
buildings, respectively [15, 16].Most of the property data were
investigated except for groups 𝐸, 𝐹, and NAs, which were
tested by ourselves in the laboratory. All of the RAs were
crushed by the jaw-crush method (see Tables 2 and 3).

As shown in Tables 2 and 3, the basic property data of
the NA are generally property density at 2.63 g/cm3; water
absorption at 1.6%; needle and flakiness content at 5.2%; and
crushing value at 9.6%.

3.2. Variability Analysis of the NA Property Data. As can
be seen from Tables 1 and 2, there is a little distinction in
apparent relative density between RA and NA. Most of the
RA’s apparent relative density is 88%∼97% of the NAs, about
2.31–2.61 kg/m3.The shapes of RA fromdifferent sources have
a high degree of similarity; some of them are even better than
the NA. The shapes of different sources of RA are similar,
and for some the quality is better than the NA; the apparent
relative density and needle-flakiness content are relatively
stable, while the water absorption and crushing values are
relatively higher. The water absorption rate of RA is between
2%∼10%; the highest value even is up to 12%, which is 2 to 7
times that of the NA.The crushing value of RA varies greatly,
and its crush resistance ability is significantly lower than the
NA, as is shown in Figure 4.

After being crushed, the RA might produce a large
number of microcracks on the aggregate surface and the
interior between aggregate and adhesive cement mortar.

Besides, the RA would be cracked more easily when being
pressed, and it contains a variety of impurities on the surface;
therefore, the RA strength would be lower than NA. As a
result, the water absorption and crushing value of RA were
significantly larger [7, 17], and the experimental data showed
a large variability as well. Since the content of impurities and
microcrack is influenced by many factors, such as the types
of concrete waste, engineering construction, and crushing
method, and the RA from building contains more impurities
than that from pavement, its variability would be greater.

3.3. Pavement Property with RA. The conclusions of our
previous study about RA’s instability are as follows [11].

(1) Compared with NA, the RA recycled from low grade
concrete had lower apparent relative density, higher water
absorption, and poorer adhesion to asphalt but had probably
lower crushing and wearing value.

(2) The rutting deformation of the HMAmixes generally
increased with the level of RA replacement, but the low
temperature cracking resistance test results showed that the
failure load, tensile stress, and modulus of the HMA mixes
with RA are all significantly higher than those of themix with
NA.

(3) The water stability measured by immersion compres-
sion tests showed a similar trend to that measured by freeze-
thaw splitting strength tests. The water stability of the HMA
concrete decreased with increasing RA replacement (up to
50%). When the RA content reached 75%, the water resis-
tance of the HMA concrete increased, rather than decreased
further.

Due to instability, a large variability has been indicated
by experimental data of RA property index. Therefore, it is
inaccurate to illustrate the whole property through a single
property index. It is possible that the whole property is better
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Figure 4: Contrast charts of NA and RA properties.

in the asphalt mixture, while a single property index exhibits
poor results. However, the distance method is not affected
by the dimension and directly expresses the difference of
multiple variables or sample set of indices. According to the
distance method, it is feasible to illustrate the whole property
of RA.

4. Euclidean Distance Comparison
Method of RA

4.1. Euclidean Distance Calculation of RA Property. (1) The
single property Euclidean distance 𝜌𝑘𝑗 is generally

𝜌𝑘𝑗 = √ 𝐻/ℎ∑
𝑖=𝐴/𝑎

(𝑥𝑗 − 𝑦𝑘𝑖𝑗)2, (1)

in which 𝑥𝑗 is property test value of the NA; 𝑦𝑘𝑖𝑗 is property
test values of RA; 𝑘 is pavement RAor building RA,where 𝑘 =
I (pavement RA) and 𝑘 = II (building RA); 𝑖 is the number
of test data groups, when 𝑘 = I, 𝑖 = 𝐴, 𝐵, 𝐶,𝐷, 𝐸, 𝐹, 𝐺,𝐻;𝑘 = II, 𝑖 = 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑓, 𝑔, ℎ; 𝑗 is the different property test,𝑗 = 1 (apparent density), 2 (water absorption), 3 (needle and
flakiness content), and 4 (crushing value).

(2) The whole property Euclidean distance of RA 𝜌𝑘𝑖 is
generally

𝜌𝑘𝑖 = √ 4∑
𝑗=1

(𝑥𝑗 − 𝑦𝑘𝑖𝑗)2, (2)

in which 𝑥𝑗, 𝑦𝑘𝑖𝑗, 𝑘, 𝑖, and 𝑗 are the same as formulation
(1).
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Table 4: Euclidean distance of single property of building and pavement RA.

Property index Building RA (𝐴) Pavement RA (𝐵) 𝐴 − 𝐵
Property density 0.516 0.241 0.275
Absorption (%) 10.669 8.595 2.074
Flakiness content (%) 1.87 0.943 0.927
Crushing value (%) 26.355 10.72 15.635
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Figure 5: Single property of RA.

(3) The whole property Euclidean distance standard
variance of RA 𝑆𝑘 is generally

𝑆𝑘 = √∑𝐺/𝑔𝑖=𝐴/𝑎 (𝜌𝑘𝑖 − 𝜌𝑘𝑖)27 , (3)

in which type 𝑆𝑘 is the standard variance of whole property
Euclidean distance for building RA and pavement RA; 𝜌𝑘𝑖
is the arithmetic mean value of whole property Euclidean
distance for the different number of RA; 𝜌𝑘𝑖, 𝑘, and 𝑖 are the
same as formulation (1).

4.2. The Comparison and Analysis of Euclidean Distance of
RA Property. According to the Euclidean distance formula
(1)–(3), for the two types of RA, the Euclidean distances of
single property andwhole property are shown in Tables 4 and
5 and Figures 5 and 6, respectively.

The greater the value of the properties, the greater the
difference between the RA and theNA; otherwise, the smaller
the value, the closer the difference. The standard variance
of the whole property Euclidean distance of building RA
and pavement RA was calculated to be 7.341 and 2.208,
respectively.

Table 4 and Figure 5 show slightly differences of the
property density and flakiness content of RA compared with
the NA, while the crushing value and water absorption are
obvious differences. In addition, pavement RA was signifi-
cantly better than building RA in terms of single property
index.As shown inTable 5 andFigure 6, thewhole property of
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RA with better single property may be poor, while the whole
property of RA with poor property may be better.

From the size of Euclidean distance, it can be seen that the
comprehensive properties of group 𝐸, group 𝐷, and group 𝑑
are the best, whereas group 𝐺 shows the worst results. The
Euclidean distance of crushing value and water absorption
is the largest, which shows a primary need to improve the
property index of the RA.

The standard variances of the whole property Euclidean
distances are 7.341 and 2.208, respectively, which shows that
the property of building RA has great fluctuation, while
pavement RA is more stable.

5. Mahalanobis Distance Evaluation and
Grading Methods of RA

The analysis above indicates that the property evaluation of
RA contains multiple indicators. Due to the instability of the
properties of RA, its experimental data has a large variability.
For different evaluation indices, different evaluation results
are achieved. Since there exists certain dependence among
properties of RA andEuclidean distance could not express the
influence factors of the correlation among various properties
of the samples, another index is proposed to solve this
problem, named Mahalanobis distance.

5.1. Mahalanobis Distance Evaluation Model. Mahalanobis
distance can discriminate the spatial distribution of a point
relative to the total by calculating the distance to a certain
point. Mahalanobis distance considers three parameters,
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Table 5: Euclidean distance of whole property of building and pavement RA.

Building RA Euclidean distance Pavement RA Euclidean distance𝐴 4.397 𝑎 1.500𝐵 4.375 𝑏 2.474𝐶 4.502 𝑐 1.992𝐷 0.905 𝑑 1.300𝐸 0.200 𝑒 5.057𝐹 15.900 𝑓 4.001𝐺 20.511 𝑔 3.722𝐻 3.880 ℎ 7.890

mean value, variance, and covariance, which shows the
translational invariance and invariance under nonsingular
transformation. Mahalanobis distance can express the influ-
encing factors of the correlation among different variables,
and it is independent of the dimension of each characteristic
parameter, and the judgement basis is according to the
characteristic distribution condition of variables in the whole
space [18, 19].

Suppose that there are two variables 𝐺1 and 𝐺2, which
obey the state distribution, 𝑥 ∈ 𝑅𝑝 is a new sample point, and
the distance from 𝑥 to 𝐺1 and 𝐺2 is defined as follows:

𝑑 (𝑥, 𝐺1) = √(𝑥 − 𝑢(1)Σ−11 ) (𝑥 − 𝑢(1)) ,
𝑑 (𝑥, 𝐺2) = √(𝑥 − 𝑢(2)Σ−12 ) (𝑥 − 𝑢(2)) ,

(4)

in which 𝜇(1), 𝜇(2) are the mean vector of 𝐺1 and 𝐺2; Σ1, Σ2
are covariance matrix of set 𝐺1 and 𝐺2.

Therefore it can be determined according to the following
rules:

𝑑 (𝑥, 𝐺1) < 𝑑 (𝑥, 𝐺2) , 𝑥 ∈ 𝐺1,
𝑑 (𝑥, 𝐺2) < 𝑑 (𝑥, 𝐺1) , 𝑥 ∈ 𝐺2,
𝑑 (𝑥, 𝐺1) = 𝑑 (𝑥, 𝐺2) , Judge.

(5)

The indices which can express the property of RA are
defined as a vector 𝑋 (𝑋1,𝑋2, . . . , 𝑋𝑛), the mean vector of𝑋 is 𝜇 (𝜇1, 𝜇2, . . . , 𝜇𝑛), and the standard deviation vector is 𝜎
(𝜎1, 𝜎2, . . . , 𝜎𝑛). The property standard is defined as vector 𝑌
(𝑌1, 𝑌2, . . . , 𝑌𝑛), so the vector 𝑌 is degenerated into a point
of the multidimensional space.

The global 𝐺1 is defined by the vector 𝑋 and the global𝐺2 as 𝑌; then the distance from a sample point of global 𝐺1
to global 𝐺2 is equal to the distance from a point of vector𝑋
to vector 𝑌:
𝐷 (𝑋, 𝑌)
= √ (𝑌1 − 𝑋1)2𝜎21 + (𝑌2 − 𝑋2)2𝜎22 + ⋅ ⋅ ⋅ + (𝑌𝑛 − 𝑋𝑛)2𝜎2𝑛 . (6)

𝐷 is a normalized distance of nonuniform distribution,
and it can reflect the comprehensive index of RA property
without the need to consider the dimension of each index and

Table 6: Grading methods of RA.

Grading of RA Meet the conditions
Grading 1 𝐷(𝑝1𝑝) < 𝐷(𝑝2𝑝) ∪ 𝐷(𝑝1𝑝) < 𝐷(𝑝3𝑝)
Grading 2 𝐷(𝑝2𝑝) < 𝐷(𝑝1𝑝) ∪ 𝐷(𝑝2𝑝) < 𝐷(𝑝3𝑝)
Grading 3 𝐷(𝑝3𝑝) < 𝐷(𝑝1𝑝) ∪ 𝐷(𝑝3𝑝) < 𝐷(𝑝2𝑝)
the choice of unit. Based on the characteristic distribution
condition in the whole space, 𝐷 can express the effect of
correlation among indices of RA. Therefore, 𝐷 can better
describe the similarity between RA and the set, so as to
provide a basis to determine the level of RA. The smaller the𝐷 value, the better the property and vice versa.

5.2. Mahalanobis Distance Calculation and Grading Method

5.2.1. Mahalanobis Distance Calculation. Water absorption,
crushing value, and adhesion are represented by 𝑊, 𝐶, and𝑁, respectively. The evaluation index of RA comprehensive
property can be considered as a three-dimensional vector𝑃(𝑊,𝐶,𝑁), and assuming that the value of the three indi-
cators is 𝑃(𝑊𝑛 , 𝐶𝑛, 𝑁𝑛), we can calculate the distance 𝐷
between any RA and NA and then distinguish the whole
property of RA.

𝐷(𝑝𝑛𝑝)
= √ (𝑊 −𝑊𝑛)2𝜎2𝑊 + (𝑄 − 𝑄𝑛)2𝜎2𝐶 + ⋅ ⋅ ⋅ + (𝑁 − 𝑁𝑛)2𝜎2𝑁 , (7)

in which 𝑊𝑛 , 𝑄𝑛, 𝑁𝑛 are the water absorption, crushing
value, and adhesion of different grades of NA. 𝑊, 𝑄, 𝑁
are the average value of water absorption, crushing value,
and adhesion of a certain RA. 𝜎2𝑊, 𝜎2𝐶, 𝜎2𝑁 are the standard
deviation of water absorption, crushing value, and adhesion
of a certain RA.

5.2.2. Grading Method of Mahalanobis Distance. When the𝐷(𝑝1𝑝), 𝐷(𝑝2𝑝), 𝐷(𝑝3𝑝) represent, respectively, Maha-
lanobis distance grade 1, grade 2, and grade 3, the RA can
be graded by the methods of Table 6; therefore, Mahalanobis
distance comprehensive evaluation method can be applied to
evaluate some cases which are difficult to compare each other.
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Table 7: Mahalanobis distance between RA and natural aggregate.

𝐷(𝑝1𝑝) 𝐷(𝑝2𝑝) 𝐷(𝑝3𝑝)
27.531 11.624 13.751

5.2.3. The Comprehensive Property Evaluation of RA. Based
on the RA property test results, we can calculate the Maha-
lanobis Distance of RA, as is shown in Table 7.

As can be seen from Table 6, 𝐷(𝑝2𝑝) < 𝐷(𝑝3𝑝) <𝐷(𝑝1𝑝), and therefore, this RA is nearest to the entirety of
second class, and its level can be represented as two.

Compared with the other grading standard, Mahalanobis
distance grading method is more intuitive, and it is con-
venient for operations without requiring a large number of
property tests.

6. Conclusions

(1) RA is influenced by many factors, such as its source and
crushingmethod.The numerical value of the property exper-
iments shows obvious variability and instability. Compared
to the property of pavement RA, building RA has a wider
variability and lower stability.

(2) The distance method of comparison is not affected
by the dimensions and it can be used to express the whole
difference of various sample sets simply. The greater the
distance value, the lower the similarity of the two samples.

(3)The calculation results of Euclidean distance show that
the comprehensive property of the pavement RA (𝑆𝑘 = 2.208)
is superior to that of building RA (𝑆𝑘 = 7.341). And for
these two kinds of RA, the Euclidean distance of the property
(𝜌𝑘𝑗 = 0.52) and apparent relative density (𝜌𝑘𝑗 = 1.87) are
slightly different, whereas the change of water absorption
(𝜌𝑘𝑗 = 10.67) and crushing value (𝜌𝑘𝑗 = 26.36) is quite
remarkable. Thus, the water absorption rate and crushing
value can approximately reflect the property differences of
RA.

(4) Euclidean distance calculations show that there is a
certain correlation among apparent density, water absorption
rate, and crushing value. The lower the apparent density, the
larger the water absorption rate and crushing value. However,
the correlation for flakiness content is low, so the most
important property indices for the RA are crushing value and
water absorption, and at same time, the major improvement
for these two property indices is needed as well.

(5) The Mahalanobis distance method can evaluate the
comprehensive property of RA directly and provide grade
evaluation guidance for RAs by considering the influence
factors of the correlation among variables, such as parameters
of mean, variance, and covariance.

Additional Points

Highlights. (i) It is clear that there has been a large variability
about the individual property of recycled aggregate (RA), and
it has been difficult to express thewhole property in any single
property parameter. (ii) A method is proposed to express
the differences of the whole property of RAs using Euclidean

distance method. (iii) A calculation model and evaluation
method are provided for the whole property of RAs with
Mahalanobis distance method.
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To investigate the effects of nanoparticle content, storage time, and storage temperature on the storage stability of asphalt binders
modified by nanoparticles, hot tube storage tests, softening point tests, and dynamic-shearing rheometer (DSR) tests were adopted
to evaluate the properties of two kinds of nanotitanium dioxide (TiO2) modified asphalt binders. A statistical one-way analysis of
variance (ANOVA) test was employed to analyze the effects of those variations on the storage stability of the nano-TiO2 modified
asphalt binders.The results indicated that the softening point, the failure temperature, the dynamic-shear viscosity, and |𝐺∗|/sin(𝛿)
of the binders increased with nanoparticle content. The storage stability of the binders decreased with nanoparticle content. The
impact of storage time on the storage stability of the binders was remarkable when the storage time was more than 48 h. Moreover,
the storage stability of the binders at low temperatures was better than that at high temperatures. Based on the one-way ANOVA,
the size of nanoparticle had little influence on the storage stability of the nano-TiO2 modified asphalt binders in this study.
Reducing the nanoparticle size cannot effectively enhance the storage stability of the nanoparticle modified asphalt binder due
to the agglomeration of nanoparticle.

1. Introduction

Nanomaterials have application in asphalt mixtures with
increase of performance requirement of pavement [1]. The
one dimension of nanomaterials is usually less than 100 nm
which has a larger surface area-to-volume ratio than that of
conventional materials, so that nanomaterials have some spe-
cial properties to improve the performance of asphaltmixture
[2]. The nanomaterials using in asphalt construction include
nanoclay, nano-SiO2, and nanotitanium dioxide (TiO2)
[3, 4].

Nanoclay has a good compatibility with asphalt because
of its special composite. The addition of nanoclay into
asphalt is useful to improve the short- and long-term aging
resistance of the modified asphalt binder. At the same time, it
contributes to the physical,mechanical, and rheological prop-
erties of modified asphalt binder [5–9]. In addition, nanoclay

can improve the rutting resistance of styrene-butadiene-
styrene (SBS) modified asphalt binder [10].

Nano-SiO2 also is added to an SBS modified asphalt
binder in order to improve the performance of asphalt
mixture.The research of Mojtaba et al. shows that the asphalt
mixture using asphalt binder modified by nano-SiO2 and
SBS has better performance than the asphalt mixture using
unmodified asphalt binder [11].

TiO2 has the special crystal structure which can absorb
or catalytic decomposition part of automobile exhaust; thus
it can be applied in road construction and play a significant
role in promoting for environmental protection [12]. Due
to the increasing awareness of environmental protection,
more and more attention has been paid to the environment-
friendly roads. With the continuous increase in the number
of car ownerships, automobile exhaust is one of the main
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(a) TiO2-50 (b) TiO2-100

Figure 1: Electron microscope scanning images.

sources of pollution [13]. The study of TiO2 use in con-
struction of pavement has gradually become a hot topic.
Researchers in Japan,China, Italy, and France tried the photo-
catalytic decomposition of TiO2 in the construction of roads
[14].

Nano-TiO2 has the advantages in both photocatalytic
decomposition and the scale effect, so that nano-TiO2
attracted the attention. In addition, nano-TiO2 has a good
shielding effect on ultraviolet (UV) light, which can be used as
a UV absorbent to mitigate UV aging of asphalt [15, 16].
Xiao and Li evaluated the performance of the mixture used
nano-TiO2 as a modifier in SBS modified asphalt binder.
Their research showed that the mixture using nano-TiO2
and SBS composite modified asphalt binder had better high-
temperature stability, water stability, and low temperature
cracking resistance than those of the mixture using unmod-
ified asphalt binder [17]. Hassan et al. studied the UV aging
resistance of nano-TiO2 modified asphalt binder. Nano-TiO2
modified asphalt binder had the lower penetration loss rate,
the lower softening point increase, and the lower ductility
loss rate after UV aging than those of the ordinary asphalt
binder, which indicated that nano-TiO2 improved the UV
aging resistance of asphalt binder [18].

Those studies mainly focus on the effects of nanoparticles
on the performance of themodified asphalt binders; however,
there is still a lack of research on the effects of nanoparticles
on the storage stability of modified asphalt binders.

When a modifier is added to asphalt binder, the variation
in the storage stability of the binder should be changed [19].
Moreover, the storage stability could have an influence on the
physical parameters of asphalt binder, such as density, soften-
ing point, viscosity, and rheological properties [20].

Because the nano-TiO2 has large surface area and high
surface free energy, the agglomeration phenomenon is easy
to occur. Deepening the understanding of the influences
of the storage stability on the properties of asphalt binder
is helpful to take corresponding measures to improve the
storage stability, so it is necessary to study the storage stability
of the nano-TiO2 modified asphalt. This study adopted hot
tube storage test, softening point test, and dynamic-shearing
rheometer (DSR) test to investigate the storage stability of

Table 1: Physical properties and chemical components of the base
asphalt.

Items Test results Test specification
Softening point (∘C) 43.9 ASTM D36
Ductility (15∘C) (cm) >150 ASTM D113
Penetration (25∘C) (0.1mm) 103 ASTM D5
Saturates (%) 31

ASTM D4124Aromatics (%) 40
Resins (%) 22
Asphaltene (%) 7

Table 2: Characteristics of nano-TiO2.

Items TiO2-50 TiO2-100
Crystal type Anatase Anatase
Average particle size (nm) 50 100
Purity (%) 99.8 99.5
Color White White

the nano-TiO2 modified asphalt binders with the variation of
nanoparticle content, storage time, and storage temperature.

2. Materials and Test Methods

2.1. Materials and Sample Preparation

2.1.1. Materials. A base asphalt was used in this research,
which was produced by Karamay Petrochemical Company,
China. The physical and chemical parameters of the base
asphalt are shown in Table 1.

Two types of nano-TiO2 from Nanjing Emperor Nano
Material Co., Ltd., China, were selected for this investigation:
the one with the average particle size of 50 nm was named
TiO2-50 and the other with the average particle size of 100 nm
was named TiO2-100. The characteristics of the two types of
nano-TiO2 are shown in Table 2. The morphology of the
nano-TiO2 was observed by scanning electron microscope
(SEM). The images of SEM are shown as Figure 1. From
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Figure 1, according to the scale in the images, the particle of
TiO2-50 is pie-shaped with the diameter of about 100 nm and
the particle of TiO2-100 is pie-shaped with the diameter of
about 400 nm. In addition, the agglomeration of TiO2-50 is
more obvious than that of TiO2-100.

2.1.2. Preparation of Modified Asphalt Binder. The base
asphalt was heated to 160∘C in a small container until it
flowed fully, and the temperature was kept constant. A certain
amount of nanoparticle material was slowly added and
mixed into asphalt under 3000 rpm for 30min. Mixing was
then continued at 160∘C with 500 rpm for 30min and the
blend became essentially homogenous. After completion, the
homogeneous modified asphalt binders were cooled to room
temperature for further testing.

Two series of modified asphalt binders were prepared
with the two types of nano-TiO2. The nanoparticle contents
used in the tests were 0.50%, 1.00%, 1.50%, 2.00%, and 2.50%
by weight of the corresponding blends. The base asphalt was
also tested as a reference.

2.2. Test Methods

2.2.1. Hot Tube Storage Test. In order to study effects of
nanoparticle content on the storage stability of the modified
asphalt binders, two types of modified asphalt binders with
nanoparticle contents of 0.50%, 1.00%, 1.50%, 2.00%, and
2.50% were applied in this study for hot tube storage test
according to the conventional procedure [21, 22].

The modified asphalt binders were melted in an oven at
163∘C and then poured into an aluminum foil tube (25mm
in diameter and 140mm in height). The tubes containing the
modified asphalt binders were sealed and stored vertically in
an oven at 163∘C for 48 h. The tubes were removed from
the oven and cooled in a freezer at −20∘C for 4 h to solidify
the modified asphalt binders completely. The cooled mod-
ified asphalt binders were cut transversely into three equal
sections. The modified asphalt binders from the top and the
bottom sections of the same tube were applied for further
softening point tests and dynamic-shear rheometer (DSR)
tests.

To study the effects of storage time on the storage
stability, the two types of the modified asphalt binders with a
nanoparticle content of 2.50% were applied for hot tube
storage test at the storage time of 6, 12, 24, 48, 72, and 120 h
and at storage temperature of 163∘C.

To study the effects of storage time on the storage stability,
the two types of modified asphalt binders with a nanoparticle
content of 2.50% were applied for hot tube storage test at
the storage time of 48 h and at storage temperature of 120∘C,
163∘C, and 175∘C.

2.2.2. Softening Point Test. Themodified asphalt binders from
the top and the bottom sections of the same tube were
applied for softening point tests according to the standard test
method ASTM D36. The difference of the softening points
between the top and the bottom sections of the binders was
calculated to evaluate the high-temperature storage stability
of the modified asphalt binders.

Figure 2: The dynamic-shear rheometer.

2.2.3. Dynamic-Shear Rheometer (DSR) Test. The accuracy of
softening point test is relatively low, which is hard to evaluate
the different of storage stability of modified asphalt binders,
especially with low nanoparticle content. However, DSR test
has a high accuracy and is commonly used for the funda-
mental rheological characterization of asphalt binder. Asphalt
binder has different rheological characterization due to dif-
ferent composition, so DSR test can be used to investigate the
storage stability of asphalt binder.

The DSR test was performed on the binders from the
top and the bottom sections of the same tube using a TA
rheometer, shown as Figure 2. The test was performed under
controlled strain loading conditions using stain 12% at fre-
quency 10 rad/s at temperature 58∘C. The test samples were
diameter of 25mm and thickness of 1000𝜇m. Test procedure
followed AASHTO standard TP 5.

The viscoelastic properties of the asphalt binder were
evaluated by measuring the complex shear modulus 𝐺∗ and
phase angle 𝛿. Superpave specification uses rutting factor
𝐺∗/sin(𝛿) to characterize the high-temperature resistance
to permanent deformation of asphalt binder. The principal
viscoelastic parameters obtained from the DSR were the
magnitude of the complex shear modulus (𝐺∗) and the phase
angle (𝛿) and |𝐺∗|/sin(𝛿) was calculated. The failure temper-
ature and the dynamic-shear viscosity (|𝑛∗|) at 135∘C were
determined following the Superpave mix design specifica-
tions. |𝐺∗|/sin(𝛿), the failure temperature, and the dynamic-
shear viscosity were used as indexes to evaluate the storage
stability of modified asphalt binders.

3. Results and Discussion

3.1. Effects of Nanoparticle Content. To study the effects of
nanoparticle content on the storage stability of the nanopar-
ticle modified asphalt binders, the asphalt binder samples
with nanoparticle contents of 0.50%, 1.00%, 1.50%, 2.00%, and
2.50% after hot tube storage tests were applied to investigate
the values of softening point, failure temperature, dynamic-
shear viscosity, and |𝐺∗|/sin(𝛿).
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Figure 3: The effects of nanoparticle content on the softening point.

(1) The Effects of Nanoparticle Content on the Softening Point.
The results of the softening point test using the two types of
asphalt bindersmodified with different nanoparticle contents
were shown as Figure 3. It can be observed that, with the
increase of the nanoparticle content, the softening point of the
asphalt binders modified by TiO2-50 and TiO2-100 increased
gradually. Comparing the differences between the two
modified asphalt binders, it can be found that the softening
point of TiO2-50modified asphalt binder was relatively large.

A softening point gap was the difference of the softening
point of the nano-TiO2 modified asphalt binders between
the top and the bottom sections in the aluminum foil tubes
after the hot tube storage test. To evaluate the storage stability
of the modified asphalt binders, the softening point gaps
under the conditions of different nanoparticle content were
calculated and the results are presented in Figure 3. With
the increase of the nanoparticle content, the softening point
gap of TiO2-50 modified asphalt binder increased gradually
and reached the peak at the nanoparticle content of 2.00%.
Similarly, the softening point gap of TiO2-100 modified
asphalt binder reached the peak at the nanoparticle content
of 1.50% and decreased lightly after that.

It was considered that the dispersion of nanoparticle
decreased with the increasing nanoparticle content and
the agglomeration became more significant leading to the
decrease of the storage stability of modified asphalt binders.

The softening point test is a common test for storage sta-
bility of modified asphalt binder. When the difference of the
softening points between the top and the bottom sections
of the sample treated for 48 h at 163∘C was less than 2.5∘C,
the sample was considered to have good high-temperature
storage stability [2]. Based on this principle, the two types
of nano-TiO2 modified asphalt binders had good high-
temperature storage stability.

(2) The Effects of Nanoparticle Content on the Dynamic-
Shear Viscosity. The effects of nanoparticle content on the

dynamic-shear viscosity are shown as Figure 4.The dynamic-
shear viscosity of two kinds of modified asphalt binders
correspondingly increased with the increasing nanoparticle
content, which indicated that the content of nanoparticle
affected the dynamic-shear viscosity of asphalt binder modi-
fied by TiO2-50 and TiO2-100.

The Krieger-Dougherty equation gives a description of
the relationship between the particle volume fraction and the
relative viscosity in a monodisperse system [23, 24]:

𝜂𝑟 = (1 − 𝜙𝜙max
)
−[𝜂]𝜙max , (1)

where 𝜂𝑟 is the relative viscosity, [𝜂] is the intrinsic viscosity,𝜙 is the volume fraction, and 𝜙max is the maximum volume
fraction of the latex. According to (1), it can be found that
the larger the volume fraction, the more the relative viscosity,
correspondingly, the higher the nanoparticle content, the
more the dynamic-shear viscosity.

The dynamic-shear viscosity gaps under the conditions of
different nanoparticle content are shown as Figure 4. For the
asphalt binders modified by TiO2-50 and TiO2-100, the
dynamic-shear viscosity gap increased as the nanoparticle
content increased. The results indicated that the difference
of the shear viscosity between the top section and the
bottom section in the aluminum foil tube increased with the
nanoparticle content.

With the increase of nanoparticle content, the agglomera-
tion of nanoparticle increased due to the effect of large surface
energy. Besides, the interaction between the agglomerated
nanoparticles and asphaltene molecules by Van der Waals
forces transfers the dispersed system of modified asphalt
binders from a stable state to a metastable state, attribute to
decreasing the storage stability.

(3) The Effects of Nanoparticle Content on the Failure Tem-
perature. Although the softening point test is a common test
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Figure 4: The effects of nanoparticle content on the dynamic-shear viscosity.
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Figure 5: The effects of nanoparticle content on the failure temperature.

method, the accuracy of the test is not high, especially for
the modified asphalt with a small amount of nanoparticles.
It was necessary to apply a high accuracy test method to
investigate the storage stability, soDSR test was applied in this
study.

The effects of nanoparticle content on the failure temper-
ature are shown as Figure 5. With the increase of nanopar-
ticle content, the failure temperatures of the asphalt binder
modified by TiO2-50 and TiO2-100 presented a continued
slight growth.When the nanoparticle content increased from
0.50% to 2.50%, the failure temperature of TiO2-50 modified
asphalt binder increased from 58.35∘C to 62.21∘C and that of

TiO2-100 modified asphalt binder increased from 58.31∘C to
62.09∘C.

Failure temperature gaps under the conditions of different
nanoparticle content were also calculated and the results
are presented in Figure 5. The failure temperature gap of
TiO2-50 modified asphalt binder steadily increased with the
nanoparticle content and that of TiO2-100 modified asphalt
binder increased slowly before nanoparticle content of 1.00%
and then presented a larger rise.

Overall, the TiO2-50 modified asphalt binder and the
TiO2-100 modified asphalt binder had similar change regu-
lation of failure temperature over the nanoparticle content.
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Figure 6: The effects of nanoparticle content on |𝐺∗|/sin(𝛿).

(4) The Effects of Nanoparticle Content on the Rutting Factor.
The effects of nanoparticle content on |𝐺∗|/sin(𝛿) are shown
as Figure 6. For the two kinds of modified asphalt binders,
|𝐺∗|/sin(𝛿) increased slowly as the nanoparticle content
increased.
|𝐺∗|/sin(𝛿) gaps under the conditions of different

nanoparticle content were calculated and are presented in
Figure 6. According to the curve of the |𝐺∗|/sin(𝛿) gap
of TiO2-50 modified asphalt binder, the |𝐺∗|/sin(𝛿) gap
increased slowly when the amount of TiO2-50 was less than
2.00%, while the |𝐺∗|/sin(𝛿) gap increased significantly in the
amount of 2.50%. By contrast, the |𝐺∗|/sin(𝛿) gap of TiO2-100
modified asphalt binder showed a slow increasing trend in the
range of test content of 0.50%∼2.50%. The results indicated
that the nanoparticle content had effects on the |𝐺∗|/sin(𝛿).

In general, the gap of softening point, the gap of failure
temperature, the gap of dynamic-shear viscosity, and the
gap of |𝐺∗|/sin(𝛿) increased with the nanoparticle content.
For the asphalt binders modified by TiO2-50 and TiO2-
100, the storage stability of nanoparticle modified asphalt
binders decreased with the increase of the nanoparticle
content, which could be mainly due to the agglomeration of
nanoparticle increased with the increase of nanoparticle
content based on the microscale analysis.

3.2. Effects of Storage Time. To study effects of storage time
on the storage stability of the nanoparticle modified asphalt
binders, the two types of the modified asphalt binder samples
with a nanoparticle content of 2.50% after hot tube storage
tests at the storage time of 6, 12, 24, 48, 72, and 120 h and at
storage temperature of 163∘C were applied to investigate the
values of |𝐺∗|/sin(𝛿).

Figure 7 shows the effects of storage time on |𝐺∗|/sin(𝛿).
For both TiO2-50 modified asphalt binder and TiO2-100
modified asphalt binder, the values of |𝐺∗|/sin(𝛿) were

relatively small at the storage time before 48 hours and
dramatically increased after 48 hours.

To analyze the effects of storage time on storage stability
of nanoparticlemodified asphalt binders, the |𝐺∗|/sin(𝛿) gaps
under different conditions of storage time were calculated
and are presented in Figure 7. For TiO2-50 modified asphalt
binder, the |𝐺∗|/sin(𝛿) gap had a trend of increase with
the storage time before 48 hours and changed little after 48
hours. For TiO2-100 modified asphalt binder, the variation of
|𝐺∗|/sin(𝛿) gapwas like that of TiO2-50.The results indicated
that the storage time had an impact on storage stability of
nanoparticle modified asphalt binders and the impact was
remarkable when the storage time was more than 48 hours.
Moreover, it can be found that the |𝐺∗|/sin(𝛿) gap of TiO2-50
at 72 hours and that of TiO2-100 at 120 hours decreased lightly,
that it was considered that both of the top and the bottom
section of binder specimens were aged heavily, affecting the
|𝐺∗|/sin(𝛿) gap when the storage time was more than 48
hours.

Nanoparticles tend toward agglomeration to depress the
surface energy based on the lowest energy principle [24].
With increasing storage time, the agglomerated nanoparticles
will redisperse or escalate agglomeration resulting in reduc-
ing the storage stability of the modified asphalt binders.

3.3. Effects of Storage Temperature. To study the effects of
storage time on the storage stability of the nanoparticle mod-
ified asphalt binders, the two types of the modified asphalt
binder samples with a nanoparticle content of 2.50% after hot
tube storage tests at the storage time of 48 h and at storage
temperature of 120∘C, 163∘C, and 175∘C were applied to
investigate the values of |𝐺∗|/sin(𝛿).

Figure 8 shows the effects of storage temperature on
|𝐺∗|/sin(𝛿). For both the TiO2-50 modified asphalt binder
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Figure 7: The effects of storage time on |𝐺∗|/sin(𝛿).

Top section Bottom section
|G∗|/ＭＣＨ() Ａ；Ｊ

163 175120
Storage temperature (∘C)

−20

0

20

40

60

80

|G
∗
|/
ＭＣ
Ｈ
(

)
ga

p 
(P

a)

1200

1250

1300

1350

1400

1450

1500

1550

1600

|G
∗
|/
ＭＣ
Ｈ
(

)
(P

a)

(a) TiO2-50

Top section Bottom section
|G∗|/ＭＣＨ() Ａ；Ｊ

163 175120
Storage temperature (∘C)

1200

1250

1300

1350

1400

1450

1500

1550

1600

|G
∗
|/
ＭＣ
Ｈ
(

)
(P

a)

−20

0

20

40

60

80

|G
∗
|/
ＭＣ
Ｈ
(

)
ga

p 
(P

a)

(b) TiO2-100

Figure 8: The effects of storage temperature on |𝐺∗|/sin(𝛿).

and the TiO2-100 modified asphalt binder, |𝐺∗|/sin(𝛿)
increased with the storage temperature.

The |𝐺∗|/sin(𝛿) gaps at different storage temperatures
were calculated to analyze the effects of storage temperature
on the storage stability and the calculation is presented as
curves of |𝐺∗|/sin(𝛿) gap in Figure 8. It can be seen from
Figure 8 that the two kinds of modified asphalt binders had
similar |𝐺∗|/sin(𝛿) gap variation with the storage temper-
ature: the |𝐺∗|/sin(𝛿) gap between the top and bottom
section was smaller at low storage temperature (120∘C), the
|𝐺∗|/sin(𝛿) gap was larger at 163∘C, and the |𝐺∗|/sin(𝛿) gap

slightly rose when the storage temperature rose to 175∘C. It
can be found that storage temperature had an influence on the
storage stability of nanoparticlemodified asphalt binders.The
storage stability of nanoparticle modified asphalt binders was
better at low temperatures than that at high temperatures.

A nanoparticle modified asphalt binder is a dispersed
system.Themolecular heatmotion in the dispersed system of
themodified asphalt binders increasedwith temperature.The
agglomerated nanoparticle andmicelle composition of heavy
asphaltene trended to sink at high storage temperature result-
ing in |𝐺∗|/sin(𝛿) gap increasing. Consequently, the storage
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stability of nanoparticle modified asphalt binders decreased
with storage temperatures.

4. Analysis of Variance (ANOVA)

In statistics, analysis of variance (ANOVA) is an important
technique to determine whether there is a significant dif-
ference between two or more sample means of populations
[25, 26]

To statistically evaluate the effects of nanoparticle size,
nanoparticle content, storage time, and storage temperature
on the storage stability of nanoparticle modified asphalt
binders, one-way ANOVA (single factor) was carried out in
this research.

(1) ANOVA of Nanoparticle Size. The one-way ANOVA
(single factor) was carried out in this research with 95% con-
fidence interval (𝛼 = 0.05) to determine whether there was a
significant difference of the storage stability between TiO2-50
and TiO2-100 groups.The primary variables included soften-
ing point, failure temperature, dynamic-shear viscosity, and
rutting factor (|𝐺∗|/sin(𝛿)).

The null hypothesis tested by ANOVA is that the popu-
lation means for all conditions are the same. The hypotheses
for the two-tailed test were as follows.

The Null Hypothesis, H0. The storage stability of the TiO2-50
modified asphalt binder was similar to that of the TiO2-100
modified asphalt binder.

TheProposed Hypothesis, H1. The storage stability of TiO2-50
modified asphalt binder was different from that of the TiO2-
100 modified asphalt binder.

If the null hypothesis was rejected as the significance
value was smaller than the significance level, 𝛼 (0.05), then
it can be concluded that at least one of the population
means was different from at least one other populationmean.
Therefore, the two populations were found to be statistically
significantly different. Table 3 presents the ANOVA between
the TiO2-50 and TiO2-100 groups.

From Table 3, the significance value of 0.736 in softening
point was larger than 𝛼 (0.05); thus the proposed hypothesis
was rejected and it indicated that there was no significant
difference of the storage stability between TiO2-50 and TiO2-
100 groups according to the softening point.

Correspondingly, it can be seen from Table 3 that the
significance value of 0.890 in failure temperature, the sig-
nificance value of 0.711 in dynamic-shear viscosity, and the
significance value of 0.668 in rutting factor were larger than
𝛼 (0.05).The one-way ANOVAwith single factor showed that
there was no statistically significant difference of the storage
stability between TiO2-50 and TiO2-100 groups based on the
indexes of failure temperature, viscosity, and rutting factor.

The test of one-way ANOVA indicated that the nanopar-
ticle size had no significant influence on the storage stability
of nanoparticle modified asphalt binders, which could be
mainly due to the fact that the agglomeration of nanoparticle
reduced the dispersion of nanoparticle in the dispersed

system of modified asphalt binder and the difference of size
effects for nanoparticle on the storage stability. The Stokes-
Einstein equation provides an estimate of the terminal veloc-
ity of a particle in a dispersed system [27]:

V𝑠 = 𝑑
2Δ𝜌𝑔
18𝜂𝑐 , (2)

where V𝑠 is the terminal velocity, 𝑑 is the particle diameter,
Δ𝜌 is the density difference between dispersed phase and
continuous phase, 𝑔 is the gravitational acceleration, and 𝜂𝑐
is the continuous phase viscosity.

From Figure 1, the agglomeration of TiO2-50 is more
obvious than that of TiO2-100. The agglomeration of TiO2-
50 will escalate in the dispersed system of modified asphalt
binder to further increase the terminal velocity of the agglom-
erated particles to sink. Therefore, reducing the nanoparti-
cle size cannot effectively enhance the storage stability of
nanoparticle modified asphalt binders, but improving the
dispersion of nanoparticle was thought to be a positive
method.

(2) ANOVA of Nanoparticle Content. To analyze the effects of
nanoparticle content on the storage stability of nanoparticle
modified asphalt binders, the one-way ANOVA was also
employed. The hypotheses for the two-tailed test were as
follows.

TheNull Hypothesis, H0. The storage stability of themodified
asphalt binders was the same in the conditions of different
nanoparticle content.

The Proposed Hypothesis, H1. The storage stability of modi-
fied asphalt binder was different in the conditions of different
nanoparticle content.

Tables 4–7 present the variance analysis of soften-
ing point, failure temperature, viscosity, and rutting factor
between the groups of different nanoparticle contents.

As shown in Table 4, the results of the ANOVA indicated
that the significance value of 0.020 in softening point was
less than the significance level, 𝛼 = 0.05; therefore, it can
be concluded that there was enough evidence to suggest
a difference between the groups of different nanoparticle
contents. It can be found that there is a significant difference
between the groups of different nanoparticle contents in the
softening point value.

According to one-wayANOVA in Tables 5–7, it suggested
that there were significant differences in failure temperature,
viscosity, and rutting factor between the groups of different
nanoparticle contents, which was further verification of the
effects of nanoparticle content on the storage stability of
nanoparticle modified asphalt binders.

The test of one-way ANOVA with single factor showed
that there was a statistically significant difference between the
groups of different nanoparticle contents. It could be learnt
that the nanoparticle content of 0.50%∼2.50% had a signifi-
cant influence on the storage stability of asphalt binders based
on the ANOVA.
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Table 3: ANOVA: single factor between the TiO2-50 and TiO2-100 groups.

Properties Source of variation Sum of squares Degree of freedom Mean Square 𝐹 Significance

Softening point
Between groups (Combined) 0.016 1 0.016 0.122 0.736

Linear term 0.016 1 0.016 0.122 0.736
Within groups 1.048 8 0.131

Total 1.064 9

Failure temperature
Between groups (Combined) 0.008 1 0.008 0.020 0.890

Linear term 0.008 1 0.008 0.020 0.890
Within groups 3.092 8 0.386

Total 3.100 9

Dynamic shear viscosity
Between groups (Combined) 1.600 1 1.600 0.147 0.711

Linear term 1.600 1 1.600 0.147 0.711
Within groups 87.016 8 10.877

Total 88.616 9

Rutting factor
Between groups (Combined) 16.900 1 16.900 0.198 0.668

Linear term 16.900 1 16.900 0.198 0.668
Within groups 681.200 8 85.150

Total 698.100 9

Table 4: ANOVA: single factor between the groups of different particle contents on softening point value.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 0.924 4 0.231 8.250 0.020

Linear term Contrast 0.761 1 0.761 27.161 0.003
Deviation 0.163 3 0.054 1.946 0.240

Within groups 0.140 5 0.028
Total 1.064 9

Table 5: ANOVA: single factor between the groups of different particle contents on failure temperature.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 3.024 4 0.756 50.205 0

Linear term Contrast 2.957 1 2.957 196.335 0
Deviation 0.068 3 0.023 1.495 0.323

Within groups 0.075 5 0.015
Total 3.100 9

Table 6: ANOVA: single factor between the groups of different particle contents on viscosity.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 80.616 4 20.154 12.596 0.008

Linear term Contrast 75.272 1 75.272 47.045 0.001
Deviation 5.344 3 1.781 1.113 0.426

Within groups 8.000 5 1.600
Total 88.616 9

Table 7: ANOVA: single factor between the groups of different particle contents on rutting factor.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 657.600 4 164.400 20.296 0.003

Linear term Contrast 520.200 1 520.200 64.222 0
Deviation 137.400 3 45.800 5.654 0.046

Within groups 40.500 5 8.100
Total 698.100 9
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Table 8: ANOVA: single factor between the groups of different storage time on rutting factor.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 3659.750 5 731.950 14.236 0.003

Linear term Contrast 3177.779 1 3177.779 61.804 0
Deviation 481.971 4 120.493 2.343 0.168

Within groups 308.500 6 51.417
Total 3968.250 11

Table 9: ANOVA: single factor between the groups of different storage temperatures on rutting factor.

Source of variation Sum of squares Degree of freedom Mean square 𝐹 Significance

Between groups
(Combined) 3493.000 2 1746.500 499.000 0

Linear term Contrast 2862.250 1 2862.250 817.786 0
Deviation 630.750 1 630.750 180.214 0.001

Within groups 10.500 3 3.500
Total 3503.500 5

(3) ANOVA of Storage Time. The test of ANOVA of the rut-
ting factors between the groups of different storage time was
applied to investigate the effect of storage time on the
storage stability of nanoparticlemodified asphalt binders.The
hypotheses for the two-tailed test are as follows.

TheNull Hypothesis, H0. The storage stability of themodified
asphalt binders was the same in the conditions of different
storage time.

The Proposed Hypothesis, H1. The storage stability of modi-
fied asphalt binder was different in the conditions of different
storage time.

The results of ANOVA between the groups of different
storage time on rutting factor are shown in Table 8. The
results showed that the significance value of 0.03 was less
than 𝛼 (0.05).The null hypothesis was rejected; thus, it can be
concluded that there was a significant difference between the
groups of different storage time concerning the rutting
factors.

The ANOVA indicated that storage time had a significant
influence on storage stability of nanoparticlemodified asphalt
binders.

(4) ANOVA of Storage Temperature. The test of ANOVA
on rutting factor between the groups of different storage
temperature was applied to investigate the effect of storage
temperature on the storage stability of nanoparticle modified
asphalt binder. The hypotheses for the two-tailed test were as
follows.

TheNull Hypothesis, H0. The storage stability of themodified
asphalt binders was the same in the conditions of different
storage temperature.

The Proposed Hypothesis, H1. The storage stability of modi-
fied asphalt binder was different in the conditions of different
storage temperature.

The results of ANOVA between the groups of different
storage temperatures on rutting factor are shown in Table 9.
The significance valuewas less than𝛼 (0.05).The null hypoth-
esis was rejected, so it can be concluded that there was a
significant difference between the groups of different storage
time. The results indicated that storage temperature had a
significant influence on the storage stability of nanoparticle
modified asphalt binders.

The results of ANOVA further verified the previous
analysis of the tests on the modified asphalt binders. In order
to improve the storage stability of nanoparticle modified
asphalt binders, proper nanoparticle contents, lower storage
time, and temperatures can be chosen. At the same time, it is
important to improve the dispersion of nanoparticle modi-
fied asphalt binders.

5. Conclusions

This study adopted the hot tube storage test, the softening
point test, and the DSR test to investigate the storage stability
of the nano-TiO2 modified asphalt with the variation of
nanoparticle content, storage time, and storage temperature.
Based on the results and the ANOVA, the following conclu-
sions can be drawn:

(a) The storage stability of nanoparticle modified asphalt
binders decreased with the nanoparticle content.

(b) The storage time had an impact on storage stability of
nanoparticlemodified asphalt binders and the impact
was remarkable when the storage time was more than
48 h. It is necessary to take measures to improve
the storage stability of nanoparticle modified asphalt
binders when the storage time was more than 48 h.

(c) The storage stability of nanoparticle modified asphalt
binders at low temperatures was better than that at
high temperatures.

(d) Reducing the nanoparticle size cannot effectively
enhance the storage stability of the nanoparticle
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modified asphalt binder due to the agglomeration of
nanoparticle.
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Acoustic emission (AE) experiments under uniaxial compression and cyclic loading-unloading compression conditions were
performed using different sizes of cubic concrete specimens. The influences of the loading methods and the concrete sizes on the
mechanical parameters and the concrete AE activities were analyzed. The loading method was found to have great impact on the
deformation, failure, and energy dissipation of concrete materials. With the increase of the material size, the uniaxial compressive
strength of the concrete specimens gradually decreased, while the corresponding strain of peak strength increased first and then
decreased.The elasticitymodulus fluctuated irregularly. Under the uniaxial compression conditions, fiveAEpatterns corresponding
to the deformation and failure of the concrete materials were observed. A significant nonlinear relationship was found between the
AE and the stress level. The cumulative AE rings at the peak stress showed nonlinear growth with the increase of the concrete
size. Based on an established relationship between the cumulative AE rings and the stress level, the necessary conditions for the
existence of the quiet AE period were given. Under the uniaxial cyclic loading-unloading compression conditions, the Felicity
ratio decreased first and then increased as the stress increased. The research results have some guiding significance to AE-based
monitoring of internal stress evolution of coal, rock, and concrete materials and thereby enable assessment of their stability.

1. Introduction

During the deformation and failure evolution of coal and
rock materials, internal strain energy will be transmitted and
dissipated continuously. Acoustic emission (AE) is not only
one of physical responses to the deformation and failure
behaviors under loads but also one of the energy dissipation
pathways during the deformation and failure evolution of
coal and rock materials. AE event monitoring has become
an important means for real-time monitoring of the failure
evolution of materials [1]. AE event is a high-frequency and
low-energy body wave [2]. Grain-scale motions, such as
dislocations, twin crystal, grain rearrangements, and friction,
as well as macroscale motions, such as quantity growth and
size expansion of microcracks, could lead to AE events [3].
Deformation and failure behaviors of coal, rock, and concrete

materials are complicated processes. It is necessary to explore
the fracture process from the microscopic perspective to
discuss the rupture failure mechanism.The AE phenomenon
is one means to study rupture failure on the microscale
or grain-scale [2, 3]. Based on the AE activities, precursor
information and laws of buckling failure of coal and rock
mass have been found [4–7].

Many research studies on the AE characteristics of coal,
rock, and concrete materials during the deformation and
failure process have been reported since the Kaiser effect was
discovered [8]. Moura et al. [9] viewed rock rupture as a
second-order phase transition and proposed a newmethod to
forecast sudden rock rupture based on the AE phenomenon.
Baud et al. [10] studied the relationships between the local-
ization of sandstone stress deformation and the AE evolution
and believed that the localization pattern could be discovered
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through AE imaging. Based on the concept of the AE trigger
threshold of rock mass, Cai et al. [11] proposed a retrieval
method of rock strength based on the AE parameters. Zong
et al. [12] analyzed crack expansion in the damage evolution
process of sandstone materials based on the AE activities
and established the corresponding damage evolution model.
Wasantha et al. [13] studied the energy dissipation charac-
teristics of layered sandstones with different dips under the
uniaxial compression condition and found that released AE
energy decreasedwith the increase of the bedding dip because
small-scale rupture on the microlevel is similar to the large-
scale rupture on the macrolevel [14–16]. Therefore, the large-
scale rupture momentum of dynamic disasters, such as rock
burst, could be simulated by the small-scale rupture process
of rock specimens [17–19]. Study of the AE characteristics
from small-scale rock failure to large-scale rock dynamic
disasters as well as precursor laws of microseism involves
the size effect of coal and rock mass. Moreover, failure and
the AE response laws of coal and rock masses with differ-
ent sizes are of important significance for monitoring and
forecasting dynamic disasters in deep underground engineer-
ing.

At present, scholars have performed many studies on
electromagnetic radiation, AE, surface potential change law,
and other phenomena in the rupture failure process of coal
and rock masses; these studies have achieved tremendous
research results that have been applied in engineering prac-
tice for the monitoring and forecasting of dynamic disasters.
Nevertheless, few research studies have discussed the impact
of the size of coal and rock masses on the electromagnetic
radiation, AE, and other characteristics; this lack of study is a
problem that requires urgent solution.

Research studies on the size effect of coal and rock
masses under the uniaxial compression condition are being
performed worldwide [20]. However, only slow progress
has been made, and some uncertain research results have
been reported. The first reason for this lack of progress
is that coal and rock materials are a heterogeneous media
with uneven distribution of internal defects and have great
individual differences. In particular, coal and rock specimens
have distinct features. Even coal and rock specimens with
the same size exhibited great differences in the experimental
results. The second reason is that size effect studies require a
substantial size range, including many size categories, which
are often difficult to implement in practice.

Therefore, to eliminate the individual effect of coal and
rock specimens and provide a more direct, specific, and
objective reflection of influences of pure size effect on elec-
tromagnetic radiation and AE characteristics of specimens,
this study used concrete blocks that were fabricated using
the same formula under equal conditions in the simulation
study of similar materials. As an artificial prefabricated
rock material, concrete can reduce the physical differences
of sample individuals to the maximum extent. On this
basis, AE responding laws of cubic concrete specimens with
different sizes in the uniaxial loading failure process and the
influences of size on the basic mechanical parameters were
explored.

Figure 1: Different concrete specimens used in the experiment.

Figure 2: Loading system and AEmonitoring system applied in the
experiment.

2. Experimental Design and Scheme

The concrete specimens used in this experiment were pre-
pared mainly by cement, sand, and water according to the
mass fraction of 1 : 1.60 : 0.58.The cement was P.O52.5R Port-
land cement, and the sand was screened by a fine sieve, with a
maximum particle size of 0.42mm; clean tap water was used.
These raw materials were evenly mixed at predetermined
proportions. Next, the mixture was poured into a cast iron
mold and then cultured in the dark for 28 days. The concrete
specimens were divided into four groups according to size,
namely, 50mm, 70mm, 100mm, and 150mm cubes. There
were 4 concrete specimens in each group. Images of some
specimens are shown in Figure 1.

The uniaxial loading experiment of the concrete speci-
mens was carried out on a SANS microcomputer controlled
electrohydraulic servo press. This press system is mainly
composed of the PowerTestV3.3 control program, hydraulic
oil pump, and DCS controller. The maximum load that
the press can apply is 3,000KN, and the press can apply
loads linearly to concrete specimens at a uniform velocity.
In addition, the CTA-1 AE data acquisition system manufac-
tured by the Physical Acoustics Company (USA) was used
in the experiment to achieve real-time monitoring of AE
activities of the concrete specimens at a sampling frequency
of 500 kHz. This system is equipped to perform a variety of
functions, such as parameter setting, data acquisition, and
A/C conversion. Structures of the experimental system are
shown in Figure 2. The layout of the AE sensors is shown in
Figure 3.

The entire experiment under uniaxial compression con-
ditions adopted the displacement control mode. To ensure
the same strain rate, the loading rate was proportional to the
specimen size.The specific experimental scheme is presented
in Table 1.
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Table 1: Experimental scheme in detail.

Number Loading condition Loading rate

50 × 50 × 50

A1
Uniaxial loading with
displacement control

0.6mm/min
A2
A4 0.4mm/min
A3 Cyclic loading —

70 × 70 × 70

B1
Uniaxial loading with
displacement control

0.4mm/min
B2
B4 0.4mm/min
B3 Cyclic loading —

100 × 100 × 100

C1
Uniaxial loading with
displacement control

0.28mm/min
C2
C4 0.4mm/min
C3 Cyclic loading —

150 × 150 × 150

D1
Uniaxial loading with
displacement control

0.2mm/min
D2
D4 0.4mm/min
D3 Cyclic loading —

Figure 3: Arrangement of the AE sensors on the specimen.

3. Results and Discussion on the AE Activities
of Concrete Specimens

Stress-strain curves of concrete specimens under the uniaxial
compression and uniaxial cyclic loading-unloading compres-
sion conditions are shown in Figures 4 and 5, respectively.
Figure 4 shows that, under the uniaxial compression con-
dition, the stress deformation curves of concrete specimens
could be divided into five stages: consolidation stage, linear
elastic stage, yield softening stage before the failure, critical
buckling stage, and residual strength stage. As shown in
Figure 5, the displacement control mode (A3 and B3) was
adopted in the uniaxial cyclic loading-unloading compres-
sion conditions. The loading and unloading curves basically
coincided, and the plastic deformation was weak, indicating
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Figure 4: Stress-strain curves of concrete specimens under the
uniaxial compression conditions.

the small amount of energy dissipation, while under the force
control conditions, the area formed by loading and unloading
curves and the horizontal axis was large. The large amount of
plastic deformation implied that the loading control method
can significantly influence the damage deformation and
energy dissipation of concrete materials.

The size effects on the mechanical properties of concrete
materials are shown in Figures 6 and 7. It can be known that,
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Figure 5: Stress-strain curves of concrete specimens under the uniaxial cyclic loading-unloading compression conditions.

under the conditions of uniaxial direct and cyclic compres-
sion, the variations of the uniaxial compressive strength and
the cubic specimen size were basically consistent. Further-
more, the uniaxial compressive strength of C3 significantly
deviated from those of C1 and C2. However, specimens of
the same size exhibited a small difference between 𝜎

𝑐
and

𝜎
𝑐𝑐
. Hence, the loading method (uniaxial loading or cyclic

loading) is not thought to obviously influence the uniaxial
compressive strength of concrete specimens. When the size
effect on the compressive strength was taken into account,
the loadingmethod could be neglected. However, the loading
method significantly influenced the corresponding strain
(𝜀
𝑐
).
From Figure 6, under the conditions of direct uniaxial

compression, with the increase of size scale, the uniaxial com-
pressive strength of concrete specimens gradually decreased
while the corresponding strain of peak strength increased
first and then decreased. The elasticity modulus fluctuated to
some extent as the size increased. Also seen from Figure 7,
the compressive strength (𝜎

𝑐𝑐
) and the corresponding strain

(𝜀
𝑐𝑐
) of the peak strength of concrete specimens gradually

decreased.

3.1. AE ResponseModels of Concrete Specimens under Uniaxial
Compression. The AE response of concrete specimens under
uniaxial compression condition is shown in Figure 8. It can be
found that AE events occurred in the uniaxial compressive
failure process of concrete specimens and the AE activities
showed different characteristics in different deformation
stages. Through the experimental analysis, in view of the
relationship between the time sequences of AE events and the
main fractures, five AE patterns of concrete specimens under
the uniaxial compression conditionswere observed, as shown
in Figure 9.

Pattern A accounts for a high proportion of the behavior
under uniaxial loading, reaching as high as 37.5% (Fig-
ure 8(c)). At the beginning of loading, some AE events
occur, possibly because there are many small holes in
the concrete mass caused by bubbles during the specimen
preparation and these holes cause some microcracks in the
compression stage. After such small holes are compressed,
the AE activities weakened. With the increase of stress level,
the microcracks tended to be active and the AE activities
strengthened and quickly reached a counting peak. Later,
the AE activities weakened, possibly because the internal
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microcrack density of the concrete materials reached a limit
and the occurrence frequency of microcracks decreased.
At this moment, the accumulated energy in the material
was still inadequate to connect and gather microcracks into
macrocracks, manifested by the weakening AE activities.
After the AE activities remained stable for a short period,
they gradually became active again with the increase of the
loads.Accordingly, theAE energy or counts grewvery quickly
and the accumulated energy reached the energy limitation
that the material could tolerate; as a result, the microcracks
quickly connected together into macrocracks, leading to
primary fracture. Subsequently, the severe friction between
weakened fracturing surfaces of materials kept the AE events

strong. This phenomenon explains why the main fracture
occurred before the AE counts reached the peak value.

Pattern B accounts for 31.25% of the AE rings in the
uniaxial compression of concrete specimens, which is a
common pattern (Figure 8(e)). In the very short duration at
early loading, strong AE events occurred. Subsequently, the
AE events gradually enhanced with the load increase, and the
maximum AE activities were achieved at the fracture. Under
some circumstances, the peak of AE activities occurred
first, and then the AE strength weakened. Concrete failure
occurred in the weakening process of the AE activities, that
is, after the maximum AE rings.

Pattern C accounts for 18.75% of the AE rings in the
uniaxial compression of concrete specimens; AE rings often
occur under a high loading rate (Figure 8(a)). At the
beginning of the loading, few AE events were observed. In
addition, the AE activities violently fluctuated as the loading
process continued. In some periods, AE events were strong,
whereas they were weak in other periods. Such states were
maintained before 70% of the peak stress. Beyond the 70%
of peak stress, the AE strength continued to grow with
the increase in the stress level until the main fracture is
developed. At this moment, the AE strength reached the
maximum, possibly due to the fact that prior to 70% of peak
stress, the internal damage of materials had been undergoing
complicated evolutions. The occurrence and expansion of
internal microcracks in materials are not continuous, but
intermittent.

Pattern D accounts for 6.25% of the AE rings in the
uniaxial compression of concrete specimens (Figure 8(b)).
The AE activities enhanced with the increase of stress and
showed a sudden weakening (or quiet period) at approxi-
mately 90% of the stress peak before the fracture. After this
quiet period, the AE activities became even more active than
those before the quiet period, and the specimens quickly
broke. The occurrence of the quiet AE period implies that
the adjustment of internal damage evolution of the materials
is related to the reduction of strain energies released from
concrete damage [21], which has important significance for
forecasting dynamic disasters of coal and rock masses.

Pattern E accounts for 6.25% of AE rings in the uniaxial
compression of concrete specimens (Figure 8(d)), which is
relatively similar to pattern B. However, the main fracture
of pattern E develops in the weakening process of the AE
activities after the energy peak.Moreover, there is another AE
peak after the peak count of AE activities.

3.2. Relationships between the AE Characteristics of Con-
crete Specimens and the Loads under Uniaxial Compression
Conditions. The AE phenomenon in the deformation and
failure processes of concrete specimens is caused by the
development, expansion, and connection of microcracks.
Whether microcracks will expand is determined by whether
the stress intensity factor at the tip of the cracks has exceeded
its fracture toughness.The stress intensity factor of cracks is a
function of the crack size, shape, and far-field stress. In other
words, whether cracks will expand is determined to a large
extent by the stress that the material has suffered. Therefore,
the AE activities are closely related to the stress level.
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Figure 8: AE activities of concrete specimens under the uniaxial compression conditions.

Define the probability density of time sequence of AE
counts as𝑓(𝜑) in the process when stress level increases from
𝜑 to 𝜑 + 𝑑𝜑 [22]:

𝑓 (𝜑) 𝑑𝜑 = 𝑑𝑁
𝑁
. (1)

𝑁 is the accumulated AE rings from the beginning of loading
to the stress level 𝜑, and 𝑑𝑁 denotes the AE rings produced

when the stress level increased from 𝜑 to 𝜑 + 𝑑𝜑. Thus, the
probability density function of AE 𝑓(𝜑) could be expressed
as [23]

𝑓 (𝜑) = 𝑎
𝜑
+ 𝑏, (2)

where 𝑎 and 𝑏 are experimental constants. The former
constant is related to the initial damage and cracks in the
specimens, and the latter is related to the size scale and the
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Figure 9: The AE mode of concrete specimens under uniaxial compression.

material type. According to (1) and (2), the accumulated AE
rings could be obtained:

𝑁 = 𝑐𝜑𝑎 exp (𝑏𝜑) . (3)

Based on the differentiation of (3), it can be determined
that

𝑑𝑁 = 𝑐𝜑𝑎−1 exp (𝑏𝜑) [𝑎𝑑𝑎 + 𝜑2𝑑𝑏 + (𝑎 + 𝑏𝜑) 𝑑𝜑] , (4)

where 𝑐 is an integration constant and 𝑎, 𝑏, and 𝑐 can be
determined from the curve fitting.

Figure 10 shows the relationship between the accumu-
lated AE rings and the stress level 𝜑 under −0.3 ≤ 𝑎 ≤ 1,
𝑐 = 100000, and 𝑏 = −0.5, 0.5, and 2. When 𝑎 > 0, 𝑁
is positively related to 𝑎, whereas it is negatively related to
𝑎 when 𝑎 < 0. As 𝑏 increases, the accumulated AE rings
increase.When the stress level𝜑 increases, the variation trend
of the accumulated AE rings is related to 𝑎 and 𝑏 and exhibits
nonlinear changes.

Figure 11 shows the fitting relationship between the stress
levels and the accumulated AE rings; a good fitting effect
is observed, indicating that there is a significant nonlinear
relationship between the AE activities and the stress levels.
On this basis, it is feasible to retrieve the stress level that
concrete materials can bear according to monitored AE
counts.

For the B1-Ch1 sample, 𝑎 = −0.15, whereas 𝑎 of A1-Ch2,
C1-Ch1, and D1-Ch2 are all larger than 0. It can be found that
the AE level of B1-Ch1 during the initial loading period is
relatively lower, whereas the AE levels of A1-Ch2, C1-Ch1, and
D1-Ch2 during the initial loading period are relatively higher.
This indicates that positive and negative values of 𝑎 could
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Figure 10: Relationships between the cumulative AE counts, the
stress levels and parameters 𝑎 and 𝑏.

represent the intensity of the AE level in the initial loading
period.

The theoretical value in Figure 12 is the accumulated AE
events at the peak stress determined according to (4), and
the actual value is the accumulated AE rings at the peak
stress measured in the experiment. Except for A1-Ch2 (which
has a great gap between the theoretical and actual values),
the specimens or channels exhibit minor differences between
the theoretical values and the actual values. On this basis,
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Figure 11: Fitting curves of the cumulative AE counts and the stress levels.

Theoretical value 
Test value

0

2

4

6

Th
eo

re
tic

al
 an

d 
te

st 
va

lu
e (

10
6
)

10050 150
Size (mm) 

Figure 12: The theoretical value and actual value of the cumulative
AE counts and its relationship with size at the stress peak.

it is feasible to estimate the accumulated AE rings at peak
stress according to (3) in most cases. In addition, a nonlinear
relationship between the accumulated AE rings and the size
scale of the concrete specimens is found. From the beginning
of loading to the peak stress, the accumulated AE rings
generated from the weak deformation to the entire failure
of the concrete specimens increase nonlinearly with the size
expansion.

Before the main fracture of the specimens, the AE
activities may suddenly weaken (pattern D in Figure 9),
and the variation of the accumulated AE events tends to be
stable. Therefore, quantitative analysis and description of the
AE variation of concrete specimens with stress as well as
the judgment of the quiet AE period could be carried out
according to (3).

Calculating the second derivative of Equation (3), we have

𝜕2𝑁
𝜕𝜑2
= 𝑐𝜑𝑎−2 exp (𝑏𝜑) [𝑎 (𝑎 − 1) + 2𝑎𝑏𝜑 + 𝑏2𝜑2] . (5)
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The zero point is

𝜑
1
= −𝑎 + √𝑎
𝑏
,

𝜑
2
= −𝑎 − √𝑎
𝑏
.

(6)

Because 0 < 𝜑 < 1, the value ranges of 𝜑
1
, 𝑎, and 𝑏 are

𝑏 > −𝑎+√𝑎 (0 < 𝑎 < 1) or 𝑏 < −𝑎+√𝑎 (𝑎 > 1). The effective
regions are A and AB. For 𝜑

2
, 𝑏 < −𝑎 − √𝑎 (𝑎 > 0) and the

effective regions are B and AB.
Therefore, one necessary condition for the existence of

the quiet AE period could be gained: when 𝑎 and 𝑏meet the
appropriate conditions in the regionAB in Figure 13, the quiet
AE period will begin at the stress level 𝜑

1
and end at the stress

level 𝜑
2
.

3.3. AE Response Characteristics of Concrete Specimens under
Uniaxial Cyclic Loading-Unloading Compression Conditions.
As shown in Figure 14, the peak loading stress of specimens
A3 and C3 gradually increases from the first cycle to the
fifth cycle. In each cycle, the AE events are relatively stronger
during the loading period, whereas they are relatively weaker
in the unloading period. In loading periods of the fifth
cycles, the peak loading stress of specimen D3 increases first
and then remains at the postpeak stage, which exceeds the
uniaxial compressive strength of concrete specimens. The
Felicity ratio of the material AE characteristics is the ratio
between the stress level corresponding to strong AE events
and the maximum stress level at the previous cycle. The
Felicity ratio could be used to measure the Kaiser effect and
the Felicity effect of materials. Generally, the Kaiser effect is
effective when the Felicity ratio is greater than or equal to 1.0
[24].

As seen from Figure 15, in the entire cyclic loading-
unloading compression process, the Felicity ratio decreases
first and then increases with the increase of the stress
level. Before 43.1% of the peak stress, the Felicity ratio of
specimen A3 is negatively correlated with the stress level,

which indicates that, in two adjacent cycles, the stress level of
the second cycle significantly decreases and the occurrence of
AE events is relatively ahead of schedule. The Felicity ratio is
low (0.827) at approximately 43.1%of the peak stresswhen the
Kaiser effect becomes invalid. Subsequently, the Felicity ratio
increases as the stress level increases. This phenomenon may
occur because, within a certain stress range, the amount of
damage that is recoverable in the unloading period increases
in each cycle as the stress level increases, thus resulting
in stress reduction for producing strong AE events in the
loading period of the next cycle, that is, reduction of the
Felicity ratio. After the stress level exceeds a certain value,
the amount of unrecoverable damage caused by the plastic
deformation increases, which further leads to the relative
hysteresis of loading stress for producing strong AE events in
the loading stage of the next cycle. This is manifested by the
increase of the Felicity ratio. In the postpeak stage, the Felicity
ratio continuously increases with the increase of the number
of cycles.

4. Conclusions

The AE characteristics and evolution rules of concrete
materials under the conditions of uniaxial compression and
uniaxial cyclic loading-unloading compression conditions
were analyzed and discussed. The findings of this study are
as follows.

(1) Concrete materials with different sizes have similar
deformation and failure process under uniaxial loads. The
loading control method has a great impact on the defor-
mation of concrete materials and the concomitant energy
dissipation. With the increase of the specimen size, the
uniaxial compressive strength 𝜎

𝑐
of the concrete specimens

gradually decreases while the corresponding strain 𝜀
𝑐
at the

peak strength increases first and then decreases.The elasticity
modulus 𝐸 fluctuates to some extent as the size increases.

(2) Under uniaxial compression conditions, five AE
patterns in the failure process of concrete materials were
observed. In addition, the AE activity exhibited different
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characteristics at different deformation stages. There is a
significant nonlinear relationship between the AE rings and
the stress level. The quantitative relationship between the
accumulated AE rings and the stress level was established as
𝑁 = 𝑐𝜑𝑎 exp(𝑏𝜑). On this basis, a necessary condition for the
existence of quiet AE period was given: 𝑎 > 1, 𝑏 < −𝑎 − √𝑎.
The accumulated AE rings caused by concrete failures grow
nonlinearly with the increase of size.

(3) Under the uniaxial cyclic loading-unloading condi-
tions, the AE activities in the loading period of each cycle are
relatively stronger but are relatively weaker in the unloading
period of each cycle. Felicity ratio changes continuously with
the increase of the stress level, which generally decreases first
and then increases. In the postpeak period, the Felicity ratio
significantly increases with the increase of cycles.

(4) The research results not only provide significant
guidance to stress levelmonitoring and stability assessment of
coal, rock, and concretematerials based onAE characteristics
but also have positive significance for discovery of the
precursor information for coal, rock, and concrete materials
and thereby enable prediction of their macroscale failures.
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Styrene-butadiene-styrene- (SBS-) modified asphalts were prepared by mixing different base asphalts, SBS modifier, extracting oil,
and stabilizing agents.The contact angles between SBS-modified asphalt and distilled water, glycerol, and formamide were detected
by the sessile dropmethod. Based on the surface energy theory, the surface free energy and cohesive power of SBS-modified asphalt
were calculated. The influence of the raw materials composition, such as the virgin asphalt and SBS modifier types as well as the
extracting oil and stabilizing agent contents, on the cohesive characteristics of SBS-modified asphalt was discussed. The results
showed that virgin asphalt was compatible with SBS modifiers to improve cohesiveness. The cohesive power of branched SBS-
modified asphalt was larger than that of linear SBS-modified asphalt. The cohesion of SBS-modified asphalt was improved as the
SBS modifier and stabilizer contents increased but was reduced for excessive extraction oil contents. The cohesive characteristics
of the SBS-modified asphalt were improved by the formation of stable three-dimensional network structures by cross-linking,
winding, and grafting among different raw materials.

1. Introduction

Asphalt is a mixture of crude oil refining residue and various
chemical components, widely used in the road pavement
industry as an aggregate binder, because it offers good adhe-
sion, viscoelasticity, and strength [1]. However, further appli-
cations are restricted by disadvantages including high-tem-
perature rutting and low-temperature cracking [2]. Heavier
vehicle loads, increased traffic volumes, and extreme weather
conditions can cause pavement damage such as permanent
deformation [3, 4]. In order to improve the quality of asphalt,
various polymers can be incorporated by mechanical mixing
or chemical reaction, thereby improving the mechanical
properties, heat sensitivity, and aging resistance of the asphalt

[5, 6]. The most commonly used polymers are styrene-
butadiene-styrene (SBS) block copolymers. SBS block copoly-
mers are known to improve the low- and high-temperature
performance of bitumen [7].

SBS-modified asphalt is a composite prepared by mixing
neat asphalt, SBS modifier, extracting oil, and stabilizing
agents [8]. For SBS block copolymersmixedwith neat asphalt,
the system gradually becomes a two-phase structure in which
polymer phases formed by maltenes-swelling polymers are
dispersed in the asphalt-rich phase [9]. Therefore, the com-
patibility between asphalt and SBS is considered critical, with
a profound impact on the thermal mechanical properties,
rheological properties, and morphology [10, 11]. Generally,
asphalt comprises saturated hydrocarbons, aromatics, resins,
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Table 1: Properties of neat asphalts.

Performance Unit Binder A Binder B Binder C
Penetration (25∘C, 100 g, 5 s) 0.1mm 85.5 84.3 87.6
Softening point (ring ball method) ∘C 45.6 48.7 47
Ductility (5 cm/min, 15∘C) cm >100 >100 >100

Residue after aging under rotary film oven (163∘C, 85min)
Loss of quality % 0.07 0.18 0.12
Penetration ratio % 70 64 61
Ductility (5 cm/min, 10∘C) cm 9.0 6.5 8.0

and asphaltenes in solvents, the ratio of which is commonly
referred to as the SARA fraction [1]. However, each compo-
nent has a different solubility parameter and thus a different
level of compatibility with the polystyrene (PS) and polybu-
tadiene (PB) blocks in the SBS. Some efforts [12, 13] have
investigated the compatibility between asphaltic components
and SBS copolymers. As a rule of thumb, asphalt with high-
aromatic contents or linear SBS can form compatible and
stable SBS-modified asphalt [14, 15]. Moreover, incompatibil-
ity between asphalt and polymer can be avoided by adding
aromatic oils or stabilizing agents to the mixture [12, 16].
While some authors have studied the effects of the raw
materials on the performance of SBS-modified asphalt roads
to guide the production and application of SBS-modified
asphalts, the cohesion characteristics of SBS-modified asphalt
are still unclear.

Moisture damage of asphalt pavement, related to the
breakdown of the asphalt composite, can be caused by losses
in asphalt-asphalt cohesion and/or aggregate-binder adhe-
sion [17, 18]. Cohesion is the molecular attraction existing
between two similar objects in close contact, such as the
internal binding interactions in asphalt [19, 20]. The work of
cohesion of the asphalt binder is strongly related to the fatigue
cracking characteristics of asphalt mastics and mixtures [21].
The cohesive properties of the binder and mastic determine
the fracture resistance of asphalt concrete [22]. The surface
free energy of the asphalt binder can be used to characterize
the work of cohesion [23, 24]. Cheng et al. found that
aging processes can decrease the cohesion of asphalt via
an investigation of the cohesion characteristics of asphalt
binders based on surface free energy [25]. Tan andGuo tested
the cohesion and adhesion of asphalt mastic using the surface
free energy method, reporting that the work of cohesion of
neat asphalt is greater than that of modified asphalt [26].
Most previous studies have focused on the surface free energy
of neat and modified asphalt binders [27–29]. However, few
have considered the influence of raw materials composition
on the cohesion characteristics of SBS-modified asphalt.

The objective of this study was to investigate the influence
of the raw materials composition on the cohesion character-
istics of SBS-modified asphalt using the surface free energy.
SBS-modified asphalts were prepared by mixing different
base asphalts, SBS modifier, extracting oil, and stabilizing
agent. The contact angles between SBS-modified asphalt and
distilled water, glycerol, and formamide were detected by the
sessile drop method. Based on surface energy theory, the

surface free energy and cohesive power of the SBS-modified
asphalts were calculated. The influence of the raw materials
composition, such as virgin asphalt, SBS modifier types, and
contents of extracting oil and stabilizing agent on the cohesive
characteristics were discussed for SBS-modified asphalt.

2. Raw Materials and Preparation Method of
SBS-Modified Asphalt

2.1. Raw Materials

2.1.1. Neat Asphalt. Three kinds of asphalt used in the Gansu
area, such as binder A, binder B, and binder C, were selected
as virgin asphalts. They were provided by Gansu Luqiao
Construction Group Maintenance Technology Co., Ltd. The
main technical properties were tested according to Standard
Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering (JTGE20-2011) and results were shown
in Table 1.

2.1.2. Modifier. SBS modifiers can be divided into linear and
branched types according to their molecular structures. In
this study, linear and branched SBS modifiers were used to
prepare SBS-modified asphalt. The main technical indicators
were tested according to thermoplastic elastomers styrene-
butadiene block copolymer (SH/T 1610-2011) and results are
shown in Table 2.

2.1.3. Furfural Extraction Oil. Furfural extraction oil was
selected as a compatibility agent for preparing SBS-modified
asphalt because it contains a high-aromatic fraction that can
improve the proportion of matrix asphalt, promote compati-
bility betweenmodifier and asphalt, and improve the compat-
ibility of the SBS-modified asphalt. Furfural extraction oil can
also improve the low-temperature plasticity and ductility of
SBS-modified asphalt. In this study, the furfural extraction oil
was provided by PetroChina’s Lanzhou Refining Company.
The main technical indicators of furfural extraction oil were
tested according to ASTM D2007-91 MOD and results are
shown in Table 3.

2.1.4. Stabilizer. Some stabilizer was added during the prepa-
ration of the SBS-modified asphalts in order to prevent
internal phase separation and improve storage stability. In
this study, a high-efficiency stabilizer developed by the Gansu
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Table 2: Properties of SBS modifiers.

Index Liner Branched
Block ratio (S/B) 30/70 40/60
Volatile content % 0.50 0.50
300% Tensile stress, MPa 1.7 1.7
Tensile strength, MPa 12.0 12.0
Elongation at break % 700 600
Shore hardness, A 75 ± 7 82 ± 7
Melt flow rate (g/10min) 0.50∼5.00 0.00∼1.00

Table 3: Properties of furfural extraction oil.

Appearance Viscosity (40∘C) (Pa⋅s) Flash point, ∘C Aromatic content, %
Brown-black 2500 200 55.0

Table 4: Properties of stabilizer.

Appearance Apparent density (g/cm3) Melting point, ∘C Residue at 80-mesh sieve, % Water content, %
Gray-black 0.5∼0.7 120 0.1 0.2

Modi�erFurfural extraction oilNeat asphalt

Stabilizer Mechanical stirrerSBS-modi�ed asphalt

140
∘C 175

∘C

Figure 1: Preparation process of SBS-modified asphalts.

Provincial Engineering Research Center for Pavement Engi-
neering is used. The main technical properties of the high-
efficiency stabilizerwere tested according to SyntheticHydro-
talcite Thermal Stabilizer (HG/T 4495-2013) and results are
shown in Table 4.

2.2. Preparation of SBS-Modified Asphalts. In order to com-
pare the influence of different raw materials and their
contents on the adhesion properties of the SBS-modified
asphalts, each SBS-modified asphalt sample was prepared
using the same process. Figure 1 shows the preparation
process of SBS-modified asphalts. First, furfural extraction oil
was added to the flowing virgin asphalt and quickly heated to
175∘C–180∘C.Then, SBS modifier was added and the mixture
was stirred for 5min using a mechanical stirrer. The mixed
asphalts were continuously sheared for 35min at a speed
of 5500 rpm using a shearing and dispersing emulsifier. The
high-efficiency stabilizer was added in the last 10min of the
shearing process. The mixed asphalts were placed in an oven
for 2 h at 170∘C for growth.

3. Surface Free Energy Theory and Experiment

3.1. Surface Free EnergyTheory. Surface free energy is defined
as the work by a material in a vacuum necessary to produce a
new interface per unit area. According to analyses by Fowkes
and Good, the surface energy of a material mainly comprises
a polar component and nonpolar dispersive component
[30, 31]. Generally, the polar component of the surface free
energy is the acid force and alkali force, while the dispersive
component is composed of the Keesom orientation force,
Debye induction force, and London dispersion force [32].
The surface free energies of liquid and solid materials can be
expressed as follows [32]:

𝛾𝑙 = 𝛾𝑑𝑙 + 𝛾𝑝𝑙 , (1)

𝛾𝑠 = 𝛾𝑑𝑠 + 𝛾𝑝𝑠 , (2)

where 𝛾𝑙 is the surface free energy of a liquid material; 𝛾𝑠 is
the surface free energy of a solid material; 𝛾𝑑𝑙 is the dispersive
component of surface free energy for liquid materials; 𝛾𝑝

𝑙
is the polar component of surface free energy for liquid
materials; 𝛾𝑑𝑠 is the dispersive component of surface free
energy for solid materials; and 𝛾𝑝𝑠 is the polar component of
surface free energy for solid materials.

Fowkes indicated that the dispersive force between liquid
and solid could be expressed as the geometric mean of the
dispersive components of the liquid and solid surface free
energies. Simultaneously, Owens and Wendt developed a
similar method for the polar component [33]. Therefore,
the surface free energy of the liquid-solid interface can be
expressed as follows:

𝛾𝑠𝑙 = 𝛾𝑠 + 𝛾𝑙 − 2√𝛾𝑑𝑠 𝛾𝑑𝑙 − 2√𝛾𝑝𝑠 𝛾𝑝𝑙 . (3)
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Table 5: Surface free energy of three probe liquids at 25∘C.

Test the liquid 𝛾𝐿 𝛾𝑑𝐿 𝛾𝑝𝐿 𝛾+𝐿 𝛾−𝐿
Distilled water 72.8 21.8 51.0 25.50 25.5
Glycerin 64.0 34.0 30.0 3.92 57.4
Formamide 58.0 38.0 19.0 2.28 39.6

Liquid

Solid

Gas

O

gs

gl

ls

Figure 2: Young contact angle diagram.

Figure 2 shows the Young contact angle diagram between
solid and liquid. The polar and dispersive components of
the surface free energy can be calculated using the Young
equation, which relates the surface free energy and liquid-
solid contact angle and is expressed as follows [33]:

𝛾𝑙 cos 𝜃 = 𝛾𝑠 − 𝛾𝑠𝑙. (4)

Fowkes proposed an equation to calculate the surface free
energy though the dispersive component and contact angle.
Oss calculated the surface free energy using the dispersion
and polar components by developing (3) and (4) into (5) [33]:

1 + cos 𝜃 = 2√𝛾𝑑𝑠 (√𝛾𝑑𝑙𝛾𝑙 )+ 2√𝛾𝑝𝑠 (√𝛾
𝑝

𝑙𝛾𝑙 ). (5)

The surface free energy of a solid can be calculated using
(5), generally expressed as follows:

1 + cos 𝜃2 𝛾𝑙√𝛾𝑑
𝑙

= √𝛾𝑑𝑠 + √𝛾𝑝𝑠 (√𝛾𝑝𝑙𝛾𝑑
𝑙

). (6)

The dispersive component √𝛾𝑑𝑠 and polar component√𝛾𝑝𝑠 can be obtained through linear analysis by (6).

3.2. Cohesive Power of Asphalt. The work of cohesion is
defined as the energy necessary to produce two new surfaces
in a homogeneous material and is equal to twice the surface
free energy. The equation for the work of cohesion is as
follows [26]:

𝑊cohesion = 2𝛾𝑎, (7)

where 𝛾𝑎 is the surface free energy of asphalt.

CA_， = 104.449
∘ CA_２ = 104.449

∘ CA_A６ = 104.449
∘

 as
s

a

Figure 3: Schematic of the contact angle formed between a probe
liquid and asphalt surface.

3.3. Contact Angle Measurement. In order to calculate the
cohesion index of the asphalt, the surface free energy and
its components must be obtained. According to the analysis
of (5), the surface free energy and its components can be
calculated using the contact angle between the solid asphalt
and three liquids with known surface energy parameters
[24, 31, 34]. In this study, the three liquids of distilled water,
glycerin, and formamidewere used as probe liquids in contact
angle measurements. The surface free energy parameters of
the three probe liquids are shown in Table 5.

The sessile drop method was used to conduct the surface
free energy measurements in this study. This is an optical
contact angle technique used to measure the contact angles
between asphalt and the probe liquids [24, 34]. A schematic
of the contact angle formed between the probe liquid and
asphalt surface can be seen in Figure 2. The asphalt binder
samples were prepared by heating at 163∘C and then pouring
into small plates, which had been previously placed on a
heater to attain the constant temperature of 60∘C. The plates
with asphalt binder were heated by another heater to 163∘C
for approximately 5min to create an even, thin film coating
on the surface of the plate. Afterward, the samples were
cooled to room temperature and kept in desiccators for 12 h
at room temperature before testing. As shown in Figure 3,
the instrument used to measure the contact angle is a drop
shape analyzer (Binder A200KB) made in USA which is
composed of an illumination device, a charge-coupled device
(CCD) camera, three microsyringes with needles built into
the machine, and image analysis software (Figure 4). The
measurement was performed at room temperature. Each liq-
uid drop was individually dropped at five different locations
of the asphalt film and the contact angle was measured. The
average contact angle from the five measurements per film
was recorded.
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Table 6: Contact angle and its variation coefficient for the SBS-modified asphalts.

Distilled water Glycerol Formamide

Average value (∘) Coefficient of
variation (%) Average value (∘) Coefficient of

variation (%) Average value (∘) Coefficient of
variation (%)

Binder A 102.6 0.43 92.6 0.36 86.1 0.32
Binder B 100.6 0.48 93.8 0.28 86.9 0.63
Binder C 103.8 0.25 97.8 0.48 92.0 0.47
Binder A + linear
SBS 94.0 0.29 89.6 0.39 82.0 0.18

Binder B + linear
SBS 96.6 0.44 89.2 0.35 83.0 0.39

Binder C + linear
SBS 95.4 0.50 90.6 0.50 84.1 0.29

Binder A +
branched SBS 92.4 0.53 87.2 0.17 79.6 0.47

Binder B +
branched SBS 95.6 0.35 88.0 0.57 80.9 0.48

Binder C +
branched SBS 94.7 0.44 89.6 0.50 82.5 0.57

Binder A + 3.5%
SBS 96.2 0.31 89.8 0.38 83.8 0.46

Binder A + 4.0%
SBS 94.9 0.35 89.4 0.64 82.9 0.52

Binder A + 4.5%
SBS 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 5.0%
SBS 93.6 0.31 86.8 0.39 78.9 0.38

Binder A + 0%
extraction oil 96.8 0.25 90.4 0.40 84.3 0.31

Binder A + 2.5%
extraction oil 93.3 0.37 88.0 0.52 81.5 0.43

Binder A + 3.5%
extraction oil 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 4.5%
extraction oil 93.4 0.33 87.4 0.32 81.0 0.39

Binder A + 0%
stabilizer 97.2 0.35 91.0 0.28 85.2 0.17

Binder A + 0.1%
stabilizer 95.3 0.45 88.6 0.52 82.5 0.30

Binder A + 0.2%
stabilizer 94.0 0.29 89.6 0.39 82.0 0.18

Binder A + 0.3%
stabilizer 92.8 0.40 86.1 0.25 78.5 0.52

4. Results and Discussion

4.1. Contact Angle and Its Variation Coefficient. The con-
tact angles and variation coefficients for the SBS-modified
asphalts prepared with different raw materials and the three
probe liquids were measured by the sessile drop method.The
variation coefficient is the ratio of the standard deviation
to the average value of the contact angle between the SBS-
modified asphalts and each of the three probe liquids,
used to investigate whether the contact angle test has good
repeatability.The results are shown in Table 6. From statistical
analysis, it is found that the coefficient of variation of the

contact angle test results is in the range of 0.18%–0.64%.These
results indicate that the contact angle test results of the SBS-
modified asphalts prepared with different raw materials and
three probe liquids have good reproducibility.

4.2. Surface Energy of Modified Asphalt. The surface free
energy parameters of the three test liquids and the contact
angles between them and each of the SBS-modified asphalts
were substituted into (5).The component values of the surface
free energy of each SBS-modified asphalt were calculated
by solving (6). According to (2), the surface free energies
of the individual SBS-modified asphalts were obtained. The
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Table 7: Surface free energy of SBS-modified asphalts.

Asphalt type Surface energy and its components
Surface free energy Dispersion component Polar component

Binder A 18.47 17.17 1.30
Binder B 18.84 18.06 0.77
Binder C 15.10 14.00 1.10
Binder A + linear SBS 22.14 21.96 0.18
Binder B + linear SBS 19.60 17.40 2.20
Binder C + linear SBS 19.68 18.39 1.29
Binder A + branched SBS 23.38 22.63 0.74
Binder B + branched SBS 22.12 20.74 1.38
Binder C + branched SBS 21.10 20.14 0.96
Binder A + 3.5% SBS 18.93 16.58 2.35
Binder A + 4.0% SBS 20.15 18.49 1.66
Binder A + 4.5% SBS 22.14 21.96 0.18
Binder A + 5.0% SBS 24.12 23.27 0.85
Binder A + 0% extraction oil 18.84 16.75 2.09
Binder A + 2.5% extraction oil 20.89 19.02 1.88
Binder A + 3.5% extraction oil 22.14 21.96 0.18
Binder A + 4.5% extraction oil 20.91 18.66 2.25
Binder A + 0% stabilizer 18.12 15.87 2.25
Binder A + 0.1% stabilizer 19.72 17.30 2.42
Binder A + 0.2% stabilizer 22.14 21.96 0.18
Binder A + 0.3% stabilizer 23.89 22.68 1.21

Figure 4: Drop shape analyzer.

surface free energies of the different SBS-modified asphalts
range from 15.10mJ/m2 to 23.38mJ/m2, which is close to the
range of surface free energy reported in the literature [35].
As shown in Table 7, the dispersion component is the major
part of the surface free energy of the asphalt, compared to the
polar component.Wei et al. also reported a similar conclusion
and attributed it to the main component of the asphalt being
nonpolar hydrocarbons [28]. In addition, with the increase
of the content of SBS modifier, the total surface energy and
dispersion component of the SBS-modified asphalt are grad-
ually increased, while the polarity components of the SBS-
modified asphalts generally decline at the different degrees.
The surface free energy of the SBS-modified asphalt first
increases and then decreases with increasing extraction oil
content. For the extraction oil content of 3.5%, the surface free

energy of SBS-modified asphalt is maximized. The surface
free energy of SBS-modified asphalt increases as the amount
of stabilization agent increases.

The reliability and effectiveness of the surface free energy
results were evaluated using a method developed by Kwok
and Neumann [34]. They conclude that the values of 𝛾𝑙 cos 𝜃
and 𝛾𝑙 should show a linear relationship for a given solid with
a variety of liquids. If the resulting curve is nonlinear, the
results must be remeasured. Using the surface free energy
result of asphalts with different SBS modifier contents as an
example, the illustration of 𝛾𝑙 cos 𝜃 and 𝛾𝑙 for asphalt is given
in Figure 5. It is observed that each asphalt sample shows a
good linear fit between 𝛾𝑙 cos 𝜃 and 𝛾𝑙, with the coefficient
of determination (𝑅2) values varying from 0.9612 to 0.9995.
According to this method, 𝛾𝑙 cos 𝜃 and 𝛾𝑙 of other groups of
SBS-modified asphalts and test liquids are regressed; all show
linear correlation coefficients >0.95. This indicates that the
contact angles between the SBS-modified asphalts prepared
with different raw materials and the three probe liquids by
the sessile drop method are accurate and that the surface free
energy results of the SBS-modified asphalts can be used.

4.3. The Influence of Neat Asphalt Type on Cohesive Work of
SBS-Modified Asphalt. Figure 6 presents the results of the
cohesive work of different neat asphalts and SBS-modified
asphalts. In general, the cohesive work of binder B asphalt is
the highest among the three neat asphalts, while the cohesive
work of binder C asphalt is the lowest. For asphalts with linear
modifiers, the cohesive work of the binder A + SBS-modified
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Figure 5: Plot of 𝛾𝑙 versus 𝛾𝑙 cos 𝜃.
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Figure 6:The cohesivework of SBS-modified asphalt prepared from
different neat asphalts.

asphalt is the highest, while that of binder B + SBS-modified
asphalt is equal to that of binder C + SBS-modified asphalt.
The cohesion of binder A, binder B, and binder C asphalts is
increased by 19.86%, 4.04%, and 30.34%, respectively, when
the same amounts of linear SBS modifiers are added. For the
three types of branched SBS-modified asphalt, the cohesive
power ranks in the order of binder A + branched SBS-
modified asphalt, binder B + branched SBS-modified asphalt,
and binder C + SBS-modified asphalt. From the above results,
it can be seen that the same SBS modifier has different
modification effects on different neat asphalts, demonstrating
the compatibility problems between SBS modifiers and neat
asphalts from the perspective of cohesive properties.

4.4. Effect of SBS Type on Cohesive Work of SBS-Modified
Asphalts. In order to compare and analyze the influence of
SBS type on the surface energy of SBS-modified asphalt, the
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Figure 7: The cohesive work of SBS-modified asphalts prepared by
different SBS types.

cohesive work values of the nine asphalt samples obtained
in the previous section are arranged according to different
SBS modifiers with the same kinds of asphalt (Figure 7).
The results are shown in Figure 6. The cohesive work of
the asphalts prepared with the linear SBS modifier is higher
than that of the neat asphalt but lower than that of the
asphalt modified by the branched SBS modifier. The results
show that the SBS modifier type has a significant effect on
the cohesive properties of asphalt. Specifically, the branched
SBS-modified asphalt has the strongest resistance to self-
cracking, the linear SBS-modified asphalt has intermediate
resistance, and the neat asphalt has the least resistance
to internal cracking during use. This is because the SBS
modifiers comprise styrene and butadiene block copolymers,
which form stable three-dimensional network structures by
interlocking between styrene and butadiene blocks with the
help of the highly aromatic extraction oil and stabilizer.
The network structures enhance the cohesive properties of
asphalt. Simultaneously, the SBS modifier absorbs the light
components in the neat asphalt, which increases the asphalt
polarity. Eventually, the cohesion of the asphalt increases with
the addition of SBS modifier [36]. In addition, the branched
SBS modifier has better modifying effects on asphalt because
it has a higher molecular weight and a more compact
structure, which promote the best resistance to cracking.

4.5. Effect of SBS Contents on Cohesive Work of SBS-Modified
Asphalts. Figure 8 shows the relationship between the SBS
content and cohesive work of SBS-modified asphalt. The
cohesive work of SBS-modified asphalt gradually increases
with the increase of SBS modifier. Asphalt modified with
5% SBS shows the highest resistance to cracking within the
range of SBS contents, which has good resistance to water
damage. Increased contents of SBS modifiers in a certain
range strengthen the cross-linking and winding between the
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Figure 8: The cohesive work versus SBS content of SBS-modified
asphalts.

modifier and pitch, which reinforces the three-dimensional
network structure. Simultaneously, increasing the level of
SBS modifier absorbs the aromatic light components of neat
asphalt, which further extends the effect of SBS modification
and enhances the internal intermolecular forces of the SBS-
modified asphalts. Any amount of SBS improves the cohesive
performance of the modified asphalt. In addition, the growth
rate of the asphalt cohesive work is 6.48%, 9.85%, and 8.93%
for SBS content increases of 3.5% to 4%, 4% to 4.5, and 4.5%
to 5%, respectively. This is because the modifier fully absorbs
the aromatic components and promotes dispersibility when
the amount of SBS is small, but the network structure in this
range is weak, which causes cohesiveness to increase at a low
rate [37].

4.6. Effect of Extraction Oil Content on Cohesive Work of
SBS-Modified Asphalt. Figure 9 illustrates the changes in
the cohesive work of SBS-modified asphalts with increasing
contents of extraction oil. It can be seen that the cohesive
work of SBS-modified asphalt increases and then decreases
with increasing extraction oil contents. With 2.5% extrac-
tion oil, the cohesive work of the SBS-modified asphalt is
increased by 10.87% relative to oil-free asphalt, while the
cohesive work increases by 5.97% for the addition of 3.5%
extraction oil compared to that with 2.5%. That is because
the optimal amount of furfural extraction oil promotes
the swelling and dispersing of the SBS modifier, thereby
assisting microstructural formation with uniform particle
size, obtaining better three-dimensional network structures
by interparticle interactions, and increasing the cohesive
work of SBS-modified asphalt [38]. It should be noted that
the cohesive work of the SBS-modified asphalt decreases
for oil contents exceeding 3.5%, dropping by 5.57% with
4.5% furfural oil. This is because of the excessive dilution of
light components when the content of the highly aromatic
extraction oil exceeds that required for SBS swelling and
dispersing. Negative correlation relationships exist between
the surface energy and aromatic content that decrease the
cohesive power of SBS-modified asphalt. It can be concluded
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Figure 9: The cohesive work versus furfural extraction oil contents
of SBS-modified asphalts.
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Figure 10: The cohesive work versus stabilizer content of SBS-
modified asphalt.

from the above results that the SBS-modified asphalt with
the best cohesive work can be obtained by adding the proper
amount of extraction oil as a compatibility agent.

4.7. Effect of Stabilizer Content on Cohesive Work of SBS-
Modified Asphalt. Figure 10 illustrates the changes in the
cohesive work of SBS-modified asphalt with increasing stabi-
lizer contents.The cohesive work of the SBS-modified asphalt
clearly increases with increasing contents of stabilizer. The
increments of cohesive work of the SBS-modified asphalts are
8.82%, 12.28%, and 7.9% with 0.1%, 0.2%, and 0.3% stabilizer,
respectively. This is because the microstructure of the SBS-
modified asphalt from the addition of stabilizer causes reac-
tions between the SBS and neat asphalt. The distribution of
SBS modifier in asphalt is changed from bead-like structures
to a fine network structure, and interfacial adsorption layers
form between the polymer phase and the neat asphalt phase
in the modified asphalt [39]. Thus, the cohesive properties of
the SBS-modified asphalt are effectively improved.
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5. Conclusions

(1) When evaluating surface free energy of the SBS-modified
asphalt, the sessile drop method is an appropriate method
because the contact angle measurements show good repeata-
bility for the SBS-modified asphalts prepared with different
raw materials and three probe liquids.

(2) The cohesive work of SBS-modified asphalt can be
increased by selection the most suitable bitumen and SBS
modifier to improve the compatibility. And the cohesive
properties of asphalt are maximal with branched SBS, inter-
mediate with linear SBS, and minimal in neat asphalt.

(3) The addition content of admixtures, including SBS
modifier, stabilizer, and extraction oil can affect cohesive
work of SBS-modified asphalt differently. The cohesive work
of SBS-modified asphalt increases with the increase of SBS
modifier and stabilizer contents, while it increases and then
decreases with increases of extraction oil content.

(4) The writers envision that continued development of
other intuitive detection method to cohesion characteristics
of SBS-modified asphalt in the future will contribute toward
implementation of the moisture susceptibility.
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Faulting prediction is the core of concrete pavement maintenance and design. Highway agencies are always faced with the
problem of lower accuracy for the prediction which causes costly maintenance. Although many researchers have developed some
performance prediction models, the accuracy of prediction has remained a challenge. This paper reviews performance prediction
models and JPCP faulting models that have been used in past research. Then three models including multivariate nonlinear
regression (MNLR) model, artificial neural network (ANN)model, andMarkov Chain (MC)model are tested and compared using
a set of actual pavement survey data taken on interstate highway with varying design features, traffic, and climate data. It is found
that MNLR model needs further recalibration, while the ANN model needs more data for training the network. MC model seems
a good tool for pavement performance prediction when the data is limited, but it is based on visual inspections and not explicitly
related to quantitative physical parameters. This paper then suggests that the further direction for developing the performance
prediction model is incorporating the advantages and disadvantages of different models to obtain better accuracy.

1. Introduction

Transverse joint faulting is the common type of distress
for jointed concrete pavement, which has negative effect on
driving safety and resulting costly rehabilitation [1]. Pave-
ment faulting prediction is essential for concrete pavement
management system and pavement design strategy. And
pavement maintenance decision-making is based on current
and future conditions. In the past decades, many researchers
have been focusing on the developing of pavement perfor-
mance prediction and improving its accuracy. However, the
changing of pavement performance is a complex process-
ing; establishing an easy and accurate predicted model has
remained a challenge. Therefore, it is necessary to study the
performance of various pavement prediction models.

The paper first presents a comprehensive literature review
that discusses previous work on the pavement performance
prediction and its classification. Three different models

including MNLR model, ANN model, and MC model are
briefly introduced.These models are quantitatively evaluated
and compared using a set of concrete pavement survey
faulting data with varying design features, traffic, and climate
data. These survey faulting data are taken for evaluating
the performance of the three models. The results of these
prediction models are presented. Then the strengths and
weaknesses of these models are surveyed. Finally, the areas of
concern in performance prediction and potential for future
work are addressed. Suggestions for future research work are
proposed by incorporating the advantages and disadvantages
of different models.

2. Literature Survey

According to the prediction results, the performance models
can be divided into deterministic and probabilistic models.
For the deterministic models, future condition of pavement
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sectionwas predicted as the exact serviceability value or pave-
ment condition index with the previous information of the
pavement. The probabilistic models predict the performance
of a pavement by giving the probability with which the pave-
ment would fall into a particular condition state, describing
the possible pavement conditions of the random process [2].
Deterministic models included mechanistic model, empiri-
cal model, and mechanistic-empirical models. Probabilistic
models included Markov models, Bayesian approach, and
survival analysis.

2.1. Deterministic Model. Deterministic models are perhaps
the most common prediction method. The main advantages
of using a deterministic model are easy to understand
and develop. Disadvantage of deterministic models is that
the regression equation may express the deterioration of a
group of pavements well but do not predict the condition
of individual sections very well [3]. Deterministic models
can usually be categorized as mechanistic, empirical, and
mechanistic-empirical models.

Mechanistic models are based on the principles of
mechanics of materials and use the input of wheel loads
to predict the mechanistic responses, such as stress, strain,
and deflection. The mechanistic models provide valuable
insights into the performance of the pavements. There are
some researchers focused on mechanistic model. Chua et al.
established the distress model that defined a performance
function in which the level of distress may be determined as
a function of the controlling structural response according to
some damage criterion [4]. The continuous reinforced con-
crete pavement computer program by National Cooperative
Highway Research Program (NCHRP) has been modified
several times to expand the ability of the mechanistic model
[5]. Al-Qadi et al. also establish mechanistic pavement model
by finite element method and then in situ validation is
also taken [6]. Since the deterioration process of pavement
performance is complex and not completely understood,
pure mechanistic models developed so far cannot accurately
predict the realistic pavement performance [7].Therefore, the
development of reliable and acceptable mechanistic models
requires a significant amount of time and effort for continu-
ous studies.

Empirical approach is widely used in the prediction area,
but it suffers from the limitations associated with the scope
and range of available data. As an empirical model, the
most important pavement performance model is created by
American Association of State Highways Officials, and it
is based on the results of actual road test [8]. In a SHRP
study conducted by Simpson et al., based on early analysis of
Long-TermPavement Performance (LTPP) general pavement
studies data, JPCP faulting models are developed, which
are empirical models [9]. Prozzi and Madanat use joint
estimation techniques to combine experimental data andfield
data for modeling the pavement performance [10].

There are also some JPCP transverse joint faulting
empirical models developed under previous research. Yu
develops two separate JPCP faulting models for doweled
and nondoweled pavements as part of FHWA RPPR project.
The development of these models identifies several pavement

design features and site conditions that significantly affect
transverse joint faulting. Teng develops separatemechanistic-
empirical JPCP faulting models for doweled and nondow-
eled pavements for American Concrete Paving Association
(ACPA) [11].

Mechanistic-empirical models are those in which
responses predicted by mechanistic models were correlated
with usage or environmental variable such as loadings or
age to predict observed performance, such as distress. Most
mechanistic-empirical models are used for the project level.
Few were used for the network level. However, as the speed
and capacity of microcomputers increase and the cost of
collecting more structural information decreases, these
mechanistic-empirical models are used more and more
in prediction models [12]. Under the support of Federal
Highway Administration (FHWA), Teng establishes the
mechanistic-empirical distress indicator prediction models
and develops software Pave Spec 3.0 for JPCP [11]. The
Mechanistic-Empirical Pavement Design Guide (MEPDG,
2004) is also developed to replace the AASHTO 1993 Guide
for the Design of Pavement Structure [13]. Most of distress
prediction models in design guide are empirical-mechanistic
models, which causes wide public concern.

In addition, especially for faulting model, there are also
some research works on this. Under the FHWA Nationwide
Pavement Cost Model (NAPCOM) study, Owusu-Antwi
develops the following mechanistic-empirical faulting model
for doweled and nondoweled JPCP. Titus Glove recalibrates
NAPCOM JPCP transverse joint faulting model by LTPP
data. But this model is recalibrated using LTPP data only
[11]. Ker et al. also establish mechanistic-empirical faulting
prediction models for rigid pavements using LTPP database
[14]. Jung and Zollinger present a mechanistic-empirical
faulting model, which is calibrated from the results of a new
erosion test that involves the Hamburg wheel-tracking device
and LTPP data [15].

2.2. Probabilistic Model. Pavement performance is a stochas-
tic process that varies widely with several factors, many of
which are generally not captured by available data.Therefore,
probabilistic models are often used to characterize perfor-
mance. The following list summarizes the major advantages
and disadvantages associated with probabilistic model [16].

The major advantages associated with probabilistic mod-
eling approaches are as follows:

(1) They provide a convenient way to incorporate field
data into a prediction model.

(2) They leave it to subjective inputs of experienced
agency personnel.

(3) They provide a mathematical means for obtaining
performance predictions.

(4) They provide a probabilistic distribution of the
expected condition value with time, which will be
required to identify those sections performing signif-
icantly differently than would be expected.

(5) They reflect performance trends obtained from field
observations regardless of nonlinear trendswith time.
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The major disadvantages associated with probabilistic
models are listed:

(1) They do not provide any guidance as to the physical
factors that contribute to the change in condition.

(2) They are time independent so that the probability
of changing from one condition state to a lower
condition state is not influenced by the age of the
pavement and the probabilities are constant over time.

Probabilistic models include Markov models, survival
analysis, and Bayesian approach.

Markov Chains based on the concept of probabilistic
cumulative damage are the most commonly used stochas-
tic techniques for predicting the performance of various
infrastructure facilities such as highways and bridges. Lounis
and Madanat combine the desired practicality of Markov
Chain models and the accuracy of mechanistic models to
improve the effectiveness of bridge maintenance manage-
ment systems [17]. Golroo and Tighe apply a combination
of homogeneous and nonhomogeneous Markov Chain to
develop performance model [18]. Pulugurta et al. developed
a Markov prediction model using the pavement condition
database ofOhioDepartment of Transportation [19]. Lethanh
and Adey established exponential hidden Markov models
for roughness and texture depth indices [20]. Abaza used
simplified staged-homogenous Markov model for flexible
pavement performance prediction at the project level [21].

Survival analysis is generally defined as a set of methods
for analyzing data where the outcome variable is the time
until the occurrence of an event of interest, which has
been used in the performance prediction. Survival meth-
ods include parametric, nonparametric, and semiparametric
approaches. Parametric methods assume that the underlying
distribution of the survival times follows certain known
probability distributions. Weibull model is the popular one.
Mishalani et al. develop a probabilistic model with Weibull
distribution function in different areas [22–24]. Cox model,
known as the proportional hazard model, is one of the most
popular models in the semiparametric models [25]. Mauch
and Madanat use the Cox proportional hazards model to
create a more descriptive model of deterioration without pre-
specifying distributions for parameters relating independent
variables and deterioration [26]. Nakat andMadanat also use
a semiparametric Coxmodel to develop a pavement cracking
model [27]. As a nonparametric estimator of the survival
function, theKaplan-Meiermethod iswidely used to estimate
and graph survival probabilities as a function of time. Chou
et al. used Kaplan-Meier method to estimate the median
survival time to the next treatment for pavement perfor-
mance [28]. Based on Kaplan-Meier method, Pulugurta also
develops survival curves using available historical pavement
data [29].

Bayesian approach can be used with most approaches,
except the truly mechanistic models [10]. Hong and Prozzi
develop the pavement deterioration forecasting model based
on the Bayesian approach and Markov model and use
Bayesian approach to obtain probabilistic parameter distri-
butions through a combination of existing knowledge priorly

and information from the data collected [30]. Morcous
develops a performance prediction of bridge deck systems
using Markov Chains and Bayesian approach [31]. Gao et al.
propose modeling the fatigue cracking of flexible pavement
by means of survival model and adopt Bayesian approach by
using aMarkov ChainMonte Carlo (MCMC) algorithm [32].
It is shown that various modifications to each of these types
of models can be used and it is in development.

2.3. Other Models. ANN models are varied in implemen-
tation and interpretation. An ANN is a mathematical rep-
resentation of how mammalian brains were believed to
function [8]. Essentially an ANN model functions like a
regression equation, in that a number of parameters variables
are used to predict a dependent variable from a number of
independent ones.However, unlike a regression equation that
depended upon the ability of designer to comprehend the
form of equation a priori, neural networks use their internal
massively parallel structure to determine relationships with
no input from the designer. Thus, a neural network is a tool
which was used in most of the performance prediction area.

The advantage of artificial neural networks is their ability
to be trained on previous situations. Training is required to
continuously adjust the connection weights until they reach
values that allowedANN to predict outputs that are very close
to the actual outputs while being able to be generalized well
on new cases [33].

Some of the disadvantages for ANN are as follows [8]:

(1) Prohibitively slow training times for large networks
(2) Problems with previously unrepresented patterns in

supervised training
(3) Ideal network architectures and training algorithms

remaining part of current research
(4) Problems with local minima in training
(5) Lack of ability to explain mechanisms in predictive

models.

ANN can be used in the performance prediction in
different areas. Tack and Felker used the ANN method
to predict the performance and it is provided that this
method performs well [8, 34]. Huang develops an application
model based on ANN approach for estimating the future
condition of bridges [35]. Karwa and Donnell use ANN
to predict pavement marking retroreflectivity by data from
North Carolina [36]. Saghafi et al. use ANN approach for
predicting faulting considering base condition, and it is
indicated that ANN approach can predict joint faulting in
jointed concrete pavements successfully [37]. Recently, ANN
models are commonly used in pavement performancemodels
[38, 39].

2.4. Summary. The overview of existing literature reflects
some prominent problems in the prediction area. First, there
are many types of prediction models. The advantages and
disadvantages for each type are also introduced. But, based
on the advantages and disadvantages, it is hard to estimate
and compare the predicted performance for each model.
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Many models are able to perform well only in a dataset but
not in different dataset. Hence, calibrations are required to
adjust the parameter inputs so that the models can perform
reasonably. Second, not all the prediction models can be
used in the special case, for they may lack some parameters
that cannot be acquired or there are not enough actual data
to establish the model we are choosing. So evaluating the
effectiveness of existing models on the same actual dataset
that had variable design features, traffic, and climate is
essentially useful for researchers.

For JPCP faulting models, existing researches identified
a number of distinct relationships between faulting and
traffic, age, and various climatic, site, and pavement design
variables. All of the models indicate that design features
have a significant effect on faulting. These models are almost
either empirical models or mechanistic-empirical models,
which also suffers from the disadvantages of these types of
models. But the review of these developed transverse joint
faulting models identified a number of variables that have
been consistently found to significantly influence faulting.

Hence, in this paper we make a quantitative comparison
of three different prediction models with actual survey data
being conducted. Two are the JPCP faulting prediction
models, while the other two are the prediction methods
that can be used in this faulting prediction. It is hoped that
the comparison results will provide crucial information for
researchers and state DOTs on developing enhanced pave-
ment performance models that can lead to a more accurate
prediction for maintenance system and design system.

3. Data Preparation

Actual pavement survey data used in the models are taken
from interstate highway with varying design features, traffic,
and climate data ([40], Web-1: http://www.noaa.gov/). There
are 9 sections with 143 records for this whole dataset. These
143 datasets are divided into two parts: 107 records (approx-
imately 75% of the whole dataset) are used for training. 36
records (approximately 25% of the whole dataset) are used for
prediction. These 36 records are the last 4 years’ records for
each section. Training set is different from those prediction
sets and it is greater than prediction set. Faulting distribution
is presented in Figure 1.

4. Models Used for Comparison

Based on themodelingmethodology, it is found that different
types of models have different characteristics. It is important
to understand the feasibility of each prediction model by
comparing their results. Since pavement performance dete-
rioration process is complex and not completely understood,
the pure mechanistic models developed so far cannot accu-
rately predict the realistic pavement performance. Therefore,
mechanistic model is not chosen in the paper.

MNLR model is a primal, useful technique which has
been applied in all fields of engineering knowledge. ANN
model, neither deterministic nor probabilistic, can be used in
all the performance predictions and performs well [37], now
being widely used. MC model as a probabilistic model is the
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Figure 1: Faulting distribution of training set and prediction set.

most commonly used stochastic technique for predicting the
various performances, which is practical and relatively easy
to develop [31].

Based on the previous study, eight important factors that
have greater impacts on faulting are used in the modeling
[41].They are ESAL, age, dowel diameter, base type, thickness,
drainage, average annual rainfall, and freeze-thaw cycle
times. The eight important factors that affected faulting are
used in multivariate nonlinear regression (MNLR) model
and artificial neural network (ANN) model. MC model is
just associated with the faulting value and irrelevant to other
important factors.

For the reasons listed above, MNLR model, ANNmodel,
andMCmodel are used for comparative study.Themodeling
methods were described as follows.

4.1. MNLR Model. Equation (1) is the form of a multivariate
nonlinear regression (MNLR) model to predict faulting,
which performs well [42].

FAULTING = CESAL𝑎 [𝑏 + 𝑐 × AGE + 𝑑
× DOWELDIA + 𝑒 × BASE + 𝑓 × THICKNESS

+ 𝑔 × DRAIN + ℎ × RAINFALL + 𝑖 × FTCYC] ,
(1)

where FAULTING is the faulting values, mm; CESAL are
the accumulate equivalent single-axle loads; AGE is the
pavement age; DOWELDIA is the dowel diameter, in; BASE
is associated with erosion, defined as 1 to 5; THICKNESS is
the slab thickness, in; DRAIN is the capability for drainage,
defined as 0 to 1; RAINFALL is the average annual rainfall,
mm; FTCYC are the freeze-thaw cycle times; and a, b, c, d, e,
f, g, h, i are the regression coefficients.

4.2. ANN Model. Artificial neural network (ANN) is math-
ematical models and algorithms designed to mimic the
information processing and knowledge acquisition that takes
place inside human brain. ANNs are capable of learning

http://www.noaa.gov/
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by example. The back propagation neural network (BPNN)
developed by Rumelhart et al. is the most representative
learning model for the ANN. BPNN is widely applied in a
variety of scientific areas, especially in applications involv-
ing diagnosis and prediction [37]. Back propagation is a
systematic method that uses gradient descent based delta
learning rule also known as back propagation rule for training
multilayer feed forward artificial neural networks. The back
propagation network design is a three-layer network with
one of each input, hidden, and output layer. After evaluated
computation, the best results were obtained by an 8-8-1
network structure. It has 8 neurons in the input layer, 8
neurons in the hidden layer, and 1 neuron in the output layer.

4.3. Markov Chain Model. Markov Chain (MC) model is a
probabilistic model widely spread in the world. A Markov
Chain is a special case of the Markov process whose devel-
opment can be treated as a series of transitions between
certain states. A stochastic process is considered as first-order.
The probability of the future state in the Markov process
depends only on the present state [31]. This property can be
expressed for a discrete parameter stochastic process (𝑋𝑡)
with a discrete state space as

𝑃 (𝑋𝑡+1 = 𝑖𝑖+1 | 𝑋𝑡 = 𝑖𝑡, 𝑋𝑡−1 = 𝑖𝑡−1, . . . , 𝑋1 = 𝑖1, 𝑋0
= 𝑖0) = 𝑃 (𝑋𝑡+1 = 𝑖𝑖+1 | 𝑋𝑡 = 𝑖𝑡) , (2)

where 𝑖𝑡 is state of the process at time 𝑡 and 𝑃 is conditional
probability of any future event given the present and past
events.

Transition probabilities are obtained from the increment
of condition data to provide a better prediction [43]. Transi-
tion probabilities are represented by a matrix of order (𝑛 × 𝑛)
called the transition probability matrix (P), where n is the
number of possible condition states. Each element (𝑃𝑖,𝑗) in
this matrix represents the probability that the condition of a
faulting increment component will change from state (𝑖) to
state (𝑗) during a certain time interval called the transition
period. If the initial condition vector 𝑃(0) that describes
the present condition of a faulting increment component is
known, the future condition vector 𝑃(𝑡) at any number of
transition periods (𝑡) can be obtained as follows:

𝑃 (𝑡) = 𝑃 (0) × 𝑃𝑡

𝑃 = [[[[[[

𝑃1,1 𝑃1,2 ⋅ ⋅ ⋅ 𝑃1,𝑛𝑃2,1 𝑃2,2 ⋅ ⋅ ⋅ 𝑃2,𝑛⋅ ⋅ ⋅ ⋅ ⋅ ⋅𝑃𝑛,1 𝑃𝑛,2 ⋅ ⋅ ⋅ 𝑃𝑛,𝑛
]]]]]]
. (3)

When the predicted value is gotten, it is applied in
next year’s prediction. Then the new transition probability
matrix with the predicted value is computed and next year’s
predicted value is obtained.

5. Results

Three predictionmodels are used to evaluate the capability of
different models for predicting the pavement performance.

Here we present the results of three prediction models with
36 records. For comparing the capabilities of these proposed
models, measured faulting and predicted faulting are both
used. A summary of experimental results is presented in
Figure 2.

Figure 2(a) represents the comparison of measured and
predicted faulting by MNLR model. For this model, most
predicted values are smaller than the measured values. The
difference is nearly 5mm. The ability of predicting future
value is not good. It may result in the range of initial data
using for model regression. As an empirical model, the
various data are really important for the predicted correction.
Thenmore data is needed for recalibrating theMNLRmodel.

Figure 2(b) presents the relationship between measured
faulting and predicted faulting computed by ANN model. It
is observed that predicted values are greater than measured
value. The difference is nearly 2mm. Kumar and Minocha
point out that the number of weights required to be trained in
theANNmodel will be very large [44].The training dataset of
107 records used in this paper may be inadequate. Therefore,
more data are required for retraining ANNmodel. Increasing
the number of training dataset is really good for getting
better predictions in further studying. And only factors that
are statistically significant to the dependent variables can be
included in a prediction model. Testing the significance of
those factors is also important.

Figure 2(c) shows a plot of the measured and predicted
faulting using MC model. It is revealed that the predictions
performwell, which are all near to the equality line. However,
this model is just based on the condition data. For instance,
the prediction is only affected by the data quality and is
not related to the design feature or climate. More data
attribute more accurate transition probability matrix. The
model without design features which is supposed to be
applied in pavement design is still difficult.Moreover,Markov
model assumes that the future status is only determined by
current status based on the transition matrix, which implies
that previous status has no impact on future status. So the
important factors are not considered in Markov model and
the feasibility for prediction needs further study.

Root mean squared error (RMSE) and mean absolute
error (MAE) are used to quantify the prediction accuracy
[37]. The computation of root mean squared error and mean
absolute error is described as follows:

RMSE = √ 1𝑛
𝑛∑
𝑖=1

(𝑥0 − 𝑥𝑝)2,
MAE = 1𝑛

𝑛∑
𝑖=1

𝑥0 − 𝑥𝑝 ,
(4)

where 𝑥0 is the measured value, 𝑥𝑝 is the predicted value, and𝑛 is the total number of observations.
RMSE and MAE of predicted and measured values for

the three prediction models are compared. As shown in
Figure 3, the RSME of MNLR model, ANN model, and
MC model is 3.86, 2.08, and 1.7, respectively. The prediction
capability of MNLR model is worse than ANN model and
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Figure 2: Predicted faulting versus measured faulting.

MC model. ANN model and MC model perform well, and
the difference for the prediction capability of these two is
not obvious. The analysis of MAE that indicated a similar
conclusion is presented. Previous study shows ANN model
is more useful compared with World Bank developed model:
the ANN model is applicable to all types of distress [45].
Also it is presented by other researchers that ANN also shows
a higher capacity to predict joint faulting more accurately,
compared with MLR (multivariate linear regression) model
developed with the same data [37]. The prediction capacities

of ANNmodel and regression model concluded in this paper
are similar to others.

Figures 2 and 3 represent the best and worst model by
using actual data. It is indicated that MC model can achieve
a best predicted value, while MNLR model performs worst
among the three. But for the limitation, MCmodel seems not
to be the bestmodel in the three. In summary, eachmodel has
its advantages and disadvantages; their own applicability is
different. It is necessary to choose the right prediction model
in the special case to get better performance. Based on the
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results, there does not exist a no-disadvantage model in the
representative model in each type of models. Developing a
model having more advantages and fewer disadvantages is
indeed essential in further study.

6. Conclusions

Although many researchers have developed pavement per-
formance prediction models, the accuracy of the model is
still a challenge. It is difficult to effectively compare the
performance prediction models. Most researchers just focus
on the optimization of the prediction model, but some
researches do some work on the comparison of different
models [37, 45, 46]. The advantages and disadvantages of
each predicted model are introduced in many papers. But
it is hard to know which model performs well just based
on the summary of advantages and disadvantages for each
model. Our research is motivated by this need to assess the
performance of various prediction models. In this paper,
we have conducted a comprehensive literature review of the
various models used for performance prediction and JPCP
faulting prediction. Three prediction models (MNLR model,
ANNmodel, andMCmodel) are briefly introduced and their
performance is quantitatively and objectively evaluated using
the actual survey data.

Based on the test results, it is concluded that MNLR
model performs the worst and MC model performs the best.
ANNmodel and MCmodel perform well, and the difference
of the prediction capabilities of these two is not obvious.
MC model shows its promising performance compared with
other models when data is limited. It is concluded in our
comparative study that MC model is a promising model in
prediction, but it is just based on its past condition and
not related to the design feature and other environment
factors.This characteristic makes it only applied in pavement
maintenance, not in pavement design. ANNmodel performs
better thanMNLRmodel. MNLRmodel for its low predicted

capacities needs more data to calibrate and ANN model also
needs more data for training the network to improve its
accuracy.

In the future, more prediction models can be tested
using the actual survey data and compared with each other
effectively. A bigger dataset that is composed ofmore complex
situation is also needed in the model comparison. For dif-
ferent models having different effectiveness and applicability,
it is important to find a developing and improving model
to predict the pavement performance. Further direction for
developing the performance prediction model is incorporat-
ing the advantages and disadvantages of different models to
obtain better accuracy.
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ral Network to estimate pavement performance: dealing with
measurement errors,” RoadMaterials and Pavement Design, pp.
1–21, 2016.

[39] H. Ziari, J. Sobhani, J. Ayoubinejad, and T. Hartmann, “Pre-
diction of IRI in short and long terms for flexible pavements:
ANN and GMDHmethods,” International Journal of Pavement
Engineering, vol. 17, no. 9, pp. 776–788, 2015.

[40] Y. C. Tsai, Y. C.Wu, and C.Wang, “Georgia Concrete Pavement
Performance and Longevity,” Report No.10-10, Georgia Depart-
ment of Transportation, Atlanta, USA, 2012.

[41] W.-N.Wang and Y.-C. J. Tsai, “Back-propagation networkmod-
eling for concrete pavement faulting using LTPP data,” Inter-
national Journal of Pavement Research and Technology, vol. 6,
no. 5, pp. 651–657, 2013.



Advances in Materials Science and Engineering 9

[42] W. N. Wang, Analysis of Design Factors Impacting Joint Plain
Concrete Pavement Faulting and Development of Forecasting
Model Using LTPP Data [Ph.D. thesis], Changan University,
Xi’an, Shaanxi, China, 2014.

[43] Y. B. Lv andH.M. Peng, “Forecasting the trend of oil production
of talimu oilfield in the near future by using markov chain,”
Journal of Xian Shiyou University (Natural Science Edition), vol.
19, no. 4, pp. 77–79, 2004.

[44] A. Kumar and V. K. Minocha, “Rainfall runoff modeling using
artificial neural networks,” Journal of Hydrologic Engineering,
vol. 6, no. 2, pp. 176-177, 2001.

[45] D. T.Thube, “Artificial Neural Network (ANN) based pavement
deterioration models for low volume roads in India,” Interna-
tional Journal of Pavement Research and Technology, vol. 5, no.
2, pp. 115–120, 2012.

[46] C. Chen and J. Zhang, “Comparisons of IRI-based pavement
deterioration prediction models using new mexico pavement
data,” in Proceedings of the Geo-Frontiers 2011: Advances in
Geotechnical Engineering, pp. 4594–4603, usa, March 2011.



Research Article
Asphalt Concrete Overlay Optimization Based on Pavement
Performance Models

JanMikolaj, Lubos Remek, andMarianMacula
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The life cycle length of pavement with asphalt concretematerial (ACM) surfacing is significantly influenced, in addition to transport
loading and climatic conditions, by design method and rehabilitation timing. Appropriate overlay thickness calculation and
estimation of optimal rehabilitation time are crucial tomaximizing life cycle length and, concurrently, reducing road administration
costs and road user costs.This article describes a comprehensivemethod of ACMrehabilitation design. For optimization of life cycle
cost analysis (LCCA) based design, mathematical analytical solution in combination with experimental verification of physical,
mechanical, and fatigue characteristics is utilized. Pavement performance, that is, functions mathematically describing pavement’s
degradation characteristics of operational capability, is represented by longitudinal and transverse unevenness; these are used to
describe relations between traffic loading and pavement’s bearing capacity on 1 : 1 scale. Optimizing of rehabilitation plan is carried
out by making a cost benefit analysis (CBA) for several rehabilitation scenarios in which different rehabilitation timing produces
different capital cost requirements and social benefits. Rehabilitation scenarios differ in technology, the design of which needs to
be mathematically optimized, and timing of rehabilitation execution. This article includes a case study for the sake of illustration
of practical results and verification of applicability of used methodology.

1. Introduction

Design optimization calculationmethod forACMpavements
is a complex method using analytical-experimental methods
for calculating of overlay thickness and resulting life cycle
extension, in addition to general deterministic pavement
performance modelling and CBA. To calculate the required
ACM overlay thickness, it is imperative to know the math-
ematical model and numerical solution of layered elastic
half-space [1, 2]. Layered elastic half-space defines stress
and deformation in the pavement construction by using
the strength characteristics of surfacing ACM materials and
underlying sublayers. Based on traffic loading and climatic
conditions of particular pavement, the results allow residual
service life calculation of the pavement and possible overlay
thickness for achieving service life extension of another
20 years [3–5]. The crucial parameter for the pavement’s
service life calculation is the fatigue characteristics of ACM
materials in the surfacing. Because ACM materials differ
in asphalt type, aggregate, additives, and their ratio, the

fatigue properties need to be determined experimentally.
The dynamic modulus (complex modulus) method [6–8]
was used throughout research efforts [9, 10], this article of
which is part of the dissemination activities. However, the
calculation of the necessary overlay thickness based on the
theory of elasticity, that is, plasticity, needs to be supported by
evaluation of longitudinal and transversal unevenness. This
unevenness arises as a result of permanent deformation of
pavement which is no longer in a flexible state, which can
be derived again only on the basis of experimental methods
[11–16]. For this reason, experimental accelerated pavement
testing (APT) facility [17] was designed to provide results,
on which such derivations can be made in combination with
long term pavement performance monitoring and laboratory
material testing. It is a patent protected facility, traffic load
and the pavement construction are designed on a 1 : 1 scale,
and the facility uses several innovative concepts for ACM
surfacing material testing. Comprehensive sensor suite is
embeddedwithin the pavement, especially in theACM layers,
to measure strains temperature and humidity. Deformations
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Figure 1: Pavement structure.

can be derived since the ACM materials characteristics were
tested in laboratory conditions. The pavement performance
represented by longitudinal and transversal unevenness is
periodically recorded as a dense point mesh using Lidar
scanners and evaluated via their software suite. This enables
creating equations describing loss of pavement evenness in
relation to loading volume. Due to the fact that the device is
already in full operation for some time, first equations can be
published; these however can change slightly in the future as
the experiment goes on. Long term pavement performance
monitoring is performed by the Slovak road administration.
The APT results can be thus compared and verified on roads
with similar structure to the experimental pavement [18].
In this article, we present the results verified by 15 years
of data collection on pavements in operation. The results
obtained by the APT serve foremost to define the critical
state in which the ACM has reached the limit state of failure
and must be removed or recycled [19]. In addition, the
pavement deformation model serves as a base to calculate
vehicle operating costs in concordance with theWorld Bank’s
approach “Highway and Development and Management”
(HDM). The shape of pavement degradation is thus pivotal
in the CBA as a difference in shapes of pavement degra-
dation functions denotes different vehicle operation cost
flows during the pavement’s life cycle [20–24]. Application of
comprehensivemethod of rehabilitation designing, including
physicomechanical properties, fatigue characteristics, strain
calculation, deformation, and overlay thickness as well as
CBA, is created for particular pavement type or pavement
class.

2. Experimental Pavement Model

Because of the application of complex rehabilitationmethod-
ology needs to be performed on particular pavement type,
experimental road sectionwas designed and constructed.The
surfacing is composed of ACM prescribed by technical stan-
dards to ensure quality and match with real life pavements.
The base course in a mechanically bound aggregate, subbase,
is a compressed gravel layer; the earth works are simulated

by a rubber layer on concrete with the equivalent modulus of
well compressed subsoil.The pavement was designed accord-
ing to the standard dimensioning methodology [25] for a
minimum level of traffic load of 2.106 design axles. The entire
pavement was subsequently built in the laboratories of the
Department of Construction Management at the University
of Žilina. The experimental model of pavement construction
is shown in Figure 1.

Pavement structure layers are designed from generic
materials defined in national standards. Table 1 contains
material characteristics ascertained by the initial physical
measurement of surfacing materials.

3. Design of Rehabilitation Variants

Calculation of pavement life cycle is possible only on the basis
of pavement design method, that is, structural design, and
overlay design method.

3.1. Structural Design. The calculation of required overlay
thickness is based on the analytical-experimental methods.
Pavement construction including ACM surfacing is to be
considered as a multilayer system on a flexible subsoil. Each
layer, including overlay layers, is characterized by its thick-
ness, modulus of elasticity, and Poisson numbers. The calcu-
lated stress 𝜎𝑟𝑖 is generated by repeated axle load (passing of
freight vehicles) which is represented as an effect of the
design axle load equivalent of 10 tonnes (2𝑃 = 100 kN).
Pavement’s bearing capacity constitutes the baseline for
operational performance estimation in critical layer of the
pavement structure and thus in the whole structure of the
pavement. Once the bearing capacity of this critical layer is
depleted by carrying traffic load, fatigue tear emerges, which
gradually copies itself into the rest of the layers. This relation
is expressed in the design methodology by comparison of the
maximal computed strain at the bottomof theACMsurfacing
layer 𝜎𝑟 and the bending strain resiliency of ACM reduced by
the fatigue coefficient 𝑆𝑁(𝑋).

SV ≥ 𝜎𝑟𝑖
𝑆𝑁 ∗ 𝑅𝑖 , (1)
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Table 1: Material characteristics of pavement layers.

Layer Complex modulus Resistance Poisson number Layer thickness
AC 11 O 10,891 3.2MPa 0.33 40mm
AC 16 P 8,317 2.4MPa 0.33 80mm
MBA, 31,5 GB 586 0.1MPa 0.30 180mm
Gravel subbase, 31,5 365 0.07MPa 0.30 200mm
Subgrade 100 — 0.35 —

where

SV is structural value (utilization index),
𝜎𝑟𝑖 is radial stress,
𝑅𝑖 is resistance to radial stress,
𝑆𝑁 is fatigue characteristic.

Fatigue characteristics are used in the assessment of pave-
ment resilience against repeated loading. Test temperature
for the endurance test is 10∘C and the frequency of cyclic
loading is 25Hz. The test is carried out at a constant bend of
the test sample during the test. Fatigue tests were carried out
according to the European standard [6]. Results of the fatigue
test are in the form of a Wöhler diagram.

log 𝜀0𝑗 = 𝑎𝑗 + 𝑏 log𝑁, (2)

where

𝜀0𝑗 is maximum amplitude of proportional deforma-
tion in the test conditions at the beginning of the
measurement,
𝑎𝑗, 𝑏 are parameters measured during the fatigue tests
with the stress lines coefficient in the range of 𝑁,
𝑁 is the number of load repetitions.

The characteristics of the fatigue that are in the equation
are the average size of deformation derived from stress lines
derived after 106 loading cycles in microstrain (𝜇m/m).

log( 𝜀6
106 ) = 𝑎𝑗 + 6𝑏, (3)

where

𝑎𝑗, 𝑏 are fatigue parameters,
𝜀6 is average deformation derived from fatigue curve
after 106 loading cycles in microstrain [𝜇m/m].

Thenumber of loads corresponding to the initial deformation
in the test sample under specified conditions can be ascer-
tained as

𝑁 = 106 (𝜀6
𝜀0)
𝐵

𝐵 = −1
𝑏 ,

(4)

where

𝐵 is the fatigue characteristics in the range of 3 to 10.

Table 2: Values of fatigue parameters for mix AC 11 O.

Parameter 𝑎 1/𝑏 𝜀6 × 10−6 𝑟2
Fatigue parameters −15.0754 −0.1927 86.77 0.7871

The results of research carried out in the ambit of fatigue
characteristics are presented in Figure 2 and Table 2.

The life cycle of ACM in the pavement construction can
be expressed through (1), on the basis of the strain calculation
in pavement construction, resiliency, and fatigue coefficient.
The SV valuemust be less than 1, so that the value of the radial
strain does not exceed the value of resiliency reduced by the
fatigue characteristics. If the value is exceeded, the ACM is at
the end of its life and failures appear.

Obviously, during the service life, as the surfacing wears
down, elastic modulus of ACM layers diminishes which
results in surfacing resiliency loss. Calculation of elastic
modulus decrease can be based on experimental fatigue
testing. The results for materials used in this case study were
published in [9]. Radial strain and resiliency loss can be
calculated by means of mathematical elastic multilayer half-
spacemodel [26]. Table 3 summarizesmeasured loss of elastic
modulus and calculated radial strain and resiliency decrease.

The shape of calculated strain in relation to elastic
modulus decrease and resiliency loss is shown in Figure 3.
When the drop in strain levels on the bottomedge of theACM
reaches the resiliency, the ACM fails and tear is created.

The calculation of capacity utilization coefficient Sv based
on (1) for this case study, that is, for ascertained material
elastic modulus and fatigue, is shown in Figure 4. Calculation
results, attained according to the herein described approach,
have shown that pavement with these particular ACM layers
has life cycle length of 2𝑒6 design axle load repetitionswithout
any rehabilitation. This particular pavement type is designed
for load class with expected 275 design axle load repetitions
daily; this equals about 1𝑒5 design axle load repetitions per
year, which in turn means that the bearing capacity will be
depleted after 20 years of operation.

3.2. Overlay Design. The life cycle represents number of load
repetitions acting on ACM layer up to the state of a failure. As
stated in Section 1 of this article, several rehabilitation scenar-
ios need to be identified for the LCCA optimization of any
given ACM. These scenarios differ in rehabilitation timing
and overlay structure design which changes in time; that is,
thickness is increasing as the bearing capacity diminishes;
later rehabilitation leads to thicker overlays. Important aspect
of overlay structure design is that mechanical properties of
existingACM layers are reduced (degraded), aswas explained
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Table 3: Elastic modulus, radial strain, and resiliency decrease in relation to traffic loading.

𝑁𝑖 repetitions 0 0.4 × 106 0.8 × 106 1.2 × 106 1.6 × 106 2.0 × 106

AC 11 O (MPa) 10,891 5,998 5,759 5,620 5,521 5,445
AC 16 P (MPa) 8,317 4,580 4,398 4,291 4,216 4,158
Radial strain (MPa) 0.978132 0.634328 0.613133 0.600401 0.591348 0.584278
Resiliency (MPa) 0.92400 0.769512 0.690040 0.643552 0.610568 0.584984
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Figure 2: Wöhler diagram.

in Section 3.1, while the overlay ACM layer is always expected
to have the inherent maximal properties. It is important to
point out that, from technological as well as ecological point
of view, ACM layers can be recycled to recoup the properties
of a new material.

In terms of overlay design method, the rehabilitation
entails increase in elastic modulus of ACM surfacing and
by adjusted thickness of the surfacing layer. In Figure 5,
four rehabilitation scenarios are shown in four different
life cycle periods including scenario of rehabilitation at the
end of the predicted life cycle. Overlay design thickness
for these four scenarios was calculated based on radial
strain in ACM layer. Overlay is designed to replete the
lost bearing capacity, thus expanding the ACM lifecycle
by additional 20 years, that is, returning the pavement to
its original pristine state. Computed results for these four
scenarios including elasticity modulus in rehabilitation year
and radial strains before and after rehabilitation are shown in
Table 4.

The development of radial strains in the pavement con-
struction is shown in Figure 5.

Overlay designs and their timing and life cycle extension
are shown in Figure 6.

4. Pavement Performance Models

In order to ascertain rehabilitation timing and identify pru-
dent rehabilitation scenarios, pavement performance degra-
dation should be taken into account. If the rehabilitation
is performed too early, it is usually inefficient; delayed
rehabilitation may lead to loss of pavement’s operational ser-
viceability [13, 18, 27]. Pavement performancemodels are rep-
resented by mathematical equations describing accruement
of longitudinal and transversal unevenness under traffic load.
Accelerated pavement testing in combination with long term
performance monitoring is a preferred approach to ascertain
these equations. It is presumed that the pavement is repaired
only once serviceability of the original pavement is lost but
before the operational capacity is reached. Overlay, where
thickness is calculated according to real state of the pavement,
restores its original properties, that is, new pavement prop-
erties. Overlay can be performed by removing (or recycling)
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Table 4: Radial strains prior to and after overlay.

Year 5 10 15 20 25 30 35 40
ACM layer thickness increase (mm) 36∗ 52∗ 62∗ 71∗ — — — —
AC 11-overlay E (MPa) 10891 10891 1089 1089 5445 5445 5445 5445
AC 11 O E (MPa) 5945 5682 5551 5445 5354 5304 5248 5205
AC 16 P E (MPa) 4540 4339 4239 4158 4088 4051 4008 3975
Strain prior to rehabilitation (Mpa) 0,751838 0,664456 0,620544 0,584984 0,48615 0,4465 0,42012 0,40146
Strain after rehabilitation (Mpa) 0,508571 0,464004 0,429907 0,40146 0,477312 0,428528 0,404145 0,382118
∗In this theoretical calculation, the overlay thickness is computed exactly to return the pavement to its original bearing capacity; in the field, for practical
reasons, the thickness would be rounded up to a whole number.
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Figure 3: Relationship between stress in ACM depending on repeated loading and decrease of ACM strength resiliency depending on the
fatigue trend function.
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Figure 4: Increase of capacity utilization coefficient Sv.

part of or complete surfacing layer. For this reason it is not
possible to distinguish between new and recycled pavement.
The same mathematical equations are used for both cases.

4.1. Accelerated Pavement Testing. The general principle of
APT is simulation of real life traffic loading on real life
pavement. This traffic load is preferably the design axle load,
for which the pavement is designed. In this case, it is 50 kN.
The loading unit is driven along a leading rail; it is powered by
an electromotor. Acceleration, deceleration, and top speed are
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Figure 5: Radial strains before and after rehabilitation.

adjustable within constraints of the pavement length. Radial
strains at the bottom edge of surfacing arise as a combination
of surfacing deflection under the loading unit and acceler-
ation and deceleration forces on the tire-pavement contact
area. APT facility parameters are listed in Tables 5 and 6.

The loading unit runs the pavement section in both
directions. In addition to weight of the loading unit itself,
additional weight is loaded on the unit to reach the required
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Figure 6: Overlay design and timing of four rehabilitation scenar-
ios: Sv and life cycle relation.

Table 5: APT facility dimensions.

Technical parameters
Length 9,042mm
Width 5,178mm
Width with protective fence 6,000mm
Height 2,452mm

50 kN loading. Shape of acceleration curve, constant speed,
and deceleration curve is set up before the loading session.
If valid, the loading unit will be driven at the desired
speed conditions. The speed conditions are mirrored for
the opposite direction drive. The APT facility is shown in
Figure 7. It is composed of a mobile loading unit and sta-
tionary equipment. The loading unit is set in a floating frame
fixed within a solid sliding frame.The suspension is basically
of the same principle as found on most freight vehicles. The
motor, transmission, and breaking systems are all placed on
the movable loading unit. Since the facility is in operation for
some time, initiation and early operation phase of pavement
performance model can be evaluated; the future pavement
behaviour is extrapolated and updated as the experiment goes
on.

4.2. Pavement Performance: Transversal Unevenness. Une-
venness was ascertained from cross sections of pavement
surface. The surface was scanned by a handheld Lidar laser
scanner, high density pointmeshwas createdwith accuracy of
40 𝜇m (microns), and unevenness as small as 50 𝜇m could
be evaluated exceeding by far the required preciseness.
Preliminary evaluation could be made during the scan and
creation of the point mesh. More elaborate processing was
performed in the VXelements 2.0 software. Extracted cross
section data were further evaluated in theMATLAB software.
The resulting values are shown graphically in Figure 8.

The results can be deterministically evaluated and
described by either linear or polynomic equation; see (5) and
(6).

Table 6: APT facility technical parameters.

Technical parameters
Facility Accelerated pavement testing facility
Construction Semimobile, linear
Type 105-03-01
Maximum velocity 2.22m⋅s−1
Load 57.5 kN
Max acceleration 2m⋅s−2
Max deceleration 5m⋅s−2
Location Indoor
Operational
temperature 10–40∘C

Operational
humidity 30–80% without condensation

Engine power 45 kW
Transition CLP HC VG 320, MOBIL SHC GEAR 320
Energy
requirements 3 + N + PE, AC, 50Hz, 230/400, V, TN-S

Figure 7: APT facility.

Linear equation:

𝑦 = 0.00001894𝑥 − 0.18071429.
𝑅2 = 0.95 (5)

Polynomic 5th-degree equation:

𝑦 = −6𝐸 − 25𝑥5 + 2𝐸 − 19𝑥4 − 3𝐸14𝑥3 + 1𝐸 − 9𝑥2
− 3𝐸 − 6𝑥 + 0.0006

𝑅2 = 0.9999.
(6)

4.3. Pavement Performance: Longitudinal Unevenness. The
same approach as that for transversal unevenness was used
for data collection and evaluation of longitudinal unevenness.
The longitudinal unevenness is represented by International
Roughness Index (IRI) with unit m⋅km−1 [28].

IRI was evaluated in accordance with Reference Quar-
ter Car Simulation Model; the values lie within interval
3.3–6.81m⋅km−1; however, these values are somewhat skewed
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Figure 9: IRI evaluation.

since they incorporate outermost pavement stretches where
the loading unit is in a standstill. After we adjust the IRI
by exclusion of these local extremes, the interval for the
constant speed stretch of the pavement is much more pru-
dent, 3.3–3.9m⋅km−1. The longitudinal unevenness can be
seen in Figure 9.

Pavement performance model used for optimization of
overlay design was a result of APT pavement performance
described in this section and long term pavement perfor-
mancemonitoring of real pavement section in operation.The
pavement performancemodel is a cubic polynomial function
described by

𝑦
= 0,000327396322𝑥3 + 0,019659276067𝑥2

− 0,101539268713𝑥 + 1,605597316821
coefficient of determination 𝑅2 = 0,864836.

(7)

This function is used to predict pavement performance (as
IRI development) over time, that is, traffic loading. IRI in a
particular year is used to estimate annual road user costs. As
seen in Section 5, these costs do not enter the overlay design
calculation itself but are pivotal when evaluating the timing
of said overlay.

5. Optimization of Rehabilitation Planning

Optimizing of decision-making process in rehabilitation
planning is based on the LCCAprinciples.Thegist of the opti-
mization is to perform CBA for each rehabilitation scenario
and subsequent calculation and comparison of optimization
index of those scenarios.

5.1. Cost Benefit Analysis. CBA compares the cash flows of
“do nothing” scenario and “do something” scenario. As a
result, economic benefits gained through rehabilitation can
be compared with financial costs for applied rehabilitation
technologies. Combination of three economic indicators is
used to evaluate the economic viability of each scenario; the
indicators are the payback period, internal rate of return, and
the net present value. Monetization of socioeconomic costs
and benefits from pavements with rehabilitated ACM surfac-
ing, respectively, are crucial for ascertainment of economic
indicators. The benefits are related to difference in pavement
quality in scenario without rehabilitation and scenario with
rehabilitation. Benefits can be internal and external. In this
case study, we used internal benefits which include road user
operation costs and travel time costs as these can be mon-
etized using World Bank’s endorsed method. The external
benefits including environmental savings and macroeco-
nomic implications are omitted as all available monetization
methods were considered by road administration authorities
as subjective, that is, not reliable.

Overall road user benefits based on proposed rehabilita-
tion technology and its investment costs, road administrator’s
costs, timing of rehabilitation, and discount rate can be
calculated according to

RUB =
𝑧

∑
𝑡=1

[(RUCDS − RUCDN) ⋅ 𝑘DEG ⋅ 𝑘ATG]
𝑡
, (8)

where

RUB are road user benefits [€],
RUCDS are road user costs in “do something” variant
[€],
RUCDN are road user costs in “do nothing” variant
[€],
𝑘DEG is coefficient of function predicting condition of
the pavement,
𝑘ATG is annual transportation growth coefficient.

Pavement performance model described in previous sections
enters the overlay optimization model in the calculation of
road user benefits in the formof 𝑘DEG coefficient. As the pave-
ment performance drops (represented as an increase of IRI),
road user costs rise, respectively, as a result of increased needs
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Table 7: Life cycle cost analysis and cost benefit analysis.

Variant Variant scenario Rehabilitation 5th
year

Rehabilitation 10th
year

Rehabilitation 15th
year

Rehabilitation 20th
year

Rehabilitation action — Overlay
36mm

Overlay
52mm

Overlay
62mm

Overlay
71mm

Investment cost 0€ 69,084€ 99,788€ 118,978€ 136,249€
Maintenance cost 846,938€ 858,066€ 941,350€ 1,162,456€ 1,581,330€
Road agency cost 846,938€ 927,150€ 1,041,138€ 1,281,434€ 1,717,579€
Road user costs

Vehicle operating cost 8,316,431€ 9,995,382€ 11,689,165€ 13,594,956€ 16,045,362€
Travel time cost 822,241€ 973,891€ 1,125,826€ 1,290,801€ 1,569,194€
Total road user cost 9,138,673€ 10,969,273€ 12,814,991€ 14,885,757€ 17,614,555€

Life cycle length 20 25 30 35 40
CBA

NPV — 20,333€ 26,739€ 14,527€ 1,438€
IRR — 48.30% 155.10% 139.40% 99.50%
PP — 6 11 15 20

for vehicle maintenance (lubricant, parts, service hours, etc.)
and, at higher level of pavement damage, increased travel time
costs stemming from drop of vehicle operating speeds. Since
the pavement performancemodel allows ex ante ascertaining
pavement deterioration, the same holds true for 𝑘DEG; that is,𝑘DEG can be ascertained for every year of pavement’s life cycle.
The coefficient is usually expressed as a unitless number,
usually a ratio of RUC for pavement in perfect condition; for
instance, at IRI 4.0m⋅km−1 𝑘DEG = 1.2 denotes a 20%
increase of road user costs for vehicles traveling on this
particular damaged pavement as opposed to the situation
when the pavement would be in a perfect condition with
IRI 0.0m⋅km−1. Particular 𝑘DEG values related to pavement
performance model need to be based either on credible road
international management software solutions such as HDM-
4 or RoSy or on a national solution based on empirical
evidence.

5.2. Optimization Index. Optimization index is basically a
unitless number calculated as division of all life cycle costs
and extension of the original life cycle span.

OI = (RC + MCBR + MCAR + UCBR + UCAR)
𝑇𝑡 , (9)

where

OI is optimization index,

RC are rehabilitation costs [€],

MCBR aremaintenance costs before rehabilitation [€],

MCAR are maintenance costs after rehabilitation [€],

UCBR is sum of user costs before rehabilitation [€],

UCAR is sum of user costs after rehabilitation [€],

𝑇𝑡 is number of years of extended service life.

Table 8: Calculation of optimization index.

Scenario
Sum of all life
cycle costs

[€]
Extension of the

life cycle
[year]

Optimization
index
[—]

No
rehabilitation 846,938 0 0

Rehabilitation
in year 5 927,150 25 37,086

Rehabilitation
in year 10 1,041,138 30 34,705

Rehabilitation
in year 15 1,281,434 35 36,612

Rehabilitation
in year 20 1,717,579 40 42,939

Optimization in this case study is based on a calculation
of described overlay design, pavement performance models,
CBA, and optimization index. The calculation of optimiza-
tion index itself is shown in Table 8; it is based on life cycle
cost analysis in Table 7. The results of Table 8 are graphically
depicted in Figure 10. We can see that rehabilitation in year
10 scores the lowest OI and thus is optimal.

More diligent approachwould call for the evaluation to be
done in each year, not just in years 5, 10, 15, and 20. The
result would be a refined curve of the same shape, with the
possibility that the refinement could shift the optimal reha-
bilitation by a year or two. This is a question of due diligence
of particular administrator and possibility of automating the
calculation by Excel macro file or a software solution.

5.3. Sensitivity Analysis of Overlay Design and Timing Opti-
mization. Sensitivity analysis shows the effect of input
changes on the overall result of the optimization. In the anal-
ysis, one input parameter for the optimization is changed and
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Table 9: Elasticity analysis.

Input Original NPV NPV for 1% input
change

Difference in
NPV Elasticity

Roughness pavement
performance model 573,502.33 543,660.36 15,642.52 2.8%

Fatigue parameter change
(𝑎, 𝑏 parameters) 573,502.33 553,047.83 6,255.05 1.12%

Resiliency of critical layer 573,502.33 553,047.83 6,255.05 1.12%
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Figure 10: Optimization index.

the resulting aberrations in financial and economical parame-
ters are presented. To evaluate elasticity of individual param-
eters, only one particular parameter can be tested at a time.
Individual parameter is critical; that is, it has elasticity over
5%, if a change of 1% in the parameter causes a shift in the
result of 5%. Elasticity analysis for this particular case study
is shown in Table 9. Net present value of overlay variant
was chosen to represent the result under observation as it
represents the most important result for the road adminis-
trator. Input parameters for which sensitivity analysis was
performed were

(i) roughness pavement performance model,
(ii) fatigue parameter change (𝑎, 𝑏 parameters),
(iii) resiliency of critical layer.

The analysis shows that neither of observed input parameters
is critical by itself. However, their effects are synergetic
and combination of flaws in these inputs can easily lead to
unrealistic results. Therefore, the most precise definition of
said inputs is required for optimization of overlay design and
timing strategies.

6. Conclusion

The objective of this article was to elucidate on the methods
for overlay design and creation of pavement performance
model and decision-making method for identification of
optimal rehabilitation time. This approach is very complex.

However, it can be adopted on national level with some effort,
provided that the national research can supply or substitute
the experimental part. The presented case study shows that
the combination of pavement structure design methods,
experimental fatigue tests of ACM, experimental pavement
testing, and/or long term pavement performance monitor-
ing if combined with economic appraising of road user
costs can be used to optimize overlay thickness and reha-
bilitation timing. Additional data is required, namely, traffic
data and climatic data of given region. The critical point of
similar methodologies is usually the creation of pavement
performance models. APT data backed by long term per-
formance monitoring as described in this article seems to
be preferable when creating pavement performance models.
Downside of this approach is that the test needs to be
performed for particular pavement type, which can take
time as the data may not be readily available. The pavement
performance model can be then employed for all pavements
with ACM surfacing within given traffic load class, as these
are not expected to differ significantly. Sensitivity analysis
evaluates input parameters presented in the article that are
needed for the overlay optimization. It shows impact of input
changes on the overall result of the overlay scenario results.
Preliminary results from this case study prove in practice that
this approach is a good way to refine the decision-making
process of rehabilitation planning which leads to increase in
socioeconomic benefits for the public and at the same time
helps to decrease capital cost of road administration.
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Rutting is common pavement distress, which leads to lower riding comfort for road users and high maintenance costs. One of the
commonly used tests is the simulation test with wheel tracking devices. Here, a new rutting test system has been developed based
on the “DrivingWheel Pavement Analyzer” (DWPA) to evaluate the rutting performance of asphalt mixtures.This study conducted
three types of rutting tests to validate feasibility, reliability, and accuracy of DWPA test. The results indicated that the DWPA test
provided more information on ruts and enabled us to distinguish the performance of materials.The 𝐶DWPA index is better suited to
reflect the rutting resistance of the material, which is highly correlated to the APA rutting index and the rutting test index of China
according to the grey relational analysis results.

1. Introduction

Rutting has long been a major concern for flexible asphalt
pavements. It is also one of the most common permanent
pavement deformations due to repetitive traffic loads, which
gradually accumulate small pavement deformations that
appear as longitudinal depressions in the wheel paths of
roadways [1]. Not only is rutting a concern for driving safety,
but also it reduces pavement strength and the service life,
increasing the difficulty of pavement maintenance as well
as its cost. Therefore, finding an appropriate rutting test is
the most important project for asphalt mixture performance
evaluation [2–5].

According to the 19thworld road conference (participants
were, e.g., Great Britain, France, Italy, Canada, and other
countries), 16 countries provided survey data and most
countries agreed that using the Marshall design method of
asphalt mixture stability and flow value index did not result
in a good correlation with the actual permanent pavement
deformation. Even if Marshall stability and flow value index
of the asphalt mixture are satisfied, the rutting of pavement
still cannot be effectively controlled at high temperatures.

Therefore, it has been required to use the British Trans-
port and Road Research Laboratory (TRRL) or the French
Laboratories Central des Ponts et Chaussees (LCPC) rut
testing device for additional testing. Furthermore, a variety
of methods have been developed to evaluate the performance
of asphalt mixtures at high temperature.

With respect to various studies on rutting performance of
pavement materials, a variety of rutting test equipment was
developed [6–20], such as the Asphalt Pavement Analyzer
(APA), the Hamburg Wheel Tracking Device (HWTD),
the French Pavement Rutting Tester (FPRT), the Purdue
University Laboratory Rutting Instrument (PURWHEEL),
South Africa’s Small Mobile Loading Simulator (MMLS3),
the Multiwheel Rutting Instrument (RLWT), and China’s
Rutting Test Machine. These rutting tests have similar work-
ing principles; that is, the asphalt test specimen is tested
under a specified temperature, load conditions, and load
repetitions. Then, the amount of vertical deformation is
measured and relevant indicators are calculated. Currently,
different types of rutting devices and different methods in
terms of the performance of the test are in use. Consequently,
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Figure 1: DWPA rutting test system.

different rutting equipment and test methods for materials
have great influence on the evaluation of results: different
loadingmethods, test temperature, wheel load, and specimen
size will lead to differences of test results.

However, the above types of rutting testers have a com-
mon characteristic, that is, the use of towed test wheels, and
therefore cannot simulate the horizontal shear force on the
road surface, resulting in rutting test results inevitably con-
flicting with the actual road rut. Wang et al. [21] summarized
the characteristics of the rutting test equipment commonly
used in China and abroad and proposed that the current
rutting test equipment still had room for improvement. For
example, the wheel load, test speed, and tire pressure should
be variable to simulate the actual loading condition of the
pavement. Due to the complexity of the actual pavement
stress, the South China University of Technology designed
and developed the “Driving Wheel Pavement Analyzer”
(DWPA), which uses the automobile tire drive specimen
wheel rotation system. This device can accurately represent
the conditions between pavement and tire stress, and also
corresponding load, tire pressure, speed, and environmental
conditions can be set according to different test. This study
introduces the choice of the rutting evaluation index and
also opens a new direction for the rutting analysis of asphalt
mixture.

2. Composition of the Rutting Test System

The main rutting test system used for our study is the
“Driving Wheel Pavement Analyzer” (DWPA), which is a
device that can be used for road surface pavement material
durability evaluations, pavement skid resistance performance
evaluations, and pavement noise evaluations.The accelerated
loading core part includes the driving wheel (an actual tire)
and the specimen wheel. The specimen wheel is composed of
eight (8) samples of asphalt mixtures. Typically, it takes about
oneweek tomold andmount these specimens onto thewheel.

Figure 1 shows that rutting data measurement and acqui-
sition systems are mainly composed of a laser displacement
sensor, the data collecting system, and the temperature

control system structure. Two (2) KEYENCE high precision
laser displacement sensors (with a maximum resolution of
5 × 10−3mm) are used to measure the rutting depth. The
sensors are installed tilted to improve the amount of received
light. Furthermore, a specially designed adjustable bracket is
used to bring the sensors as close to the target as possible
(as shown in Figure 2). We set the distance between both
displacement sensors to 50mm according to the tire width
(80mm). To reduce the impact of temperature changes
on the measurement accuracy, the displacement sensor is
integrated within a specially designed temperature control
system, which is able to ensure that the sensor temperature
stays below 30∘C.

To measure the rutting depth on the center and the edge
of the wheel track, one (1) of the laser displacement sensors
is located centrally to capture the displacement in the middle
of the wheel track, while the other one is placed on the edge
to capture the amount upper convex on the edge of the wheel
track (as shown in Figure 3). According to themeasured data,
the rut depth can be calculated. Furthermore, the calculation
method is consistent with the actual rut depth calculation
method. The displacement data of the edge will help to
determine the time and amount of when and how much
the shear deformation occurs on the material. The vertical
displacement signal of each piece of specimen is received via
digital converter and converted into rut depth.These data are
stored by the data acquisition system, which is designed with
real-time data query, historical data query, and data export
function.

The DWPA device uses one pneumatic tire with a width
of 80mm (maximum inflation pressure can reach 720 kPa)
and the axial load can be selected between 1.5 and 3.5 kN (the
maximum can reach 4.5 kN). However, in our research, tire
inflation pressure was set to 700 kPa, 2.5 kN for the axial load,
and 0.7MPa for the position of contact pressure. The wheel
speed can be adjusted between 0 and 40 km/h. Considering
data transmission and acquisition frequency limit, we used
3.23 km/h as a stable wheel speed. The test temperature
was adjustable between 20 and 80∘C, and according to the
conditions to perform the rutting test in China and abroad,
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Figure 2: KEYENCE laser displacement sensors.

Figure 3: Setup of laser displacement sensors. The red arrows refer to the position where laser light is pointing at.

60∘C was selected as temperature [5]. We noticed that the
specimens heat preservation time could not be below 5.5
hours.

TheDWPA uses a curvedmold and curved specimens (as
shown in Figure 4). The outside diameter of each specimen
is 1000mm and inside diameter is 900mm. The inner arc
length is 306mm and the width is 300mm. The specimen
is compressed with an improved flat head roller (as shown
in Figure 5). The rolling repetitions are 70 times. Usually,
the thickness of the specimen is 50mm; however, for special
requirements, it can be increased to 65mm.

3. Test Design

In this study, we performed rutting with APA, Chinese
standard rutting test, and also the new rutting tester at the
same time. Based on a comparison of different equipment,
we validated both accuracy and reliability of the new rutting
measurement system. Three types of asphalt were used such
as 70# pavement asphalt, SBS modified asphalt, and high
modified asphalt (Table 1). Necessary tests were performed
such as asphalt penetration, asphalt softening point, and duc-
tility. The mixture proportion was determined via Marshall

Figure 4: Curved specimen and its mold.

Test. In total, six different asphalt mixtures, including three
representative gradations, were used (as shown in Table 2):
dense granular compositions asphalt concrete AC-13C and
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Figure 5: Flat head roller and compacted specimen.

Table 1: Technical parameters of asphalt.

Asphalt 𝑇P (0.1mm) 𝑇SP (∘C) D (cm)
70# paving grade asphalt 67 49.8 14
SBS modified asphalt 58.5 71.4 34.2
High modified asphalt 36.5 79.5 22.5

AC-13F, skeleton dense asphalt mixture SMA-13, and MLB-
13. Among these, the MLB-13 mixture was designed via the
multilevel mixing method [21–23].

4. Test Results and Data Analysis

4.1. Rutting Test Result. Figure 3 shows the results for the
DWPA rutting test. Figure 6 shows theDWPA loading system
for the average of different materials, determining the rutting
depth after the test. The test data shows that, after 8000
repetitions, the AC-13C mixture with the 70# paving grade
asphalt had the deepest rut, while the MLB-13 mixture with
the SBS modified asphalt had the smallest rut.

Furthermore, the DWPA rutting test significantly dis-
tinguished the influence of asphalt type on the rutting per-
formance of mixture. For the same gradation (AC-13C), the
rut depth was reduced with a simultaneous reduction of the
asphalt penetration, which agreed with existing research and
engineering practice. DWPA could also identify the influence
of the gradation. For mixtures with the same SBS modified
asphalt, the rut depths of MLB-13 and SMA-13 mixtures
were small, while the rut depth of the AC-13F mixture was
relatively deep. Therefore, the DWPA rutting measurement
system is stable and fully achieves the design specification
requirements. Secondly, the DWPA rutting test can be used
for a rutting performance evaluation of the asphalt mixture.

Figure 7 and Table 3 show the results of APA rutting
test and Chinese standard rutting test, respectively. Figure 7
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Figure 6: Average cumulative DWPA rutting.

shows that the APA test results and the DWPA test results
were identical: the AC-13C mixture with 70# asphalt showed
the worst rutting performance, while the AC-13F mixture
with SBS modified asphalt achieved second place. This was
because the former used 70# paving grade asphalt, which
was not as good as the polymer modified bitumen and the
latter used weaker gradation. The rutting performance of
the MLB-13 mixture was the best. From these results, we
noticed that both DWPA test and APA test were able to
distinguish different rutting performances of asphalt mix-
tures; however, due to the different characteristics of the test
equipment, final rut depths were different. Under the same
load repetitions (the APA test defined the load wheel back
and forth reciprocating movement for a loading cycle, and
one loading cycle meant two repetitions. The DWPA test
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Table 2: Mix design information of asphalt mixtures.

Granular composition AC-13F AC-13C AC-13C AC-13C SMA-13 MLB-13

Asphalt SBS modified
asphalt

SBS modified
asphalt

70# paving
grade asphalt

High modified
asphalt

SBS modified
asphalt

SBS modified
asphalt

Asphalt aggregate ratio (%) 4.9 4.3 4.4 4.3 5.9 4.8
16 100 100 100 100 100 100
13.2 100 90 90 90 89 81
9.5 85 68 68 68 63 69
4.75 68 38 38 38 25 49
2.36 50 24 24 24 19 31
1.18 38 15 15 15 15 21
0.6 28 10 10 10 14 15
0.3 20 7 7 7 13 12
0.15 15 5 5 5 12 10
0.075 8 4 4 4 10 6

Table 3: Results of the Chinese standard rutting test.

Granular composition Asphalt Rut depth (mm) Dynamic stability (time/mm)
AC-13F SBS modified asphalt 3.824 2543.3
MLB-13 SBS modified asphalt 1.925 7076.4
SMA-13 SBS modified asphalt 2.019 7254.8
AC-13C High modified asphalt 1.720 6289.2
AC-13C SBS modified asphalt 2.507 3753.6
AC-13C 70# paving grade asphalt 5.393 1695.7
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Figure 7: Average cumulative APA rutting.

defined one rotation of the specimen wheel for a loading
cycle, meaning one repetition), the rut depths of the mixture
under the DWPA test were higher compared to the APA test.
Thus, it can be concluded that the DWPA rutting test allows

for more rigorous test conditions, thus simulating real traffic
conditions of the environment and load characteristics.

Table 3 shows that the orders of rutting performance of
mixtures for both the Chinese rutting test and the DWPA
test were basically identical. According to the rut depths
for both tests, the main difference was the performance of
the MLB-13 mixture and the AC-13C mixture with high
modified asphalt. The rut depth of the AC-13C mixture with
the high modified asphalt mixture was smaller than for the
MLB-13 mixture, which is in contrast to the DWPA test. In
fact, in China we actually used dynamic stability index to
reflect the rutting performance of asphalt mixture during the
high temperature season, expressed as the repetition of the
passes of the wheel to generate a deformation of 1mm. Using
the dynamic stability for evaluation standard, the SMA-13
mixture showed the best antirutting ability, followed by the
MLB-13 mixture with the same SBS asphalt. Furthermore,
the AC-13C mixture with 70# pavement petroleum asphalt
mixture showed the worst antirutting ability. In summary,
using the Chinese rutting test results as benchmark, the
rut depth index under DWPA test was consistent with the
Chinese rutting test results.When using the dynamic stability
evaluation index, the DWPA test was generally able to reflect
the rutting performance of different materials.

4.2. Evaluation Index and Choice of Evaluation Standard. The
European Union standards for rutting tests mainly utilize
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Table 4: Results of 𝐶DWPA.

Granular composition Asphalt 𝐶DWPA/(time/mm) Remark
AC-13F SBS modified asphalt 850.3

𝐶DWPA = 6000/(𝑑2 − 𝑑1)MLB-13 SBS modified asphalt 2426.5
SMA-13 SBS modified asphalt 2359.3
AC-13C High modified asphalt 1843.5
AC-13C SBS modified asphalt 1213.0
AC-13C 70# paving grade asphalt 486.6

three indexes: deformation slope WTS (mm/103 times), total
deformation (usually indicating the rut depth after 10000
cycles), and the percentage of rut depth (PRD). The evalu-
ation index in different countries depends on the prevalent
conditions and situations in each country; a good example is
France, which frequently uses total deformation. In the UK,
the deformation slope and the total deformation are used as
key indicators. Dynamic stability applies for China, Germany,
and Japan. However, although the Chinese standards and the
Hamburg rutting test use the same deformation slope index,
the selected time points are different during the calculation.

In this study, three rutting devices were used to perform
the rutting test. Even though each has its own characteristic,
all were able to distinguish between the worst antirutting
performance (AC-13C mixture with 70# asphalt) and best
good antirutting performance (MLB-13 mixture) mixtures;
however, there is still variation in the performance of the
mixture. Furthermore, we cannot ignore different factors that
influence the rutting performance. It can be noticed that the
APA test uses the total rut depth as the evaluation index
(AASHTO TP 63-07 provides the maximum deformation
measured after 8000 cycles [23–25]), while the Chinese
standard rutting test uses dynamic stability. With regard to
theDWPA test, the appropriate evaluation index still requires
further discussion.

4.2.1. Deformation Slope Index. The asphalt mixture rutting
test curve generally includes three stages: the supplemen-
tary compaction stage, the shear deformation stage, and
the shear failure stage. Chinese’s dynamic stability indexes
are calculated at 45min and 60min according to the dis-
placements, essentially reflecting the creep properties of
the mixture during the shear deformation stage. Related
research indicated that it usually took 120 s for the mixture
to end the supplementary compaction stage, which meant
adopting between 45min and 60min as the calculation time
to guarantee that the amount of deformation was in the shear
deformation stage. However, the DWPA test provides more
severe test conditions, which means that direct application to
the calculation method in Chinese standard may cause error.

If flow deformation happened during the shear deforma-
tion stage, the belt of the wheel track would be concave and
the edge of the wheel track convex. Therefore, we can trace
the change of the height at the edge of the wheel track. As a
result, we can identify whether the mixture entered the shear
deformation stage.
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Figure 8: Decomposition of DWPA rutting depth.

Figure 8 shows that the deformation times were different
between mixtures during the shear deformation phase. The
AC-13 mixture with 70# asphalt was the first to show signs
of shear deformation (after about 300 repetitions), while
the MLB-13 mixture, approximately after 900 repetitions.
Within the creep stability period, the deformationsweremore
accurate; therefore, for the first calculation point (𝑑1) we
chose 2000 repetitions for the total deformation as the creep
slope, as during the test performance shear failure did not
occur in the materials. We chose 8000 repetitions for the
total deformation for the second calculation point (𝑑2). In
this study, the representation of the deformation slope is
(time/mm). Table 4 presents the results from the calculation.

According to the calculation results shown in Table 4, we
found 𝐶DWPA to be smaller than the dynamic stability of the
Chinese standard rutting test, as the weight of the test wheels
(0.78 kN for the Chinese standard rutting test total axle load)
was smaller than that of the DWPA test. We realized that
whenwe used the𝐶DWPA index as the evaluation standard, we
can also receive similar results: rutting performance of AC-
13C mixture with 70# asphalt was the worst, andMLB-13 and
SMA-13 mixture with SBS asphalt was the best. This analysis
revealed that the use of the 𝐶DWPA index as evaluation
standard was feasible.
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After referring to the Chinese specification [5], we
preliminary determined the rutting performance evaluation
standard for the DWPA test: 60∘C for the test temperature,
2.5 kN for the axle load, and 0.7MPa for the tire pres-
sure. The deformation slope 𝐶DWPA should not be below
300 times/mm for the ordinary asphalt mixture (70#); not
below 900 times/mm for the modified asphalt mixture and
also not below 1000 times/mm for the stone mastic asphalt
(SMA) mixture. The important factor to take into consid-
eration is that the index still requires field-measured data
for calibration. Our target is to conduct a follow-up research
study focusing on this.

4.2.2. Total Deformation Index. The total rutting deformation
slope is intuitive; however, the indexes are easily influenced
by the initial degree of compaction of the specimen. Lower
initial degrees of compaction of the specimen will result in
a larger total amount of deformation. As shown in Figure 8,
we noticed that, after 2000 repetitions, the rutting depth
of different materials stabilized. At that moment, the total
deformationwas sufficient to characterize the performance of
the antirutting mixture. With reference to the APA test, the
total deformation for the evaluation standard of the DWPA
criteria we chose was as follows: after 2000 repetitions, the
rut depth did not exceed 10mm, or after 8000 repetitions, the
rut depth did not exceed 15mm. However, this criterion still
requires actual engineering (on-field) correction.

5. Rutting Index Correlation Analysis

The previous analysis revealed that deformation slope and
total deformation indexes could be used as evaluation index
of DWPA rutting test. Among them, the dynamic deforma-
tion slope reflects the rutting stability growth process, an
index that represents the rutting growth speed, but cannot
confirm the position of rutting curve. Comprehensively
considering the total deformation of themixture, it represents
the supplemental compaction and shear deformation, which
can intuitively evaluate the rutting resistance performance
of the material. However, we still need one single index
for the DWPA test to appropriately describe the rutting
performance and to guide the material design for the DWPA
test. Therefore, it is necessary to analyze the results of the
rutting test with grey relational analysis technology [26].

5.1. Grey Relational Analysis Technology. The theory of a grey
system was proposed and developed in 1980 by Professor
Deng Zulong, a famous scholar in China. Its main contents
include a theoretical system based on the “grey hazy set”; this
analytic system is based on the Obscure Correlation Space
and the Obscure Sequence Generation Method System and
uses the grey model (G, M) as core model system [27, 28].
Its application areas include grey correlation analysis, grey
prediction, grey decision, and grey predictive control.

Among these, grey association refers to the indeterminate
association between things. The grey relational analysis is
a method for analyzing the degree of correlation for each
factor in the system or a method of quantitative analysis of
the development trend of the dynamic process of the system.

It is based on the geometric relationship of the series or
the degree of similarity of the curve that determines the
degree of correlation between all factors. If the shape of the
curves is similar, the degree of correlation is closer to one(1); otherwise, the correlation will be closer to zero (0). The
grey relational analysis method has no special requirements
regarding the sample size. The analysis does not have to
obey the typical distribution rule, and the factors are unified
into the system for comparison and analysis; therefore, it is
suitable for the analysis of the rutting test results via different
test methods. The calculation steps are as follows.

Firstly, the evaluation index system is determined accord-
ing to the analysis target.Then, the reference data column and
the comparison data column are determined. The reference
data column should be an ideal comparison standard, while
the reference data column can be constructed with the
optimal value (or the worst value) of each index:𝑋

0
= {𝑥
0
(1) , 𝑥

0
(2) , 𝑥

0
(3) , . . . , 𝑥

0
(𝑚)} . (1)

In the second step, the dimension of the indicator data
is turned to be dimensionless and can be written in the
formation of the following matrix:(𝑋0, 𝑋1, 𝑋2, . . . , 𝑋𝑛)

=(𝑥0 (1) 𝑥1 (1) ⋅ ⋅ ⋅ 𝑥𝑛 (1)𝑥0 (2) 𝑥1 (2) ⋅ ⋅ ⋅ 𝑥𝑛 (2)... ... d
...𝑥0 (𝑚) 𝑥1 (𝑚) ⋅ ⋅ ⋅ 𝑥𝑛 (𝑚)).

(2)

The dimensionlessmethods commonly used are averaged
method and initialized method, respectively:𝑥𝑖 (𝑘) = 𝑥

𝑖
(𝑘)(1/𝑚)∑𝑚
𝑘=1
𝑥
𝑖
(𝑘) ,𝑥𝑖 (𝑘) = 𝑥𝑖 (𝑘)𝑥

𝑖
(1) , (3)

where 𝑖 = 0, 1, 2, . . . , 𝑛; 𝑘 = 1, 2, 3, . . . , 𝑚.
The third step is to calculate the absolute differ-

ence between each comparison sequence and the ref-
erence sequence |𝑥0(𝑘) − 𝑥𝑖(𝑘)| and to determine the
min𝑛
𝑖=1

min𝑚
𝑘=1
|𝑥0(𝑘)−𝑥𝑖(𝑘)| andmax𝑛

𝑖=1
max𝑚
𝑘=1
|𝑥0(𝑘)−𝑥𝑖(𝑘)|.

The last step is to calculate the grey correlation coefficient:𝜁𝑖 (𝑘)= min𝑖min𝑘
𝑥0 (𝑘) − 𝑥𝑖 (𝑘) + 𝜌 ⋅max𝑖max𝑘

𝑥0 (𝑘) − 𝑥𝑖 (𝑘)𝑥0 (𝑘) − 𝑥𝑖 (𝑘) + 𝜌 ⋅max𝑖max𝑘
𝑥0 (𝑘) − 𝑥𝑖 (𝑘) , (4)

where 𝜌 is the resolution factor (from 0 to 1). The smaller the
resolution factor is, the greater the difference between factors
will be. In general, 𝜌 equals 0.5.
5.2. Grey Relational Analysis of Rutting Test Results. Five
rutting indexes were used for the grey relational analysis in
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Table 5: Series of grey relational analysis.

Rutting test

AC-13F MLB-13 SMA-13 AC-13C AC-13C AC-13C

SBS modified asphalt
High

modified
asphalt

70# paving
grade asphalt

Reference data
column

DWPA rut depth
In 2000 times (mm) 3.16 1.82 2.44 2.63 1.21 6.33

DWPA rut depth
In 8000 times (mm) 10.22 4.29 4.98 7.58 4.46 18.66𝐶DWPA

(time/mm) 850.3 2426.5 2359.3 1213.0 1843.5 486.6

Comparison data
column

APA rut depth
(mm) 3.41 0.73 1.12 1.81 0.92 4.61

Rut depth of the
Chinese standard
rutting test (mm)

3.824 1.925 2.019 2.507 1.720 5.393

Dynamic stability
index (time/mm) 2543.3 7076.4 7254.8 3753.6 6289.2 1695.7

Table 6: Results of grey relational analysis.

Index APA rut depth Rut depth of the Chinese standard rutting test Dynamic stability index
DWPA rut depth in 2000 times 0.9985 0.9858 0.3365
DWPA rut depth in 8000 times 0.9990 0.9868 0.3365𝐶DWPA 0.7513 0.7523 0.9450

this research, namely, the rut depth index of the APA test,
the depth index of the Chinese standard rutting test, the
dynamic stability index, the depth index of the DWPA test,
and the dynamic stability index 𝐶DWPA. Therefore, the depth
of the DWPA rutting test (2000 and 8000 repetitions) and
the dynamic stability index 𝐶DWPA were used as reference
data columns, with the remainder of the indicators as the
comparison data column. Data for analysis are shown in
Table 5.

The correlation between the reference series and the
comparison sequence was calculated vie the grey relational
analysis method. The calculation process was simplified with
MATLAB. The results are shown in Table 6.

According to Table 6, we found good correlation degree
among DWPA rut depth index, APA rut depth, and rut
depth of the Chinese standard rutting test. However, a poor
correlation degree was found with the other two indicators.
To further analyze the comprehensive correlation degree
between indexes of each rut test, the correlation order of the
index series was calculated to reflect the correlation between
reference series and comparison sequence. The calculation
method is as follows: 𝑟0𝑖 = 1𝑚 𝑚∑

𝑘=1

𝜁𝑖 (𝑘) . (5)

From Formula (5), the correlation orders of DWPA
rutting depth index with the other three indicators were
0.7736 (2000 repetitions) and 0.7741 (8000 repetitions) and

the correlation orders of 𝐶DWPA with the other three indi-
cators were 0.8162. This result indicated that the 𝐶DWPA
index was more suited to reflect the rutting resistance of
the material, which highly correlated with the APA rutting
index and the rutting test index in China. Furthermore,
this result showed that repetitions of 2000 and 8000 were
appropriate to calculate the 𝐶DWPA index and it was also
reasonable to assume that it was better to characterize the
rutting resistance of the material via the deformation slope
of the creep deformation stage, which was consistent with
specifications.

Therefore, the criteria for DWPA rutting test are as fol-
lows: the 𝐶DWPA index of the material is calculated from the
rut depth of 2000 and 8000 repetitions at a test temperature
of 60∘C, the axle load is 2.5 kN, and the tire pressure is
0.7MPa. According to the technical requirements in the
existing specification, and with reference to the test results of
eachmaterial, the technical requirements of the𝐶DWPA index
could be determined: for a plain asphalt mixture, it is not
below 300 times/mm, for the dense gradation with modified
asphalt mixture, it is not below 900 times/mm, and for SMA
mixture, it is not below 1000 times/mm.

6. Conclusion

This study aimed to establish the evaluation index of theDriv-
ing Wheel Pavement Analyzer via comparative examination
between the APA test and the Chinese standard rutting test
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and to validate its feasibility, reliability, and accuracy. We
preliminary established a corresponding rutting performance
evaluation standard for DWPA test. Based on the analysis of
the test results, we noticed that the total deformation index
from three types of rutting methods basically yield the same
results; furthermore, with regard to the deformation slope
index, subtle differences were found between the DWPA
test results and the Chinese standard rutting test results.
Furthermore, the 𝐶DWPA index was better to reflect the
rutting resistance of thematerial forDWPA test, which highly
correlated with the APA rut depth and the rutting test index
in China according to the grey relational analysis results.

Compared to other rutting test methods, the DWPA test
provides more rutting information. One of the directions for
future research is to deeply analyze these data and to explore
the mechanism of the material creep process. Secondly, the
DWPA test had better applicability and can be used for
materials in some special sections such as long slopes, steep
slopes, and high temperature environments. Finally, indoor
tests (laboratory) and actual pavement rutting depths were
inevitably different; therefore, future research will focus on
fitting the actual rutting performance and its prediction. For
this, references can be made to the South Africa mobile load
simulator (MMLS3) test evaluation method [18], combined
with asphalt pavement reverse design techniques to reshape
the actual pavement structure via indoor tests and on-
field long-term observations, thus establishing a relationship
between indoor and outdoor rutting depth.
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The fatigue properties of asphalt mixtures are important inputs for mechanistic-empirical pavement design. To understand the
fatigue properties of asphalt mixtures better and to predict the fatigue life of asphalt mixtures more precisely, the energy-controlled
testmodewas introduced. Based on the implementation theory, the laboratory practice for the energy-controlledmodewas realized
using a four-point-bending fatigue test with multiple-step loading. In this mode, the fatigue performance of typical AC-20 asphalt
specimens with various reclaimed asphalt pavement (RAP) contents was tested and evaluated. Results show that the variation
regulation of the dissipated energy and accumulative energy is compatible with the loading control principle, which proves the
feasibility of the method. In addition, the fatigue life of the asphalt mixture in the energy-controlled mode was between that for the
stress-controlled and strain-controlled modes. The specimen with a higher RAP content has a longer fatigue life and better fatigue
performance.

1. Introduction

With the service life of asphalt pavement increasing, main-
tenance and rehabilitation are inevitable. In addition, more
and more reclaimed asphalt pavement (RAP) materials have
been created. Meanwhile, with the construction cost and
energy consumption increasing, the recycling of RAP in new
asphalt pavement has attracted more and more attention,
especially in China [1, 2]. Many studies have proved that
the successful conduction of hot recycling technology of
RAP can generate recycled asphalt pavement with the same
performance as that of new asphalt pavement [3, 4]. However,
studies also indicate that the addition of RAP can affect the
fatigue durability of recycled asphalt pavement [5, 6]. Thus,
many researchers are still focusing on how to evaluate and
improve performance, especially the fatigue durability of the
recycled asphalt mixture.

The fatigue properties of asphalt pavement determine its
design life. Asphalt pavement structural defects, especially
fatigue cracks, are caused by the failure of the asphalt
mixture’s antifatigue properties. Therefore, fatigue properties

are the key issue that researchers have focused on [7].
Traditionally, the stress- or strain-controlled loading mode is
used for laboratory tests. One of the two modes is selected,
according to the pavement thickness. Generally, 12.7 cm is
regarded as the boundary thickness. If the surface layer of
the asphalt pavement is thicker than 12.7 cm, the stress-
controlled mode would be selected; otherwise, the strain-
controlled mode would be selected [8]. However, with the
fabrication of new pavement materials, alteration of pave-
ment design theory, and the appearance of new failuremodes,
the rationale behind this classification standard has been
widely questioned [9].

Fatigue tests for different gradations and differentmixture
components were conducted, based on the stress-controlled
and the strain-controlled mode, respectively [10–12]. Results
indicated that, in the strain-controlled mode, fatigue life
increases as the initial modulus decreases. However, in the
stress-controlled mode, the fatigue life increases as the initial
modulus increases. Thus, it can be seen that the control
mode plays a critical role in the evaluation of asphalt mixture
fatigue properties. In view of this, many researchers only
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use one control mode to evaluate asphalt mixture properties
and construct fatigue damage models considering modulus,
dissipated energy, and accumulative energy [13–16]. Some
studies concentrated on the differences and relations between
the two control modes, trying to unify the evaluation indexes
[17–20] or to convert one to another [21]. However, these
studies are still confined to either the stress-controlled mode
or the strain-controlled mode.

Previous research [22–26] has shown that the fatigue
process of the bottom surface layer of the asphalt pavement
is more related to the energy than to the stress in the stress-
controlled and the strain in the strain-controlled modes. The
dissipated energy of each loading cycle remains approxi-
mately constant [27, 28].Thus, the energy-controlled loading
mode was proposed in this study, and the method to achieve
it utilized a four-point bending (4PB) fatigue test device.
Thereafter, fatigue properties of the asphalt mixture with 0%,
25%, and 50% RAP contents were evaluated. The test results
could contribute to the establishment of a new estimation
index for fatigue properties of asphalt mixtures.

2. Theory

During one fatigue loading cycle in a 4PB test, the dissipated
energy of a beam could be calculated by the following
equation:

𝐸 = ∫
2𝜋/𝜔

0

𝐹 sin (𝜔𝑡) 𝐿 sin (𝜔𝑡 − 𝜑) 𝑑𝑡, (1)

where𝐹 is the force applied to the beam [N],𝐿 is themeasured
beam deflection [m], 𝜑 is the phase angle between force and
displacement [rad], and 𝜔 is the frequency of applied force
and displacement [rad/s].
𝐹 could be determined by the product of the flexural

modulus and the deflection of the beam, so (1) could also be
expressed as

𝐸 = ∫
2𝜋/𝜔

0

𝑆𝐿 sin (𝜔𝑡) 𝐿 sin (𝜔𝑡 − 𝜑) 𝑑𝑡

= 𝑆𝐿2 ∫
2𝜋/𝜔

0

sin (𝜔𝑡) sin (𝜔𝑡 − 𝜑) 𝑑𝑡 = 𝑆𝐿2 × 𝜋 sin𝜑,
(2)

where 𝑆 is the modulus of the beam.
In (2), it should be noted that 𝑆𝐿2 equals the energy

applied to the beam in the energy-controlledmode.Thephase
angle 𝜑 is a property of the material itself, which corresponds
to the proportion of dissipated energy. Changes during the
test are so small that they could be neglectedwhen calculating
the dissipated energy. During the fatigue test, as long as 𝑆𝐿2
remains constant, the energy applied to the beam could be
regarded as a constant. In this way, the energy-controlled
mode can be achieved theoretically.

Under the strain-controlled mode, the modulus 𝑆 and
bottom tensile strain 𝜀 of the beam can be continuously
renewed by software using real-time data from the displace-
ment sensor, which makes it possible to control the applied
energy. Because the deflection 𝐿 is directly proportional to

the bottom tensile strain of the beam 𝜀, 𝜀 can be used as the
controlled index. The control theory is as follows:

𝑆0 × 𝜀02 = 𝑆𝑛 × 𝜀𝑛2, (3)

where 𝑆0 is initial flexural modulus of the beam, 𝜀0 is the
initial bottom tensile strain of the beam, 𝑆𝑛 is the flexural
modulus of the beam at Cycle𝑁, and 𝜀𝑛 is the bottom tensile
strain of the beam at Cycle𝑁.

Because of the inherent limitation of the 4PB fatigue
test device, the energy-controlled mode cannot be achieved
directly. In the strain-controlled mode, when the strain was
controlled, the modulus 𝑆𝑛 at Cycle 𝑁 could be output in
real time. Accordingly, the force applied to the beam 𝐹𝑛 was
adjusted to 𝐹0 × 𝑆𝑛/𝑆0, to guarantee that the bottom tensile
strain of the beam 𝜀𝑛 at Cycle 𝑁 would be equal to the
initial tensile strain 𝜀0. Referring to (3) and the theory of the
strain-controlled mode, we propose a laboratory operational
method, based on a 4PB device, called multiple-step loading:
according to the modulus 𝑆𝑛 at Cycle N, shift the bottom
tensile strain of the beam 𝜀𝑛 to√𝑆0/𝑆𝑛 × 𝜀0 and then shift the
force applied to the beam 𝐹𝑛 to√𝑆0/𝑆𝑛 ×𝐹0.Thus, the energy
applied to the beam can remain constant as 𝐹0𝐿0. Using
this method, the energy-controlled mode could be achieved.
In the experiment, each time the force and the strain are
adjusted, the fatigue test machine should be restarted. Thus,
the higher the precision requirement is, the longer the break
time that will be taken. However, the fatigue damage might
mitigate during the intermittence due to the asphalt self-
healing effect [29–31], which would reduce the accuracy. In
this study, a 15% reduction of the beammodulus was used for
the loading process, and the fracture of the beam was set as
the standard of failure.

3. Operation Method for
the Energy-Controlled Mode

A base asphalt with a penetration grade of 70 was used as a
binder. Aggregates used for the mixture design were 100%
limestone, and the mineral powder was limestone powder.
RAP materials were milled from the surface layer of an
expressway that had been used for 10 years and showed seri-
ous pavement defects such as cracking, raveling, and rutting.
These materials were subsequently then processed in a plant.
Next, the RAP materials were obtained from the mix plant
and used for laboratory tests.The gradation of RAPmaterials
is shown in Table 1.The basic properties of the extracted RAP
binder are shown in Table 2. A dense graded asphalt mixture
with a nominal maximum aggregate size of 19mm (AC20)
was used as the design type of the new asphalt mixture and
recycled asphalt mixture. The designed gradation of AC20
is shown in Figure 1. By using the designed gradation as
the target gradation, three AC20 with RAP contents of 0%,
25%, and 50% were prepared, and their gradations are also
shown in Figure 1. All the prepared mixtures were subjected
to fatigue tests with different controlled modes, and their
fatigue properties were analyzed.

The operational procedures for the energy-controlled
mode were as follows.



Advances in Materials Science and Engineering 3

Table 1: Gradation of RAP.

Sieving size/mm 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Percentage passing/% 100 96.5 77.2 48.3 35.9 20.5 15.1 10.7 6.1 4.3

Table 2: Basic properties of binders with different RAP contents.

Type of binder Penetration/0.1mm Softening point/∘C 25∘C ductility/cm
Extracted RAP binder 31.3 60.6 7.7
Virgin binder 68.0 48.3 130.7
25% RAP binder 60.5 52.1 90.6
50% RAP binder 48.8 55.0 45.5
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Figure 1: Gradations of asphalt mixtures with different RAP con-
tents.

Step 1 (specimen preservation). Put the specimen into the
environmental chamber for preservation for no less than 4 h
at the test temperature ± 0.5∘C.
Step 2 (specimen placement). Install the specimen on the
4PB test device and fix it with clamps. Place the LVDT and
make sure it is in contact with specimen surface.Then, adjust
its position to the middle of the beam. The initial readout of
the LVDT should be as close to zero as possible.

Step 3 (parameter decision). The beam should be tested
under a sine wave load, 200𝜇𝜀 initial strain, and a loading
frequency of 10Hz.

Step 4 (initial strain decision). Specimens with different RAP
contents have different moduli. Therefore, to ensure that the
energy applied to each specimen is equal, the initial strain
value should be different. The beam is first loaded under
200𝜇𝜀 for 500 cycles, and the stiffness modulus in the 500th
cycle is the initial modulus 𝑆0. The initial strain 𝜀0 for each
beam can then be calculated.

Step 5. Create a new test file on the computer, set the target
strain as 𝜀0, and then begin loading.When themodulus of the
beam decreases to 0.85𝑆0, stop the test.

Step 6. Repeat Step 5 with the strain target as 1.0847𝜀0.
Because of the asphalt self-healing effect, the modulus may

increase during the break. Generally, the modulus will drop
again to the level before the break after about 200 cycles.
Continue to load, until the modulus drops to 0.7225𝑆0.
Step 7. Repeat Step 5 with the target strains shown in Table 3.
Keep loading until the beam fractures.

Step 8. Add up the cycle number of each loading level. Then,
the fatigue life and a diagram of the flexural stiffnessmodulus
varying with cycle number can be obtained.

At the beginning of loading Step 1, since the initial
modulus 𝑆0 was obtained with an initial strain 𝜀0, the energy
applied to the beam at the beginning of the first loading
process could be expressed as

𝐸0 = 𝑎 × 𝑆0 × 𝜀02, (4)

where𝐸0 is the energy applied to the beam and 𝑎 is a constant.
The force applied to the beam could be expressed as

𝐹0 = 𝑏 × 𝑆0 × 𝜀0, (5)

where 𝑏 is a constant.
A 15% reduction in beam modulus was used for the

loading process. The modulus dropped to 0.85𝑆0 at the end
of loading Step 1, and the energy applied to the beamdropped
to 0.85𝐸0. The force applied on the beam dropped to 0.85𝐹0.
Then, the device was stopped and prepared for loading
Step 2. To achieve the energy-controlled mode, the energy
applied to the beam at the beginning of loading Step 2
should be the same as 𝐸0. According to (3), if 𝜀2 is equal to1.0847𝜀0 (1.0847𝜀0 = √𝑆0/0.85𝑆0 × 𝜀0), the energy applied
to the beam at the beginning of loading Step 2 could be
𝐸0, the same as the first loading process. The force applied
to the beam becomes 0.9219𝐹0 (0.9219𝐹0 = 𝑏 × 0.85𝑆0 ×1.0847𝜀0). Repeating the calculation, the values in Table 3 can
be obtained step by step.

4. Comparison between Different
Control Modes

4.1. Fatigue Test Results under the Energy-Controlled Mode.
The fatigue test in the energy-controlledmodewas conducted
using a multiple-step loading method, at a temperature of
15∘C. The size and manufacturing method of the beam, test
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Table 3: Parameter-controlled process under the energy-controlled mode.

Loading step Stiffness Tensile strain Load Energy
1 𝑆0 → 0.85𝑆0 𝜀0 𝐹0 → 0.85𝐹0 𝐸0 → 0.85𝐸0
2 0.85𝑆0 → 0.7225𝑆0 1.0847𝜀0 0.9219𝐹0 → 0.7836𝐹0 𝐸0 → 0.85𝐸0
3 0.7225𝑆0 → 0.0.6141𝑆0 1.1765𝜀0 0.8500𝐹0 → 0.7225𝐹0 𝐸0 → 0.85𝐸0
4 0.6141𝑆0 → 0.5220𝑆0 1.2761𝜀0 0.7836𝐹0 → 0.6661𝐹0 𝐸0 → 0.85𝐸0
5 0.5220𝑆0 → 0.4437𝑆0 1.3841𝜀0 0.7225𝐹0 → 0.6141𝐹0 𝐸0 → 0.85𝐸0
6 0.4437𝑆0 → 0.3771𝑆0 1.5012𝜀0 0.6661𝐹0 → 0.5662𝐹0 𝐸0 → 0.85𝐸0
7 0.3771𝑆0 → 0.3206𝑆0 1.6283𝜀0 0.6141𝐹0 → 0.5220𝐹0 𝐸0 → 0.85𝐸0

conditions, and devices all followed the standard T0739-
2011 test method from the Chinese specification JTG E20-
2011 [32]. After each loading level, data such as fatigue life,
dissipated energy, and modulus can be obtained. Summa-
rizing these data makes it possible to draw the variation
curves for the entire fatigue life. The variation regulation
of dissipated energy, accumulative dissipated energy, and
modulus is illustrated in Figures 2, 3, and 4, respectively.

As shown in Figures 2 and 3, when loading in the ener-
gy-controlled mode, there is a highly linear relationship be-
tween the accumulative dissipated energy and loading times,
although the force applied and the dissipated energy during
each loading level decreased. The energy applied to each
beam is the same, so the curves of accumulative dissipated
energy of different beams roughly coincide with each other.
This confirms the accuracy of the testmethod. FromFigure 4,
it can be seen that the modulus decreases with an increase
in loading times, and, as in the strain-controlled mode and
the stress-controlled mode, the fatigue process of the energy-
controlled mode can be divided into three periods: initial,
stable, and fracture period. In addition, fatigue properties
were evaluated by loading times in the energy-controlled
mode. Figures 2, 3, and 4 show that AC-20 with 50% RAP
content performs best, followed by 25% RAP content, and
0% performs the worst. In addition, the poorer the fatigue
properties were, the faster thematerial modulus reduced.The
loading times of the initial period and fracture period vary
little between different control modes, and the fatigue life
depends greatly on the stable period. In this respect, therewas
no significant difference among the three control modes.

4.2. Comparison of Fatigue Test Results underDifferent Control
Modes. Fatigue tests under the strain-controlled and stress-
controlled modes were conducted at a temperature of 15∘C,
for comparison with the energy-controlled mode. In the
strain-controlledmode, the target strain was set at 450𝜇𝜀, and
the test stopped when the modulus decreased by 50%. The
accumulative dissipated energy variation regulation during
the fatigue test is shown in Figure 5. The modulus variation
regulation is shown in Figure 6.

Results showed that AC-20 with 25% RAP content had
the longest fatigue life, 0% RAP content was second, and 50%
had the shortest life. Figure 6 indicates that the mixture had a
higher modulus when the RAP content was higher. Thus, the
dissipated energy is larger if the mixture has a higher RAP
content, when tested at the same strain level. Consequently,
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Figure 2: Dissipated energy variation under the energy-controlled
mode at 15∘C.
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Figure 3: Accumulative dissipated energy variation under the ener-
gy-controlled mode at 15∘C.

in Figure 5, the slope of the 50% RAP content is the largest.
Compared with the energy-controlled mode, the growth of
accumulative dissipated energy slowed down in later stages in
the strain-controlled mode, resulting from a greater decrease
in force. Hence, the slope of the curves decreases as loading
times increase in Figure 5. Figure 6 illustrates the attenuation
process of themodulus.Themodulus of the 50%RAP content
reduced faster, possibly because the energy applied to the
beam was higher. Moreover, the fatigue life of 50% RAP
content was the shortest. However, it was not found that
its fatigue properties were the poorest, because the energy
applied to the beam was higher, which may result in the
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Table 4: Comparison of fatigue life under different control modes.

Energy-controlled Stress-controlled Strain-controlled
50% RAP content 89870 39540 13590
25% RAP content 37750 28450 62450
0% RAP content 8270 1040 39100
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Figure 4: Flexural stiffness variation under the energy-controlled
mode at 15∘C.
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Figure 5: Accumulative dissipated energy variation under the
strain-controlled mode at 15∘C.

shortening of the initial period and hastening of the damage
accumulation. Evenwhen put in a pavement, thematerial was
able to bear a greater vehicle load with less strain, because of
the higher modulus of the 50% RAP content. However, this
could hardly be seen from a strain-controlled fatigue test.

The force applied to the beam was 0.952 kN in the stress-
controlled mode. Given the limitations of the test machine,
neither the modulus nor the deflection could be obtained.
Only the fatigue life of the three control modes could be
measured. The results are listed in Table 4.

It is obvious that the higher the modulus was, the longer
the fatigue life would be in the stress-controlledmode. On the
contrary, a higher modulus would shorten fatigue life in the
strain-controlled mode. Under the energy-controlled mode,
the modulus did not affect the fatigue life. In this way, the
model can better simulate the actual fatigue process of asphalt
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Figure 6: Flexural stiffness variation under the strain-controlled
mode at 15∘C.

pavement, making the evaluation of asphalt mixture fatigue
properties more objective.

5. Conclusions

(1) The working process of the test machine was analyzed
using dissipated energy variation regulation during fatigue
testing in the strain-controlled mode. Based on the process, a
theory for the energy-controlled loadingmodewas proposed.
A four-point-bending fatigue test device and a multiple-step
loading method were used to conduct the operation steps for
the energy-controlled mode.

(2) The fatigue life in the energy-controlled mode is
between that of the strain-controlled and stress-controlled
modes. The thickness of the asphalt pavement ceased to be
the determining factor for selecting control modes. Instead,
the energy-controlled mode can be used for any thickness.
The dissipated energy of each loading mode should remain
constant.

(3) Fatigue properties of different RAP contents were
tested under the energy-controlled mode. It was indicated
that the AC-20 mixture with 50% RAP content had the
longest fatigue life and the best fatigue properties. In conclu-
sion, the higher the RAP content was, the better the fatigue
properties would be. The laboratory test results matched the
theoretical predictions well, while the consistency between
theory and field test results should be further investigated.
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Environmental condition affects the property of constructionmaterials.This study gives an initial understanding of Portland cement
hydration under low temperatures from the views of laboratory experiments (including electrical resistivity, degree of hydration
(DoH), and maturity) as well as thermodynamic calculation. The hydrates of Portland cement at the given period were detected
with X-ray diffraction (XRD), and their microstructure was observed by scanning electron microscope (SEM). Experiment result
(i.e., DoH and electrical resistivity) indicated that the hydration of Portland cement was delayed by low temperature without
hydration stopping at −5∘C. Based on a basic kinetics model, the thermodynamic calculation predicted that the final hydrate
differs in dependence on environmental temperatures. The mechanical behavior trend of Portland cement paste affected by low
temperatures potentially is linked to the appearing of aluminate compounds and reduction of portlandite.

1. Introduction

Temperature affects the performances of Portland cement
which is the most widely used materials in infrastructure
constructions [1]. Meanwhile, the matrix of cement binder
acts a greatly important role in Portland cement-based
composites (i.e., pastes, mortars, concrete, stabilized stones,
and treated soils). The performance of hardened Portland
cement (e.g., mechanical behavior, and durability) is linked
tightly with early age chemical hydration and hardening,
while the relationships between hydration processes, hydrates
produced, microstructures, and mechanical behaviors have
been proved in previous studies [2–5]. In service life of
infrastructures, cement-basedmaterials have to be faced with
severe environmental conditions, such as super-low temper-
atures [6–8]. In these conditions mechanical behaviors (e.g.,
compressive strength, flexural strength, elastic modulus, and
Poisson ratio) of hardened Portland cement concrete will be
enhanced by the super-low temperature, for example, −70∼
−10∘C [7].

Differently, if cement-based materials (pastes, mortars,
concrete, etc.) are experienced with low temperature, espe-
cially negative temperature (<0∘C) during initial hydration
stage, cement hydration will be greatly affected [9–11]. In this
case, the hydrated products, phase conversion, for example,
from ettringite (AFt) to monosulfate (AFm), and pores
solution will be affected by low temperatures [5, 12]. In
some limited conditions, the matrix would be even damaged.
Thus, strategies in early ages should be applied to avoid
the damages in matrix under cold weathers [13, 14]. To this
end, a lot of studies were conducted to learn the Portland
cement hydration under low temperatures [10, 11, 15–18], even
though there is still lack of understanding in depth to the
low temperature effects on cement hydration and hardening
characteristics.

Better understanding of Portland cement hydration can
absolutely promote the performance of cement composites
under low temperatures, especially for the application at cold
climates. Thus, this study aims to investigate the hydration
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process of Portland cement, including hydrates, microstruc-
tures, and mechanical behavior evolution. To further under-
stand the low temperature effects on hydration process,
thermodynamic approach is also employed to calculate the
hydrates of Portland cement paste. Basically, this research
provides a basic knowledge about the hydration process of
Portland cement under low temperatures as a part of a
systematic study.

2. Experimental Program

2.1. Raw Materials. A typical commercial ordinary Portland
cement (OPC, produced by Jidong Cement Plant, Xi’an,
China)was used in this studywith oxide components detailed
in Table 1 (PO42.5). What should be noted is that the oxide
components measured by XRF here did not reflect the real
component in Portland cement due to 5∼10% filler replace-
ment in clinkers. The mineral phases in OPC (via XRD)
and the particle size distribution are shown in Figure 1. The
technical properties of PO42.5 used in this study (provided by
the producer) are as follows: specific surface area (Blaine) =
360m2/kg, density = 3.02 g/cm3, initial setting time = 2.8 hrs,
and final setting time = 4.7 hrs.

2.2. Methods and Instruments

2.2.1. Laboratory Experiments. Thecement pastesweremixed
according toASTMC305-14 [20] and thenwere removed into
molds (40 × 40 × 160mm) or plastic containers; afterward,
they were cured in chambers under −5∘C, 0∘C, 5∘C, 8∘C, and
20∘C (RH = 90%). It should be noted that before mixing
raw materials (i.e., Portland cement and water), molds and
bowls should be precooled in chambers consistent with
their following curing temperature. For example, if the paste
sample is going to be cured at 0∘C, the water, cement, bowls,
and molds should be precooled under 0∘C for two hours
until their surface reaches 0∘C. In experimental study, the
water-cement (w/c) ratio of prisms samples for strength
measurement was set as 0.45, while the w/c of the paste stored
in sealed plastic containers was given as 0.5 for complete
reaction.

The pastes in container were treated following the solvent
exchange method (with isopropanol) [21] and then were
measured with XRD (Bruker, D8 Advanced, Cu-K𝛼) and
SEM (Hitachi, S4800).

In order to describe the hydration process of Portland
cement pastes, degree of hydration (DoH), maturity, and
electrical resistivity were measured in this research.TheDoH
of Portland cement pastes was determined as (1) based on
Powers model [22].

DoH =
𝑚
105
− 𝑚
950

0.25 × 𝑚
105

, (1)

where DoH is the degree of hydration (% by weight), 𝑚
105

is the initial mass of sample pretreated in muffle furnace (6
hours) at 105∘C, and 𝑚

950
is the final mass of sample heated

at 950∘C.
Electrical resistivity of cement paste could be utilized to

analyze the cement hydration process well [19]. Thus, the

resistivity curve during initial Portland cement hydration
was detected via CCR-II (produced by BC Tech, Shenzhen
City, China). The equipment and sample were shown in
Figure 2. To prevent moisture evaporation and temperature
fluctuation, a plastic cover was set on the test-board, while
the temperature was controlled by air-conditioner (general
temperature) or chamber (lower temperatures).

The maturity was calculated according to the following
equation [10, 11, 23]:

𝑀 =
𝑡

∑
0

(𝑇
𝑐
− 𝑇
0
) ⋅ Δ𝑡, (2)

where 𝑀 is the maturity of Portland cement paste, 𝑇
𝑐
is

the sample temperature (∘C) measured by CCR-II (detailed
above) or curing temperature (−5∘C, 0∘C, 5∘C, 8∘C, and 20∘C),
𝑇
0
is the base temperature (−10∘C, generally), and Δ𝑡 is the

time interval during curing stage (h).

2.2.2. Thermodynamic Calculation. Gibbs free-energy min-
imization criteria were used to calculate equilibrium phase
assemblages and ionic speciation of chemical systems, such
as the Portland cement paste. The modeling and software
were detailed in our previous study [18], in which GEMS-
PSI (software) and CEMDATA7.1 (database) were employed
to calculate the hydrates ofOPC.What should be noted is that
in this study a basic kinetic function [24] of Portland cement
hydration was modified by a solution equilibrium con-
stant [18, 25]. In the thermodynamic simulation, input data
included the following: C

2
S = 11.1 g/100 g, C

3
S = 62.9 g/100 g,

C
3
A = 6.0 g/100 g, C

4
AF = 11.5 g/100 g, gypsum = 4.6 g/100 g,

K
2
O = 1.1 g/100 g, and Na

2
O = 0.3 g/100 g. Also, 10000 days

were adapted as the final hydration term in the simulation.
The theoretical calculation from thermodynamics could pro-
vide deeper explanation to mechanical behaviors.

3. Results and Discussion

3.1. Electrical Resistance at Early Ages. Figure 3 shows the
resistivity curve of Portland cement during hydration. After
being mixed with water the ions (e.g., Ca2+, K+, Na+, OH−,
and SO

4

2−) dissolved into the water forming an electrolytical
solution [26], and then the hydrates would expend the ions in
solution or occupy the space of solution; thus the resistivity of
paste could be utilized to observe the hydration stages during
hydration. It was reported that the cement hydration could
be divided into five stages: (1) dissolution stage; (2) dynamic
balance stage; (3) setting stage; (4) hardening stage; and (5)
hardening deceleration stage [19]. Based on the previous
study [19], the curve of resistivity and differential resistivity
could point out the initial setting and final setting time well.
In Figure 3, the normalized data of resistivity shows an obvi-
ous bottomwhichmatches the start of initial setting. Also, the
starting position of the hardening deceleration stage could be
confirmed at the top of differential electrical resistivity curve.
The curves in Figure 3 show that the temperature data and
resistivity data were in a good agreement with each other.
Therefore, the temperature data in CCR-II measurement can
also be considered to describe the cement hydration. This
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Table 1: Oxide composition of Portland cement used in this study∗.

Oxide Na
2
O MgO Al

2
O
3

SiO
2

P
2
O
5

SO
3

K
2
O CaO TiO

2
MnO Fe

2
O
3

CuO ZnO Rb
2
O SrO BaO PbO Cr

2
O
3

PO42.5 0.30 1.30 5.20 18.00 0.05 3.00 1.10 65.80 0.40 0.07 4.80 0.02 0.10 0.00 0.09 0.08 0.02 0.00
∗Data collected by X-ray fluorescence (XRF).
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Figure 2: Electrical resistivity measurement: device and sample setting.
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conclusion is the basis to adapt the temperature data of
sample in maturity calculation below.

Figure 4 presents the normalized resistivity data of
Portland cement pastes under 8∘C (Figure 4(a)) and 20∘C
(Figure 4(b)). Two important characteristics could be noticed
in the curves: (i) low temperature (8∘C) delays the bottom
(initial setting time position) of normalized resistivity curve;
(ii) the initial plot of normalized resistivity curve at low
temperature (8∘C) was lower than that at general condition
(20∘C).They are due to the chemical reaction rate reduced by
low temperatures.

3.2. Sample Temperature and Maturity Development. The
temperature changing was also recorded by sensors (see-
ing Figure 2(b)) as detailed in Figure 4. In lower curing
temperature (8∘C), sample temperature increased due to the
chemical reaction in paste and then decreased caused by
cooler environment outside. In room temperature the sam-
ple temperature kept increasing, where sample temperature
showed less relationship with electrical resistivity of paste.

Figure 5 shows the maturity calculated based on the cur-
ing/sample temperature via (2). Figure 5(a) is the ideal matu-
rity curve calculated by curing temperature, while Figure 5(b)
showed the maturity calculated by sample temperature (see
(2)). As believed, the mechanical behaviors of cement-based
composites have great relationships withmaturity [10]. Taken
in this sense, Figure 5 could act as an evidence of the strength
delaying in previous studies [17, 18].

3.3. Degree of Hydration. Degree of hydration (DoH)
responds to the reaction process of cement paste; hence

the DoH of cement paste cured in lower temperatures was
measured based on Powers’ model and shown in Figure 6.
Beyond the curing time, the DoH of cement with the
same curing temperature increased, while higher hydration
rate was obtained with higher temperatures. Take −5∘C, for
instance, its DoH beyond 90 d was 63.2%, much lower than
that of a general condition (91.9% at 20∘C).This result agreed
with the conclusion of FHWA’s report [23]. Meanwhile, the
experiment indicates the Portland cement can still hydrate
at −5∘C; for example, the DoHs of OPC at −5∘C were 16.7%,
25.5%, 47.4%, 55.3%, 61.9%, and 63.2% beyond 1, 3, 7, 28,
60, and 90 days, respectively. This result explains the slow
strength achievement of cement pastes exposed in negative
temperatures.

3.4. XRD Analysis. Figure 7 shows the XRD analysis of
Portland cement hydrates under different temperatures (1 d).
It can be seen that the portlandite (Ca(OH)

2
) peak differs

by curing temperature. To −5∘C, there was no obvious
portlandite peak, and the mineral phase can be observed
clearly (1 d). There were no AFt peaks at 1 day for the pastes
cured under −5, 0, 5, and 8∘C.

3.5. SEM. Themicrostructure of hydrated paste was arranged
in Figure 8. According to the DoH above, less Portland
cement hydrated under −5∘C; thus the separated particles in
Figure 8(a) could be explained in which the solid did not bind
with others. To other temperatures, the pastes hardening was
related to the curing temperature. If focused on the hydrates,
there were some separated particles in Figure 8(b) (0∘C),
while there were few unhydrated particles in Figure 8(c)
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(5∘C). If the curing temperature was higher than 8∘C, less
unhydrated particles could be observed in SEM images (see
Figures 8(d) and 8(e)). Considering the DoH (47.4%) of
Portland cement cured at −5∘C in 7 d, the cement should
produce somehydrates to bind the particles in paste; however,
the DoH of this sample (−5∘C, 7 d) was just similar to the
one cured at 20∘C in 1 d (46.7%, see Figure 4). At this DoH
level, particles in paste did not react to bind with others.
Actually, the Portland cement just finished phase-boundary
reaction and reached diffusion controlled hydration [27] at
this DoH level while the spaces between particles were not
filled by hydrates. With the DoH increasing (i.e., related with
temperature), spaces between hydrates would be filled and

then bind with each other. Here, another reason should not
be ignored that the particles in cement paste were moved and
separated by ice formed at −5∘C (negative temperatures).

4. Thermodynamic Calculation of Portland
Cement Hydration at Low Temperature

4.1. Portland Cement Hydrates over Curing Time. Thermo-
dynamic calculation of Portland cement hydration has been
proved by a number of studies. Figure 9 shows the hydrates
evolution at 20∘C based on the thermodynamic simulation.
As shown in the figure, the hydrates increased over curing
time. The Aft was converted into AFm at 1 d and then
disappeared at 2 d, while the C

3
AH
6
phase appeared after 3 d.

This calculation result was proved by our experimental data
as the low temperature effects have been reported previously.
The final hydrates will be potentially changed within 0∼10∘C.
Mineral phase variation can be seen in Figure 10.

4.2. Relationships between Strength, Hydrates, and Temper-
ature. The mechanical behavior of cement paste is linked
significantly to its hydrates. For instance, the relationship
between mechanical behavior and CSH content has been
proved in our previous study [17]. Figure 10 shows the rela-
tionships between curing temperature, compressive strength,
and hydrates volume fraction. The hydrate fractions were
collected from thermodynamic calculation (age = 10000 d).

The strength was measured under 0, 5, 8, and 20∘C and
beyond 3 d, 7 d, and 28 d. It can be seen that (1) the content
of CSH was not significantly affected by curing temperature
beyond long ages; (2) the volume fractions of AFt, AFm,
and portlandite were changed with curing temperature; (3)
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(a) −5∘C (b) 0∘C

(c) 5∘C (d) 8∘C

(e) 20∘C

Figure 8: SEM images of solid cement pastes cured under low temperatures (7 d).

the long-term (28 d) strength showed few relationships with
CSH content but was linked greatly with AFt, AFm, and
portlandite, at the point of 10∘C. With the reduction of CH,
the compressive strength was increased. Also, the AFmmight
benefit the mechanical strength in Portland cement at low
temperatures.

This finding was very interesting because we always
thought that the mechanical behaviors were linked to the
CSH volume fraction tightly, but in this study on the premise
of different early curing temperatures we found that the
mechanical strength changing had no relationship with the
CSH content (strength differs with a similar/the same CSH
volume fraction) but is linked significantly with the produced
aluminate hydrates and portlandite. What should be noted
is that the above conclusion may not be 100% right, but
we would like to consider that the temperature effects on

early mechanical behavior should have deeper explanations,
thermodynamically. However, these deductions need more
evidence in the future.

5. Summary and Conclusions

The Portland cement (PO42.5) hydration characteristics at
early ages including electrical resistance, temperature evolu-
tion, degree of hydration, and phase evolution were observed
in laboratory under the curing temperature of −5, 0, 5,
8, and 20∘C. Thermodynamic calculation based on GEMS-
PSI software was also utilized to explain and verify the
experimental results. Conclusions can be drawn as follows:

(1) Low temperatures (−5, 0, 5, and 8∘C) reduced the
hydration rate but did not terminate the hydrate reac-
tion; also, the hydration process remains as generate
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condition. Based on the CCR-II temperature sensors,
the maturity might explain the hydration delaying.

(2) There was a linear relationship between DoH and
curing temperature to 1–7 d; however, a breakpoint
appeared at 7–28 d. In experiment, the breaking
point appeared at 5∼8∘C. This DoH breaking point

is very similar to the phase transformation point in
thermodynamics (10∘C).

(3) The calculation indicated that early mechanical
behavior might have deeper explanations from the
view of thermodynamics, where the hydrates differ
under low temperatures. On the premise of this study
(different early curing temperature), the compressive
strength of old pastes (28 d) has less relationship with
the CSH content but is linked tightly with aluminate
compounds and portlandite.
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AC-13 asphalt mixture was taken as the research object to investigate the evolution and distribution laws of force chains. A
digital specimen of AC-13 asphalt mixture was reconstructed using the discrete element method (DEM) to simulate the simple
performance test (SPT). Next, the force chain information among aggregate particles was extracted to analyze the evolution,
probability distribution, and angle distribution of force chains.The results indicate that the AC-13 mesoscopic model reconstructed
using the DEM is feasible to simulate the mesoscopic mechanical properties of asphalt mixture by comparing the predicted results
and laboratory test results. The spatial distributions of force chains are anisotropic. The probability distributions of normal force
chains varying with the loading times are consistent. Furthermore, the probability distribution has the maximum value at the
minimum𝑓 (the ratio of contact force to mean contact force); the peak value appears again at𝑓 = 1.75 and then gradually decreases
and tends to be stable. In addition, the angle distributions of force chains mainly locate near 90∘ and 270∘, and the proportions of
strong force chains are slightly greater than 50%, but the maximum proportion is only 51.12%.

1. Introduction

Asphalt mixture is a multiphase composite material, which
comprises aggregates, asphalt binder, and air voids. Aggre-
gates that dominate by volume and mass in asphalt mixture
are considered as the granular media, which are the main
material to form a skeleton structure and resist external
loading applied to the asphalt mixture. Therefore, the asphalt
mixture exhibits the essential attribute of granular media in
a certain sense. And there exists the interaction force among
the contacting particles that forms the loading transmission
paths in a granular system, so Bouchaud et al. proposed
the concept of force chain after observing stress distribu-
tion, propagation, and arching within granular media [1, 2].
Currently, the research methods on force chains focus on
the following areas: mechanical analysis, laboratory test, and
numerical simulation.

Cates et al. argued that fragility was linked to themarginal
stability of force chains within granular matter and described
that the force chains propagated and fluctuated with scalar

model and tensorial model in granular media [3–5]. Torde-
sillas et al. viewed the force chain buckling in a constrained
granularmedium from the structuralmechanics, investigated
the force chain evolution for cohesionless granular systems,
and presented a regularized two-dimensional model for the
force chain buckling [6–8]. Howell et al. carried out the
experiments on a granular system consisting of photoelastic
polymer disks subjected to shear and compressive loading
and measured and calculated the probability distributions
of normal and tangential force chains [9, 10]. Yi et al.
studied the force chain transmission in a hexagonal-close-
packed array granular system with and without point defect
submitted to a concentrated loading using the aluminum-
plastic board and carbon paper technique [11, 12]. Tordesillas
et al. examined the relationship between force cycles and
force chain in a dense granular material under quasistatic
biaxial loading using a discrete element simulation and
analyzed the spatial patterns of force chain buckling with
multiscale characterization [13, 14]. Sun et al. proposed
the criteria of strong force chain and angle and analyzed
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Table 1: Aggregate properties.

Index Unit Technical requirements Measured results
Crushed stone value % ≤26 18.5
Los Angeles abrasion loss % ≤28 16.2
Bulk density

13.2mm
g/cm3

— 2.785
9.5mm — 2.798
4.75mm — 2.783

Water absorption % ≤2.0 0.57
Silt content % ≤1 0.9
Flat and elongated particle content % ≤15 9.8

Table 2: Asphalt binder properties of SK 70#.

Index Unit Technical requirements Measured results
Penetration (25∘C, 5 s, 100 g) 0.1mm 60∼80 72
Penetration index — −1.5∼+1.0 −0.94
Ductility (15∘C) cm ≥100 >150
Softening point ∘C ≥46 48.2
Solubility (trichloroethylene) % 99.5 99.92
Paraffin content % 2.2 1.72

Residue after thin film oven (163∘C, 5 h)
Mass loss % ≤±0.8 0.1
Penetration ratio (25∘C) % ≥61 70.8
Ductility (15∘C) cm ≥15 15

the evolution of force chain structure morphology through
simulating the uniaxial compression and biaxial test using
the discrete element method [15, 16]. You et al. reconstructed
the mesoscopic model of asphalt mixture and provided the
force chain distributions within aggregates, within mastic,
and between aggregates and mastic [17, 18].

It can be found that the researches on force chains
concentrate on the granular material with regular morphol-
ogy, single particle size, and smooth edges by the literature
cited above. But few of them are involved in bond effect.
However, the asphalt mixture comprises the aggregates with
different morphology, geometric shapes, and broad particle
size, and the asphalt binder with bond effect. The interac-
tion between aggregates and asphalt binders changes with
time and temperature that makes the anisotropic interac-
tion more complex. Furthermore, its spatial and temporal
evolution and distribution laws of force chains have not yet
reported.

2. Determination of DEM Viscoelastic
Mesoscopic Parameters

The SPT dynamic modulus test was developed to measure
the dynamic moduli and phase angles of AC-13 asphalt
mixture and mastic specimens. Burger’s model parameters
were calculated based on the test results, and the mesoscopic
parameter values were determined by verifying the corre-
sponding relationship between Burger’s model parameters

and DEMmesoscopic parameters. Aggregates are limestone,
asphalt binder is SK70#, and their properties are listed in
Tables 1 and 2. The asphalt mastic was obtained from AC-13
asphalt mixture’s aggregate gradation by eliminating all the
aggregates bigger than 2.36mmexcept the asphalt binder.The
gradations of AC-13 asphalt mixture and mastic are listed in
Table 3. Optimum asphalt contents of AC-13 asphalt mixture
and mastic are 4.49% and 11.92%, respectively.

The dynamic moduli and phase angles of asphalt mixture
andmastic weremeasured at three temperatures of 5∘C, 20∘C,
and 40∘C and five frequencies of 1Hz, 5Hz, 10Hz, 20Hz,
and 25Hz. 5∘C and 20Hz were selected to analyze the meso-
scopic responses of asphalt mixture and the characteristics
of force chains. And the test results were used to calculate
the mesoscopic parameters of asphalt mixture viscoelastic
model. The mesoscopic parameters include stiffness within
aggregates and adjacent aggregates, stiffness and viscosities
within asphalt mastic, and stiffness and viscosities adjacent
to asphalt mastic as well as stiffness and viscosities between
aggregates and mastic.

3. Reconstruction of Digital Specimen and
Verification of Mesoscopic Model

The asphalt mixture specimen prepared by gyratory com-
paction was drilled core to obtain a new specimen with
diameter of 100mm, which was cut along the diameter
direction, and then a cross-sectional image (as shown in
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Table 3: Gradations of AC-13 asphalt mixture and mastic.

Size (mm) Percent passing of AC-13 (%) Percent passing of asphalt mastic (%)
16.0 100 —
13.2 95.05 —
9.5 72.23 —
4.75 46.26 —
2.36 33.13 100
1.18 24.09 72.71
0.6 17.01 51.34
0.3 11.83 35.7
0.15 8.14 24.56
<0.075 5.09 15.35

Top loading platen

Bottom loading platen

(a) Original image (b) Digital specimen

Figure 1: Reconstruction of digital specimen.

Figure 1(a)) was received. The image was processed using the
digital image processing technique (Image-Pro Plus 6.0, IPP
6.0), its pixel coordinates were extracted and the DEM was
imported to generate a digital specimen of asphalt mixture
combining Matlab. The whole digital specimen has 50,500
particles, and so many particles affect the computational
efficiency. Consequently, this paper captured part of the
digital specimen to conduct a numerical simulation, and the
digital specimen with 3060 particles was demonstrated in
Figure 1(b). The red parts represent the aggregates, the blue
parts represent the asphalt mastic, and the upper and lower
parts represent the loading platens. The Haversine loading
is applied by the top loading platen and the bottom loading
platen is served as a fixed base, which are consistent with the
SPT laboratory test.

It is necessary to verify the developed DEM model’s
reasonability and the consistency between simulation and
laboratory results. The frequency applied by the top loading
platen was 20Hz, and the time-step was 1.285 × 10−8 s/step.

The stresses and strains were extracted after running for 0.1 s
(two periods), and the stress and strain curves were plotted in
Figure 2. Dynamic moduli and phase angles from the DEM
simulation were calculated by

𝐸
∗ =
𝜎max − 𝜎min
𝜀max − 𝜀min

,

Φ =
Δ𝑡

𝑇
,

(1)

where 𝜎max and 𝜎min are the maximum and minimum values
of stresses; 𝜀max and 𝜀min are the corresponding maximum
and minimum strains; Δ𝑡 is the time difference between the
adjacent peak stress and strain; and 𝑇 is loading period and
20Hz corresponds to the loading period of 0.05 s.

The predicted dynamic modulus and phase angle were
calculated according to the stresses and strains and (1). It
is found that the difference of dynamic modulus between
measured and predicted results is 0.784GPa, and its error
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Figure 2: Applied stress and strain responses at 20Hz.

is 2.9%. Besides, the difference of phase angle between
measured and predicted results is 1.8∘. Therefore, there are
slight differences between measured and predicted dynamic
moduli and phase angles. The reconstructed DEM model
has the ability to analyze the mesoscopic responses of AC-13
asphalt mixture.

4. Results and Discussion

4.1. Force Chain Evolution. There were produced mesoscopic
responses in aggregates, in mastic, and at the interfaces of
aggregates/mastic after applying the Haversine loading at
20Hz for the AC-13 digital specimen. The anisotropic force
chain networks directly reflected the mesoscopic responses
within the asphalt mixture and the force chain evolution
internal aggregates and internal mastic and at the interfaces
of aggregates/mastic. The force chain networks were traced
at four loading times (0.125 × 10−3 s, 0.25 × 10−3 s, 0.375 ×
10−3 s, and 0.5 × 10−3 s, which corresponded to 9728 steps,
19455 steps, 29184 steps, and 38910 steps) and were described
in Figure 3. The blue parts represent compressive force chain
networks and the red parts represent tensile force chain
networks.

Figure 3 shows that the spatial distributions of force
chains are anisotropic under the Haversine loading. The
thicker lines represent the greater force chains, which are
mainly the compressive force chains in vertical direction and
the main loading transmission paths. Moreover, the force
chains that transfer the smaller loading in the other directions
are the tensile force chains and these smaller force chain
networks distribute widely. The maximum contact forces are
2.970 × 104N, 3.332 × 104N, 3.611 × 104N, and 3.958 ×
104N at four loading times indicating that their acting forces
among particles enhance as the loading time grows. This is
attributed to the sensitivity of particles inside the specimen
to the Haversine loading while it transfers from top to
bottom. The interlocked action among particles strengthens,
and the particle system adapts to the loading by means

of self-organized behaviors. In addition, the force chains
within aggregates are all the compressive force chains (blue
parts), and the tensile force chains (red parts) are all within
mastic and at the interfaces of aggregate/mastic. The reason
is that the unbroken aggregates form the skeleton structure
subjected to and transferring the Haversine compressive
forces, while the Haversine loading produces the stripping
trend between asphalt and aggregates within mastic and at
the interfaces of aggregate/mastic.

4.2. Probability Distribution of Force Chains. It is difficult to
excavate the quantitative distribution information of force
chain networks due to their spatial and temporal heterogene-
ity. Currently, the macroscopic statistical characteristics of
force chains are the main way to describe the mesoscopic
information of force chain networks. Probability distribution
of force chains 𝑃(𝑓) is conducted as a macroscopic quantita-
tive indicator, where 𝑓 is the ratio of contact force to mean
contact force. The probability distributions of normal force
chains is provided in Figure 4 at four loading times.

As can be seen in Figure 4, the probability distributions
of normal force chains 𝑃(𝑓) have no significant differences at
four loading times and themaximumprobability distribution
(𝑃(𝑓) = 0.2495) at 0.5 × 10−3 s is greater than the other three
loading times. 𝑃(𝑓) decreases with the increase of 𝑓 when
𝑓 ≤ 0.75;𝑃(𝑓) is proportional to𝑓when 0.75 < 𝑓 ≤ 1.75, and
the peak occurs at𝑓= 1.75;𝑃(𝑓) is inversely proportional to𝑓
when 𝑓 > 1.75 and it remains unchanged basically when 𝑓 ≥
3.0. The variation laws of 𝑃(𝑓) illustrate that the probability
distributions of smaller normal compressive and tensile force
chains are greater, and the probability distribution of larger
normal compressive force chains is the largest at 𝑓 = 1.75.

4.3. Angle Distribution of Force Chains. Force chains possess
great sensitivity and uncertainty due to their anisotropic
spatial extension directions depending on themagnitude and
time of external loading. The angles between the force chain
direction and horizontal direction are served as the angle
distribution quantitative indicators. A statistical analysis is
employed to obtain the angle distribution characteristics of
force chains in 0∘–360∘ (as shown in Figure 5) by extracting
the normal and shear force chains.

Figure 5 presents that these angle distributions of force
chains mainly reside nearby 90∘ and 270∘; the angle distri-
bution proportions in 0∘–180∘ are significantly greater than
those in 180∘–360∘, which relate to the Haversine loading
directions. The asphalt mixture specimen is applied at the
vertical Haversine loading that mainly transmits along the
vertical direction. But, the asphalt mixture as a composite
material comprises aggregate particles with different particle
sizes and geometric shapes, so that the angle distributions
mainly distribute along the vertical direction while they
extend along the other directions.

Force chains can be distinguished into strong and weak
force chains according to the force chain thickness and the
magnitude of 𝑓. They are the strong force chains when 𝑓 ≥
1, while they are the weak force chains when 𝑓 < 1. It is
necessary to analyze the proportions of strong force chains at
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Figure 3: Force chain spatial evolution with loading times.
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different loading times (shown in Figure 6) due to the strong
force chains bearing most of the loading and as the main
loading transmission paths.

There are no significant differences in the proportions of
strong force chains in Figure 6. The maximum proportion of
strong force chains is 51.12% and the minimum proportion
of strong force chains is 50.68%, so the maximum difference
is 0.44%. The results mentioned in Figure 6 illustrate that
the proportions of strong force chains have no changes
with the increase of loading time basically after the loading
transmits the whole specimen. The strong force chains sup-
port most of external loading and become the main parts
used to ensure the stability of the whole granular system.
Therefore, the interlocked effect from aggregates, especially
coarse aggregates, constitutes the skeleton structure, and the
aggregates transfer larger loading to form the strong force
chain network structure in AC-13 asphalt mixture. However,
the fine aggregates and mineral powder particles play a role
of filling effect, which are subjected to smaller or zero loading
to form the weak force chain network structure.
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Figure 5: Angle distribution of force chains.

5. Conclusions

The differences between the measured and predicted
dynamic modulus with the error of 2.9% and phase angle
of 1.8∘ show that the developed viscoelastic model using
the discrete element method is feasible. It is suitable to
investigate mesoscopic responses of the AC-13 asphalt
mixture.

Force chains have a heterogeneous distribution in asphalt
mixture. The acting forces among the contacting particles
enhance as the loading time extends, the force chains within
aggregates are all the compressive force chains, and the force
chains withinmastic and at the interfaces of aggregate/mastic
are mainly the tensile force chains.

The probability distributions of normal force chains are
basically consistent for different 𝑓. The probability distribu-
tions decrease firstly and then increase. They decrease after
reaching the peak at 𝑓 = 1.75 and then stabilize.

The angle distributions of force chains mainly reside
nearby 90∘ and 270∘, and the angles distributions in 0∘–180∘

are significantly greater than those in 180∘–360∘. The propor-
tions of strong force chains are slightly greater than 50%, but
the maximum proportion is only 51.12%.

In this paper, we conduct the quantitative analysis of force
chains in asphalt mixture under the conditions of 5∘C and
20Hz. In the further study, the evolution and distribution
of force chains with different skeleton types can be analyzed
under different temperatures and frequencies.
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To study the effect of aging SBS modified asphalt on the performance of asphalt pavement, aging at various times and temperatures
was conducted with thin film oven, and then tests were made about the penetration, softening point, ductility, viscosity, toughness,
and fluorescence microscopy of modified asphalt with different aging levels. The results show that, with the increasing of aging
time, the penetration and ductility of modified asphalt decrease while its softening point and viscosity increase, and the variation
trend of the toughness and tenacity is related to the aging temperature; the aging dynamic model with viscosity as parameter can
well characterize the aging process of modified asphalt; at microlevel, with the decreasing of SBS particle size, the uniformity of
particle size is better. Analysis of macroscopic properties, microscopic characteristics, and significance shows that the SBS particle
area ratio has a significant correlation with tenacity as the aging temperature changes. When the aging temperature is 163∘C, the
SBS particle area ratio still has a significant correlation with tenacity as the aging time changes.

1. Introduction

SBS modified asphalt is widely used in asphalt pavement of
high-grade highway in China, due to its excellent perfor-
mance. But it will get aging inevitably after a period of time
[1–3]. For SBS modified asphalt, its aging includes the aging
of polymer SBS as well as the aging of the matrix asphalt
itself [4, 5]. As waste pavement construction materials, aging
SBS modified asphalt still has high recycling value. While
designing the recycling of discard SBS modified asphalt
mixture, the aging effect of SBS modified asphalt must be
understood. Though many studies have been made on the
aging of SBS modified asphalt [6, 7], the existing findings
have not well explained the unique aging phenomenon of
SBS modified asphalt. Also, the researches of evaluation and
prediction of aging properties of SBS modified asphalt with
different aging levels are relatively less [8]. As we all know, the
toughness test is used to evaluate the modified properties of
modified asphalt, mainly used for SBR modified asphalt. But
there are few researches on SBS modified asphalt, especially
for the aging properties.

SBS modified asphalt is a multiphase mixture system
composed by polymer SBS and matrix asphalt. Its perfor-
mance is not only affected by the matrix asphalt but also
closely related to the state of SBS in asphalt [9–11]. Most
researches on modified asphalt aging did not consider this
factor, themultiphase characteristics, or the effect of changing
polymer SBS particles on the modified asphalt performance
in the aging process [12, 13].

With this consideration, this paper conducts an in-depth
research on the aging effect of SBS modified asphalt. The
aging process of SBS modified asphalt was simulated with
thin film oven test (TFOT). The macroscopic properties
and fluorescence microstructure characteristics of modi-
fied asphalt with different aging levels were conducted.
By analysing variation rule of macroscopic properties and
microscopic characteristics, this paper attempts to provide
a further understanding about the aging mechanism of SBS
modified asphalt. In conclusion, this research aims to provide
a theoretical foundation for improving the service life of
SBS modified asphalt pavement and recycling discard SBS
modified asphalt mixture.
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Table 1: Main technical indexes of matrix asphalt.

Indexes Test results Specification

Penetration (25∘C)/0.1mm 61.3 60∼80
Softening point/∘C 50.7 ≥46
Ductility (15∘C)/cm >100 ≥100
TFOT

Quality change/% −0.214 ≤±0.8
Residual penetration ratio (25∘C)/% 67.7 ≥61
Residual ductility (10∘C)/cm 11.1 ≥6

Table 2: Main technical indexes of modified asphalt.

Indexes Test results Specification

Penetration (25∘C)/0.1mm 56 40∼60
Softening point/∘C 60.5 ≥60
Ductility (5∘C)/cm 29.5 ≥20
Viscosity (135∘C)/Pa⋅s 1.550 ≤3
TFOT

Quality change/% −0.252 ≤±1.0
Residual penetration ratio (25∘C)/% 78.6 ≥65
Residual ductility (5∘C)/cm 17.5 ≥15

2. Materials and Methods

2.1. Materials. SBSmodified asphalt in test is made of TIPCO
70# asphalt. Its main technical indexes are shown in Table 1.
The modifier is Yueyang Petrochemical linear SBS (YH-791),
with content of 3.5% while the content of rubber oil and
stabilizer is 3% and 1‰, respectively.

2.2. Sample Preparation. At first, matrix asphalt was heated
to 165∘C, and the rubber oil was added to the matrix asphalt
according to preset content.Then the polymer SBSwas added.
The mixture was stirred uniformly at speed of 1100 r/min for
7 h at about 180∘C. Then the stabilizer was added in batches.
Stir continued for 2 h to obtain SBS modified asphalt sample.
The main technical indexes are shown in Table 2.

Table 2 shows that the main technical indexes meet the
technical requirements for SBS modified asphalt I-D by the
current specification “Technical Specification for Construc-
tion of Highway Asphalt Pavement” in China.

2.3. Experimental Design. As modified asphalt production
and construction temperature is generally controlled at
160∘C∼180∘C, TFOT aging test temperature was set to 163∘C,
173∘C, and 183∘C, and aging time to 3 h, 5 h, 7 h, and 10 h.

Macroscopic properties mainly focus on 25∘C pene-
tration, softening point, 5∘C ductility, Brookfield viscosity,
toughness, and tenacity, and themicroscopic properties focus
on fluorescence microscopic characteristic. The fluorescence
test is mainly used for appearance analysis and quantitative
analysis of modified asphalt.

3. Test Results and Analysis of
Macroscopic Properties

3.1. Impact of Aging on the Three Major Indexes of Modified
Asphalt. Figure 1 shows the variation of SBSmodified asphalt
penetration, softening point, and ductility with aging time
under different temperature conditions.

Figure 1 shows that, with the increasing of aging time,
the penetration and ductility of modified asphalt decrease
gradually. When the temperature arrives at 173∘C and 183∘C,
ductility tends to be zero after 10 h. The specimen is close
to brittle fracture. On the contrary, the softening point con-
tinues to increase. In addition, the difference of penetration
and softening point gradually increases under different aging
temperature. This indicates that temperature has increasing
impact upon the two indexes.

3.2. Impact of Aging on Toughness and Tenacity of Mod-
ified Asphalt. Asphalt toughness test, a rapid tensile test
under specific conditions (25∘C, 500mm/min), is applied
to measure the impact resistance and adhesion property
of asphalt. It is effective in evaluating modified effect of
the asphalt. The maximum tensile deformation ability of
modified asphalt is evaluated with toughness, while the delay
damage property and the resistance to fracture after tensile
yielding are evaluated with tenacity.

Figure 2 is the typical tension-deformation curves of
SBS modified asphalt and matrix asphalt, respectively, in the
toughness test.
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Figure 1: Correlation of three major indexes with aging time.
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Figure 3: Variation curve of maximum tension, toughness, and tenacity of modified asphalt with the change of aging time.

Figure 2 shows that the tension increases rapidly with
the increasing of deformation in the asphalt tensile process
and it reaches the maximum point B when deformation
reaches about 2 cm.Different frommatrix asphalt, an obvious
delayed fracture stage (CE) exists in themodified asphalt.The
tension decrease rate slows down in this stage, while great
deformation appears. Thus, a preliminary judgement can be
concluded: toughness is mainly affected by the SBS.

The variation curve of the maximum tension, toughness,
and tenacity ofmodified asphalt with the change of aging time
is shown in Figure 3.

Figure 3 shows that, as the aging progresses, the max-
imum tension of modified asphalt increases gradually. The
trend of toughness and tenacity is distinct at different aging
temperatures. With aging temperature at 163∘C, toughness
and tenacity increase gradually. The main reason probably
is that the SBS continues to have swelling reaction and
thus enhances antideformation capacity of modified asphalt.

On the contrary, when the aging temperature is 183∘C, tough-
ness and tenacity continuously decrease, mainly because the
excessive temperature results in series of reaction such as
degradation and chain scission of SBS, overaging of matrix
asphalt. With aging temperature at 173∘C, toughness and
tenacity show a two-phase variation trend: increasing at
first and then decreasing. The reason may be that, during
the early stage of aging, SBS continues to have swelling
reaction, and consequently antideformation ability improves.
As the time exceeds 5 h, the SBS chain segment breaks and
loses constraints on the asphalt. The antideformation ability
reduces, leading to the decreasing of toughness and tenacity.

3.3. Impact of Aging on the Viscosity of Modified Asphalt.
Asphalt aging usually involves a series of reactions such
as fracture, reorganization, and polymerization of chemical
bonds, thus inevitably leading to changes of viscosity. There-
fore, researches on the changes of viscosity during the aging
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Table 3: Dynamic parameters of aging reaction of modified asphalt.

Aging temperature/∘C V/10−3⋅h−1 Correlation coefficient 𝐴 𝐸𝑎/KJ⋅mol−1

163 11.1 0.93
540906 23.91173 36.9 0.91

183 75.8 0.95
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Figure 4: Variation curve of viscosity of modified asphalt with the
change of aging time.

process of modified asphalt can facilitate the understanding
of aging mechanism. Figure 4 shows the variation curve of
viscosity of modified asphalt with the change of aging time.

Figure 4 shows that the viscosity of modified asphalt
increases gradually during the aging process and increases
with an increasingly large extent. In addition, viscosity
difference of modified asphalt increases significantly at dif-
ferent temperatures. This indicates that high temperature
accelerates aging.

3.4. Establishment of Dynamic Model of Modified Asphalt
Aging. Asphalt aging is an irreversible first-order dynamic
reaction [14].With the assumption that aging of SBSmodified
asphalt is also a first-order reaction, the dynamic equation is

−
𝑑𝑦

𝑑𝑡
= V𝑦, (1)

where 𝑦 is asphaltene reactant concentration in modified
asphalt, mol; 𝑡 is the aging time, h; V is the reaction rate
constant, h−1.

Experiments show that the reactant concentration is
inversely proportional to the apparent viscosity (where 𝑦 =
𝑎/𝜂, 𝜂 is apparent viscosity). Substituting the apparent viscos-
ity into equation (1) with integral available, (2) is obtained:

ln
𝜂

𝜂0
= V𝑡, (2)

where 𝜂0 is the initial apparent viscosity; 𝜂 is the apparent
viscosity at time 𝑡, Pa⋅s.

Brookfield viscosity in test belongs to apparent viscosity.
So the reaction rate constant of modified asphalt under
different aging time is calculated by Brookfield viscosity.
Linear fitting of ln(𝜂/𝜂0) with aging time and the slope of
fitting regression line is the reaction rate constant of modified
asphalt under the corresponding temperature condition.
According to the Arrhrenius equation,

ln V = − 𝐸𝑎
(𝑅𝑇)
+ ln𝐴, (3)

where 𝐸𝑎 is activation energy of modified asphalt aging reac-
tion, KJ⋅mol−1; 𝑅 is molar gas constant, value 8.314 J/(mol⋅K);
𝑇 is aging temperature, ∘C; 𝐴 is preexponential factor.

The activation energy of modified asphalt aging reaction
can be obtained by fitting the reaction rate constant and aging
temperature with (3). The fitting results are shown in Table 3.

FromTable 3 the correlation coefficients of the three aging
temperature regression lines are relatively large, indicating
that the aging of modified asphalt is a first-order reaction.
When the aging temperature rises, V becomes larger, indicat-
ing that the aging rate increases. Substituting the Arrhrenius
equation into (2),

ln 𝜂 = ln 𝜂0 + 𝐴𝑡𝑒
−𝐸𝑎/𝑅𝑇. (4)

Then substituting the modified asphalt dynamic parame-
ters into (4),

ln 𝜂 = 0.43825 + 540906𝑡𝑒−2875.9/𝑇. (5)

The viscosity of modified asphalt at different aging tem-
peratures and time can be calculated with (5). Since (5)
was obtained based on the measured viscosity at 163∘C,
173∘C, and 183∘C, the calculated viscosity values at the same
temperatures from this equation are of less significance to
be compared. So the other temperatures (158∘C, 168∘C, and
178∘C) and aging time (8 h) were supplemented. Results are
shown in Table 4.

Table 4 show that the calculated values are in good
agreement with the measured values with the maximum rel-
ative error only 12.6%. This indicates that the aging dynamic
equation based on apparent viscosity better reflects the aging
process of modified asphalt and helps to evaluate and predict
its antiaging property.

4. Microstructure Characteristics Analysis

Polymer SBS in asphalt absorbs light oil to form polymer
phase. Under the fluorescence excitation, polymer phase
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Table 4: Calculated and measured values of apparent viscosity of modified asphalt (pa⋅s).

Aging time/h Calculated
values

Measured
values

Relative
error/%

Calculated
values

Measured
values

Relative
error/%

Calculated
values

Measured
values

Relative
error/%

163∘C 173∘C 183∘C
0 1.55 1.55 0 1.55 1.55 0 1.55 1.55 0
3 1.61 1.58 1.9 1.71 1.61 6.2 1.98 1.81 9.4
5 1.64 1.61 1.9 1.82 1.72 5.8 2.32 2.06 12.6
7 1.68 1.68 0 1.95 2.01 3.0 2.73 2.68 1.9
10 1.74 1.75 0.6 2.15 2.36 8.9 3.48 3.52 1.1
Supplements 158∘C 168∘C 178∘C
8 h 1.64 1.56 5.1 1.82 1.66 9.6 2.35 2.39 1.7

reflects light with relatively longwavelength, appearingwhite.
On the contrary, the asphalt phase does not reflect any light,
appearing black. So by fluorescence microscopy the asphalt
phase and polymer phase can be clearly distinguished. As
the reflected light field is applied, there is no damage to the
distribution of polymer phase in the asphalt. Hence, the fluo-
rescencemicroscopy gets a lot of good reproducibility asphalt
microimages. By analysing the structure of polymer SBS
morphological and dispersion state of asphalt, it is accessible
to effectively evaluate the mechanical properties of modified
asphalt and establish the relationship between macroscopic
mechanical properties and microstructure characteristics.

To ensure the reliability of fluorescence images and avoid
the particularity of individual samples, three slidesweremade
in parallel for each sample. Four representative fluorescence
images were taken for each slide.

4.1. Phase Structure Analysis of Modified Asphalt. Fluores-
cence microscopic images of unaged and aged modified
asphalt are shown in Table 5.

Table 5 shows that polymer SBS in the unaged modified
asphalt are distributed in the asphalt in the form of spherical
particles, and this modified asphalt belongs to single-phase
continuous structure with polymer SBS as dispersed phase
and asphalt phase as continuous phase. Aging will not change
its phase structure. The SBS particle size is relatively large
beforemodified asphalt undergoes aging process. After aging,
the particle size significantly decreases; the uniformity of
particles gets better. At the same aging time, when the aging
temperature reaches 183∘C, the particle size is the smallest.
At the same temperature, with prolonged aging time, the
particle size significantly decreases and the distribution is
more intensive.

4.2. Quantitative Analysis of the Microstructure of Modified
Asphalt. The performance of modified asphalt is closely
related to its phase property which is connected with the
distribution of SBS particles in asphalt. Therefore, profes-
sional image processing software (Image-Pro Plus) is used
to analyse and process the fluorescence images of modified
asphalt, which segment, count, and measure the image. The
average area and area ratio of polymer SBS particles are
chosen as the quantitative evaluation indexes to describe the
aging mechanism of modified asphalt. Here the area ratio

refers to the percentage of polymer SBS particle area to total
area, indirectly reflecting the SBS swelling degree in asphalt.

4.2.1. Correlation of Microstructure Quantitative Indexes,
Toughness, and Tenacity with Aging Temperature. According
to the results of macroscopic properties and microscopic
characteristics, compare the relationship between micro-
structure quantification indexes and macroscopic properties
which is based on the connection points of aging temper-
ature and aging time. The results show that the variation
of microstructure quantitative indexes is consistent with
toughness and tenacity.

Figures 5–8 show that the variation of microstructure
quantitative indexes, toughness, and tenacity at different
aging temperature and different aging time.

Figures 5–8 show that when the aging time is 3 h and 5 h,
the area and area ratio of polymer SBS particles increase as the
aging temperature increases. When the temperature exceeds
173∘C, these two indexes decrease.When the aging time is 7 h
and 10 h, the two indexes decrease with a progressively slow
rate as the aging temperature increases.

The results show that when the aging time is less than
5 h and aging temperature is 163∘C∼173∘C, the polymer SBS
continues to conduct swelling reaction; the SBS molecular
chain segment in asphalt increases, which leads to the
increase of particle area and area ratio and the restriction
effect of polymer on the asphalt. Finally the macroscopic
properties show greater toughness and tenacity. When the
aging temperature exceeds 173∘C, polymer SBS has a series
of reactions such as degradation and chain scission and the
particle area and area ratio decrease, leading to the decreasing
restriction effect on asphalt. Therefore, the toughness and
tenacity of modified asphalt decrease.

Only from Figures 5–8, conclusion can be drawn: with
the increasing of aging temperature, the change law of the
area and area ratio of SBS particles are in conformity with
that of toughness and tenacity, but it may be just an apparent
phenomenon.Therefore, this paper uses the professional data
analysis software to carry on a bivariate significance test with
the significance level of 0.05.The results are shown in Table 6.

Table 6 shows that the correlation coefficients of micro-
andmacroindexes are very high and all indexes are positively
correlated; only the significant parameter between area ratio
and tenacity is less than 0.05. Therefore, when the aging time
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Table 5: Fluorescence micrographs of modified asphalt.

State Sample figure

Unaged

TFOT (163∘C, 3 h)

TFOT (163∘C, 5 h)

TFOT (163∘C, 7 h)

TFOT (163∘C, 10 h)

TFOT (173∘C, 3 h)

TFOT (173∘C, 5 h)
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Table 5: Continued.

State Sample figure

TFOT (173∘C, 7 h)

TFOT (173∘C, 10 h)

TFOT (183∘C, 3 h)

TFOT (183∘C, 5 h)

TFOT (183∘C, 7 h)

TFOT (183∘C, 10 h)

is 3 h, 5 h, 7 h, or 10 h, the area ratio of SBS particles has a
significant correlation with tenacity as the aging temperature
increases. Theoretical analysis shows that the particle area
ratio is an integral index of modified asphalt. The larger

the particle area ratio, the greater the specific surface area.
Polymer particles will absorb more light oil in asphalt to
reduce the surface energy. This results in more developed
colloidal structure and increasing antideformation ability. In
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Figure 5: Correlation of SBS particle area and toughness with aging temperature.
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Figure 6: Correlation of SBS particle area and tenacity with aging temperature.

the macroscopic perspective, the tenacity of modified asphalt
increases.

4.2.2. Correlation of Microstructure Quantitative Indexes and
Tenacity with Aging Time. According to the above analysis,
the correlation between the toughness and microscopic
characteristics of modified asphalt is poor. So this section
only analyses the correlation of polymer particle area ratio
and tenacity with different aging time. The results are shown
in Figure 9.

Figure 9 shows that when the aging temperature is 163∘C
or 173∘C, the change law of particle area ratio and tenacity
is basically identical; when the aging temperature is 183∘C,
due to high temperature, polymer SBS conducts a series of
reactions such as degradation and chain scission, resulting
in the continued decreasing of the particle area ratio and a
different change law from that of tenacity.

Similarly, the significance test was carried out and the
calculation method was similar to the previous section. The
results are shown in Table 7.

Table 7 shows that the correlation between micro- and
macroindexes is relatively small. Only when the aging tem-
perature is 163∘C, the significant parameter is less than 0.05.
With increasing aging temperature, the comprehensive aging
effect of polymer SBS and asphalt complicates antideforma-
tion capacity of modified asphalt, leading to the irregular
changes of particle area ratio and tenacity.

5. Conclusions

In this paper, the main technical indexes of homemade mod-
ified asphalt satisfy the specification requirements, belonging
to single-phase continuous structure, with polymer SBS as
dispersed phase and asphalt phase as continuous phase.

(1) Aging has a significant influence on modified asphalt
properties. It results in decreasing penetration and ductility
and increasing softening point and viscosity. With the pro-
longing of aging time, the difference of penetration, softening
point, and viscosity increases gradually at different aging
temperatures.
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Figure 7: Correlation of SBS particle area ratio and toughness with aging temperature.
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Figure 8: Correlation of SBS particle area ratio and tenacity with aging temperature.

Table 6: Correlation of microstructure indexes, toughness, and tenacity with aging temperature.

Aging time Microindexes Macroindexes Correlation coefficient Significance

TFOT 3 h
Area Toughness 0.988 0.097

Tenacity 0.995 0.052

Area ratio Toughness 0.985 0.111
Tenacity 0.994 0.039

TFOT 5 h
Area Toughness 0.979 0.129

Tenacity 0.947 0.210

Area ratio Toughness 0.989 0.095
Tenacity 1 0.015

TFOT 7 h
Area Toughness 0.958 0.186

Tenacity 0.992 0.076

Area ratio Toughness 0.970 0.156
Tenacity 0.996 0.047

TFOT 10 h
Area Toughness 0.996 0.054

Tenacity 0.997 0.051

Area ratio Toughness 0.971 0.154
Tenacity 0.997 0.049
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Table 7: Correlation of microstructure quantitative indexes and tenacity with aging time.

Aging temperature Microindex Macroindex Correlation coefficient Significance
TFOT 163∘C Area ratio Tenacity 0.991 0.012
TFOT 173∘C Area ratio Tenacity 0.359 0.552
TFOT 183∘C Area ratio Tenacity −0.768 0.129

(2) The toughness test shows that, different from matrix
asphalt, an obvious delayed fracture stage exists for modified
asphalt, and thus the aging characteristics ofmodified asphalt
can be effectively evaluated. At different aging temperatures,
the toughness and tenacity ofmodified asphalt show different
trends.

(3) The aging dynamic model of modified asphalt based
on Brookfield viscosity is simple and reliable. It reflects
well the aging process and is conducive to evaluating and
predicting the antiaging property.

(4)There is no marked relationship between phase struc-
ture and aging of modified asphalt. As aging temperature
or aging time increases, SBS particle size decreases and the
particle uniformity is better.

(5)When the aging time is constant, the changing pattern
of area and area ratio is in conformity with that of toughness
and tenacity with the increasing of aging temperature. How-
ever, only the SBS particle area ratio has a significant corre-
lation with tenacity. When the aging temperature is 163∘C,
the SBS particle area ratio also has a significant correlation
with tenacity as the aging time increases. The results prove
the possibility of establishing a link between microscopic
characteristics and macroscopic mechanical properties of
modified asphalt and provide a new method for evaluating
mechanical properties of modified asphalt from microscopic
aspect.
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An important concern that limits the RAP content in asphalt mixtures is the fact that the aged binder that is present in the RAP can
cause premature cracking. Rejuvenators are frequently added to high RAP mixtures to enhance the properties of the binder. There
is no existing method to predict the longevity of a rejuvenated asphalt. This study investigated the aging of rejuvenated binders and
compared their durability with that of virgin asphalt. Various samples with different types and proportions of RAP, virgin binder,
and rejuvenator were aged by RTFO and three cycles of PAV. DSR and BBR tests were conducted to examine the high-temperature
and low-temperature rheological properties of binders. Results indicated that the type and dosage of the rejuvenator have a great
influence on the aging rate and durability of the binder. Some rejuvenators make the binder age slower, while others accelerate
aging. These observations confirm the importance of evaluating the long-term aging of recycled binders. For this purpose, critical
PAV time was proposed as a measure of binder’s longevity.

1. Introduction

To maintain over 2.4 million miles of asphalt surfaced roads
in the US, over one hundredmillion tons of asphalt pavement
is milled and resurfaced every year. The milled asphalt mate-
rial, which is reclaimed asphalt pavement (RAP), is entirely
recyclable [1]. Despite an abundance of this valuable resource,
some portions of RAP are still wasted in landfills, and yet
another part of it is used in nonasphalt applications, such as
an embankment, subbase, base, and shoulder. Therefore, the
majority of the RAP is not recycled to its highest potential.

Asphalt mixtures with more than 25% RAP are often
identified as high RAP mixtures [2, 3]. One of the most
important obstacles for using high RAP asphalt mixtures
is a lack of confidence in their performance [4]. A high
RAP mixture can perform differently from a conventional
mixture, and currently, there are no adequate methods to
predict and assess all aspects of these differences. Aging of the
asphalt binder is among most critical parameters that make
recycled asphalt mixtures different from newmaterial. When

pavement ages, the asphalt binder becomes hard, brittle, and
prone to cracking [5–7]. The reason for this phenomenon
is that lighter components of the asphalt or maltenes are
partially lost due to evaporation and oxidation. Rejuvenating
is the process of restoring the original properties of an aged
asphalt binder by adding a rejuvenator or recycling agent
(RA). Rejuvenation is often perceived as simply softening
the hard asphalt. Therefore, in most cases, specifications call
for a target range of penetration, viscosity, or performance
grade (PG) to verify the effectiveness of rejuvenation [8,
9]. However, there are other concerns that differentiate a
rejuvenated binder from a virgin binder that cannot be
addressed by these requirements.The durability of the binder
is one of these issues.

Today, decades after recycling of asphalt pavement
became a common practice in the late 1970s, rejuvenated
mixtures are aging again, and their aging behavior is not
necessarily similar to that of virgin mixtures. Therefore, it is
important to study the aging of recycled asphalt and compare
it to that of virgin binders. To achieve a high RAP mixture
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with durability similar to that of new pavement material, the
rejuvenated asphalt binder should not age faster than a virgin
asphalt.

Terrel and Fritchen compared the durability of recycled
and virgin mixtures in 1978 [10]. They simulated long-term
moisture damage using a vacuum-submerged conditioning
procedure, followed by several freeze-thaw thermal cycles.
Results showed that the performance of recycled asphalt
concrete samples was similar to new samples. In another
study, virgin and recycled mixtures were subjected to long-
term oven aging [11]. Dynamic modulus tests showed that
samples that contained RAP aged slower. It should be noted
that no rejuvenator was added to the mixtures in this study.
The emergence of the Superpave performance grade system
and its tests and aging procedures provided new tools for
evaluating the changes in asphalt properties as it ages. A
study that evaluated the performance of recycled asphalt
binders using the performance grade system concluded that
generally recycled asphalt binders perform similar to or
better than virgin binders [12]. Aging was simulated by
oven heating of mixtures. Results from this study confirmed
the ability of rejuvenators to effectively lower the PG of
samples containing up to 45% RAP. It was concluded from
a series of shear modulus master curves that using recycling
agents inmixtures containing RAP improves fatigue cracking
resistancewithout adversely affecting rutting resistance. Also,
it has been showed that the use of an excessively aged binder
in recycled mixtures can also lead to segregation problems
due to a reduction in binder’s adhesion [13].

While the majority of the previous researches on the
durability of recycled asphalt show a better longevity for
recycledmaterial, there are instances that conclude vice versa.
According to a study that used Rolling Thin Film Oven
(RTFO) and Pressure Aging Vessel (PAV) for simulating the
aging and Fourier Transformed Infrared Spectroscopy for
evaluating the level of aging, rejuvenated binder generally
aged faster than virgin binder [14]. There is a need to study
the parameters that affect the longevity of rejuvenated binder
and cause them age faster or slower in comparisonwith virgin
asphalt. In a previous research by the authors, the aging of
100% recycled asphalt binders was evaluated [15, 16]. In that
study, the PAV was used to simulate long-term aging. The
results showed that aging of recycled asphalt could be either
faster or slower than that of virgin asphalt, depending on the
rejuvenator used.The difference in the service lives of binders
rejuvenated by different products was estimated to be up to
ten years. Also, it was shown that the standard PAVaging time
was not adequate to evaluate aging behavior.Therefore, aging
for a longer period of time is required to ensure the durability
of recycled asphalt.

There is a well-recognized need to increase the use of RAP
in the pavement. However, this cannot be achieved if asphalt
rejuvenation continues to be perceived as simply softening
the binder. This paper presents an effort to overcome this
shortcoming by addressing the need for an effective reju-
venation. The objective of this research was to evaluate the
durability of asphalt binders containing RAP. Rheological
properties of the binder were used to assess the level of aging.
The long-term aging of binders with 20 and 40 percent RAP

was compared to that of virgin asphalt binders. The effect of
different rejuvenators on the durability was also investigated.

2. Materials and Methods

2.1. Experimental Approach. The experimental approach was
designed based on Superpave PG tests and aging procedures.
The aging was simulated by the PAV, which exposes the
asphalt to heat and high pressure. The standard PAV aging
time is 20 hours.There is no definite correlation between PAV
aging and actual field aging time, but a study performed in
Florida for this purpose estimated that the aging caused by
a 20-hour PAV cycle is equivalent to 8 years of service [17].
This estimate was used to provide an approximate correlation
between PAV time and field aging. Furthermore, it was aimed
to look at the aging beyond the first 8 years. Therefore,
samples were subjected to three PAV cycles to increase the
PAV aging time to 60 hours and simulate almost 24 years of
in-service aging.

One of the objectives of this research was to introduce
a quantitative description for binder durability. For this
purpose, the PAV time that increases the high-temperature
PG of each sample from 70∘C to 95∘C was considered as a
measure of aging that makes the binder too hard to perform
well. This value is referred to as critical PAV time in this
paper. Based on the Florida Department of Transportation’s
testing of over 21 RAP stockpiles, a high-temperature PG of
95∘C is the typical grade of a RAP binder in Florida. Each
sample was subjected to four levels of aging, which included
RTFO aging and three cycles of PAV aging. After each level,
the samples underwent Dynamic Shear Rheometer (DSR)
testing. The primary parameter used for characterizing the
stiffness of the binder and thereafter the level of aging was
the continuous high-temperature performance grade of the
binder. This parameter is briefly referred to as high PG in this
paper. Also, the low-temperature properties of the binders
were assessed by Bending Beam Rheometer (BBR) tests after
standard (20 hours) and extended (60 hours) PAV aging.

2.2. Material. Two types of nonmodified RAP, two virgin
binders, and two rejuvenators were used. Samples were
prepared with 20% and 40% content of RAP binder.

2.2.1. RAP Binders. A medium-aged RAP and a hard RAP,
recently milled in Florida, were used. These are referred
to as RAP 1 and RAP 2, respectively. The RAP binder
was recovered using a centrifuge extractor and a rotary
evaporator in accordance with ASTM D2172 and ASTM
D5404. Trichloroethylene was used as the solvent for the
binder recovery process.

2.2.2. Virgin Binders. Two types of virgin binders were used.
These are referred to as VB1 and VB2. Although both binders
had an incremental grade of PG 67-22, the continuous grade
of VB1 was slightly higher than VB2. Table 1 presents results
from the high-temperature DSR tests on RAP and virgin
binders and the resulting high PGvalues.TheRTFOmass loss
was 0.61% for VB1 and 0.43% for VB2.
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Table 1: DSR test results for RAP and virgin binders.

Binder Test temperature
(∘C)

𝛿
(∘)
𝐺∗/sin 𝛿
(kPa)

High PG
(∘C)

RAP 1 (medium) 82 82 3.25 91.95
88 84 1.60

RAP 2 (hard) 82 76 14.60 104.24
88 79 7.08

VB1 (not aged) 67 86 1.48 70.19
76 86 0.49

VB2 (not aged) 67 88 1.29 69.18
76 88 0.45

VB1 (RTFO aged) 67 83 3.68 70.97
73 85 1.69

VB2 (RTFO aged) 67 85 2.77 68.86
73 87 1.32

2.2.3. Recycling Agents. Two recycling agents (rejuvenators)
were used.These are commercial products that are commonly
used in Florida, referred to as RA1 and RA2.

RA1 is a dark yellow heavy paraffinic oil with high
aromatic content that gives it good softening power. The
rejuvenator contains no asphaltene. This helps restore the
maltene to asphaltene ratios that are reduced by aging. The
flash point of this oil was 420∘F (216∘C) as determined by
the Cleveland Open Cup Test (ASTM D92). The material
has good high-temperature stability and does not emit much
smoke at mixing temperatures. However, its high aromatic
content allows it to evaporate quickly during the mixing
procedures. The RTFO mass loss was determined to be as
high as 1.92% for RA1.

RA2 is a semisolid black substance with an asphalt odor.
This product is manufactured by rerefining used oils through
vacuum distillation. Using a rerefined product as the rejuve-
nator is a step toward enhancing the use of recycled material.
This rejuvenator has a high flash point of 522∘F (272∘C) and
does not release much smoke at high temperatures. It also
evaporates much less than RA1 at mixing temperatures, and
its RTFO mass loss is only 0.21%.

2.3. Sample Preparation. Sixteen samples were prepared by
varying the RAP content and the type of RAP, virgin binder,
and recycling agent. The two virgin binders were used as
controls. The samples were prepared by mixing a soft binder
with the RAP binder. The soft binder is a mixture of a virgin
binder and a recycling agent. This sequence is consistent
with the practice that is often followed by the industry.
Similar initial high PG values were required to facilitate the
comparison between samples. Thus, the target grade for the
samples was set similar to the high PG of virgin binders ±1∘C.
To determine the proportion of the components that would
produce samples with those target grades, the following three
steps were followed.

2.3.1. Step 1: Determination of Soft Binder Grade. The first
step was to determine the grade of the soft binder in such
a way that, after blending with the RAP binder, a sample
with the target grade is achieved. For this purpose, a linear
interpolation was used to estimate the grade of the soft
binder, along with the RAP content, the high PG of the
RAP, and the target high PG. This is in accordance with the
method recommended in ASTM D4887. Figure 1 shows this
interpolation for each combination of virgin and RAP binder.

2.3.2. Step 2: Establishing Softening Curves. Softening curves
were established for each combination of virgin binder and
recycling agent, as shown in Figure 2. The dotted lines
represent the linear trend lines. The softening power of the
RA2 was considerably lower than the RA1. Therefore, large
doses were needed to soften the binder to the desired grade.
This fact makes RA2 an inappropriate choice when the high
RAP content is considered, especially when the RAP is highly
aged.

2.3.3. Step 3: Calculating the Proportion of Material. The
results from the two preceding steps made it possible to
calculate the proportion of the RAP binder, virgin binder, and
recycling agent for each sample. Table 2 presents the factorial
design of samples and the composition of each. Figure 3 is
a flowchart that shows the steps for the sample preparation
process.

3. Results and Discussions

3.1. RTFO Aging. The RTFO simulates the aging that the
binder undergoes during construction. This aging is primar-
ily due to the evaporation of lighter components of the asphalt
binder when it is heated. Table 3 shows the results of the
DSR tests and the high PG of the samples before and after
RTFO aging and the resulting high PG values. The high PG
values for nonaged andRTFO-aged samples were determined
differently based on the corresponding criteria (formulas (1)
and (2)).

Original (nonaged) sample: 𝐺
∗

sin 𝛿
≥ 1.0 kPa (1)

RTFO-aged sample: 𝐺
∗

sin 𝛿
≥ 2.2 kPa. (2)

The results showed that the degree of aging caused by the
RTFO depended on the type of asphalt and recycling agent.
VB1 lost more weight in the RTFO (0.61% compared to 0.43%
for VB2) and experiencedmore aging. Its RTFO grade (based
on formula (2)) was 0.77∘C higher than its nonaged grade
(based on formula (1)). On the other hand, the RTFO grade
was 0.79∘C less than the nonaged grade for VB2. Generally,
RA1 increased the RTFO aging, while RA2 did not influence
it significantly. There is a meaningful correlation between
the percentage of RA1 and the extent of RTFO aging (see
the correlation in Figure 4). This was expectable, because
RA1 has a high aromatic content and RTFO mass loss. Faster
RTFO aging is not necessarily a negative quality. In fact, PG
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Figure 1: Soft binder grade determination.
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Figure 2: Softening curves.
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Table 2: Factorial design and composition of samples.

Sample number Sample composition Target high PG (∘C) Soft binder high PG (∘C) RA/VB (%)
VB RA RAP VB% RA% %RAP

S01

VB1

RA1
RAP1 76.6 3.4 20 70.19 ± 1 64.75 4.3

S02 50.3 9.7 40 70.19 ± 1 55.68 16.1
S03 RAP2 73.8 6.2 20 70.19 ± 1 61.68 7.7
S04 43.2 16.8 40 70.19 ± 1 47.49 28.0
S05

RA2
RAP1 75.1 4.9 20 70.19 ± 1 64.75 6.2

S06 40.7 19.3 40 70.19 ± 1 55.68 32.2
S07 RAP2 69.1 10.9 20 70.19 ± 1 61.68 13.6
S08 19.8 40.2 40 70.19 ± 1 47.49 67.0
S09

VB2

RA1
RAP1 75.9 4.1 20 69.18 ± 1 63.49 5.2

S10 49.3 10.7 40 69.18 ± 1 54.00 17.9
S11 RAP2 72.5 7.5 20 69.18 ± 1 60.42 9.4
S12 42.8 17.2 40 69.18 ± 1 45.81 28.6
S13

RA2
RAP1 74.1 5.9 20 69.18 ± 1 63.49 7.4

S14 40.5 19.5 40 69.18 ± 1 54.00 32.6
S15 RAP2 68.2 11.8 20 69.18 ± 1 61.42 14.7
S16 20.2 39.8 40 69.18 ± 1 45.81 66.3

Determine the true high-temperature PG for the virgin asphalt

Recover the RAP binder from the RAP mix and determine the true high-temperature PG for it

Calculate the PG of the soft binder in a way that the high PG of the blended binder becomes similar 
to that of the reference virgin asphalt (using the procedure described in ASTM D4887) 

Establish a softening curve for each combination of virgin asphalt and rejuvenator. Determine the 
rejuvenator dosage that yields a soft binder with the high PG that was calculated in the previous step

Prepare the rejuvenated samples with blending appropriate proportions of RAP binder, virgin 
asphalt, and rejuvenator and determine the true high-temperature PG of samples

Figure 3: The flowchart for the sample preparation process.

specifications call for a minimum stiffness for the pavement
to have the adequate strength after construction. However, if
a rejuvenator causes faster aging, this should be known and
considered during the mix design phase.

The phase angle is relatively small for samples with a
large dosage of RA2. For instance, samples 12 and 16 have
almost similar magnitudes of 𝐺∗/sin 𝛿, but the phase angle is
8∘ smaller for sample 16.Therefore, RA2 decreases the viscous
portion of the complex modulus.

3.2. PAVAging. Three 20-hour cycles of the PAV aging with a
temperature of 100∘C and a pressure of 2.1MPa were applied.
Table 4 displays the results from the DSR tests on samples
after each PAV cycle. These samples were already RTFO-
aged.Therefore, the criterion for the RTFO samples (formula
(2)) was used to determine their high PG. DSR testing on
samples 8 and 16 after 60 hours of aging did not result in
valid data. Large complex modulus values were measured

during the first few iterations, but themeasurements dropped
rapidly and finally converged to very low values. In some
cases, the target strain of 10% was not achieved with the
maximum stress that theDSR could apply.These samples also
exhibited unusual physical behavior. Although the samples
are expected to be extremely hard after 60 hours of aging,
they could be easily cut off by a spatula in a brittle manner
at room temperature. This is an indication of weak cohesion
and shear and tensile strengths of the binder. These samples
had very low values of 𝛿 even after the first PAV cycle. This
infers that they have a less viscous behavior when compared
to conventional asphalt binders.

Table 5 summarizes the results of the PAV aging experi-
ment and shows the increase in the high PG that takes place
in each stage. Critical PAV time values are also presented.The
critical PAV time was calculated for samples as a measure of
durability. This parameter is defined as the PAV aging time it
takes to increase the high PG from 70∘C to 95∘C. PAV times
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Table 3: High PG of samples based on nonaged and RTFO-aged criteria.

Sample Total RA%
No aging RTFO Difference

(RTFO-no
aging) (∘C)Temp. (∘C) 𝛿 (∘) 𝐺∗/sin 𝛿

(kPa)
High PG
(∘C) Temp. (∘C) 𝛿 (∘) 𝐺∗/sin 𝛿

(kPa)
High PG
(∘C)

VB1 0 67 86 1.48 70.19 67 83 3.68 70.97 0.77
76 86 0.49 73 85 1.69

S01 3.42 67 86 1.35 69.47 67 82 3.19 70.17 0.70
73 87 0.65 73 84 1.58

S02 9.68 67 85 1.46 69.97 67 80 4.08 71.88 1.91
73 87 0.68 73 83 1.91

S03 6.19 67 85 1.62 70.96 67 82 4.25 72.10 1.14
73 87 0.78 73 84 1.96

S04 16.82 67 84 1.53 70.72 67 79 4.88 73.58 2.86
73 86 0.77 73 82 2.36

S05 4.93 67 85 1.46 70.55 67 80 3.79 71.32 0.77
73 86 0.77 73 82 1.78

S06 19.33 67 83 1.35 69.74 67 67 3.31 70.65 0.90
73 85 0.70 73 73 1.69

S07 10.48 67 84 1.61 70.87 67 79 3.80 71.92 1.04
73 86 0.77 73 82 1.95

S08 40.18 67 74 1.42 70.59 67 69 3.34 70.65 0.06
73 75 0.79 73 72 1.68

VB2 0 67 88 1.29 69.18 67 85 2.62 68.39 −0.79
76 88 0.45 73 87 1.23

S09 4.14 67 86 1.42 69.96 67 84 2.98 69.37 −0.59
73 87 0.70 73 85 1.38

S10 10.73 67 86 1.26 69.04 67 83 2.97 69.42 0.38
73 87 0.63 73 84 1.41

S11 7.53 67 86 1.34 69.36 67 84 2.92 69.33 −0.02
73 88 0.64 73 86 1.41

S12 17.18 67 85 1.43 70.07 67 81 3.42 70.63 0.56
73 87 0.71 73 84 1.65

S13 5.88 67 84 1.15 68.29 67 82 2.52 68.09 −0.20
73 85 0.60 73 84 1.19

S14 19.54 67 82 1.36 69.55 67 79 2.70 68.61 −0.94
73 84 0.66 73 81 1.26

S15 11.75 67 85 1.38 69.85 67 82 2.85 69.16 −0.69
73 86 0.70 73 84 1.39

S16 39.79 67 77 1.44 70.00 67 74 2.74 68.90 −1.10
73 80 0.69 73 77 1.37

corresponding to high PGs of 70∘C and 95∘C were obtained
by interpolation or extrapolation of the results.

As a general trend, RA1 caused slower aging of the
binders, while RA2 accelerated the aging. A meaningful

correlation existed between increasing the dosage of RA1 and
the critical PAV time. Also, there was a reverse correlation
between the dosage of RA2 and the critical PAV time (see
Figure 5). The type of virgin binder also had a significant
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Figure 5: Variations of critical PAV time with rejuvenator content.

influence on the rate of aging and the critical PAV time. VB1
aged faster than VB2, and its aging was more influenced by
rejuvenators.

The rate of aging decreasedwith the increase in PAV time.
The first cycles increased the high PG by an average of 12∘C.
This increase was, respectively, 9∘C and 6∘C for the second
and third cycles. Figure 6 shows the increase in high PG for
each sample in each stage of aging.

A 20-hour cycle of PAV simulates almost 8 years of field
aging [17]. Therefore, to estimate pavement service life (the
service time before excessive binder aging), every hour of
PAV aging time was assumed to correspond to 0.4 years of
field aging. Based on this assumption, the field longevity of
binders was estimated, as illustrated in Figure 7. The right
vertical axis in this figure indicates service life.

Samples 8 and 16, which contained large quantities of
RA2, aged extremely fast.Their aging after 40 hours wasmore
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than that of any other sample after 60 hours. Also, relatively
small phase angles were obtained.

3.3. BBR Tests. The BBR test evaluates an asphalt binder’s
low-temperature cracking resistance.The stiffness is obtained
by applying a point load on a small asphalt beam and
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Table 4: DSR tests results for PAV-aged samples.

Sample
20-hour PAV 40-hour PAV 60-hour PAV

Temp.
(∘C) 𝛿 (∘) 𝐺∗/sin 𝛿

(kPa)
High PG
(∘C)

Temp.
(∘C) 𝛿 (∘) 𝐺∗/sin 𝛿

(kPa)
High PG
(∘C)

Temp.
(∘C) 𝛿 (∘) 𝐺∗/sin 𝛿

(kPa)
High PG
(∘C)

VB1 82 78 2.51 83.05 82 74 8.47 92.36 82 66 22.79 100.53
88 81 1.18 88 78 3.88 88 70 10.69

S01 76 78 4.31 81.39 82 76 5.35 89.51 82 69 13.79 95.78
82 81 2.04 88 79 2.63 88 73 6.2

S02 82 81 2.22 82.07 82 75 5.54 89.36 82 69 11.28 96.63
88 83 1.03 88 78 2.61 88 73 5.77

S03 82 80 2.60 83.43 82 73 7.00 91.78 82 69 14.82 97.46
88 83 1.29 88 77 3.44 88 73 7.07

S04 82 79 2.80 83.50 82 73 6.64 91.36 82 69 13.31 96.08
88 82 1.36 88 77 3.27 88 73 6.18

S05 82 79 2.84 84.28 82 71 8.64 92.59 82 64 23.20 100.87
88 81 1.45 88 75 3.98 88 68 10.97

S06 82 75 3.05 84.77 82 66 10.66 94.77 82 59 30.65 103.73
88 78 1.50 88 70 5.08 88 62 14.81

S07 82 77 3.40 85.58 82 68 11.25 95.07 82 62 26.36 102.99
88 80 1.64 88 72 5.32 88 66 12.96

S08 82 74 4.27 88.57 82 68 9.50 106.82 Invalid data
88 74 2.33 88 68 6.67

VB2 76 82 3.65 79.86 82 81 3.82 86.76 82 74 9.67 93.12
82 85 1.66 88 83 1.91 88 78 4.35

S09 76 81 3.72 80.28 82 80 3.83 86.47 82 76 7.36 91.80
82 84 1.78 88 82 1.82 88 80 3.51

S10 76 81 3.20 78.89 82 80 3.19 85.20 82 75 6.68 90.57
82 83 1.47 88 83 1.59 88 78 3.07

S11 76 80 3.79 78.82 82 80 3.59 85.93 82 75 7.03 90.96
82 83 1.19 88 81 1.70 88 79 3.23

S12 76 79 3.56 79.97 82 78 3.55 86.03 82 75 6.98 90.71
82 82 1.72 88 81 1.74 88 78 3.15

S13 76 76 4.15 81.08 82 75 4.35 87.58 82 71 9.00 93.74
82 80 1.96 88 79 2.09 88 75 4.38

S14 82 74 2.71 83.70 82 67 7.57 91.86 82 61 17.34 98.95
88 77 1.30 88 72 3.57 88 66 8.35

S15 82 80 2.27 82.28 82 71 5.83 89.97 82 69 12.91 96.41
88 82 1.15 88 76 2.80 88 72 6.18

S16 82 66 4.20 87.30 82 62 8.58 101.49 Invalid data
88 69 2.02 88 63 5.64

measuring the deflection at 8, 15, 30, 60, 120, and 240 seconds.
The output of the BBR consists of two parameters:

(i) Creep stiffness (S), which is a measure of thermal
stresses in the asphalt due to contraction.

(ii) The 𝑚-value, which is the slope of the creep stiffness
master curve and indicates the ability of the asphalt to
relieve stresses through plastic deformation.

The BBR test was performed on all samples after the standard
(20 hours) and the ultimate (60 hours) PAV aging. The

results are presented in Table 6. The PG system specifies the
following requirement at 60 seconds and at the temperature
10∘C higher than the low-temperature specification. This
is based on the time-temperature superposition principle
that allows shortening the loading time by increasing the
temperature. For a PG 67-22 binder, these requirements
should be met at −12∘C for a 20-hour PAV-aged residue.

𝑆 ≤ 300MPa (3)

𝑚-value ≥ 0.300. (4)
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Table 5: The increase in high PG of samples after each level of aging and resulting critical PAV time.

Sample
High PG (∘C) Increase in high PG (∘C) Critical

PAV time
(hours)Not aged RTFO

aged
20-hour
PAV

40-hour
PAV

60-hour
PAV 0–20 hours 20–40 hours 40–60

hours
VB1 70.19 70.97 83.05 92.36 100.53 12.08 9.31 8.17 48.07
S01 69.47 70.17 81.39 89.51 95.78 11.22 8.11 6.27 57.83
S02 69.97 71.88 82.07 89.36 96.63 10.19 7.29 7.27 59.21
S03 70.96 72.10 83.43 91.78 97.46 11.33 8.35 5.69 55.04
S04 70.72 73.58 83.50 91.36 96.08 9.92 7.86 4.72 62.65
S05 70.55 71.32 84.28 92.59 100.87 12.96 8.31 8.28 47.86
S06 69.74 70.65 84.77 94.77 103.73 14.12 10.00 8.96 41.42
S07 70.87 71.92 85.58 95.07 102.99 13.67 9.49 7.91 42.62
S08 70.59 70.65 88.57 106.82 — 17.92 18.25 — 27.77
VB2 69.18 68.39 79.86 86.76 93.12 11.47 6.91 6.36 62.97
S09 69.96 69.37 80.28 86.47 91.80 10.91 6.19 5.33 70.84
S10 69.04 69.42 78.89 85.20 90.57 9.47 6.32 5.37 75.29
S11 69.36 69.33 78.82 85.93 90.96 9.48 7.11 5.03 74.66
S12 70.07 70.63 79.97 86.03 90.71 9.34 6.06 5.72 79.68
S13 68.29 68.09 81.08 87.58 93.74 12.99 6.50 6.16 61.16
S14 69.55 68.61 83.70 91.86 98.95 15.09 8.16 7.09 47.01
S15 69.85 69.16 82.28 89.97 96.41 13.11 7.69 6.44 54.32
S16 70.00 68.90 87.30 101.49 — 18.40 14.19 — 29.66

For all samples, the 𝑚-value criterion was more critical
and dominated the determination of the low temperate PG.
Virgin binders did not meet the𝑚-value requirement for PG
67-22, but they were very close to it (0.299 for VB1 and 0.291
for VB2). VB1 had a better low-temperature performance,
compared to VB2. It had a smaller creep stiffness and a higher
𝑚-value, despite VB1’s higher stiffness at high-temperature
and greater high-temperature PG.

The samples with RA1 passed the criteria for PG 67-22.
Samples with RA2, on the other hand, did not meet these
criteria and yielded lower𝑚-values. Generally, the addition of
RA1 did not significantly change the creep stiffness.The RA2,
however, caused a fast drop in the stiffness. The higher the
dosage of RA2, the smaller the values of creep stiffness (Fig-
ure 8). A smaller amount of low-temperature creep stiffness
shows that less thermal stresses are expected. However, the
very small stiffness found in the samples that contain a large
dosage of RA2 is an indication of the detrimental behavior of
RA2 when applied at a large dosage.

The RA1 increased the 𝑚-value, and the RA2 decreased
it. Therefore, samples with RA1 had a lower low-temperature
PG.This effect wasmore significant when the RA content was
higher (Figure 8). A higher 𝑚-value shows a binder with a
more viscous behavior and a greater ability to relieve stresses.
The less viscous behavior of samples containing RA2 is in line
with the observations from DSR tests where these samples
had lower phase angles.

Similar to the DSR experiment, samples 8 and 16 did not
output valid data. The samples were very soft, and they broke
under the BBR load at −6∘C. Also, their results at −12∘ and
−18∘C yielded critical temperature values that were out of
acceptable ranges.

Applying the extended PAV aging (60 hours) increased
the creep stiffness and decreased the 𝑚-value. The change in
the 𝑚-value was more significant. While the creep stiffness
critical temperature increased by 3∘C on average, the average
rise in the 𝑚-value critical temperature was 9∘C. Since the
60-hour aged samples were excessively hard, it was difficult
to pour the BBR mold with these samples. Therefore, they
were heated to 175∘C for 10 minutes to achieve the required
fluidness.

Unlike DSR tests, BBR tests on samples with extended
PAV aging did not add important information about the
effects of using RAP and rejuvenation.Therefore, performing
BBR tests on samples with standard aging is adequate for
durability evaluation.

4. Conclusion

This research evaluated the durability of recycled asphalt
binders. For this purpose, two virgin binders and 16 samples
containing RAP binder and rejuvenator were aged at four
stages: one RTFO and three PAV cycles. The samples were
different in the type of RAP binder, virgin binder, and
recycling agent. The RAP contents of 20% and 40% were
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Table 6: BBR test for 20-hour PAV-aged samples.

Sample RA% Temp. (∘C)

20-hour PAV 60-hour PAV
Low temp. PG
increase (∘C)
20 to 60 hours𝑆 𝑚-value

Low
temp. PG

(∘C)
𝑆 𝑚-value

Low
temp. PG

(∘C)

VB1 0
−6 161 0.362

−21.90
147 0.282

−14.48 7.43−12 205 0.299 235 0.211
−18 391 0.256 448 0.178

1 3.42
−6 109 0.370

−23.37
159 0.292

−14.67 8.70−12 191 0.313 281 0.256
−18 367 0.267 465 0.230

2 9.68
−6 78.7 0.377

−24.00
135 0.298

−15.74 8.26−12 173 0.319 248 0.251
−18 332 0.262 480 0.182

3 6.19
−6 116 0.358

−23.10
152 0.297

−15.54 7.56−12 203 0.309 273 0.258
−18 388 0.253 468 0.211

4 16.82
−6 90.4 0.364

−23.68
149 0.301

−16.17 7.51−12 194 0.314 269 0.266
−18 404 0.251 461 0.232

5 4.93
−6 74.4 0.345

−20.50
126 0.273

−12.40 8.10−12 153 0.285 193 0.228
−18 282 0.255 343 0.190

6 19.33
−6 39.6 0.340

−19.29
94.9 0.270

−11.00 8.29−12 91 0.267 144 0.234
−18 137 0.248 212 0.202

7 10.48
−6 54.2 0.321

−18.57
108 0.268

−11.32 7.25−12 114 0.272 161 0.227
−18 193 0.246 282 0.194

8 40.18
−6 Invalid Invalid

Invalid
Invalid Invalid

Invalid —−12 34.1 0.241 39.4 0.245
−18 55.1 0.231 61.3 0.230

VB2 0
−6 149 0.352

−21.11
184 0.276

−13.64 7.48−12 301 0.291 341 0.215
−18 454 0.262 487 0.183

9 4.14
−6 112 0.360

−22.62
182 0.294

−14.80 7.82−12 215 0.303 319 0.264
−18 393 0.274 455 0.232

10 10.73
−6 83.6 0.365

−24.84
144 0.305

−16.86 7.98−12 180 0.327 267 0.270
−18 365 0.270 445 0.239

11 7.53
−6 98.4 0.351

−23.96
173 0.298

−15.48 8.48−12 181 0.317 307 0.275
−18 387 0.265 472 0.248

12 17.18
−6 85.4 0.373

−25.63
137 0.312

−17.89 7.73−12 175 0.329 261 0.274
−18 370 0.281 470 0.246
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Table 6: Continued.

Sample RA% Temp. (∘C)

20-hour PAV 60-hour PAV
Low temp. PG
increase (∘C)
20 to 60 hours𝑆 𝑚-value

Low
temp. PG

(∘C)
𝑆 𝑚-value

Low
temp. PG

(∘C)

13 5.88
−6 76.3 0.346

−20.68
129 0.259

−10.98 9.70−12 169 0.287 264 0.210
−18 311 0.268 358 0.191

14 19.54
−6 36.6 0.345

−21.19
77.9 0.256

−4.00 17.19−12 74.8 0.293 126 0.234
−18 135 0.260 185 0.214

15 11.75
−6 51.2 0.329

−19.16
81.2 0.261

−9.31 9.85−12 115 0.274 193 0.226
−18 189 0.235 277 0.197

16 39.79
−6 Invalid NA

Invalid
45.8 0.238

Invalid Invalid−12 37.5 0.271 71.9 0.219
−18 47.5 0.266 107 0.200

used.The samples were prepared so that their initial high PG
was similar to that of the virgin binder they contained. After
each stage of aging, DSR tests were performed, and the high-
temperature PGwas determined.The following is a summary
of findings obtained from the described experiment:

(1) The rejuvenators have a significant effect on the aging
rate of the binder. A recycled binder can age either
faster or slower than a virgin binder, depending on
the rejuvenator that is used. In this experiment, RA1
caused slower aging, andRA2 caused faster aging.The
higher the percentage of recycling agent, the greater
its effect on the aging of the binder.

(2) The type and amount of rejuvenator can considerably
affect the longevity of the binder. The use of a fast-
aging rejuvenator can reduce the life of the binder to
less than one-half. Conversely, a slow aging rejuvena-
tor can increase the life of the binder by up to 30%.

(3) The extent of construction aging, which was sim-
ulated by the RTFO, is affected by the rejuvenator.
A recycled binder containing a rejuvenator with a
higher aromatic content is expected to undergo more
aging due to construction heating.

(4) The effectiveness of RA2 for rejuvenating high RAP
mixtures is questionable. This rejuvenator has rela-
tively low softening power.Therefore, a large quantity
of it is required to soften a binder with a high
RAP content. In addition, binders containing a high
volume of this recycling agent age very quickly and
have a short life span before they become extensively
aged again.

(5) RA1 has desirable properties for recycling high RAP
mixtures. It has a high softening power, and a
relatively small quantity is enough to rejuvenate a
highly aged binder. Also, it has an advantageous
aging behavior. It makes the binder age faster during

construction and gives extra strength to the pavement
immediately after construction when the strength is
most needed. Afterwards, it decelerates aging and
gives the binder a longer life span before excessive
aging.

(6) The low-temperature behavior of recycled binders is
significantly affected by the type and dosage of the
rejuvenator. In this experiment, samples with RA1
had higher𝑚-values, indicating their greater ability to
relieve stresses. As a result, despite the virgin binder
not passing the low-temperature criteria for PG67-22,
all RA1 samples did pass. Samples with the RA2, on
the other hand, had smaller𝑚-values. This correlates
with the smaller viscous portion of the complex
modulus, which was observed for RA2 samples in
high-temperatureDSR tests. It can be concluded from
both DSR and BBR tests that RA2 causes a reduction
in the viscous behavior of the binder.

(7) It is necessary to differentiate between rejuvenators
that reduce the longevity of the binder and those that
increase it. To achieve this, a quantitative description
of durability is needed. Critical PAV time can serve
as a measure of the longevity of the binder. Using this
parameter to set a durability criterion for rejuvenation
effectiveness is recommended.
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Infrared thermography (IRT), an effective nondestructive testing method, is used to obtain an initial evaluation of the concrete
pavement surface and near surface in a time effective manner. In this paper, the effect of the depth of delamination inside concrete
pavement on infrared thermography technique is studied for bridge decks inspection. To be able to mimic the delamination in
subsurface, two Styrofoam cubes have been inserted in different depth near the surface of the concrete cylinder. After heating up the
specimen, thermal images were taken from the surface using an infrared thermal camera to evaluate the effect of subsurface defects
on detection sensitivity and accuracy.We also investigated the precision to which the shape and the size of the subsurface anomalies
can be perceived using an uncooled thermal camera. To achieve this goal, we used image processing technique to accurately compute
the size of delamination in order to compare it with the actual size. In addition, distance/thermal graph is used to detect the presence
of the defect underneath the concrete surface. Furthermore, thermal transfer modeling was adopted in this paper to assist the setup
of this experiment and the results are compared with laboratory findings.

1. Introduction

Infrared thermography (IRT) is a fast and easy to use
nondestructive examinationmethod that enables us to detect
near surface delamination in a wider spectrum and with an
acceptable accuracy compared to visual testingmethod [1]. IR
inspection does not need direct contact with the surface of the
bridge. IR imaging data can be collected using a camera that
is installed on top of a vehicle that can travel with a speed of
16 km/h (10mph) [2].These advantages give the inspector the
opportunity to manage the inspection process on the bridge
without interfering with the traffic [3].

IRT captures the temperature gradient of concrete pave-
ment surfaces. IR camera is going to be able to capture clear
temperature gradients on the concrete pavement surface at
certain time windows during the heating or cooling cycles
[4].When exposed to heat, delaminated parts of concrete will
interrupt the heat transfer since they have a lower thermal
conductivity compared to concrete; therefore spots that are
located on top of the delamination will be shown as hotter
than the corresponding spots on top of sound parts [5].This is
actually the case when ambient heat is applied on top surface

of the specimen or structure. The heat source can be either
natural, such as the sun, or artificial, such as the high-power
ultrasound [6]. We should note that in the case of internal
heating or applying heat from underneath the specimen, a
normal practice in laboratory experiments, the surface that
is exposed to the delamination will appear cooler than the
sound area in a thermal image.The reason for that is the same
as is mentioned earlier.

Passive and active thermal imagery are the two types of
IR inspection methods [7]. In passive approach, inspection
is conducted without using artificial heating while in active
approach, specimen is heated up artificially and then the
temperature gradient is measured during heating or cooling
cycles [8]. One very popular type of active thermography
is Pulsed Thermography (PT). In this method, the depth
of the delamination can be investigated by recoding the
temperature decay of the specimen. After deploying heat to
the specimen, the surface temperature will be recorded using
a temporal plotting that gives us the temperature with respect
to relative time (seconds). There will be a rapid tempera-
ture change on the surface due to thermal propagation by
diffusion and radiation and convection losses. Delamination
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will affect the rate of diffusion; therefore, the delaminated
area appears to have a different temperature when inspected
using live thermal imagery. Deeper defects will have a later
observation rate compared to the shallower ones. This is
because the observation time (𝑡) and the depth (𝑧) are
correlated [9]; that is, 𝑡 is in fact the square of 𝑧 and the loss
of contrast (𝑐) is proportional to the cube of the depth [10]:

𝑡 ≈
𝑧2

𝛼
,

𝑐 ≈
1
𝑧3
,

(1)

where 𝛼 is thermal diffusivity of material (i.e., 0.53 for
concrete).

Note that as part of the limitations of this approach, the
radius of the smallest defect that is detectable by thermal
image should be around two times larger than the depth in
which it is located underneath the surface of the specimen
[11].

After employing a heat pulse on the specimen, the tem-
perature decay will follow the following equation [12]:

Δ𝑇 =
𝑄

𝑒√𝜋𝑡
, (2)

where Δ𝑇 is the increase of the temperature on the surface,
𝑄 is the quantity of the energy absorbed, and 𝑡 is considered
as time. In the denominator, 𝑒 is the thermal effusivity which
is calculated using the following formula: 𝑒 = √𝑘𝜌𝐶, where
𝑘 is thermal conductivity (for concrete it is 1Wm−1∘C), 𝜌 is
mass density (for concrete it is 2400 kgm−3), and finally 𝐶 is
specific heat (for concrete it is 800 Jkg−1∘C−1).

For materials of low diffusivity, more uniform heating
inside the oven should be used for their preheating process.
In such experiments, after the specimen reaches a stable
temperature that is higher than the ambient temperature,
the specimen will be removed from the oven and during
its cooling cycle, the surface temperature will be recorded
using an infrared camera. Then the data can be used to
verify the previous equation and eventually will help us
realize the depth of the defects inside the specimen [13].
In future experiments, the accuracy and the workability of
the aforementioned equation for concrete structures will be
examined using live thermal imagery.

IRT is a fast and reliable technique. Deployment of the
procedure is easy and no direct contact is required. Its one-
side deployment makes it favorable for bridges in which
we generally have access to only one side of the structure.
It is considered a safe technique since there is no harmful
radiation involved. A thermal camera and a corresponding
software will provide us with a numerical thermal modeling.

On the other hand, it is difficult to manage a uniform
heating in active IRT. Thermal contrast is a decaying process
and due to this transitory phase, a fast recording IR camera
is required. Defects are detectable only if they are located in
shallow depths, especially inside concrete pavements. Finally,
this system only works when there is a thermal contrast
present [12]. In order to overcome these disadvantages, we

use image analysis approach to detect the subsurface defects
instead of interpreting the raw IR images.

Utilizing the benefits of IR technique, we use IR to fast-
detect concrete pavement subsurface defects. A laboratory-
designed experiment was carried out in this study. Thermal
transfer modeling was used to assist the IR imaging test
setup. In our experiment, we used active thermography but
we did not employ live thermal imagery. We used a specific
temperature threshold (37 degrees of Celsius) to process
our images and get the digital indication of the location
of the defects. In this temperature, the amount of thermal
energy that is diffused on the surface of the specimen is
calculated and deducted from the thermal image using the
image processing technique.

2. Test Setup

In this research, we used a FLIR thermal camera, model
T430sc, to capture image data. Object distance is set at 0
to 1 meter and atmospheric temperature is set at 20 degrees
of Celsius (close to lab temperature). Relative humidity is
considered around 50 percent and emissivity was set as
default, that is, 0.95. The wavelength range of the camera is
between 7 and 14Microns. Integration time in the camera for
our study is 12 milliseconds.

In order to use this method on the concrete and asphalt
pavements in the field, it is ideal to maintain a specific
temperature and humidity throughout the entire testing
procedure; otherwise the changes should be included in the
specifications of the camera and they should bementioned in
the results.

This model of camera uses uncooled micro bolometer
also known as thermal detector [14]. Thermal sensitivity of
the camera is less than 0.045 degrees at around 30 degrees of
Celsius with the accuracy of ±2 percent.

This camera uses a technique called UltraMax, a type of
image enhancement technology, to capture a series of thermal
images and combine them into a new image. UltraMax uses
the natural movement of the hand to capture an image set
in which each image is slightly offset from the others. This
gives us a higher number of data compared to a single image.
By using this technique, we managed to increase the pixels
from 76800 to 307200, which will provide a better quality of
thermal image.

We developed a simple procedure to fabricate lab scale
concrete specimen. In order to mimic the real pavement
subsurface defects, multiple delamination was introduced in
the concrete cylinder. For this test we castedmultiple concrete
cylinders and inserted different shapes of delamination in
different depths of the specimen to realize which depth is the
most ideal and gives the best contrast in thermal images. The
diameter of each cylinder is 10.16 centimeters (4 inches) and
the height is 20.32 centimeters (8 inches). Defects are 3 by 3
and 4 by 4 square centimeters Styrofoam rectangular cubes
and their height varies depending on their depths.

Our camera did not record a visible temperature change
for the defects that were buried in more than 3 centimeters
deep inside the concrete. On the other hand, we were
able to detect defects with the depths in between 1 and
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(a) (b)

Figure 1: (a) Visual image of the specimen; (b) thermal image of specimen with defects that are inserted in the depth of 2 centimeters (heated
up using heat blower).

2.5 centimeters. For the defects with the depth that is less
than 1 centimeter, the images were clear enough for further
studying.

Active heating input was provided from one end surface
of the specimen. This type of heating is common for thermal
inspection of specimen and the heat source can be a laser
or other types of heat induction devices [15]. In order to
simulate the cooling cycle of the specimen, two different types
of heating procedures were used to increase the temperature.
At first, the specimen was heated up using an oven for ten
minutes while keeping the bottom side of the concrete inside
iced water. Although this method induced uniform heat on
the surface, the contrast in the thermal images was not sharp
enough for us to be able to use it for further evaluation.
This type of heating procedure will be useful when live
temperature inspection is conducted using thermal video.

In the second approach, a hot air blower was used to heat
up the surface for 15 to 20 minutes. With this method we got
a clearer thermal image and the edge of the defects was more
visible. The highest temperature rose up to 63.7 degrees of
Celsius. This method of heating loosely simulates the type of
ambient heating that is exposed to the bridge deck.

3. Experimental Results

3.1. Raw Thermal Images. The visible image of the specimen
is shown in Figure 1(a). The thermal image of the same spec-
imen is on display in Figure 1(b). Note that the temperature
difference at the bottom of this image, right under the cylin-
der, is simply the reflection of the heat from the surface of
the table. A 4 cm Styrofoam cube was used as a delamination
that is placed at 2 centimeters deep inside the specimen. The
surface is heated up to 45 degrees of Celsius.The temperature
of the surface that is located on top of the delamination is
visibly higher than the sound area that helps us to estimate
where the defects are inserted. However, the heat is expanded
in a wider area than the actual size of the delamination
underneath the surface. As it is already mentioned, the
surface on top of the delamination has a higher temperature
and since concrete has a low heat conductivity, therefore, the
heat will be trapped in the body of the specimen and there

will be a temperature difference between the delaminated area
in the middle and the edge of the specimen which is more
exposed to the surrounding air. Similar method of inspection
is used inside industrial plants [16]. Due to this temperature
difference, heat transfers from delaminated area towards the
boundary that is relatively colder. This is one reason why the
area with higher temperature is wider than the area of the
delamination itself inside the specimen.

Using the type of the thermal camera that we have for this
experiment, we can detect defects clearly under the concrete
surface up to the depth of 2 centimeters. Nevertheless, as
it will be mentioned in more detail in the next sections,
the shallow defects, up to one centimeter, will have the best
temperature contrast in the IR thermal images [17].

Figures 2(a) and 2(b) are of the same specimen, which has
two defects (both are 3 cm Styrofoam cubes), inserted in 5
and 10 millimeters underneath the surface. As it is visible, the
type of heating procedure is an important factor in terms of
having a clearer thermal image. In Figure 2(a), the specimen
was heated up inside an oven for 30 minutes. More than
50 images were taken in a time span of 2 hours and none
of them had a clear indication of defects that were trapped
underneath. The heat transfer was steady all over the surface
of the specimen and there was no indication of a noticeable
temperature difference to the point that it can be used for
further studies.

As for Figure 2(b), a heat blower was used for about 20
minutes to heat up the surface. The thermal image was taken
3 minutes into the cooling cycle of the specimen.The highest
temperature was around 63.5 degrees of Celsius. Temperature
difference between the delaminated area and the sound area
is clearly visible in this image. It also indicates that the depth
has a major effect on the temperature gradient that is visible
on the surface of delaminated areas of the specimen. The
defect that is shallower underneath the surface has more
effect on the temperature of the surface of the specimen.
This difference will eventually fade away as the time passes
during the cooling cycle and there will be less indication
of the temperature difference between the two delaminated
areas. The image in Figure 2(c) was taken 20 minutes into
the cooling cycle and the temperature difference is not clear
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(a) (b) (c)

Figure 2: (a) Specimen with defects that are inserted in the depths of 5 and 10 millimeters (heated up using an oven), (b) specimen with
defects that are inserted in the depth of 5 and 10 millimeters (heated up using heat blower), image taken 2 minutes into the cooling cycle, and
(c) specimen with defects that are inserted in the depth of 5 and 10 millimeters (heated up using heat blower), image taken 20 minutes into
the cooling cycle.

Figure 3: Line 1 is used to plot a temperature related graph of the
surface of the specimen.

enough; therefore we cannot use a longer time span to take
our images from the surface.

3.2. Interpretation of Temperature versus Distances’ Graph. A
graph is plotted using the temperatures that are assigned to
each pixel on line 1 (shown in Figure 3) that is put in the
middle of the surface of the specimen. This line intersects
the areas with the most temperature gradient inside the IR
thermal image. By using this line, we can get the temperature
of each pixel located on these areas.

As is shown inside the graph (Figure 4), the location of
each defect is visible with a very good accuracy. It is also
clearly visible that there is a depth difference between the two
defects by judging the temperature difference on 𝑦-axis. The
pattern inside this graph shows a clear connection between
the depth in which the defect is located underneath the
surface and the amount of temperature that is reflected from
the top of the surface. In the graph, we can clearly see that
there is 2 degrees of Celsius temperature gap between defect 1
(61.5 degrees of Celsius) and defect 2 (63.5 degrees of Celsius).

In live imagery, a similar graph can be used in order to
get the temperature gradients during the heating or cooling
cycles. The information can later on be used to both locate
the defects and, if possible, calculate the depth of each defect
inside the concrete pavement.The relation between the depth
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Figure 4: Temperature versus distance graph assigned to line 1 in
Figure 3.

and the observation time is already mentioned in active and
passive IRT section.

3.3. Image Processing Data. As is mentioned in the previous
sections, the image for the specimenwith two defects inserted
in 5 and 10 millimeters’ depth underneath the surface is used
for image processing purposes. For defects that are under 1
centimeter inside the concrete pavement, the thermal image
presents the clear data with best contrast that enables us to
determine the edges of the delaminated area with higher
temperature. To refine the difference between each tempera-
ture set, we are going to use a different filter that magnifies
the temperature contrasts. This filter only manipulates the
coloring assigned to each temperature pixel that results in
a sharper and clearer temperature contrast inside the image
(Figure 5).

The minimum temperature in this image is around 21
degrees of Celsius and the maximum temperature is around
63.5 degrees of Celsius. In the processed image, we used
255 different thresholds, known as gray thresholds, and each
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Table 1: Area comparison.

Number of pixels IR measurement of area Percentage of accuracy (POA)
Actual area of the defects inside the specimen 30276 9 cm2 100%
Area of processed image of the 5mm deep defect 21286 6.33 cm2 6.33

9
× 100 = 70.33%

Area of processed image of the 10mm deep defect 5727 1.7 cm2 1.7
9
× 100 = 18.88%

Figure 5: Thermal image after application of color filter.

of these thresholds is assigned to a specific temperature. A
gray threshold of 226 which corresponds to 37 degrees of
Celsius (Figure 6(a)) is used to get the best contrast between
the delaminated area and the sound area. By choosing the
threshold, we are eliminating all the pixels that have a
temperature more than a certain degree of Celsius [18]. This
helps us to clarify the area of the delaminated surface for
further study inside the computer [19]. In Figure 6(b), the
actual areas of the defects are added to the processed image.
This can give us a sense of the difference between the actual
area and the area that the thermal camera can detect.

As is clearly shown in the processed images, for shallower
delamination, the area with higher temperature on the
surface will be closer to the actual area of the surface of the
delamination [20]. It is also worth mentioning that, in the
shallower defect, the heated area exceeds the actual area on
the left side. This can be due to the heat diffusion that is
caused by the temperature difference between the boundary
of the cylinder and the middle part of it where the defects are
located.

The data that we got from the image processing enables
us to get more information from the raw images using
computer coding. Through this information, we can extrap-
olate mathematically accurate data to help us identify the
characteristics of the delaminated areas. Table 1 contains
an area comparison between the delaminated areas that are
shown in the processed thermal image and the actual area of
the surface of the defects inserted in the concrete specimen.

Using these data, we came up with a quantitative mea-
suring method that helps us calculate the percentage of
accuracy (POA) of the processed thermal image. We found
the percentage of difference between the actual area of the
delamination and the area that is shown in the processed
image. Using POA, we can come up with a system that
enables us to evaluate the area of an unknown delamination

Defect 1
Depth: 5 mm

Defect 2
Depth: 10 mm

(a)

Actual size of
the defects

(b)

Figure 6: (a) Processed image using a 37 degrees of Celsius thresh-
old. (b) A comparison between the actual size of the delamination
and its size in the processed image.

in accordance with its depth underneath the surface of the
concrete specimen. We should note that the temperature
threshold that we use is the main factor in determining
POA; that is, if we choose a bigger threshold we may end
up having entirely different POA. In some cases, when the
threshold is bigger than a certain number, the delaminated
area in the processed image will overlap the actual size of the
delamination.

Since we know the actual diameter of the cylinder, in
order to calibrate the processed image, we drew a line from
either end of the cylinder borders. This line occupies 587.82
pixels in the processed image and since we know that the
diameter of the cylinder is 10.16 centimeters, the number of
pixels in each centimeter can easily be calculated which is 58
pixels for each centimeter of the image. Therefore, there are
3364 pixels in every square centimeter of the image.Using this
number, we came up with Table 1 for our area comparison.
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Figure 7: Defects location in the software model.

According to the data that is extrapolated from the
processed image, the delamination that is located in the depth
of 5 millimeters inside the concrete pavement has a POA of
more than 70 percent with respect to the actual size.The POA
drastically decreases when the delamination is 5 millimeters
deeper. This clearly shows that the accuracy of the thermal
image is strongly related to the depth of the delamination
underneath the surface.

3.4. Modeling the IR Test. Heat transfer in solids is simulated
inside the computer to further understand the IR test setup
[21]. Concrete is the main material and Styrofoam cubes are
used for the defects underneath the surface. A heat source of
300 watts per meter cube is applied on top of the concrete
in a uniformed pattern and the bottom side was kept at 0
degrees of Celsius in order to see the heat transfer inside the
model (Figures 7 and 8). The defects are of the same size as
the defects in our experimental model and they are put in the
same exact depths as well.

As it is shown in Figure 8, a guideline is put on top of the
model that covers the surface on top of the defects and their
surrounding sound areas. This line was used to extrapolate
temperature-distance graph from the model. This will help
us to detect the defects underneath the model as we did in
the actual experimental test and it helps us to learn about the
depth difference between the two delaminations by using the
data that is shown inside the graph.

In the software model, temperature contours show all
the areas with the same unique temperature compared to
their surrounding area [22]. Since our heating process in
the experimental test was not uniform, the heated areas are
different in the software results from the actual experimental
results especially on the deeper defected area.

This graph from the model (Figure 9) follows the same
pattern that we got from experimental data. From this graph,
the same as the experimental graph, we can come up with
a pattern that gives a relation between the temperature
difference and the depth in which the defects are located.

3.5. Integration of Simulation and Experimental Result. Judg-
ing the temperature graphs extrapolated from both experi-
mental data and the data from the software, we realize that
both graphs follow the same pattern. The maximum temper-
ature, which is located on top of the shallower delamination,

is almost the same in both graphs with a magnitude close
to 63.5 degrees of Celsius in experimental graph and 62.5
degrees of Celsius in the simulation graph.On the other hand,
there is a temperature difference between the simulation and
experimental data when it comes to the temperature on top
of deeper delamination. This can be because in the software
we applied a totally uniformed heat flux to the top surface of
the cylinder but in reality our heating process, using a heat
blower, was not performed in a uniformed manner.

In future experiments and in order to get closer results to
what we get from the software we can use more uniformed
ways of inducing heat such as putting the specimen on a hot
surface for a certain amount of time and then take thermal
images from it. In Figure 10, a distance versus temperature
graph for both simulation and experimental data is shown
for comparison. In this graph, we can clearly see that our
simulation and experimental data are following the same
pattern when it comes to the relationship between the depth
of defects and the temperature of the surface of the specimen.

Since we were able to confirm the pattern between the
depth of the delamination and the temperature on the surface
of the model in both experimental test and the software, in
future studies we can use this pattern in the software and
predict the results that we will get from experimental tests.
This will help us to optimize our experiments inside the
software before we start the process inside the lab.

4. Conclusion

In this research, an experimental test has been conducted on a
concrete specimenwith twodefects located in different depth.
One defect is located at 5 millimeters and the other one is
located at around 10millimeters underneath the surface of the
specimen. After inducing heat on the surface of the specimen
for a certain amount of time, thermal images have been taken
and then used for further studies.

A temperature versus distance graph is drawn using the
data that we got from thermal image. A clear pattern has
been found between the temperature gradient and the depths
of the defects underneath the surface. There is 2 degrees of
Celsius temperature difference between the surfaces on top
of the two defects. As it is shown inside the graph, deeper
defects trapped less heat on top of it; therefore the camera
read less temperature from the top surface of the deeper
defect compared to the shallower defect.

A simulated model of the same test has been conducted
inside the computer and the results have been compared
with the ones that were extrapolated from the experimental
test. The comparison showed us a clear link between the
experimental and software results.We also havewitnessed the
same pattern in the graph that we got from the simulation.

The same thermal image then was used for image pro-
cessing purposes and the difference between the areas of the
processed image of the defects and the actual size of the
defects has been found.The area of the defect that is placed in
5-millimeter depth inside of the specimen is about 6.33 cm2
which is 30 percent less than the actual size of the specimen
which is 9 cm2. The size of the defect that was placed in 10-
millimeter depth inside of the specimen is around 1.7 cm2 that
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Figure 8: Line that is used to plot a temperature related graph of the surface of specimen.
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Figure 9: Temperature versus length graph assigned to the line in
Figure 8.
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Figure 10: Comparison between the location of defects on both
camera and software graphs.

is around 80 percent less than the actual size of the defect. By
using these data, we could come up with a system to figure
out the accuracy of the results in thermal images which we
called percentage of the accuracy (POA). As the depth of the
defect inside the specimen increases, the amount of the POA
decreases drastically.

The heat transfer simulation results provide us with a
good method to refine our experimental settings. With a set
of accurate material parameters, we are able to predict the
experimental tests under a controlled laboratory environ-
ment. The proposed IRT method has been validated to be a
good alternative to inspect concrete pavements.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] D. J. Titman, “Applications of thermography in non-destructive
testing of structures,” NDT and E International, vol. 34, no. 2,
pp. 149–154, 2001.

[2] ASTM, “Standard Test Method for Detecting Delamination in
Bridge Decks Using Infrared Thermography,” in Proceedings of
the ASTM Designation D4788-03 ed. ASTM International, West
Conshohocken, Penn, USA, 2014.

[3] S. Hiasa, R. Birgul, and F. N. Catbas, “Infrared thermography
for civil structural assessment: demonstrations with laboratory
and field studies,” Journal of Civil Structural Health Monitoring,
vol. 6, no. 3, pp. 619–636, 2016.

[4] A. Watase, R. Birgul, S. Hiasa, M. Matsumoto, K. Mitani, and F.
N. Catbas, “Practical identification of favorable time windows
for infrared thermography for concrete bridge evaluation,”
Construction and Building Materials, vol. 101, pp. 1016–1030,
2015.

[5] M. R. Clark, D. M. McCann, and M. C. Forde, “Application
of infrared thermography to the non-destructive testing of
concrete andmasonry bridges,” in Proceedings of the Application
of Infrared Thermography to the Non-destructive Testing of
Concrete and Masonry Bridges, pp. 265–275, 2003.

[6] R. B. Mignogna, R. E. Green Jr., J. C. Duke Jr., E. G. Henneke
II, and K. L. Reifsnider, “Thermographic investigation of high-
power ultrasonic heating in materials,” Ultrasonics, vol. 19, no.
4, pp. 159–IN2, 1981.



8 Advances in Materials Science and Engineering

[7] J. Roche, D. Balageas, B. Lamboul et al., “Passive and active
thermography for in situ damagemonitoring inwoven compos-
ites during mechanical testing,” in Proceedings of the Review of
Progress in Quantitative Nondestructive Evaluation, vol. 32, pp.
555–562, Denver, Col, USA, 2013.

[8] R. Richter, C. Maierhofer, and M. Kreutzbruck, “Numerical
method of active thermography for the reconstruction of back
wall geometry,” NDT and E International, vol. 54, pp. 189–197,
2013.

[9] P. Cielo, X. Maldague, A. A. Deom, and R. Lewak, “Thermo-
graphic nondestructive evaluation of industrial materials and
structures,” Materials Evaluation, vol. 45, no. 4, pp. 452–460,
1987.

[10] J. J. Allport and S. L. McHugh, “Quantitative evaluation of
transient video thermography,” in Review of Progress in Quan-
titative Non-Destructive Evaluation, D. O. Thompson and D. E.
Chimenti, Eds., pp. 253–262, 1988.

[11] V. P. Vavilov and R. Taylor, “Theoretical and practical aspects
of the thermal non-destructive testing of bonded structures,”
Research Techniques in NDT, pp. 239–279, 1982.

[12] X. P. V.Maldague,Theory and Practice of Infrared Technology for
Nondestructive Testing, John Wiley and Sons, 2001.

[13] D. Wu, A. Salerno, B. Schönbach, H. Hallin, and G. Busse,
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Snow-melting pavement technique is an advanced preservation method, which can prevent the forming of snow or ice on the
pavement surface by increasing the temperature using an embedded heating system. The main scope of this study is to evaluate
the impact of conductive additives on the heating efficiency. The electrical resistivity and thermal conductivity were considered
to investigate effects of conductive additives, graphite, and carbon fibers on the snow-melting ability of asphalt mixtures. Also,
the distribution of the conductive additives within the asphalt concrete body was investigated by microstructural imaging. An
actual test was applied to simulate realistic heating for an asphalt concrete mixture. Thermal testing indicated that graphite and
carbon fibers improve the snow-melting ability of asphalt mixes and their combination is more effective than when used alone. As
observed in the microstructural image, carbon fibers show a long-range connecting effect among graphite conductive clusters and
gather in bundles when added excessively. According to the actual test, adding the conductive additives helps improve snow-melting
efficiency by shortening processing time and raising the surface temperature.

1. Introduction

Snow and ice on pavement surfaces at airports have been
classified as some of the major concerns causing infrastruc-
ture deterioration and flight delays or cancellations during
winter in cold regions. Much worse, serious, and deadly
accidents may happen as the aircraft is landing or taking off.
Moreover, there are hundreds of traffic accidents caused by
snow and ice every year [1]. Applying chemicalmelting agents
on asphalt pavements has been used in metropolitan areas;
however, they are incompletely effective and unfriendly with
the environment. Also, employing mechanical methods such
as snow ploughing vehicle could lead to pavement surface
and structural damage followed by high maintenance costs
[2, 3]. Environmentally friendly snow-melting agents have
been developed recently [4], but they are still ineffective
in removing snow under low temperatures with increased
need for labor. A thermal or electrical snow-melting asphalt
pavement has a great potential to alternative snow removing
technique, for improving the safety in airports and highways
during winter without negative impacts on the surroundings
[5].

An experiment was conducted on melting processes of
artificial and natural ice and snow on concrete pavement.
It was assumed that the formation of ice on roads should
be avoided to reduce energy consumption, and it is feasible
to utilize geothermal tail water of about 40∘C for melting
ice and snow on winter roads [6]. The conductivity of
asphalt mixtures is an essential key parameter related to the
efficiency of the asphalt solar collector and snow-melting
system. Therefore, improving the mixture conductivity can
technically enhance the snow-melting performance [7]. Wu
et al. [8] investigated the electrical conductivity of asphalt
mixture containing conductive carbon fibers, carbon black,
and graphite as conductive media and demonstrated that
conductive fibers improve conductivity more effectively than
adding conductive filler. In previous works [9–12], it was
found that graphite and carbon fibers are able to improve
the rutting resistance of asphalt binder. Moreover, stiffness,
dynamic modulus, and tensile strength of asphalt mixture
are also enhanced with an addition of carbon fibers. Vo
et al. [13] investigated the thermal conductivity of asphalt
pavement with an addition of graphite powder as a conduc-
tive filler. It was concluded that the time for snow-melting
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process could be shortened by increasing the amount of
graphite content; about half amount of the time could be
reduced with a 20 percent of graphite added. Zhang et al.
[14] have recently implemented snow-thawing experiments
outdoor using 10𝜇m thick graphite interlayer as a self-
heating element. It was found that the system was verified
promising potential in snow-thawing applications with the
desirable feasibility, high efficiency, long-term stability, low
economic cost, and environmental protection. However, no
extended research has focused on those conductive additives
for developing asphalt mixtures for an actual snow-melting
application.

The thermal and electrical conductivity of asphalt mix-
ture modified with conductive additives was investigated in
this study for snow-melting technique by an embedded heat-
ing system. The combination of graphite and carbon fibers
was also considered as a mixed additive. Measurements of
thermal conductivity and electrical resistivitywere conducted
using thermal analyzer and resistance tester, respectively.The
microstructural views within asphalt mixture were observed
by a scanning electron microscope (SEM) to assess the con-
duction mechanism. Lastly, an actual test was implemented
using a test box model to determine the snow-melting effi-
ciency.

2. Materials and Methods

This section covers the materials used to produce asphalt
mixtures followed by the sample preparation, measurements,
SEM imaging, and actual test modeling of this study.

2.1. Materials. Asphalt binder, PG64-22 type, with a penetra-
tion of 65 at 25∘C, the ductility of 167.3 cm, and a softening
point of 51.5∘C, was used for all mixtures in the study. Con-
ductive materials, graphite (G), with particle size of 150 𝜇m
and thermal conductivity 80 to 120W/m⋅K, and carbon fiber
(F), with diameter of approximately 10 𝜇m, average length of
about 5mm, and thermal conductivity around 140W/m⋅K,
were used as conductive additives for the asphalt mixture.
Dense graded asphalt concretemixture was used in this study
with aggregates obtained from local sources that consisted
of crushed basaltic material (size between 0.075mm and
12.5mm) and mineral filler (size less than 0.075mm) with a
bulk density of 2.93 g/cm3. The mix design at air voids of 4
percent includes an optimum asphalt content of 5.3 percent
for the aggregate gradation shown in Table 1, according to a
research done previously [15].

2.2. Sample Preparation. The asphalt binder was firstlymixed
with four different conductive additive contents of 5, 10, 15,
and 20 percent for graphite and 1, 2, 3, and 4 percent for
carbon fibers by volume of the asphalt binder. The aggregate
was preheated to the mixing temperature of 170∘C in a high-
performance oven. By proceeding with the mixing method
done by Bai et al. [11], wet process, mixing conductive
additives with asphalt binder prior to mixing with aggregate,
was found to be appropriate. Conductive additives were
blended into the asphalt using a high-speed shear mixer and
a hotplate. The asphalt was heated in a high-performance

Table 1: The aggregate gradation.

Sieve size (mm) Total passing (%) Individual retention (%)
19 100 0
12.5 92 8
9.5 80 12
4.75 51 29
2.36 30 21
0.6 17 13
0.3 11 6
0.15 7 4
0.075 3 4

oven to a temperature of 180∘C. The conductive filler was
then added to the asphalt slowly and stirred from 500 to
3500 rpm for 30 minutes until full dissolution is obtained.
After mixing, the full dispersion was achieved and no phase
separation was noticed during the mixing process. The mix
of asphalt binder and conductive filler was stored one hour in
the oven at the mixing temperature before mixing with the
aggregate. The conductive additive content was substituted
for the mineral filler with the same amount to ensure the
volumetric property of themixture. All asphaltmixtures were
prepared in the laboratory using a mechanical, rotational
mixer. Compaction following the Superpave volumetric mix
design procedures to mold 100mm diameter and 64mm
height specimens was performed. After 24-hour curing at
room condition of 20∘C, the specimen was then cut into
3 equal portions for the measurement purpose. There were
total 26 specimens with two replicates for each mixture
type.

2.3. Thermal Conductivity and Electrical Resistivity Measure-
ments. Thermal conductivity describes material’s ability to
conduct heat of asphalt mixture, while electrical resistivity
indicates the property to oppose electrical current. The mea-
surements of the thermal conductivity and thermal capacity
were done using a Heavy-Duty Thermal Constant Analyzer-
Hot Disk TPS 1500 as seen in Figure 1(a), which meets ISO
Standard 22007-2 [16]. A hot disc probe was designed with
a diameter of 40mm, based on the specimen size. A heat
pulse in the form of a stepwise function is produced by an
electrical current through the probe to generate a dynamic
temperature field within the specimen. The increase in the
temperature of the probe is measured as a function of time.
The probe operates as a temperature sensor unified with a
heat source.The response is then analyzed in accordance with
the assumed boundary conditions. The thermal conductivity
is calculated based on the temperature difference between
initial temperature and final temperature after applying heat.
The accuracy of the test is better than 5 percent. Accordingly,
averages of the thermal conductivity and heat capacity were
determined from recorded values.

Electrical resistance, 𝑅, was measured using a resistance
tester connected to two circular electrodes of aluminum
on both sides of the specimen as seen in Figure 1(b). The
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(a) (b)

Figure 1: Measuring devices: (a) thermal constant analyzer and (b) resistance tester.

electrical resistivity, 𝜌, was then calculated as (1). A low
resistivity is expected to obtain good electrical conduction.

𝜌 =
𝑅𝑆

𝐿
, (1)

where 𝑆 = 7850mm2, the cross-section area of the tested
specimen, and 𝐿 = 20mm, the distance between two circular
electrodes.

2.4. SEM Imaging. Micrographs of the asphalt mixtures are
captured using a scanning electron microscope, SEM (model
S-4700 Hitachi, Japan), which provides high-resolution
imaging of surfaces and was applied for learning the distribu-
tion and the mechanism of thermoconduction improvement
of conductive additives within asphalt mixture. Because the
SEM utilizes vacuum conditions and uses electrons to form
an image, special preparations are required. Specimens were
cut into small pieces of approximately 20 × 20 × 10mm
for testing. All water must be removed from the specimens
because the water would vaporize in the vacuum. The speci-
mens were then coated with a thin film of carbon on a
scanned surface to obtain conductivity without affecting
observed surface morphology as seen in Figure 2. Detailed
viewing was done with a magnification of 200 times. The
study of micromorphology is performed in the environmen-
tal mode.

2.5. Actual TestModeling. The test boxwas sketched and built
as detailed in Figure 3. Two square boxes of 50 × 50 × 20 cm
were assembled with wood panels, which were qualified to
be tough to withstand compaction (see Figure 3(a)). Asphalt
mixture placed inside the box consists of 2 layers: an upper
layer and a lower layer with the same thickness of 50mm.
One box fully contained asphalt mixture without conductive
additive added, and the other had asphalt mixture with
conductive additives applied to the upper layer. The asphalt
mixture was mixed and compacted as it was in the above
sections. Heating coil was laid and fixed on the top of the
lower layer prior to placing the upper layer so that the coil
was in between the two layers (see Figure 3(b)). The heating
temperature was controlled from a controlling box con-
nected with a power source to provide a constant heat of

Figure 2: SEM sample preparation.

60∘C,which is adequate for the snow-melting purpose during
winter, according to Vo et al. [13]. Although this analysis was
based on a quite simple model, the method was verified as
an adequate predictor of pavement heating rates. Many of
the pavement conditions that were assumed to be constant
probably were not, but the purpose of this analysis was to gain
a preliminary understanding of the efficiency that conductive
additive has on the pavement.

3. Results and Discussion

This section covers the results and discussion of the thermal
conductivity, electrical resistivity, microstructure analysis,
and actual test. Samples are symbolized as the abbreviation
followed by the corresponding content value.

3.1.Thermal Conductivity. Figure 4, the thermal conductivity
versus amounts of conductive additives including graphite,
carbon fibers, and their combination, indicates that all except
the mixes with carbon fibers exhibited a similar increase in
thermal conductivity as the amounts of conductive additives
increases. Very little is known about how the thermal con-
ductivity varies with the content of carbon fibers; there is a
decrease as fiber content is higher than 1 percent.Thedecrease
might have resulted from the tendency to gather into bundles
and increase air voids in the asphalt mixture. On the other
hand, themixes containing carbon fibers until 1 percent show
the increase in thermal conductivity; the excessive 2, 3, and



4 Advances in Materials Science and Engineering

Heating coil

A

A

Connected with
controlling box and
Power source

(a)

F1G20 mix

Control mix

50mm

50mm

(b)

Figure 3: Sketch of (a) test box model and (b) cross-section A-A.
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Figure 4: Average thermal conductivity result.

4 percent cause the decrease due to bad dispersion within
the mixture, which might be seen in microscale. One percent
carbon fibers was, therefore, used in the combination with
graphite. The snow-melting technique expects the material
to conduct the heat quickly. Therefore, it can be considered
that graphite and carbon fibers, with an appropriate amount,
can help the heat diffuse quickly into the asphalt mixture.The
combination of carbon fiber, at 1 percent, and graphite shows
advances and efficiency in improving thermal diffusivity of
asphalt mixture as compared to a large amount of single
conductive additive. The thermal conductivity can reach up
to 2.873W/m⋅K as a maximum in this study.

3.2. Electrical Resistivity. The effect of conductive additives
on the electrical resistivity of asphalt mixtures is shown in
Figure 5. In general, the electrical resistivity decreases as
conductive additive content increases.When additive content
reaches a certain level, approximately 15 percent for graphite,
3 percent for carbon fibers, and 10 percent for graphite
combined with 1 percent carbon fibers, the resistivity reduced
dramatically. A low content of additives in asphalt stays
as isolated clusters and is unable to form the continuous
conductive path; hence, the resistivity of the system has no
significant change. A conductive network can be formed as
a certain content level is reached. Beyond that level, the
conductive network grows and spreads in all directions with
the mixture. However, the further increase does not improve
the conductivity significantly but probably affects the related
pavement properties of asphalt concrete.The average thermal
conductivity and electrical resistivity values, presented in
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Figure 5: Average electrical resistivity result.

Table 2, alongwith the coefficient of variation (COV), varying
from 1.08 to 4.25 percent and 1.58 to 16.7 percent, respectively,
indicate that the tests were reasonably acceptable.

3.3. Microstructure Analysis. Figure 6 shows SEM images of
asphalt concrete specimens containing conductive additives.
The images in Figure 6(a) show that graphite particles scatter
within the asphalt binder and formconductive clusters, which
play thermoconduction role in the asphalt mixture; hence,
the thermal properties would be improved. Carbon fibers
play a long-range conduction role in asphalt mixture (see
Figure 6(b)). Due to a linking effect, fibers may link several
isolated conductive areas formed by graphite or fibers in the
conductive network and bypass the obstacles created by some
aggregates and, therefore, connect conductive areas or chains
together to form conductive paths as in Figure 6(c). However,
the fibers probably form into bundles in the mixture (see
Figure 6(d)) and lower conduction effect due to improper
mixing and/or excessiveness of fibers.

3.4. Snow-Melting Process. The test was performed with 1
percent carbon fibers and 20 percent graphite added to
the asphalt mixture as a combination (F1G20), with the
controlled mixture (C), and without conductive additive, for
comparison purpose. In Figure 7, the test box with F1G20
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Table 2: Summary of thermal conductivity, thermal capacity, and electrical resistivity results.

Sample 𝑘
𝐶𝑝 (J/kg⋅K)

𝜌

Average (W/m⋅K) COV (%) Average (Ωm) COV (%)
C 1.900 2.67 1.689 1.21𝐸 + 09 5.44
G5 2.117 3.42 2.075 4.66𝐸 + 08 2.82
G10 2.296 3.21 2.105 1.25𝐸 + 08 2.72
G15 2.434 3.53 2.113 1.76𝐸 + 04 10.69
G20 2.556 1.47 2.026 7.95𝐸 + 01 4.42
F1 2.352 3.83 2.084 3.13𝐸 + 06 0.99
F2 2.205 1.25 1.917 4.49𝐸 + 01 9.54
F3 2.107 2.86 1.982 8.28𝐸 + 00 16.09
F4 2.148 4.25 2.052 2.12𝐸 + 00 16.70
F1G5 2.281 1.08 2.015 3.40𝐸 + 07 1.58
F1G10 2.423 2.52 2.019 3.16𝐸 + 06 2.99
F1G15 2.584 2.19 2.048 2.31𝐸 + 01 8.84
F1G20 2.873 2.46 1.977 1.40𝐸 + 01 6.33

Graphite

(a)

Carbon fibers

(b)

Graphite

Carbon fibers

(c)

A bundle of fibers 

(d)

Figure 6: SEM images of asphalt mixture containing (a) graphite, (b) carbon fibers, (c) carbon fibers and graphite combined, and (d) carbon
fibers in a bundle.

mixture is on the left side, and the other is on the right. The
test was conducted in snowy weather at the ambient temper-
ature of −3∘C and wind speed of 4m/s on January 13, 2017.
Initially, the test boxeswere exposed to the snow and obtained
a 10 cm thickness of snow layer as seen in Figure 7(a). The
performance of the snow-melting process has been recorded
by digital images with the time interval between the photos
of 5 minutes. As melting has progressed, stripes appear and
the snow-free area increases until snow clearance is achieved.

Generally, the snow-melting process was faster for the box
on the left and is described as follows: snow level was getting
lower after 5 minutes (see Figure 7(b)); after 20 minutes, the
snow was melting along the heating coil in the box on the
left (see Figures 7(c) and 7(d)); the box on the left was almost
free of snow while snow-melting stripes appeared along the
heating coil in the other box in the following 5 minutes (see
Figure 7(e)); snow clearance was reached in the box on the
left in less than 25 minutes, while about 5 minutes more were
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Figure 7: Actual test results: (a) at beginning, (b) 5 minutes, (c) 10 minutes, (d) 15 minutes, (e) 20 minutes, and (f) 25 minutes.

needed for the other box to obtain snow-free condition as
the total time for snow-melting process (see Figure 7(f)).The
surface temperature at the center was recorded as about 11∘C
and 8∘C in the box on the left and the right, respectively, as
the snow had completely melted. Water from melted snow
ran off to the side of the boxes and partly penetrated into the
asphalt mixture. Therefore, there was no water observed on
the surface after all the snow has beenmelted.The total snow-
melting process was about 10 minutes earlier for the box with
F1G20 mix compared to the one with the controlled mix.

4. Conclusions

In this study, the laboratory and actual testing were presented
to evaluate the potential of using thermoconductive asphalt
mixture for snow-melting purposewith an embeddedheating

system. Although the initial costs may be high and the
system is not uneconomical, a fully automatic operation
allows reducing the number of shifts of winter maintenance
works. Moreover, it may not be practical to heat an extended
section of a highway or an entire runway with this system.
However, heating critical areas such as sloped areas, toll-
gate entrance, bridge deck, tunnel portals, and especially
hardstands at the airport would be more beneficial from a
safety and economic standpoint. The thermal and electrical
characteristics of the asphalt mixture play important roles for
the design and efficiency of the snow-melting technique. It is
found that both graphite and carbon fibers individually have
ability to improve thermal properties and lower electrical
resistivity of asphalt mixture and additionally are superior
with the combination. However, carbon fibers need to be
added in a sufficient amount to prevent gathering in bundles.
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The entire snow-melting time is shorter using the conductive
mixture compared to the one without adding conductive
additives. In other words, carbon fibers and graphite with
certain amounts in the asphalt mixture can accelerate the
snow-melting process. In summary, the major findings of
this research show that it is possible to optimize the thermal
properties of asphalt mixture by several conductive additives
needed for snow-melting purpose.
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Green and sustainable power supply for sensors in pavement monitoring system has attracted attentions of civil engineers recently.
In this paper, the piezoelectric energy harvesting technology is used to provide the power for the acceleration sensor and Radio
Frequency (RF) communication.The developed piezoelectric bimorph cantilever beam is used for collecting the vibrational energy.
The energy collection circuit is used to charge the battery, where the power can achieve 1.68mW and can meet the power need of
acceleration sensor for data collection and transmission in one operation cycle, that is, 32.8 seconds. Based on the piezoelectric-
cantilever-beam powered sensor, the preliminary study on the IoT-based pavement monitoring platform is suggested, which
provides a new applicable approach for civil infrastructure health monitoring.

1. Introduction

With the development of IoT (Internet ofThings) technology,
the demand for sensor in the engineering industry is increas-
ing dramatically; in the meantime the power supply for the
sensor in the process has attractedmore andmore attention of
researchers. Bogue (2009) considered that the power supply
has been a great problem for the large-scale engineering
application of sensors [1]. To solve this problem, there have
been various new energy approaches. Considering the struc-
tural characteristics of pavements, one of the most effective
energy harvesting techniques is to use the piezoelectric
material as one component of the pavement materials, where
the piezoelectric effect will collect the vibration mechanical
energy on the roads and convert it into electrical energy to
supply power. The piezoelectric power supply device has the
advantages of small volume and can be used for long-term
operation without device replacement.

Priya (2005) developed a pocket-sized windmill to pro-
vide power for wireless networks [2]. Ammar et al. (2005)
studied the necessary parts of self-powered sensor nodes [3].
Yuse et al. (2008) [4] and Guyomar et al. (2007) [5] used
the classic energy recovery circuit to design a self-powered
health monitoring system. Muralt et al. (2009) designed and
manufactured the film piezoelectric cantilever [6]. Lee et al.
(2009)manufactured 3-1 and 3-3 type cantilever piezoelectric
power generator usingMEMS techniques [7]. Hu et al. (2012)
developed a nanopower generator based on ZnO nanowire
arrays. The power density of the devices was 0.2W/cm3
[8]. Shi et al. (2014) designed a self-powered system using
the low temperature thermoelectric material bismuth tel-
luride (Bi

2
Te
3
) [9]. Sang et al. (2015) analyzed structure

and theoretical model of the self-powered sensor system
[10]. Aung et al. (2014) combined with the application
of wireless communication and energy harvesting thermo-
electric generator (TEG) to study the effectiveness of new
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high temperature electrochemical sensors [11]. Cho et al.
(2016) designed a piezoelectric energy acquisition system
with magnetic oscillations that harvested inertial energy and
vibrational energy [12]. Yeo et al. (2016) studied the PCM
energy collector of the double crystal Pb (Zr, Ti)O-3 (PZT)
film on the Ni foil deposited by rf magnetron sputtering [13].
Hsu et al. suggested a locally amplified strain sensor based
on the piezoelectric polymer [14]. Acer et al. (2015) devel-
oped a distributed piezoelectric sensor for contact detection
[15]. Deligianni et al. (2016) conducted researches on the
piezoelectric thick-film sensors for embedding in joints
[16].

Although there has been some progress in the self-
powered sensor area, the current research has two limitations:
first, the self-power concept has only been implemented in
some of the systems but has not been comprehensively
applied in the design of sensors; second, the self-power capa-
bility is not implemented in the pavementmonitoring system.
Although there have been many researches on the pavement
performance analysis [17–22] and pavement materials areas
[23, 24], there is still a lack of researches on the real-time
monitoring of pavement structures. To overcome these lim-
itations and further develop the self-powered sensor tech-
nique, in this study, the bimorph piezoelectric-cantilever-
beam type pressure transducer was used for collecting envi-
ronment vibration energy. Based on the piezoelectric self-
powered sensor, the preliminary study on the IoT-based pave-
ment monitoring platform is suggested and designed, which
provides a new applicable approach for civil infrastructure
health monitoring.

2. Design of Self-Powered Wireless Sensor

In this study, the self-powered wireless acceleration sensor is
developed, which is mainly used for vibration monitoring of
small and medium sized bridge. When the vehicle travels on
the bridge, the vehicle and the bridge constitute the vibration
system. The bridge vibration state is relevant to the bridge
structure, the vehicle dynamic characteristics, the vehicle
speed, and the vehicle flow.

The designed self-powered sensor mainly includes the
following parts: piezoelectric vibration unit, piezoelectric
energy collection circuit, energy storage unit, output control
circuit, data acquisition/processing unit, sensor unit, and
wireless communication unit. Figure 1 shows the structure
design of the piezoelectric accelerometer.

The piezoelectric vibration energy collecting unit uses
bimorph piezoelectric-cantilever-beam type transducer. The
natural frequencies of the piezoelectric cantilever are closer
to the external vibration frequency, and more electricity can
be generated.

The designed power management chip is used to man-
age the battery and the external power supply. LTC3331
microenergy collection chip from Linear Technology Com-
pany is used. In order to provide the 3.0V voltage for the
motherboard, the chip is used for low voltage conversion,
to provide the required operating voltage of the system.
The energy collection circuit is charged by using bimorph

Ultralow power
main control board

Lithium battery

Piezoelectric
energy transfer unit

Acceleration
sensor

Power
management chip

RF communication

MCU

Other
elements

Battery
power

detection

Figure 1: Structure design of piezoelectric self-powered acceleration
sensor.

Table 1: Energy collection effect under different input clamp
voltage.

Number
Input voltage
high potential

(V)

Input voltage
low potential

(V)

Output
energy
(J)

Average
power
(mW)

1 6 5 0.114 1.143
2 8 5 0.128 1.279
3 10 5 0.144 1.435
4 12 5 0.154 1.538
5 14 5 0.160 1.596
6 16 5 0.169 1.686

pressure piezoelectric cantilever. The energy collection effi-
ciency can be improved by selecting different switch cir-
cuit voltage clamp. Figure 2 shows the energy collection
circuit and the output circuit board. Table 1 shows the
energy collection effect of different input clamp voltage.
Note that for input voltage high potential at 16V and low
potential at 5 V, the collected energy in the circuit is up to
1.68mW.

Thepiezoelectric cantilever beam is excited by an external
excitation generated by an exciter to the fixed end of the can-
tilever beam, where the displacement amplitude is 0.5m, the
frequency is 10.6Hz which is also the resonant frequency of
the piezoelectric cantilever beam, and the displacement of the
free end is 10mm. As shown in Figure 3, the output current
from the piezoelectric cantilever and input into the LTC 3331
energy collection circuit are rectified. A 2000 ohm resistor in
𝑉in section is connected to measure the input current based
on different voltages, and an oscilloscope is used to measure
the voltage at A point and B point. The turn-on voltages are
set to 6V, 8V, 10V, 12V, 14V, and 16V, respectively. Figure 4
shows the relationship between the displacement and the
open circuit voltage.

The cut-off voltage of the energy collection circuit is 5 V.
There are a total of 1250000 sampling points at 100 s in the
oscilloscope. Using the integration operation by MATLAB,
the energy of the input energy collection circuit in 100 s is
obtained, as shown in Table 1. It is observed that the higher
the potential, the higher the output energy.
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3. Power Consumption Analysis of
the Self-Powered Piezoelectric Sensor

As shown in Figure 5, a complete working cycle of the self-
powered piezoelectric sensor is divided into four stages: sleep,
data acquisition, data calculation, and data transmission.

Figure 6 shows the basic work flow of the sensor, where
the work steps are divided into the following:
(1) Measurement starts: using the RTC timing wakeup,

the purpose of cycle measurement is achieved.The CPU run-
ning speed is set to 2MHz after wakeup, and the STOPmode
is used.
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Figure 4: Energy collection circuit and battery storage circuit board.
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Figure 5: Schematic diagram of piezoelectric energy harvesting.
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(2) After the start of CPU, power is supplied to the
acceleration sensor and the time for starting the power is
20ms.

(3) When the power supply for the acceleration sensor
is ready, the sampling mode is started, and the acceleration

sensor is periodically sampled according to the sampling
cycle. The cycle is set as 1/1024ms and the frequency is
1.024 kHz. To reduce power consumption, CPUuses a regular
wakeup, wakeup every 1ms sampling, after sampling into the
STOP mode.

(4) After sampling for 1024 times, the system clock
ascends to 32MHz frequency and conducts FFT transform
for the sampled data.The computational time is about 20ms.
After the data processing, the CC1101 emission is started,
where emission mode power consumption is about 20mA
and lasts for 20ms.

(5) After the emission of CC1101, the sensor enters sleep
mode.

The power consumption in each working step is shown in
Table 2.

The average power consumption of the sensor is adjusted
by setting the sleep time of the sensor, and the average power
consumption of the sensor can be obtained based on

𝑃 =
16.635 + 1.23𝑡

𝑠

𝑡
𝑠
+ 1.11

, (1)

where 𝑃 is the average power consumption with unit W and
𝑡
𝑠
is the sleep time of the sensor with unit ms.
It is calculated that the maximum output power of the

piezoelectric cantilever is 1.68mW. It therefore meets the
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Table 2: Power consumption of each step in a work cycle.

Work step Operating
current/mA

Operating
voltage/V

Operating
time/ms Power/mJ

Sleep mode 0.410 3 — —
Data
acquisition 3.84 3 1000 11.52

FFT
calculation 4.1 3 50 0.615

Data
transmission 25 3 20∼60 4.5

power consumption of the sensor. The sleep time is larger
than 32.8 s. Considering the energy efficiency, the best time
to sleep should be no less than 60 s.

4. IoT-Based Pavement Monitoring Platform

Based on the above designed piezoelectric self-powered sen-
sor, a preliminary IoT-based pavement monitoring platform
is suggested and designed. The basic architecture design of
IoT-based pavement monitoring platform is divided into
three parts: self-powered sensing nodes, gateway nodes, and
the cloud platform.The system uses piezoelectricity to supply
the power for sensor node. It uses low power communication
and lowpower hardware to reduce the energy consumption of
the system and to realize the remote monitoring and control.

The sensing node uses the designed self-powered sensor.
The gateway nodes are based on 433M and GPRS com-
munication and serve as the connection link between sen-
sor networks and the traditional communication network.
They connect the sensor networks and the cloud server,
improve the data transmission efficiency under the complex
environment, and realize the remote control, equipment
management, and temperature and humidity monitoring
functions. Gateway nodes use RF communication module
to communicate with sensor network nodes. To achieve a
wide area interconnection, 3G/4G communication module
and a carrier network are used. The operators can manage
the sensors by using the remote control through the gateway
equipment.

The cloud platform includes the cloud server and the web
interface. Note our current research is still in the preliminary
stage on the piezoelectric-cantilever-beam powered sensor
for IoT-based platform. Future studies will be conducted to
evaluate the applicability of the self-powered sensor in actual
engineering projects.

5. Conclusions

The power supply for sensors in pavement monitoring has
always been attracting attentions of civil engineers. For some
special service conditions, it is too difficult to provide a safe,
stable, and reliable power supply at site environment, which
results in the unworkability of the pavement monitoring
system. To solve this problem, in this paper, the piezoelectric
energy harvesting technology was used to provide power
energy for the acceleration sensor and RF communication.

The power of piezoelectric cantilever vibration energy collec-
tion system can reach 1.68mW, which can meet the power
need of acceleration sensor for data collection and trans-
mission in one operation cycle, that is, 32.8 seconds. Based
on the piezoelectric self-powered sensor, the preliminary
study on the IoT-based pavement monitoring platform is
suggested, which provides a new applicable approach for civil
infrastructure health monitoring.
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To enhance the crack resistance of asphalt-treated base (ATB), a type of gapped and semiopened gradationATBmixture,GSOG,was
designed. Its design method was proposed based on the volume design method and performance tests. Firstly, several gradations
were designed preliminarily in which middle particle sizes of coarse aggregates were partially or completely gapped according to
the gradation specification. Secondly, their voids in coarse aggregates (VCA) were determined through dry rod compaction test
on coarse aggregates, and then their theoretical voids were calculated. Gradations whose theoretical voids met the requirements
were selected to fabricate specimens with Superpave Gyratory Compactor, and their voids were determined using vacuum sealing
method and submerged weight in water method. Finally, gradations whose voids meet requirements were selected to fabricate
different types of specimens for various performance tests, and the optimal gradation can be selected comprehensively considering
their performances, especially focusing on their crack resistance. According to this gradation design method, the gradation of
GSOG-25 was designed, and its performances, including high-temperature stability, water stability, fatigue, and antireflection crack
resistance, were measured and compared to ordinary ATB-25. The results demonstrate that the performance of GSOG-25 is much
better than that of ordinary ATB-25, especially in anticracking capacity.

1. Introduction

In China, semirigid inorganic binding material stabilized
macadam was used as a base course in 95% of asphalt
pavements [1, 2]. The semirigid base course can objectively
provide the necessary structural capacity for pavement under
heavy traffic condition in our country. However, semirigid
base course cracks easily because of its temperature shrinkage
and/or dry shrinkage.The cracks in the base course will result
in reflection cracks through asphalt pavement surface after
being opened to traffic for only 1 or 2 years whether the
pavement is in the frozen or unfrozen regions. Then water
will penetrate into the pavement structure and will accelerate
the destruction process of the pavement [3–5].

A thorough literature review revealed that extensive
past research focused on characterizing and assessing ATB
through laboratory evaluations [6–11], field investigations
and validations [12–14], and empirical and mechanistic
modeling [15, 16]. Marjerison studied the mechanistic com-
parison of cement- and bituminous-stabilized granular base
systems [17]. Schwartz and Khosravifar studied the design

and evaluation of foamed asphalt base materials [18].
Wang put forward a performance-based mixture design
of asphalt-treated base [19]. Li et al. studied the materials
and temperature effects on the resilient response of asphalt-
treated alaskan base course materials [20]. Hector developed
a new mix design method and specification requirements for
asphalt-treated bases [21]. Zhang et al. studied the volumetric
properties and permeability of asphalt-treated permeable
base mixtures [22]. Haider et al. investigate the effects of
HMA surface layer thickness, base type, base thickness,
and drainage on the performance of new flexible pavements
constructed in different site conditions (subgrade type and
climate), and the data are from the SPS-1 experiment of
the Long-Term Pavement Performance program. Base type
was found to be the most critical design factor affecting
fatigue cracking, roughness (IRI), and longitudinal cracking
(wheel path). The best performance was shown by pavement
sections with asphalt-treated bases [23].

In recent years, a layer of ATB was utilized between
the semirigid base course and asphalt concrete layer to
avoid or delay the reflective cracks. This is according to
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the structural and material characteristics of abroad long-
lasting asphalt pavement [1–4]. But reflection cracks had not
been eliminated fundamentally [3, 4]. The test pavement
structure section constructed by Dong et al. demonstrated
thatATB can effectively decrease the premature failure caused
by reflection cracks [24]. Feng and Hao put forward a five-
control-points design method for dense gradation ATB, and
the designed gradation was close to the gradation designed
through CAVF method [25]. Zhesheng and Qian concluded
that ATB has goodmechanical and fatigue properties accord-
ing to fatigue tests results conducted to ATB beams under
different stress ratios [26]. Research results of Qian and Shu
revealed that ATB with high viscosity hard asphalt (AH30)
is superior to the ATB with original asphalt (AH70) in high-
temperature stability, water stability, and fatigue life [27].

So, the aim of this paper is to enhance the crack resistance
of ATB.The gradation objective and design method were put
forward on the anticracking ATB, which was called GSOG
later. The gradation of this new kind of anticracking ATB,
GSOG, is partially or completely gapped in middle particle
size of coarse aggregates, and its void is 8% to 12%, namely,
semiopened. In order to compensate for the weakening of
the bonding force between the coarse aggregates due to the
increase of voids, SBS modified asphalt was used as the
binder. Its gradation design method is based on the volume
design method and performance tests. According to this
GSOG design method, GSOG-25 was designed, and various
performance tests were conducted and compared with the
ordinary ATB-25.The tests results demonstrated that the per-
formance of GSOG-25 is great and its antireflection cracking
capacity is much better than the ordinary ATB. So, it can be
used to prolong the service life of asphalt pavement structure.

2. Gradation Design Method of
the Anticracking ATB

2.1. Basic Principles. In order to enhance the crack resistance
of ATB, the solutions were put forward from two aspects of
gradation and asphalt binder. They are given as follows.

(1) Regarding air voids, the voids in the mixture can
eliminate or attenuate the stress concentration and extend
the crack propagation path. So, a certain amount of voids
can be used to enhance the crack resistance of the mixture.
The mixture gradation can be designed as a semiopened
gradation; namely, its void content is 8% to 12%.

(2) As regards gradation, skeleton structure formed by
squeezing of coarse aggregate can enhance the bearing
capacity. So, coarse aggregates in the GSOG gradation should
squeeze each other to form a stable skeleton to withstand
the external load and maintain the stability of the material
structure and enhance its high-temperature stability and
deformation resistance [28, 29]. To avoid the interference
caused by the middle particle size to the coarse aggregate
skeleton structure and ensure the stability of the coarse
aggregate skeleton structure, the intermediate particle sizes
(4.75mm and/or 9.5mm) coarse aggregates were completely
or partially gapped [30].

(3) For asphalt binder, considering that increasing poros-
ity of the mixture will affect the bond between aggregates

and will affect the performance and durability of the mixture,
polymer modified asphalt can be used as the asphalt binder.
Theuse of polymermodified asphalt can not only enhance the
cohesion between aggregates but also increase the thickness
of asphalt film and enhance its fatigue and cracking resis-
tance. This will improve its durability.

(4) Concerning performance, the performances of
designed GSOG, including high-temperature stability, low-
temperature crack resistance, water stability, fatigue resist-
ance, and crack resistance, should meet the requirements or
be better than the ordinary ATB.

2.2. Basis Procedures. According to the upper basic design
principles, a gradation optimizationmethod was put forward
based on the volume design method [31] and performance
tests. Its basic steps are given as follows.

(1) Several gradations with the intermediate particle
sizes (4.75mm and/or 9.5mm) coarse aggregates gapped
completely or partially were initially designed according to
the gradation limits of ATB.

(2) The void of coarse aggregate, VCA, was determined
through the dry-rodded compaction tests of coarse aggre-
gates.

VCA = (1 − GCADRC
𝐺b.ca ) , (1)

where VCA is the void of dry-rodded compacted coarse
aggregates, %; GCADRC is the dry-rodded compacted density
of coarse aggregates, g⋅cm−3; and 𝐺b.ca is the bulk density of
coarse aggregates, g⋅cm−3.

(3) Calculate the air voids of each mixture at different
asphalt aggregate ratio according to their gradations and
densities of each aggregate.

𝑉a = VCA − 𝑃fa/𝐺b.fa + 𝑃fi/𝐺a.fi + 𝑃b/𝐺b𝑃ca/GCADRC
, (2)

where𝑉a is the air void of asphalt mixture, %;𝑃b is the asphalt
aggregate ratio, %; 𝐺b.fa is the bulk density of fine aggregates,
g⋅cm−3; 𝐺a.fi is the apparent density of filler, g⋅cm−3; 𝐺b is the
density of asphalt, g⋅cm−3; 𝑃ca is the mass fraction of coarse
aggregate to all aggregates, %; 𝑃fa is the mass fraction of fine
aggregate to all aggregates, %; and 𝑃fi is the mass fraction of
filler (<0.075mm) to all aggregates, %.

(4) Fabricate samples with Superpave Gyratory Com-
pactor (SGC) for those gradations whose voids meet the
requirements. Vacuum seal the samples with CoreLok, and
then measure their bulk densities and air voids using Immer-
sion Weighting method.

(5) Select the gradationswhose air voidsmeet the require-
ments to fabricate different types of samples for different per-
formance tests, including high-temperature stability, water
stability, and fatigue resistance. Finally, the gradation whose
performance is the best was selected as the optimal gradation.

3. Raw Materials

3.1. Asphalt Binders. Two kinds of asphalt binder were used
in this paper: Shell 70-A original asphalt and SBS modified
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Table 1: Technical indexes of asphalt binders.

Technical indexes Unit Shell 70-A SBS modified asphalt
Penetration (25∘C, 5 s, 100 g) 0.1mm 67 46
Softening point, R&B ∘C 47.5 73
Kinematic viscosity @177∘C Pa⋅s — 2.0
Kinetic viscosity @60∘C Pa⋅s 223 —
Flash point ∘C 327 230
Elastic recovery @25∘C % — 83
Difference of softening point for 48 h ∘C — 2.0
Mass lost % 0.10 0.12
Penetration ratio, 25∘C % 65.2 79

Table 2: Technical indexes of coarse aggregates.

Index Unit Actual measurement
Crushing value % 13.5
Apparent relative density — —
Water absorption % 1.2
Strength % 9.4
Needle and plate particle content % 8
Content of <0.075mmmaterial % 0.43
Adhesion with SBS modified
asphalt Level 5

asphalt binder. Shell 70-A was used in the ordinary ATB-25
as the contrast material, and the SBS modified asphalt binder
was used in the new designed GSOG-25. Their technical
indexes were presented in Table 1.

3.2. Aggregate. The coarse aggregates, fine aggregates, and
filler were produced from limestone. Their technical indexes
were shown in Tables 2, 3, and 4.

4. Proportion Design of GSOG-25 Mixtures

4.1. Initially Designed Gradations. Through controlling the
passage percent of aggregates of the four key sizes, 26.5mm,
9.5mm, 4.75mm, 0.075mm sieves, and partially gapping the
usage of aggregates passing sieve size of 4.75mm and/or
9.5mm, 5 different gradations were designed initially accord-
ing to Chinese Technical Specification for Construction of
Highway Asphalt Pavement [32], as shown in Table 5.

In Table 5, gradations 1, 3, and 4 were partially gapped
at the particle size of 4.75mm, and gradations 2 and 5 were
partially gapped at the particle size of 9.5mm.

4.2. Measuring the Void of Coarse Aggregate, VCA, for
Each Gradation. Dry-rodded compaction was conducted on
coarse aggregates (≥4.75mm) for each gradation, and their
VCA were calculated, as shown in Table 6.

4.3. Calculating the Theoretical Voids of Each Gradation. The
asphalt aggregate ratio of the mixture was estimated at 4.2%,
and the corresponding theoretical void of each gradation was
calculated, as shown in Table 7.

FromTable 7, it can be seen that the air voids of gradations
2, 4, and 5 meet the requirement. So, they were selected for
further research.

4.4. The Air Voids of Fabricated Samples. For gradations 2, 4,
and 5, cylinder samples were fabricated at the asphalt aggre-
gate ratio of 4.2% using SGC. The compaction parameters of
SGCwere the following: compaction times, 174 times, vertical
pressure, 600KPa, and compactor angle, 1.16∘.

The samples were vacuum sealed with CoreLok, and then
their bulk density and voids were measured with Immersion
Weighting method, as shown in Table 8.

It can be seen from Table 8 that the air voids of gradation
2 were very smaller than the requirement, and those of
gradations 4 and 5 meet the requirements. So, gradations 4
and 5 were selected for further optimization.

4.5. Performance Tests. In order to enhance crack resistance,
the asphalt aggregate ratio should be higher than ordinary
ATB mixture. So, three asphalt aggregate ratios, 3.9%, 4.2%,
and 4.5%, were selected to fabricate GSOG-25 samples for
both gradations (gradations 4 and 5).

The SGC cylinder samples’ air voids were shown in
Table 9.

(1) Moisture Susceptibility and High-Temperature Stability.
High-Temperature Immersion Wheel Truck Test of Asphalt
Mixtures can be used to measure the water stability and
high-temperature stability of the asphalt mixture. So, the
Immersion Wheel Truck Test at 60∘C with Hamburg rutting
tester was selected. The size of plate sample is 300mm ×
300mm × 80mm, the samples were immersed into water
at 60∘C for 2 hours, and then the test was started. The tests
were set to end when loading 30000 times or when rut depth
arrived at 20mm.The results were shown in Table 10.

(2) Fatigue Resistance. Four-point bending fatigue test was
selected to evaluate the fatigue resistance of GSOG-25 beam
sample. The size of the sample is 300mm ∗ 60mm ∗
80mm. Because the aim of the tests is to compare the
fatigue resistance of different gradation with different asphalt
aggregate ratio, the fatigue loading parameters were the same:
test temperature is 20∘C, loading waveform is sinusoidal
wave, loading frequency𝑓 = 10Hz, and the cyclic Eigen value
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Table 3: Densities of aggregates.

Particle size (mm) Apparent relative density Bulk volume relative density (g/cm3)
26.5 2.783 2.770
19 2.731 2.716
16 2.745 2.734
13.2 2.717 2.693
9.5 2.736 2.723
4.75 2.696 2.618
2.36 2.755 2.720
1.18 2.742 2.695
0.6 2.739 2.676
0.3 2.759 2.707
0.15 2.711 2.672
0.075 2.654 2.609

Table 4: Technical indexes of filler.

Project Unit Test result Specification requirements
Apparent density t/m3 2.640 ≥2.50
Water content % 0.41 ≤1
Particle size range
<0.6mm % 100 100
<0.15mm % 94.5 90∼100
<0.075mm % 83 75∼100

Appearance — No clustering No clustering
Hydrophilic index — 0.6 <1
Plasticity index — 3 <4

Table 5: Initially designed gradations.

Sieve sizes
(mm) 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Gradation 1 (%) 100 77 58.8 49.1 39.5 18.5 17.8 15 12 8 5.5 4.8 3.3
Gradation 2 (%) 100 77 55.8 49.1 28.5 27.5 17.8 15 12 8 5.5 4.8 3.3
Gradation 3 (%) 100 100 67.4 51.9 37.3 19.4 17.5 13.6 10.7 8.4 6.5 5.1 4
Gradation 4 (%) 100 75.7 56.2 45.2 34.3 21 19.8 15 12 8 5.5 4.8 3.3
Gradation 5 (%) 100 75.2 55.2 43.7 32.3 30.5 17.8 15 12 8 5.5 4.8 3.3

𝜌 = 𝑃min/𝑃max = 0.3KN/3KN = 0.1. The fatigue results were
shown in Table 11.

(3) Seepage. Seepage performance was measured on plate
sample according to Chinese standard test methods of bitu-
men and bituminous mixtures for highway engineering [33].
The results were shown in Table 12.

4.6. Selection of Optimal Gradation. It can be seen from
Table 6 that gradation 5 with 4.2% asphalt aggregate ratio has
the best high-temperature stability and water stability, and
gradation 4 with 4.5% asphalt aggregate ratio has the best
fatigue resistance. Considering that the project is located in
south China, the climate is characterized by high temperature

and is rainy, so gradation 5 with 4.2% asphalt aggregate ratio
was selected as the optimal gradation.

5. Comparison of the Performances

The performance, especially the antireflection cracking resis-
tance of the optimized GSOG-25, was measured and com-
pared with those of the ordinary ATB-25.

5.1. Design of the Ordinary ATB-25. The gradation of ATB-
25was designed according to Chinese Technical Specification
for Construction of Highway Asphalt Pavement (JTG F40-
2004) [13], the asphalt binder is Shell 70-A, and optimal
asphalt content is 3.7%. Its gradation was shown in Table 13.
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Table 6: The VCA of each gradation.

Gradation Density at dry-rodded compaction
(g⋅cm−3)

Bulk density of coarse aggregates
(g⋅cm−3)

VCA
(%)

Gradation 1 1.942 2.747 29.32
Gradation 2 1.916 2.739 30.05
Gradation 3 1.863 2.721 31.5
Gradation 4 1.829 2.735 33.1
Gradation 5 1.864 2.729 31.7

Table 7: Theoretical void of each gradation.

Gradation
Estimated asphalt
aggregate ratio

(%)

Theoretical void
(%)

Gradation 1 4.2 5.7
Gradation 2 4.2 9.5
Gradation 3 4.2 6.7
Gradation 4 4.2 12.4
Gradation 5 4.2 12.1

TheMarshall technological indexes of the ordinary ATB-
25 were shown in Table 14.

5.2. Comparison of the Performances. The performance
properties of asphalt mixture include resistance to high-
temperature deformation, to low-temperature cracking, to
water damage, and to fatigue cracking. Considering that the
ATB course usually lies 16 cm to 20 cm below the pavement
surface, the low-temperature performancewas not concerned
in the paper. The compared performances include resistance
to high-temperature deformation, to water damage, to fatigue
cracking, and to antireflection crack.

(1) Resistance to High-Temperature Deformation. The rut-
ting tests at 60∘C were conducted to evaluate their high-
temperature stability.The sample size is 300mm ∗ 300mm ∗
80mm, compacted with kneading compactor. According to
Chinese standard test methods of bitumen and bituminous
mixtures (JTG E20-2011) [15], the dynamic stability index,
DS, was used as the evaluation index.

DS = 𝑑2 − 𝑑1𝑡
2
− 𝑡
1

, (3)

whereDS is dynamic stability, times/mm;𝑑
2
is deformation at

the moment of 𝑡
2
, mm; and 𝑑

1
is deformation at the moment

of 𝑡
1
, mm.
The results were shown in Table 15.
It can be seen from Table 15 that the dynamic stability of

GSOG-25 is obviously higher than that of ATB-25, and the
rut depth of GSOG-25 is only about half of that of ATB-25. So
the resistance to high-temperature deformation of GSOG-25
is obviously better than that of ATB-25.

(2) Water Stability. The residual Marshall stability, 𝑆, is used
as the index to evaluate the water stability according to the

Chinese Technical Specification for Construction ofHighway
Asphalt Pavement.

StandardMarshall test and immersionMarshall test were
conducted according to Chinese standard test methods of
bitumen and bituminous mixtures for highway engineering,
T0709-2011 [13], and then the residual stability, 𝑆, can be
determined from theMarshall stability 𝑆

0
and the immersion

Marshall stability 𝑆
1
according to formula (4).

𝑆 = 𝑆1𝑆
0

× 100%, (4)

where 𝑆 is the residual stability, %; 𝑆
1
is the immersion

Marshall stability, kN; and 𝑆
0
is the Marshall stability, kN.

The results of water stability tests were shown in Table 16.
It can be seen fromTable 16 that thewater stability of these

two designed mixtures meets the specification requirement.
And the residual stability of GSOG-25 is greater than that of
ATB-25, which means that the water stability of GSOG-25 is
better than that of ATB-25.

(3) Fatigue Resistance. Four-point bending fatigue tests were
conducted with servo material tester, UTM-100, to compare
the fatigue performance of the two designed mixtures.

The size of the beam samples is 380mm ∗ 60mm ∗
50mm.The samples were formed by using a vibration roller,
HYLN-5, through a pneumatic loading, and it is a good
simulation to the site situation of asphalt pavement. The test
temperature is 15±0.5∘C and loading frequency is 10±0.1Hz
according to Chinese standard test methods of bitumen
and bituminous mixtures for highway engineering [13]. The
maximum strain was controlled during the repeated loading,
and the Nf50 method was used to determine the fatigue
life, which means that when the modulus of the sample is
decreased to 50% of its initial modulus, the cyclic loading
times are its fatigue life.The results were given in Table 17 and
were contrasted in Figure 1.

It can be seen from Table 17 and Figure 1 that the fatigue
performance of GSOG-25 is much better than that of ATB-25
obviously. When the maximum strain is controlled at 400 𝜇𝜀,
the fatigue life of GSOG-25 is about 220 times greater than
that of the ordinary ATB-25. And when the strain level is
controlled at 600 𝜇𝜀, the fatigue life of GSOG-25 is also much
greater than that of the ordinary ATB-25.

(4) Antireflection Cracking Resistance. Loading mode of
reflection crack resistance test shown in Figure 2 was used
to measure the resistance to reflection cracking.
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Table 8: Measured air voids of each gradation at asphalt aggregate ratio of 4.2%.

Gradation Bulk density
(g⋅cm−3)

Theoretical maximum relative density
(g⋅cm−3)

Void
(%)

Average void
(%)

Gradation 2 2.379 2.561 7.1 6.8
3.386 2.561 6.8

Gradation 4 2.344 2.558 8.4 8.1
2.358 2.558 7.8

Gradation 5 2.353 2.554 7.9 8.0
2.348 2.554 8.1

Table 9: Measured voids of ATB mixtures.

Gradation Asphalt aggregate ratio
(%)

Voids (%)
Sample 1 Sample 2 Average

Gradation 4
3.9 9.7 9.1 9.4
4.2 8.4 7.8 8.1
4.5 7.0 7.6 7.3

Gradation 5
3.9 9.5 9.0 9.2
4.2 7.9 8.1 8.0
4.5 7.4 6.7 7.1

Table 10: Hamburg immersion rutting test results.

Gradation Asphalt aggregate ratio
(%) Times Depth of rut

(mm)

Gradation 4
3.9 20900 20
4.2 30000 14.33
4.5 30000 12.78

Gradation 5
3.9 30000 12.06
4.2 30000 7.96
4.5 30000 11.22

Table 11: Fatigue results.

Gradation Asphalt aggregate ratio
(%)

Fatigue life (cycles)
Sample 1 Sample 2 Sample 3 Average

Gradation 4
3.9 527 655 763 648
4.2 2289 1739 788 1605
4.5 3707 4344 1867 3306

Gradation 5
3.9 807 1012 711 843
4.2 1703 1309 1072 1361
4.5 1925 2090 1884 1966

Table 12: Permeability coefficient and voids of specimens.

Gradation Asphalt aggregate ratio
(%)

Permeability coefficient
(ml/min)

Void
(%)

Gradation 4
3.9 420 9.8
4.2 145 9.0
4.5 No seepage 8.3

Gradation 5
3.9 380 9.6
4.2 135 8.7
4.5 No seepage 8.0
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Table 13: Gradation of ATB-25.

Size of sieve
(mm) 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Upper limit 100 100 90 76 62 52 40 29 25 18 14 10 6
Lower limit 100 90 70 55 42 32 20 14 10 8 5 3 2
Gradation 100 93.5 80.5 65.8 52.0 40.1 29.3 20.5 15.6 11.8 8.3 6.3 3.8

Table 14: Marshall technological index of ATB-25.

Technological index

Bulk density
(g⋅cm−3)

Theoretical max.
density
(g⋅cm−3)

void
(%)

VCA
(%)

Asphalt saturation
(%)

Stability
(KN)

Flow value
(mm)

2.447 2.571 3.6 12.0 69.6 3.10 3.1

Table 15: Rutting test results.

Index 𝑑
1
(mm) 𝑑

2
(mm) DS (cycles/mm) Average (cycles/mm)

GSOG-25
1 2.189 2.363 3620 3320
2 2.283 2.499 3020

ATB-25
1 4.710 5.263 1139 1097
2 4.825 5.423 1054

Table 16: Residual stability of different mixtures.

Mixture Marshall stability (kN) Immersion stability (kN) Residual stability (%)
ATB-25 3.10 2.74 88.4
GSOG-25 8.13 8.05 99.0

Table 17: Fatigue lives of different mixtures.

Index Strain level
(𝜇𝜀)

Initial modulus
(MPa)

Fatigue life
(cycles)

Average value
(cycles)

GSOG-25
400 4676 467090 441465

4568 415840

600 5032 154920 162015
4088 169110

ATB-25 400 6577 21010 23385
3952 25760

600 7453 3030 3305
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Figure 1: Comparison of fatigue lives of the two mixtures.
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(a) Flexural tensile reflection crack

Asphalt concrete

Cement concrete

Rubber pad

(b) Shear reflection crack

Figure 2: Reflection crack resistance test loading mode.

Table 18: Flexural tensile type reflection crack.

Mixture Sample Initial crack
(∗104 cycles)

Total life
(∗104 cycles)

Average (∗104 cycles)
Initial crack Total life

ATB-25

1 0.56 14.6

0.63 16.052 0.74 18.6
3 0.68 15.9
4 0.54 15.1

GSOG-25

1 0.68 26.3

0.7 28.32 0.90 31.1
3 0.45 10.6
4 0.78 27.5

Table 19: Shearing type reflection crack.

Mixture Sample Initial crack
(∗104 cycles)

Total life
(∗104 cycles)

Average (∗104 cycles)
Initial crack Total life

ATB-25

1 0.62 15.8

0.55 12.452 0.45 9.4
3 0.56 11.5
4 0.58 13.1

GSOG-25

1 0.9 21.1

0.77 20.72 0.78 24.2
3 0.72 19.4
4 0.66 17.9

The sample is a compound sample, which is compounded
with ATB layer, cement concrete layer (with a prefabricated
crack), and rubber pad.The dimensions of compound sample
are as follows: 30 cm (length) ∗ 6 cm (width) ∗ 20 cm (thick-
ness). The thickness of the compound sample is consisting
of 8 cm ATB layer, 10 cm cement concrete, and 2 cm rubber
pad. The width of the prefabricated crack is 1 cm. The rubber
pad is used to simulate the subgrade, and the cement concrete
bricks were used to simulate cracked semirigid base course.
The loading pad is 2 cm ∗ 6 cm, and the vertical pressure is
0.7MPa.

The loading mode has two different modes, symmetrical
loading for simulate flexural tensile reflection cracking and
loading at the edge of one side of prefabricated crack for
simulate shear reflection cracking.

The cracking test results of ATB-25 and GSOG-25 at
different loading modes were shown in Tables 18 and 19.

It can be seen from Tables 18 and 19 that the optimized
GSOG-25 has better reflection crack resistance than ordinary
ATB-25. Their initial crack loading cycles are almost the
same, but the total life of GSOG-25 is much greater than that
of ATB-25.

6. Conclusion

In order to improve the reflection crack resistance of ATB,
the requirements of themixture and gradation characteristics
were put forward, and the gradation design procedures were
put forward based on the volume design method and perfor-
mances tests. And a type of GSOG-25mixture was optimized
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according to the design procedures. Comprehensive perfor-
mance tests, including rutting test, water stability test, fatigue
test, and reflection crack test, were conducted on the ordinary
ATB-25 and the optimized GSOG-25. The results indicated
that the performance of GSOG-25 is superior to ATB-25; its
reflection crack resistance has been enhanced much, which
meets the purpose of the paper.
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The objective of this study is to evaluate comprehensive performance of high modulus asphalt concrete (HMAC) and propose
common values for establishing evaluation system.Three gradations with different modifiers were conducted to study the high and
low temperature performance, shearing behavior, and water stability. The laboratory tests for HMAC included static and dynamic
modulus tests, rutting test, uniaxial penetration test, bending test, and immersion Marshall test. Dynamic modulus test results
showed that modifier can improve the static modulus and the improvements were remarkable at higher temperature. Moreover,
modulus of HMAC-20 was better than those of HMAC-16 and HMAC-25. The results of performance test indicated that HMAC
has good performance to resist high temperature rutting, and the resistances of the HMAC-20 and HMAC-25 against rutting were
better than that of HMAC-16.Then, the common values of dynamic stability were recommended. Furthermore, common values of
HMAC performance were established based on pavement performance tests.

1. Introduction

High modulus asphalt concrete (HMAC) is one of attracting
alternatives to enhance load-bearing capacity of pavement
structure against conventional structural distresses, such as
rutting and fatigue crack [1]. Rutting resistance of conven-
tional mixture is improved by adding special additives such
as antirutting additive or using hard grade asphalt binder in
the mixture [2]. One of the most controversial issues con-
cerning HMAC is systematic performance evaluation. Many
researches have been conducted regarding high and low
temperature performance and water stability. Lee et al. eva-
luated the high temperature performance and fatigue perfor-
mance of HMAC based on dynamic modulus, moisture sus-
ceptibility, wheel tracking, and fatigue tests [3]. Geng et al.
studied stiffness, elastic recovery, workability, and thermal

cracking resistance of HMAC and found that the asphalt
layers thickness could be significantly reduced by replacing
neat binder with HMABs. [4]. Espersson studied dynamic
modulus of HMAC at different temperatures to obtain the
reduction in thickness depending on the temperature and the
use of HMAC, getting that HMAC and conventional bitumen
behaved differently in terms of stiffness and elasticity. HMAC
in the study had higher complex modulus at all the evaluated
temperatures and viscosity was also higher [5]. Laboratory
tests, including dynamic modulus, creep compliance, fatigue,
moisture damage, and rutting, were conducted to evaluate the
performance of different types ofWMAmixes [6]. Han chose
two kinds of aggregates (basalt and limestone) with obvious
differences to study the impact of aggregates on the high
modulus mixture properties of hard asphalt (such as high
temperature properties, modulus, and fatigue resistance),
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Table 1: Properties of Zhonghai A-70 asphalt.

Test indexes Measured value
Penetration (1/10mm) 100 g, 25∘C, 5 S 67
Penetration index −0.7
Ductility (cm), 10∘C 23
Ductility (cm), 15∘C 104
Softening point (∘C) 48
Dynamic viscosity (Pa/s), 60∘C 183
Wax content (%) 2
Flash point (∘C) 276
Solubility (%) 99.8
Density (g/cm3), 15∘C 1.0029
TFOT

Quality change (%) 0.1
Residual penetration ratio (%) 64
Residual ductility 10∘C (cm) 10
Residual ductility 15∘C (cm) 17

showing that a balanced design of high temperature perfor-
mance, modulus, and fatigue resistance properties can be
achieved on themixture thronging the gradation and the hard
asphalt dosage adjustment, for different properties aggregate
[7]. Wu et al. evaluated performance of several kinds of
additives for high modulus asphalt mixture by tests. The
testing results in the article had proved that the existing
China-made additives can also meet the requirement of
high modulus asphalt concrete (HMAC) [8]. Sun and Li
tested fatigue properties of high modulus asphalt using
Dynamic Shear Rheometer (DSR) and showing that the
fatigue performance of PR-Plasts is better than rock asphalt
and 15/25# is the worst at given conditions [9]. However,
little research results have been reported concerning static
and dynamic modulus at different temperatures, relation
of static and dynamic modulus, and reasonable evaluation
indicators of rut. In addition, research about common values
for HMAC performances should be recommended, and then
comprehensive performance evaluation system of HMAC
needs to be further conducted fromperformance test [2–5, 7].

Performance tests (including staticmodulus and dynamic
modulus, high and low temperature, water stability, and shear
behavior tests) were conducted on three different mixtures
(HMAC-16,HMAC-20, andHMAC–25) in this study and the
test temperatures were 15, 20, and 60∘C. Based on the per-
formance tests, common values of HMAC were proposed
which can be a reference for establishing evaluation system
of HMAC performance.

2. Materials and Test Scheme

2.1. Materials

2.1.1. Asphalt and Aggregate. In this study, Zhonghai A-70
asphalt with high consistency and viscosity at 60∘C was cho-
sen to ensure the resistance to permanent deformation. The
physical and mechanical features of the asphalt are shown in
Table 1.

Rutting resistance of HMAC is affected by the shape
and interlock of aggregates. Therefore, clean, hard, wear-
resistant, crushed, and nonacidic aggregates were selected
in this study to achieve high rutting resistance of asphalt
mixtures. Limestone was employed as aggregate. Three types
of asphalt mixtures known as HMAC-16, HMAC-20, and
HMAC-25 were studied. The gradations of HMAC-16 were
chosen following the JTG F40-2004. Different sizes of coarse
aggregate were naturally filled, tamped, compacted, and
detected by maximum skeleton strength (CBR) test, in order
to get the minimum VCA (voids in coarse aggregates), CBR,
and best proportion of each single particle size of coarse
aggregate for HMAC-20 and HMAC-25. Talbol formula was
adopted to guide the design for fine aggregate gradation
and the mass ratio of fine aggregates with different size was
determined. Talbol formula is one of the grading formulas
and is used to design the grading curve of aggregate, showing
the fluctuation range of gradation. The detailed formula is as
follows:

𝑃 = 100 ( 𝑑𝐷)
𝑛

, (1)

where 𝑃 is passing percentage of aggregate, %, 𝑑 is mesh size
of particles, mm,𝐷 is themaximumparticle size of aggregate,
mm, and 𝑛 is grading index.

The gradations of HMAC-20 and HMAC-25 were deter-
mined after optimization [10, 11]. Aggregate gradations and
optimum bitumen-aggregate ratio are shown in Tables 2
and 3.

2.1.2. Additives. Pavement deformation under the vehicle
load is reduced by increasing themodulus of asphalt concrete,
which means the rutting resistance is improved. The high
modulus additive, antirutting additive, and hard asphalt can
be used as additives to increase the modulus of asphalt
concrete. In this paper, PR-Module (PRM), PR-Plasts (PRS),
and Resin Alloy (RA) additives were adopted, and Zengqiang
(ZQ) additive was for contrastive study.

PRM and PRS additives, originated in France, were
applied to pavement structure of heavy traffic as shown in
Figures 1(a) and 1(b). RA was asphalt compound modifier
used as antirutting agent and had stability properties as
shown in Figure 1(c). ZQ additive [12], originated in China,
was a high modulus additive aimed at reducing rutting, as
shown in Figure 1(d). The additives were used according to
dry process, meaning that additive was dry-mixed with hot
aggregate and then fixed with asphalt.

Mass ratio between additives (PRS, PRM, ZQ, and RA)
andmatrix asphalt is 0.7%, 0.4%, 0.8%, and 0.4%, respectively.
The main characteristics of these materials are shown in
Table 4.

2.2. Laboratory Testing

2.2.1. Static Modulus Test. Modulus is the main structural
design parameter due to its prominent influence on the
deformation of asphalt pavement. The uniaxial compression
test was conducted in the universal material testing machine
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Table 2: Aggregate gradations of HMAC.

Sieves (mm) Percent passing (%)
26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

HMAC-16 100 100 93.2 82.9 70.4 39.7 27.3 21.4 15.8 11.4 8.8 6.1
HMAC-20 100 95.3 85.6 73.3 59.1 39.1 28 21.9 16.1 11.6 9.1 6.2
HMAC-25 97.3 82.2 73.4 64.9 55 31.8 22.3 17.7 13.3 9.9 8 5.6

Table 3: Optimum bitumen-aggregate ratio of mixtures.

Asphalt Mixture Optimum bitumen-aggregate ratio (%)
Matrix asphalt mix Mixture with PRM-Module Mixture with PR-Plasts Mixture with ZQ

HMAC-16 4.5 4.7 4.8 4.7
HMAC-20 4.2 4.4 4.3 4.4
HMAC-25 3.9 4.1 4.1 4.2

Table 4: Additives properties.

Materials Appearance Size (mm) Melting point (∘C) Density (g/cm3) Ingredient
PRM Grey 5 175 0.93∼0.965 —
PRS Cylinder black 2∼4 140∼150 0.91∼0.965 Plastic > 95%, filling < 5%
RA Granular black 2∼4 150 0.96 Rock asphalt, low density polyethylene
ZQ Black solid 3 ≥160 1∼1.2 —

(a) PRM particle (b) PRS particle

(c) RA particle (d) ZQ particle

Figure 1
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Table 5: Static modulus test scheme.

Parameter type Parameter values
Additive PRM, PRS, RA, and base asphalt
Gradation HMAC-16, HMAC-20, and HMAC-25
Asphalt A-70
Aggregate Limestone
Asphalt-aggregate ratio Determined by Marshall test
Bulk density Determined by Marshall test
Temperature 15, 20, and 60∘C
Loading rate 2mm/min
Loading method First, determine the compressive strength (𝑃) and then stepping loading
Compressive strength test Failure load
Compression resilient modulus test Compression resilient modulus

at 20∘Cand a test rate of 2mm/minwas applied to the 100mm
× 100mm× 100mmcylinder specimens (HMAC-16,HMAC-
20, and HMAC-25) according to ASTMD1074.The additives
(PRM,PRS, andRA)were also used tomodify themechanical
properties of conventional asphalt mixture [13, 14]. Details of
the testing scheme are shown in Table 5.

2.2.2. Dynamic Modulus Test (DMT). The dynamic modulus
test was evaluated according to the test procedure described
in ASTM D3497-79. Dynamic modulus test was conducted
in the simple performance tester at three different temper-
atures (15, 20, and 60∘C). At each temperature, the test was
performed at eight different frequencies (25, 10, 5, 1, 0.5, 0.2,
0.1, and 0.01Hz). The tests specimens used in the dynamic
modulus tests were directly obtained from the gyratory
compactor with a diameter of 100mm and height of 150mm
as depicted in Figures 2(a) and 2(b).

2.2.3. Wheel Tracking Test

(1) ConventionalWheel Tracking Test.The conventional wheel
tracking test was conducted to evaluate the high temperature
stability of asphalt mixtures. A contact pressure of 700 kPa
was applied to the 300mm × 300mm × 50mm slab speci-
mens at 60∘C according to the test procedure described in JTJ
T0719.

(2) Unconventional Wheel Tracking Test. Contact pressures
(800, 900, and 1000 kPa) were applied to the 300mm ×
300mm × 50mm slab specimens, respectively. The uncon-
ventional wheel tracking tests were conducted at 70∘C to eval-
uate the permanent deformation characteristics of asphalt
mixtures.

2.2.4. Uniaxial Penetration Test. Theuniaxial penetration test
is similar to the CBR test in soil test method. A cylindrical
steel pressure head was loaded on a cylinder specimen at a
fixed loading rate, to simulate the actual stress state of the
road. In this study, the uniaxial penetrationmethod was used
for evaluating the shear performance of asphalt mixture.

The uniaxial penetration test was conducted to evaluate
the shear behavior of asphalt mixtures according to the test

procedure described in JTGE40-2007-T0134. A test rate of
1mm/min as well as head size of 28.5mm was applied to the
100mm × 100mm cylinder specimens at three different tem-
peratures (15, 20, and 60∘C).During the constant temperature
process, the temperature will be controlled automatically by
the temperature controller with heat preservation for at least
6 h. Figure 3 shows the test instruments and specimen of
uniaxial penetration test.

2.2.5. Bending Test at Low Temperature. Thebending test was
conducted according to the test procedure described in JTJ
T0715-2011 to evaluate the low temperature performance of
asphalt mixtures. A test rate of 50mm/min was applied to the
250mm × 30mm × 35mm slab specimens at temperature of
−10∘C.

2.2.6. Water Stability Test. Freeze-thaw splitting strength test
and immersion Marshall test were conducted to study the
water stability of mixture after freeze-thaw cycles on speci-
mens. Three groups of specimens (HMAC-16, HMAC-20,
and HMAC-25) were compacted in a Marshall compactor
according to the test procedure described in JTJ T0709-2011
and AASHTO T-283-98.

Marshall sampleswere first water-conditioned by vacuum
saturation for 15 minutes with distilled water, then were
placed inwater under atmospheric pressure for 0.5 hours, and
finally subjected to successive cycles of freezing and thaw-
ing. Each cycle consisted of freezing at −20∘C for 16 hours
followed by soaking in distilled water at 60∘C for 24 hours
[13–16].

3. Results and Discussion

3.1. Modulus

3.1.1. Static Modulus. Modulus of asphalt mixture, the main
indicator characterizing antideformation performance of
HMAC, is the key parameter of comprehensive evaluation
system. Details of the static compressive modulus test are
shown in Figures 4(a)–4(c).
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(a) Gyratory compactor (b) Simple performance tester

Figure 2

Figure 3: Uniaxial penetration test.

(1) The Effect of Temperature on Modulus. Static modulus of
asphalt mixture decreased when the temperature increased
from 15∘C to 60∘C, meaning that asphalt mixture is sensitive
to temperature. Compressive moduli of HMAC at 15, 20,
and 60∘C were 46%, 58%, and 72% more than those of con-
ventionalmixture, and the improving effectwasmore striking
with the increasing temperature.

Figure 4 shows that compressive modulus of asphalt
mixture decreases with the increase of temperature. Asphalt
mixture is a typical complex viscoelastic plasticity indicating
that the mechanical properties are very sensitive to temper-
ature. Along with the increase of temperature, the physical
characteristics manifest as being soft whereas strength and
stiffness decrease resulting in the decrease of modulus.

In general, the high temperature stability of asphalt mix-
ture increases along with increase of modulus. At the temper-
ature of 15, 20, and 60∘C, compressive moduli of high modu-
lus asphalt concrete are 1.3∼1.5, 1.4∼1.6, and 1.8∼2.1 times the
value of matrix asphalt mixture, respectively. The following
can be indicated: compressive moduli of high modulus asph-
alt concrete are far bigger than that of ordinary asphalt mix-
ture, and the higher the temperature, the more apparent the
improving effect.

At the temperature of 15, 20, and 60∘C,moduli of HMAC-
PRM were 13% ∼18%, 1% ∼7%, and 4% ∼7% bigger than
those of HMAC-PRS and moduli of HMAC-PRS were 4%∼
7%, 10%∼20%, and 4%∼7% greater than that of HMAC-RA,
respectively, which means that PRM has the most significant
effect on improving modulus of asphalt mixture.The ranking
among the three mixes is HMAC-PRM, HMAC-RA, and
HMAC-PRS from superior to inferior.

(2) The Effect of Nominal Maximum Aggregate Size on
Modulus. The compressive moduli of HMAC-16 were 2300∼
2900MPa, 1600∼2000MPa, and 490∼560MPa at the temper-
ature of 15, 20, and 60∘C, and those of HMAC-20 were 2600∼
3300MPa, 1700∼2300MPa, and 520∼610MPa and those for
HMAC-25 were 2200∼2900MPa, 1500∼2000MPa, and 490∼
590MPa, respectively. On the whole, themodulus of HMAC-
20 was bigger than those of HMAC-16 and HMAC-25.

Generally speaking, static moduli of HMAC-16 are better
than those of HMAC-25 and HMAC–20. However, results
obtained from 15∘C, 20∘C, and 60∘C showed that static
modulus of HMAC-20 is the best. The reasons for the
phenomenon are simply that grading of HMAC-20 is better
than those of HMAC-16 and HMAC-25, and additives for
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Figure 4

Table 6: Technical index of static modulus.

Mixture Compressive modulus (MPa)
15∘C 20∘C 60∘C

HMAC-16, HMAC-20 2600∼3000 2000∼2400 450∼650
HMAC-25 2300∼2700 1800∼2200 400∼600

improving modulus of HMAC-20 are better than those for
HMAC-16 and HMAC–25.

In conclusion, the recommended common values of static
modulus used as a reference for road design are shown in
Table 6.

3.1.2. Dynamic Modulus. As a typical viscoelastic material,
mechanical characteristics of asphalt mixture are closely
related to loading frequency and temperature. Modulus and
stiffness of the asphalt mixture decreased when loading rate
decreased or temperature was risen, which are shown in
Figures 5(a)–5(d) and Table 7.

Growth rate of dynamic modulus was larger when the
frequency increased from 0.01Hz to 2Hz and it gradually
reduced when the frequency increased from 2Hz to 25Hz.
In addition, the dynamic modulus of HMACwas bigger than
that of conventional mixture regardless of frequency and
temperature condition.

(1) A high frequency of loading was initially applied
on HMAC in dynamic modulus test and then applied with
low frequency loading. As seen in Figure 5, the dynamic

modulus of asphalt mixture increases along with the increase
of loading frequency. This is due to the fact that asphalt
mixture is a typical viscoelastic material and mechanical
properties related to the loading speed, material strength,
and stiffness increased with the increase of loading rate.
Asphalt mixture will not be instantaneously compressed
under dynamic loading, nor will it be completely spring back
after unloading. Mechanical properties of asphalt mixtures
are as follows: strength and modulus under dynamic loading
are bigger than those under static load. With the increase
of loading frequency, the load response lag phenomenon is
more obvious, indicating the strength andmodulus of asphalt
mixture increase with the increase of loading frequency.

(2) As shown in Figure 5, the dynamicmodulus of asphalt
mixture sharply increased at frequency ranging from 0.01
to 2Hz, and the increasing trend reduced ranging from 2
to 25Hz. This is because, at high load frequency, asphalt
mixture is mainly characterized by elasticity; the influence of
frequency on dynamic modulus is less than that of material
property.

With dynamic loading at high and low frequencies,
moduli of high modulus asphalt concrete are much bigger
than those of common asphalt mixture. It is well known that
the mechanical properties are better with higher modulus,
meaning that high modulus additives can effectively improve
the mechanical properties of asphalt mixture.

The mechanical properties of asphalt mixture are signifi-
cantly correlated with loading rate, and loading frequency of
10Hz is equivalent to the driving speed of 72∼80 km/h that
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Figure 5

is close to the normal speed. Therefore, dynamic modulus of
HMAC at frequency of 10Hz was systematically analyzed as
shown in Figures 6(a)–6(c) [17], and then the corresponding
evaluation index was put forward.

As shown in Figure 6, the dynamic modulus of asphalt
mixture decreases along with the rise of temperature, and
this is mainly because asphalt mixture is sensitive to temper-
ature.When the temperature is higher, asphalt characteristics
becomephysically soft,with strength and stiffness decreasing;
thus dynamicmodulus decreases. Under the low temperature
and high temperature conditions, the dynamic modulus of
high modulus asphalt concrete is far greater than that of the
ordinary asphalt mixture.

At the frequency of 10Hz, dynamic modulus of HMAC
decreased by 26% from 15∘C to 20∘C and 91% from 20∘C to
60∘C, respectively. At the temperature of 60∘C, decreasing
tendency of HMAC-25 was more striking than that of
HMAC-20, which means dynamic modulus of HMAC-20 is
superior to that of HMAC-25.

Based on analysis of the above test results and relevant
analysis, common values of dynamic modulus were recom-
mendedwhich can be used as road design reference, as shown
in Table 8.

3.1.3. Correlation between Dynamic Modulus and Static Mod-
ulus of HMAC. In this study, correlations between dynamic
modulus and staticmodulus of highmodulus asphaltmixture

were studied to obtain approximate value of dynamic mod-
ulus from static modulus. At the frequency of 10Hz, com-
parative analyses of the dynamicmodulus and static modulus
of high modulus asphalt mixture (PRS) are shown in Figures
7(a)–7(c).

At frequency of 10Hz, the dynamic moduli at 15, 20,
and 60∘C are 8∼10, 8∼10, and 1.5∼2.5 times as much as sta-
ticmodulus, respectively.This phenomenon shows that dyna-
mic modulus of asphalt mixture is far higher than the static
modulus at normal temperature; however, change range of
dynamic modulus is less than that of static modulus at high
temperature. The mechanical properties of asphalt mixture
are mainly viscous when test temperature increases or fre-
quency decreases, whereas the mechanical properties are
mainly elastic when teat temperature decreases or frequency
increases.

As seen from Figures 7(a)–7(c), dynamic modulus was
correlated with static modulus and correlation coefficient
(𝑅2) of HMAC-16, HMAC-20, and HMAC-25 was 0.9735,
0.9735, and 0.9702, respectively, meaning that dynamic mod-
ulus of HMAC can be obtained from static modulus.

3.2. High Temperature Performance Evaluation

3.2.1. The Evaluation Standard for Dynamic Stability. Con-
formed to actual response of the pavement, wheel track-
ing test (60∘C, 0.7MPa) can reflect the change process of
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Figure 6

Table 8: Common values of dynamic modulus at 10Hz.

Mixture Dynamic modulus (MPa)
15∘C 20∘C 60∘C

HMAC-16, HMAC-20 18000∼23000 14000∼18000 2600∼3200
HMAC-25 16000∼20000 14000∼16000 1800∼2400

permanent deformation. Figures 8(a)–8(c) show the wheel
tracking test results (dynamic stability, relative deformation
parameters, and comprehensive stability index [18]) for the
conventional asphalt mixture and HMAC.

As seen from Figures 8(a)–8(c), dynamic stability and
complex stability index of HMAC were bigger than those
of conventional mix. Meanwhile, relative deformation of
HMAC was much smaller than that of conventional mixture,
which means that HMAC is a fine pavement material with
good high temperature performance. Moreover, dynamic
stability of HMAC-20 and HMAC-25 was larger than that of
HMAC-16.

(1) Dynamic stability of high modulus asphalt concrete
(PRM,PRS, andRA)has greatly improved, far larger than that
of matrix asphalt mixture, almost 3∼4 times that of ordinary
asphalt mixture; dynamic stability of HMAC (RA) has also

improved, but the improving effect is less obvious than those
of high modulus asphalt concrete (PRM, PRS).

(2) Similarly, the comprehensive stability index of high
modulus asphalt concrete (PRM, PRS, and RA) is also greatly
improved comparedwith ordinary asphaltmixture. However,
the improving effect of RA is not obvious as that of high
modulus asphalt concrete (PRM, PRS).

(3) Relative deformation of matrix asphalt mixture and
RAmixture is much larger than that of high modulus asphalt
concrete (PRM, PRS), and the relative deformation of matrix
asphalt mixture is basically the same as that of RA mixture.

(4) Dynamic stability of HMAC-20 and HMAC-25 is
greater than that of HMAC-16, whereas comprehensive sta-
bility index is smaller than that of HMAC-16, suggesting that
rutting resistance of HMAC-25 and HMAC-20 is better than
that of HMAC-16.
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Figure 8

To sum up, high modulus asphalt concrete has better
dynamic stability, with larger comprehensive stability index
and smaller relative deformation, indicating that HMAC
has good rutting resistance at high temperature. This is
mainly because both asphalt and mixture are modified by
additives. Shearing force of dry mixed aggregate will make

high modulus additives dispersed evenly in the mixture,
mechanical embedded crowded, reinforced, and cemented,
and road performance improved. The improvement effect is
more obvious with the increase of dosage.

In addition, dynamic stability and the comprehensive
stability index of HMAC (HMAC–20, HMAC-25) are bigger
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Figure 9

than those of HMAC-16, whereas relative deformation is
much smaller than that of HMAC-16, concluding that pro-
posed gradation design for HMAC-20 and HMAC–25 can
improve the high temperature rutting resistance of asphalt
mixture.

Combined with the experimental results, HMAC com-
mon values for dynamic stability (≥8000N/mm) are recom-
mended.

3.2.2. Shear Strength Evaluation Standard. Shear strengths of
mixture with different additives were determined at three
different temperatures (15, 20, and 60∘C), as shown in Figures
9(a)–9(c).

Shear strengths of specimen with additives increased by
19%, 51%, and 67% at 15, 20, and 60∘C compared to conven-
tional mixture without additives, which means additives can
improve the shear behavior of asphalt mixture.

What is more, shear strengths decrease with the increase
of temperature. Shear strengths of specimen with additives
increased by 15%∼23%, 38%∼64%, and 76%∼97% at 15,
20, and 60∘C compared to conventional mixture without
additives, suggesting that the higher the temperature, the
larger the shear strength.

Figures 9(a)–9(c) also show that shear strengths among
HMAC-16, HMAC-20, and HMAC-25 are almost the same,
which means that nominal maximum aggregate size has
limited influences on shear behavior of HMAC.

Combined with performance index of dense gradation
mixture, uniaxial shear test at 60∘C was recommended to
evaluate the shear behavior of HMAC and the common
values for shear behavior at different temperatures (15, 20, and
60∘C) were proposed as shown in Table 9.

Table 9: Common values of shear strength.

Temperature Shear strength (MPa)
15∘C 7.5∼9.0
20∘C 5.5∼7.0
60∘C 0.8∼1.2

3.3. Low Temperature Performance Evaluation. As can be
seen from Figure 10, maximum bending strain of HMAC-16
is greater than those of HMAC-20 andHMAC-25, suggesting
that nominal maximum aggregate size has evident influences
on low temperature performance. Effects of additive dosage
on low temperature performance are shown in Figure 11.

Figure 12 shows that the maximum failure strain of
HMAC decreased when dosage of additive increased. Max-
imum failure strain decreased by 34.9% when the percentage
of PRS was 0.8% (mass ratio between PRS and mixture) and
it decreased by 25.4% when the percentages of RA was 0.8%
(mass ratio between RA and mixture), which means that
modifier of mixture can reduce the low temperature crack
resistance.Thus, dosage or type of themodifier can be chosen
based on high temperature stability, and low temperature
anticracking performance can just meet the basic require-
ments.

It is hard to take both high and low temperature perfor-
mance of asphalt mixture into account. Therefore, performa-
nce of modified asphalt mixture should be examined accord-
ing to themodifying purpose, meaning that the low tempera-
ture performance can just meet conventional standard as the
main modifying purpose is to improve the high temperature
performance.
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3.4. Water Stability Evaluation. Results for immersing Mar-
shall test and freeze-thaw splitting strength are shown in
Figures 12 and 13. The change trend of residual stability was
in accordance with that of freeze-thaw split intensity ratio.

The ranking among the three mixes is HMAC-16, HMAC-
20, and HMAC-25 from superior to inferior. HMAC-16 with
optimum asphalt content produced larger mineral aggregate
surface with the increasing of interacted aggregate superficial
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Table 10: Comprehensive evaluating system of HMAC performance.

Evaluation index HMAC-16, HMAC-20 HMAC-25 Test methods
Dynamic stability (N/mm) ≥8000 ≥8000 JTJ T0719

Shear strength (MPa)
15∘C 7.5∼9.0 7.5∼9.0

JTGE40-2007-T013420∘C 5.5∼7.0 5.5∼7.0
60∘C 0.8∼1.2 0.8∼1.2

Static modulus (MPa)
15∘C 2600∼3000 2300∼2700

ASTM D1074 (rate of 2mm/min)20∘C 2000∼2400 1800∼2200
60∘C 450∼650 400∼600

Dynamic modulus (MPa)
15∘C 18000∼23000 16000∼20000

AASHTO TP 62-0320∘C 14000∼18000 14000∼16000
60∘C 2600∼3200 1800∼2400

area. Moreover, cohesion of HMAC-16 was higher than those
of HMAC-25 and HMAC-20, which means that HMAC-16
has better water stability.

It is believed that the following factors were important
and potential to impact water stability of HMAC: (1) additi-
ves of asphalt mixture (PRS, PRM, ZQ, and RA); (2) skele-
ton dense structure of the mixture gradations; (3) alkaline
aggregate (limestone).Themain purpose ofHMAC is to imp-
rove the high temperature stability. Thus, there are no special
requirements for water stability as long as it meets the stan-
dard for conventional mixture.

3.5. HMAC Performance Evaluation System. On the basis
of the experimental results and relevant specifications, the
HMAC performance evaluation system was put forward as
shown in Table 10. Rutting test at the 60∘C of tempera-
ture is adopted to evaluate high temperature performance,
the uniaxial penetration test is adopted to evaluate the
shear performance, modulus test is adopted to evaluate the
dynamic and static modulus, low temperature bending test is
adopted to evaluate low temperature performance, and water
stability test is adopted to evaluate retainedMarshall stability
and freeze-thaw split intensity ratio. On the whole, high
temperature performance, shear performance, and modulus
refer to evaluation system of HMAC (high modulus asphalt
concrete) performance, technical indexes of low temperature
performance adopt conventional asphalt mixture standard,

and water stability adopts modified bitumen mixture stan-
dard [19, 20].

4. Conclusions

This study provides an experimental investigation on the
performance of highmodulus asphalt concrete, including the
uniaxial compression test, simple performance tests (SPT),
wheel tracking test, the uniaxial penetration test, the bend-
ing test, freeze-thaw splitting strength test, and immersion
Marshall test [21, 22]. The tests were performed on HMAC-
16, HMAC-20, and HMAC-25 and the following conclusions
can be drawn:

(1) The uniaxial compression results show that tempera-
ture has significant effects on static modulus and it is signifi-
cant at higher temperature. Moreover, modulus of HMAC-20
is superior to those of HMAC-16 and HMAC-25.

(2)The dynamicmodulus (𝐸∗) results show that dynamic
modulus of HMAC is larger than that of conventional asphalt
mixture regardless of load frequency and temperature.

(3) Wheel tracking test shows that high temperature
performance of HMAC is better than that of conventional
mixture and high temperature performance of HMAC-25
and HMAC-20 is superior to that of HMAC-16. Common
values of HMAC dynamic stability (≥8000N/mm) are rec-
ommended, and correlation between dynamic modulus and
static modulus of HMAC is proposed combined with the
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effect of different modifier contents on the dynamic stability
of HMAC.

(4) Low temperature anticracking performance andwater
stability donot need special requirements as long as theymeet
the specification.

(5) Nominal maximum aggregate size has limited influ-
ence on shear behavior of HMAC. Uniaxial shear test is rec-
ommended to evaluate the shear behavior of HMAC and the
common values of HMAC shear behavior are proposed.

(6) The common values of HMAC performance are pro-
posed based on pavement performance tests. It is expected
that further analysis of more samples will be significant in
evaluation system of HMAC performance.
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[21] Corté J. F., “Development and uses of hard grade asphalt
and of high modulus asphalt mixes in France,” Transportation
Research Circular 503, TRB, National Research Council, Wash-
ington, DC, USA, 2003.

[22] W. Bankowski, M. Tusar, and L. G. Wiman, “Laboratory and
field implementation of high modulus asphalt concrete. Req-
uirements for HMAC mix design and pavement design,” in
In Proceedings of the European Commission DG Research, 6th
Framework Programme, Sustainable Surface Transport, Sustain-
able Pavements for European New Members States, SPENS,
2009.



Research Article
Preparation and Performance of a New-Type
Alkali-Free Liquid Accelerator for Shotcrete

Yanping Sheng,1 Bin Xue,2 Haibin Li,3 Yunyan Qiao,1

Huaxin Chen,1 Jianhong Fang,4 and Anhua Xu4

1School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China
2School of Highway, Chang’an University, Xi’an 710064, China
3College of Architecture and Civil Engineering, Xi’an University of Science and Technology, Xi’an 710054, China
4Qinghai Research Institute of Transportation, Xining 810008, China

Correspondence should be addressed to Bin Xue; ptyzxb@126.com

Received 1 March 2017; Accepted 20 April 2017; Published 17 May 2017

Academic Editor: Aboelkasim Diab

Copyright © 2017 Yanping Sheng et al. This 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.

A new type of alkali-free liquid accelerator for shotcrete was prepared. Specifically, the setting time and strength and shrinkage
performance of two kinds of Portland cement with the accelerator were fully investigated. Moreover, the accelerating mechanism
of alkali-free liquid accelerator and the hydration process of the shotcrete with accelerator were explored. Results show that alkali-
free liquid accelerator significantly shortened the setting time of cement paste, where the initial setting time of cement paste with
8wt% of the accelerator was about 3min and the final setting time was about 7min. Compressive strength at 1 day of cement
mortar with the accelerator could reach 23.4MPa, which increased by 36.2% compared to the strength of cement mortar without
the accelerator, and the retention rate of 28-day compressive strength reached 110%. In addition, the accelerator still shows a good
accelerating effect under low temperature conditions. However, the shrinkage rate of the concrete increased with the amount of
the accelerator. 5∼8% content of accelerator is recommended for shotcrete in practice. XRD and SEM test results showed that the
alkali-free liquid accelerator promoted the formation of ettringite crystals due to the increase of Al3+ and SO

4

2− concentration.

1. Introduction

Shotcrete has been widely used in tunnel, underground, and
marine works for providing early support and preventing
water seepage [1, 2]. Key performance indicators of the
shotcrete are setting time and strength, which are decided by
not only mixture design but also the use of the accelerator.
The accelerator alters the hydration mechanisms of the
cementitious material, influencing its strength development
and setting time [3, 4]. Moreover, some authors reported that
cement mortar added with the accelerator had same types of
hydration product compared to cement mortar without the
accelerator [5]. However, most existing accelerators are types
of alkaline powdery accelerator which will lead to caustic
harm and dust pollution and dramatically cut down the long-
time strength and the inhomogeneity of concrete.

In order to solve such problems, alkali-free liquid accel-
erators with advantages of high efficiency, high strength,

and environmental friendliness have gained more and more
attention [6–9]. As early as the 1970s, the United States
began to develop liquid accelerators and tried to change
the accelerators from alkali-rich to alkali-free products.
Sommer et al. [10] synthetized a type of alkali-free liquid
accelerator containing 12% aluminum hydroxide, 0.5% com-
plexing agent, 25% hydrofluoric acid, 7.5% amine, and 55%
water, which offered the advantages of rapid increase in
compressive strength compared with alkaline accelerators
and reduced concrete crack due to the formation of ettringite.
This accelerator can reduce the initial setting time and the
final setting time of the cement paste to 6minutes and 20
minutes, respectively; however it still has its limitation in
the compatibility for different types of cement. Institutions
in the United States and Europe successfully produced com-
pound accelerators prepared with inorganic accelerators and
two types of ethanol amine, nitro alcohol and acid glycol
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Table 1: Properties of Portland cement.

Indexes Standard requirement Jidong cement Qinling cement
Fineness/% ≤10.0 ≤5.0 ≤5.0
Initial setting time/min ≥45 195 205
Final setting time/min ≤390 238 250
Soundness/mm ≤5 0.8 1.2
3 d compressive strength/MPa ≥21 26.8 30.8
28 d compressive strength/MPa ≥42.5 45.3 50.8
3 d flexural strength/MPa ≥4.0 5.7 5.5
28 d flexural strength/MPa ≥6.5 7.9 8.8

derivatives, and the compound accelerators had no adverse
effects on the 28-day strength but affected the early strength of
the cement paste. Although early reports have shown encour-
aging results, some aspects of the performance of alkali-
free liquid accelerator, such as the compatibility for different
types of cement, sensitivity of the setting time, setting effect
under different temperature, and irregular change of cement
mortar’s volume, are still not well understood.

The main components of various types of accelerator are
greatly different; therefore, the action mechanisms are also
far from the same. According to the opinion of Meiyan et al.
[11], the accelerationmechanismof the setting acceleratorwas
that the accelerator promoted the production of AFt crystal
with a random orientation in the early stage of hydration.
Guoqiang et al. [12] believed that a large amount of six-angle
plate-shaped hydrated calcium aluminate produced by the
reaction of C

3
A and Ca(OH)

2
accelerated the condensation

of cement paste, because the retardation effect of gypsumwas
eliminated by the accelerating agent. According to the opin-
ions of Paglia et al. [13], Al

2
(SO
4
)
3
in accelerator promoted

the formation of ettringite and connected cement particles to
aid in rapid coagulation. Moreover, some researchers studied
the effect of accelerator on the performance of the cement
concrete. Maltese et al. [14] investigated the effect of moisture
on the setting behavior of a Portland cement reacting with
an alkali-free accelerator and found that the 𝛽-hemihydrate
dissolution rate played an important role in the reduction in
setting time of cement paste samples mixed with an alkali-
free accelerator. Guo et al. [15] found that the compressive
strength of cement mortar with alkali-free liquid accelerators
is positively proportional to the age. Lee et al. [16] investigated
the durability of mortar specimens incorporating inorganic
alkali-free accelerator (AFA) exposed to external sulfate
attack and pointed out that special care needs to be taken
when the shotcrete with AFA is applied under sulfate-bearing
environments.

In conclusion, how to develop an efficient and envi-
ronmentally friendly alkali-free liquid accelerator for the
shotcrete which can shorten the setting time of the concrete
and also have no negative effects on the strength and durabil-
ity of the concrete is still a very important research direction.
In this paper, a new type of alkali-free liquid accelerator for
shotcrete was prepared. Moreover, the compatibility of accel-
erator for different types of cement and water reducing agent,

the sensibility under conditions of different temperatures,
and the accelerating mechanism were investigated.

2. Experiment

2.1. Materials

2.1.1. Cement. Two types of Portland cement (Jidong cement
and Qinling cement) were used in this experiment; the detail
properties of these two types of cement are shown in Table 1.
The main physical indexes of cement meet the requirements
of standard JTG F30-2003 (Technical Specifications for Con-
struction of Highway Cement Concrete Pavements). Jidong
cement was produced by the Shaanxi Jidong limited liability
company, and Qinling cement was produced by Shaanxi
Qinling Cement Limited by Share Ltd.

2.1.2. Sand. The sand used in these experiments was clean
river sand with a fineness modulus of 2.6.

2.1.3. Alkali-Free Liquid Accelerator. Five types of organic
and inorganic materials apart from water have been chosen
to synthesize the new type of Alkali-free liquid acceler-
ator, which were aluminum sulfate, sodium fluoride, tri-
ethanolamine, polyacrylamide, and formic acid. All raw
materials were CP grade, produced by Xi’an Chemical Fac-
tory. According to [17–19], Cl−, SO

4

2−, and Al3+ have a
significant effect on the early strength of the cement, and
CO
3

2−, [Al(OH)
4
]−, SiO

3

2−, and F− can shorten the setting
time of the cement.Therefore, we chose the aluminum sulfate
and sodium fluoride as the main components of the acceler-
ator. Triethanolamine can increase the early strength of the
concrete [20]. Polyacrylamide can improve the viscosity of
cement paste, which is good for reducing the rebound of
shotcrete [21]. The additive proportions of aluminum sul-
fate, sodium fluoride, triethanolamine, polyacrylamide, and
formic acid were 5%, 0.6%, 0.2%, 0.15%, and 0.1% weight of
the cement.The solid content of Alkali-free liquid accelerator
was 43.7%. The alkali content was smaller than 1.0%.

2.1.4. Water Reducing Agent. Naphthalene water reducing
agent and polycarboxylic acid water reducing agent were
applied to study the compatibility of accelerator for water
reducing agent.
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Table 2: The effect of water cement ratios on setting time (20 ± 2∘C).

Water cement ratio Type of cement Initial setting time Final setting time

0.35 Jidong cement 1min 30 s 3min 20 s
Qinling cement 2min 4min 30 s

0.40 Jidong cement 3min 6min 50 s
Qinling cement 3min 30 s 7min 20 s

0.45 Jidong cement 13min 10 s 35min
Qinling cement 15min 30min 50 s

Figure 1: The new type of alkali-free liquid accelerator.

2.2. Preparation of Alkali-Free Liquid Accelerator. Aluminum
sulfate was dissolved in water with high-speed stirring;
dissolution time can be shortened by heating the temperature
of the solution to 50–90∘C during the dissolving period.
Fluoride can bemixed to the solutionwhen aluminum sulfate
was stirred, which is helpful to accelerate the dissolution of
aluminumsulfate, andfluoridewas added to the solution after
the aluminum sulfate was completely dissolved.

Mix triethanolamine and polyacrylamide with the above
solution and stir it for about 20–35 minutes with high speed.
Finally, acid was mixed in the solution, and the new type
of alkali-free liquid accelerator was prepared as shown in
Figure 1.

2.3. Tests

2.3.1. Setting Time. The test of setting time of cement paste
was conducted according to the standard of JC 477-2005
(flash setting time admixtures for shotcrete).

2.3.2. Strength and Shrinkage Test. The strength and shrink-
age tests of cement mortar were conducted according to
the standard of JGJ/T70-2009 (standard for test method of
performance on building mortar). The accelerator according
to the proportionwas added to themortar after themix of the
cement and water one time.

2.3.3. XRD and SEM Test. Specimens with 3∼5mm diameter
size were removed from the interlayer of cement paste after
setting for 7mins, 240mins, 1 day, and 28 days. Then the
hydration of specimens was terminated by acetone, and spec-
imens were ground to powder and sifted through 190 mesh

sieve. Further, such powder was placed into a slot and tested
by X-ray diffractometer (XRD7000, produced by Shimadzu,
Japan; work power: 3 kW, angle range of scanning: 15∼70∘,
scan velocity: 2∼5∘/min, and step size: 0.02∘/step). Moreover,
for the SEM test, S-4800 type field emission scanning electron
microscopy (produced by Hitachi Company) was used to
observe the microstructure of cement hydration products.
The fracture surfaces of cement specimen were treated by
desiccation and spray-gold.

3. Results and Discussions

3.1. Effect of the Content of Accelerator on Setting Time. The
effect of various accelerator contents on the setting time of
the cement paste with the addition of accelerator was shown
in Figure 2. The test temperature was 20 ± 2∘C, and the
water cement ratio (w/c) was 0.4. According to Figure 2,
the setting time of Jidong cement and Qinling cement paste
decreased with the content of the accelerator, indicating that
the accelerator had good compatibility to different types of
cement. When the mixing content of accelerator was 8% of
cement paste, the initial andfinal setting times of cementwere
about 3min and 7min. The change of setting time was not
obvious beyond a content of 8% of cement paste.

3.2. Effect ofWater Cement Ratio on Setting Time. Threewater
cement ratios of 0.35, 0.40, and 0.45 were used to study the
effect of water cement ratios on the setting time of the cement.
The test temperature was 20 ± 2∘C. The results are shown in
Table 2. According to Table 2, the accelerating effectiveness of
the accelerator worsenedwith the increase in water to cement
ratio. An excessive water cement ratio increased the setting
time and the risk of shrinkage cracks. However, a lowwater to
cement ratio causes problems such as an unstable ratio, high
spring back rate, and abrasion of mechanical equipment for
the use of shotcrete.Therefore, a proper water to cement ratio
should be chosen according to the type of setting accelerator
used in the process of shotcrete and construction situation.

3.3. Effect of Temperature on Setting Time. Material tem-
perature was a vital element to influence the hydration
speed and setting time of cement paste. Particularly in the
process of spraying concrete in winter, the temperature of
construction and material temperature greatly differed by
20 ± 2∘C in laboratory and a low temperature may make
the setting accelerator lose its efficiency; therefore, it was
necessary to explore the influence of material temperature



4 Advances in Materials Science and Engineering

Jidong cement
Qinling cement

0

10

20

30

40

50

60
In

iti
al

 se
tti

ng
 ti

m
e (

m
in

)

4 6 8 102
Adding proportion of accelerator to cement paste (%) 

(a) Initial setting time

Jidong cement
Qinling cement

0
10
20
30
40
50
60
70
80
90

100
110
120

Fi
na

l s
et

tin
g 

tim
e (

m
in

)

4 6 8 102
Adding proportion of accelerator to cement paste (%) 

(b) Final setting time

Figure 2: The effect of the content of accelerator on setting time of cement paste (20 ± 2∘C, w/c = 0.4).
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Figure 3: The effect of temperature on setting time of cement paste.

on setting time of concrete with accelerator. The effect of
material temperature on the setting time of Jidong and
Qinling cement paste was tested, as shown in Figures 3(a) and
3(b), respectively. The water to cement ratio was 0.40.

According to Figure 3, the accelerating effect of alkali-
free liquid accelerator decreased with the reducing of mate-
rial temperature for both types of cement paste, but the
change was not obvious. Take Jidong cement as example,
the initial and final setting times were 3.6min and 7.8min
when material temperature was 10∘C, indicating that the
setting accelerator had a good acceleration effect even at low
temperatures. The initial and final setting times were 2.5min
and 6.8min when material temperature was 40∘C, so an

appropriate content of accelerator is needed according to the
construction environment.

3.4. Effect of the Content of Accelerator on Strength of Cement
Mortar. Traditional alkali powdery accelerator decreased the
strength of cement mortar by 20%∼35%, sometimes even
50%, which restricted the use of traditional alkali powdery
accelerator [22–24].The retention rate is reference to the ratio
of the strength of the concrete with accelerator to that of
the concrete without accelerator. The effect of the content
of accelerator on strength of cement mortar with alkali-free
liquid accelerator with a water to cement ratio of 0.4 was
tested, as shown in Table 3.
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Table 3: The effect of content of accelerator on strength of cement mortar.

Content of
accelerator/% Type of cement Flexural strength/MPa Compressive strength/MPa Retention rate of 28 d

compressive strength/%1 d 7 d 28 d 1 d 7 d 28 d

0 Jidong cement 1.10 3.86 5.50 15.20 30.68 39.18 100
Qinling cement 2.65 5.85 6.16 17.18 34.80 38.75 100

6 Jidong cement 2.30 4.86 6.30 12.55 42.32 43.16 110
Qinling cement 3.37 6.68 7.25 21.36 38.53 40.12 104

8 Jidong cement 2.80 6.52 7.10 13.75 39.60 44.45 113
Qinling cement 3.54 7.00 7.85 23.40 42.55 42.70 110

10 Jidong cement 2.60 6.15 6.84 11.78 40.92 42.24 108
Qinling cement 3.45 6.37 7.43 20.16 39.88 42.18 109

Table 4: The adaption of accelerator to water reducing agent.

Type of water reducing agent
Content of

water reducing
agent/%

Water cement
ratio

Initial setting
time

Final setting
time

Cement paste without water reducing agent 0 0.4 3min 6min 50 s

Naphthalene water reducing agent 0.8 0.4 3min 50 s 7min 48 s
0.35 2min 50 s 6min 30 s

Polycarboxylic acid water reducing agent 0.75 0.4 4min 10 s 8min 5 s
0.35 2min 38 s 6min 10 s

As can be seen from the test results summarized in
Table 3, the retention rate of compressive strength after 28
days increased rather than decreasing after mixing with
alkali-free liquid accelerator. When the content of setting
accelerator was 8%, the retention rates of compressive
strength after 28 days of Jidong cement mortar and Qinling
cement mortar were 113% and 110%, respectively. Early
compressive strength after 1 d and 7 d of cement mortar
with alkali-free liquid accelerator was 36% higher than
cement mortar without accelerator. In addition, with the
increased content of accelerator, the compressive strength
after 28 d increased first and then decreased. The reason
may be the fact that too much accelerator would reduce the
adhesion of calcium silicate hydrates in a unit area and close
contact required for condensation because of too fast of a
response.Thehydration cannot be finished completely, which
decreased compressive strength.

3.5. Adaption of Accelerator to Water Reducing Agent. Water
reducing agent is usually mixed in concrete construction to
reduce the water to cement ratio and improve the strength
and durability of concrete while maintaining the same
flowability. In order to maintain similar consistency in this
experiment, thewater to cement ratios of Jidong cement paste
with and without water reducing agent were 0.35 and 0.40,
respectively. The effect of the water reducing agent on the
setting time of cement paste wasmeasured, and the results are
shown in Table 4. It can be seen from the experimental results
that if the water to cement ratio was constant, the free water
increasedwith the increase inwater reducing agent because of
a water reducing effect, which had a negative effect on quick

setting. But if water to cement ratio was reduced properly,
not only was the acceleration effect of setting accelerator
enhanced but also the flowing property of cement was well
kept, which was beneficial to make sprayed concrete with
high strength.

3.6. Effect of Accelerator on the Volume Change of Cement
Mortar. The volume change of cement mortar refers to the
expansion and shrinkage of mortar under the influence of
outside temperature, as well as the self-shrinkage caused by
the hydration of cement under the influence of separation
from outside temperatures. The effect of accelerator on the
volume change of cementmortar was analyzed and the results
are shown in Figure 4.

According to Figure 4, shrinkage of cementmortarmixed
with the new type of alkali-free liquid accelerator increased
obviously with increased mixing amount, consistent with
previous researches [7, 11, 15]. The main reason may be the
fact that high dosages of accelerators will make the matrix set
too quickly, which increases the volume of voids and defects
in thematrix. Porositymakes hardened cementmortar prone
to drying shrinkage. In addition, early formation of ettringite
cannot keep pace with the formation of C-S-H, and swelling
is reduced by plasticity paste, so it cannot be reflected in the
total volume change of mortar. It is well known that overly
large volume shrinkage can easily cause cracking in concrete;
therefore, it is necessary to carry out reasonable and effective
maintenance of sprayed concrete mixed with accelerator, or
little swelling agent can be mixed into counteract volume
shrinkage caused by the accelerator.Moreover, in practice, the
compacting function by high-speed shotcrete jet stream will
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Figure 4: The effect of accelerator on shrinkage rate.

make thematrix denser and reduce the shrinkage. To balance
the setting time and shrinkage, 5∼8% content of accelerator is
recommended for shotcrete in practice.

3.7. Analysis of XRD Results for Hydration Samples. The
reference hydrated sample and the hydrated sample with the
addition of 8% of the new type of alkali-free liquid accelerator
at each age were tested by XRD, as shown in Figures 5 and 6,
respectively.

Figure 5 presents the XRD patterns of the reference
hydration samples at each age. Ettringite was not detected
in the reference hydrated sample at the age of 240min
(Figure 5(a)). The characteristic peaks of ettringite began
to appear in this sample at the age of 1 day (Figure 5(b));
however, the peak value was relatively low and not obvious,
indicating the beginning of an ettringite formation, but the
amount was limited. In addition, there were unhydrated C

3
A,

C
3
S, and C

2
S, as well as Ca(OH)

2
produced by the hydration

of C
3
S, among which the characteristic peak of Ca(OH)

2

was most obvious. It was observed that the main mineral
hydration of the sample was Ca(OH)

2
and ettringite at the

age of 28 days (Figure 5(c)).
Figure 6 presents the XRD patterns of the hydrated sam-

ple with the accelerator at each age. It was found that the sam-
ples had obvious characteristic peak diffraction of ettringite
at the age of 7min, as shown in Figure 6(a), which indicated
that a considerable amount of ettringite had been formed
at this time. In Figure 6(b), the characteristic diffraction
peaks of ettringite at the age of 240min were more obvious
compared to the hydration after 7min, indicating that the
amount of ettringite crystals formed increased gradually
with hydration time. The formation of ettringite in the early
curing age indicated that the hydration speed of cement was
accelerated by the accelerator. As a result, the setting time and
the strength of concrete reduced and increased, respectively.

Moreover, it may be the reason accounting for the increase
of shrinkage in the early curing age. The main mineral in the
hydrated sample with the accelerator after 1 day was the same
as the reference hydrated sample, but the diffraction peak of
Ca(OH)

2
was relatively low, as shown in Figure 6(c). On one

hand, this is because a large amount of Ca2+ released by C
3
S

hydration was consumed during the formation of ettringite.
On the other hand, F− in the accelerator also reacts with Ca2+
to consume Ca2+ released by C

3
S hydration. The decrease of

Ca2+ concentration further promoted the hydration of C
3
S

and played a role in accelerating the coagulation of cement,
as well as improving the early strength of cement. As time
proceeded (28 days), the diffraction peaks of ettringite of
the hydrated sample with the accelerator were more obvious
than the reference hydrated sample; moreover, the diffraction
peak of Ca(OH)

2
was relatively low (Figure 6(d)).This is also

due to the reaction between SO
4

2− and F− in the accelerator
and Ca2+, and Ca(OH)

2
was consumed as mentioned earlier.

In general, we found that the addition of the accelerating
agent changed the amount of cement hydration products but
did not change the type of hydration products by comparing
Figures 5(c) and 6(d).

3.8. Analysis of SEM Results for Hydration Samples. The
hydration products of cement paste with and without the
addition of 8% of the new type of alkali-free liquid accelerator
at each age were observed by SEM to reconfirm the formation
of ettringite in the early hydration stage; the results are shown
in Figure 7.

According to Figure 7, for the cement paste without
accelerator, ettringite was not observed in the hydration
specimen at the age of 240min. After 1 day, a small amount
of threadiness gel and a number of nonhydrated cement
particles coveredwith ettringite on the surfacewere observed.
Then it was found that a large amount of fibrous and reticular
C-S-H gel which was filled with Ca(OH)

2
crystal appeared in

the reference sample after 28 days. However, it was observed
that ettringite in a short bar outline formed in the hardened
cement specimen with addition of the accelerator in the final
setting time of 8min. Due to a large number of ettringite
crystals generated within a short period of time, the crystals
overlapped each other, resulting in an accelerated setting of
the cement paste. At the hydration time of 1 day, Ca(OH)

2

crystals began to appear in the sample; moreover, it was noted
that the gap between the cement particles was small and the
structure became compact at this time. As time proceeded
(28 days), the cement structure was more compact due to the
formation of a large number of ettringite crystals.

In summary, the mechanism of the new type of alkali-
free liquid accelerator should be noted that a large number
of ettringite crystals deposited in the early stage of cement
hydration due to the increase of Al3+ and SO

4

2− concentra-
tion in cement paste after the addition of the accelerator.More
importantly, these crystals overlapped each other, forming a
space frame structure, resulting in the rapid condensation of
cement paste.
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Figure 5: The XRD diffractograms of the hydrated cement samples without the accelerator.
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Figure 6: The XRD diffractograms of the hydrated cement samples with the accelerator.
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Figure 7: SEM images of hardened cement paste specimens with and without the accelerator.

4. Conclusion

We conclude the following:
(a) A new type of alkali-free liquid accelerator pre-

pared by aluminum sulfate, sodium fluoride, tri-
ethanolamine, polyacrylamide, and formic acid in
this paper has shown good accelerating effects. When
the adding content of accelerator was 8wt% of cement
paste, the initial and final setting times of cement
paste were about 3min and 7min for two types
of Portland cement (Jidong cement and Qinling
cement).

(b) Compressive strength at 1 day of cement mortar with
the 8wt% accelerator could reach up to 23.4MPa,
which increased by 36.2% compared to the strength
of cement mortar without accelerator. The retention
rate of compressive strength of cement mortar at 28
days can reach as high as 110%.

(c) The accelerator was not sensitive to the change of
material temperature, and it still has a good effect
of promoting coagulation even at low temperatures
(10∘C).

(d) The shrinkage of cement mortar increased with the
adding content of alkali-free liquid accelerator. The

main reason may be the fact that excessive accelera-
tors make the cement matrix set too quickly, which
increases the volume of voids and defects in the
matrix. To balance the setting time and shrinkage,
5∼8% content of accelerator is recommended for
shotcrete in practice.

(e) XRD and SEM test results showed that the accelerat-
ing mechanism was that the alkali-free liquid accel-
erator promoted the formation of ettringite crystals
by increasing the Al3+ and SO

4

2− concentration of the
matrix.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors wish to thank the National Natural Science
Foundation of China (no. 51508030), Qinghai Transportation
Science and Technology Project (no. 2014-GX-A2A), and the
Special Fund for Basic Scientific Research ofCentral Colleges,
Chang’an University (no. 310831163509, no. 310831163501, and
no. 310821165009) for their financial support.



Advances in Materials Science and Engineering 9

References

[1] R. Salvador, P. Cavalaro, S. Henrique, R. Alba, A. Julian et al.,
“Effect of cement composition on the reactivity of alkali-free
accelerating admixtures for shotcrete,” International Symposium
on Sprayed Concrete, 2014.

[2] C. S. B. Paglia, F. J. Wombacher, and H. K. Böhni, “Influence
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Sand-clay liners utilize expansive clay to act as a filler to occupy the voids in the sand and thus reduce the hydraulic conductivity
of the mixture. The hydraulic conductivity and transfer of water and other substances through sand-clay mixtures are of prime
concern in the design of liners and hydraulic barriers.Many successful research studies have been undertaken to achieve appropriate
mixtures that satisfy hydraulic conductivity requirements. This study investigates compressibility and swelling properties of
mixtures to ensure that they were acceptable for light structures, roads, and slabs on grade. A range of sand-expansive clay
mixtures were investigated for swell and compression properties. The swelling and compressibility indices were found to increase
with increasing clay content. The use of highly expansive material can result in large volume changes due to swell and shrinkage.
The inclusion of less expansive soil material as partial replacement of bentonite by one-third to two-thirds is found to reduce the
compressibility by 60% to 70% for 10% and 15% clay content, respectively. The swelling pressure and swell percent were also found
significantly reduced. Adding less expansive natural clay to bentonite can produce liners that are still sufficiently impervious and
at the same time less problematic.

1. Introduction

The demand for liners in environmental and containment
projects is growing [1]. Sand-clay liners utilize highly plastic
bentonite clay to act as a barrier and fill the voids in the sand
and thus reduce the hydraulic conductivity of the mixture.
The use of bentonite can result in large volume changes as
a result of swell and shrinkage. In order to improve com-
pressibility and swell it is suggested to add a portion of clay
with less plasticity than bentonite.This is expected to produce
sufficiently impervious liner with less compressibility and
less potential for expansion leading to utilizing the natural
local clays of less plasticity in liners and thus reducing the
demand for bentonite and improving the liner performance.
The purpose of this paper is to investigate the influence of
adding natural clay soils on the compressibility and swell.
Dafalla and Al-Mahbashi [2] investigated the effect of adding
natural clay to bentonite on the water retention curve of
sand-bentonite mixtures. This study is focused on the use of
expansive clay as part of sand-clay liners in geoenvironmental
projects. The work carried out in this research is part of a
project financed by NPST (National Plan for Science and

Technology, Saudi Arabia) to investigate using local clays in
liners in eastern parts of Saudi Arabia.

2. Background

2.1. Expansive Soils and Their Use. Extensive research work
has been carried out on expansive soils as they are a serious
hazard to buildings and light structures due to their volume
changes when subject to moisture content alterations causing
movement of these structures. The behaviour of such clays
when subjected to moisture changes is controlled by some
intrinsic and external factors. The intrinsic factors include
the type of clay (mineralogy and chemical equilibrium),
density and packing state, initial moisture content, pore
water pressure, and pore air pressure, while the external
factors include vertical and horizontal stresses, the source
of moisture, hydraulic gradient, and rate at which water is
introduced in addition to the chemistry of the water. Many
of these factors are interrelated [3].

Expansive soils, sometimes known as black cotton soil
[4], are good for agriculture due to the level of nutrients
and minerals they contain. This clay is also used in medical
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products and used extensively in cosmetics. Clay nanocom-
posite studies for producing materials of enhanced per-
formance are currently attracting the attention of many
researchers [4].

2.2. Sand-Clay Mixtures. Naturally occurring sand-clay soils
are not usually efficient for the intended purpose of, or usage
as, impermeable liners. Geotechnical and geoenvironmental
engineers have found it necessary to devise an engineering
approach to achieve the appropriate hydraulic conductivity
and other required properties. The sand-clay liners can also
control the movement of other materials and toxic pollutants
due to their lowpermeability and ionic absorption properties.
The optimum ratio of clay to sand depends mainly on
the porosity of the granular material. Compacted sand-clay
mixtures were introduced to act as barriers in waste disposal
following increased awareness and rising environmental
concerns during the second half of the twentieth century [1].
The control of waste leachate can be contained using liners of
low hydraulic conductivity [5].

The sand-clay mixtures are commonly used as liners
in waste disposal and in the protection of strategic power
projects. Designs using bentonite have been found successful
inmany applications.The cost of processed clay andbentonite
prompted many researchers to investigate the use of local
materials. Rawas et al. (2005) investigated the use of Oman
shale in liners. Obrike et al. [6] investigated the use of Auchi
Shale and Imo shale in waste disposal landfills in Nigeria.
Langdon et al. [7] studied the permeability of clay liners of the
same geological formation and different depositional basins
in Turkey. These are only examples and other research is
currently going on.

Geosynthetic material can also be used in combination
with sand-clay liners. The ASTM standards introduced a
new test to determine the hydraulic conductivity values [8]
which describes the laboratorymeasurement of both flux and
hydraulic conductivity of GCL-specimens utilizing a flexible
wall permeameter.

2.3. Literature Review on the Compressibility of Sand-Clay
Mixtures. The compressibility and swell nature of sand-clay
mixtures is of great importance. Highly expansive material
can expand to a stage that is likely to cause excessive distor-
tion to surfaces or provide an uneven support for foundations
and light structures. The response to loads and stresses on
sand-clay mixtures has been studied by many researchers.
Wasti and Alyanak [9] studied sand-clay mixtures and
observed that when the initial, unswelled, clay content is
sufficient to fill the voids within the sand at its maximum
porosity, the overall behaviour tends to be similar to clay.
The influence of the clay material on the overall behaviour of
soil mixtures has been raised by many researchers (e.g., [10–
12]). Tsotsos et al. [13] introduced a new experimental and
numerical concept to deal with mixed soils. They concluded
that deformational behaviour ofmixed soils depends strongly
on the percentage of clay in the mixture and the mechanical
properties of each component. The modelling approach was
based on the behaviour of well-defined types of structures.

This is unlikely to work for all mixtures or for variable ranges
and types of sand-clay mixtures.

The factors, including placement conditions, affecting
swelling in bentonite and other clays are also the same factors
affecting sand-clay mixtures. Dafalla [14] discussed the role
of initial moisture content and dry density on the behaviour
of clays. Dixon [15] worked on the swelling behaviour
of bentonite based backfill used for nuclear structures in
Canada. He showed that swelling pressure increases with the
increase of effective clay dry density.

Research on sand-clay mixtures in semiarid areas, how-
ever, has been limited. Dafalla [3] presented a model for
predicting the behaviour of artificial sand-clay mixtures
using the fall cone testing method. Alawaji [16] studied the
swell and compressibility characteristics of sand-bentonite
mixtures wetted with liquids with two types of commercial
bentonite and investigated the compressibility behaviour
when the mixture is subjected to liquids with variable
concentrations of Ca(NO

3
)
2
and NaNO

3
. Alawaji [16] used

these chemicals to investigate their influence on the process
of swelling and compressibility. His results indicated that
swell potential (SP), swell time, swell pressure, and volume
compressibility decrease with the increase in chemical con-
centrations. Mollins et al. [17] found that the compaction
method does not affect the final clay void ratio of the tested
samples. Benson and Boutwell [18] investigated compaction
conditions and scale dependent hydraulic conductivity of
compacted clay liners.

Phanikumar et al. [19] conducted compressibility and
swell tests for clay-sand mixtures and concluded that as the
sand content in the blends increased from 0% to 30%, swell
potential decreased by 71% and 50% and swelling pressure
decreased by 67% and 57%, respectively, for soil fractions
passing the 425 𝜇m and 75 𝜇m sieve. They also stated that
the coefficient of volume compressibility reduced by 30% and
compression index decreased by 50% as the sand content
increased from 0% to 30% for soil fractions passing the
425 𝜇m sieve.

The main objective of this study is to examine the
compression and swell of sand-expansive clay liners in order
to help designers to optimize and select the appropriate
mix. Use of clay mixtures consisting of natural clay and
commercial bentonite instead of only bentonite in sand-clay
mixtures is investigated as a new approach to produce a less
problematic and more economical mixes. This is considered
to be a significant problem in semiarid areas where significant
drying of these mixes may occur and lead to cracking.

3. Materials and Test Methods

Natural claymaterials of high plasticity are abundant inmany
semiarid regions. The properties of most of these clays do
not satisfy the requirements for use in sand-clay liners. This
can be attributed to low plasticity or failure to provide the
required hydraulic conductivity. It was decided to investigate
utilizing these materials in reducing the amount of processed
bentonite and enhancing the shrink-swell properties of sand-
clay liners. Al-Qatif clay in Saudi Arabia is believed to have
good potential as an additive to enhance the performance
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Table 1: Physical properties of Al-Qatif clay.

Property Range
Material passing sieve number 200 >90%
Liquid limit 130–150
Plastic limit 60–70
Plasticity index 70–80
Maximum dry density 1.150–1.200 gm/cm3

Optimum moisture Content 32–40%
Swell percent (ASTM D4546) 16–18%

Swelling pressure (ASTM D4546) 500–800 kN/m3 (𝛾 =
12 kN/m3)

of sand-clay liners. Commercial bentonite and Al-Qatif clay
were chosen to study the swell and compressibility properties
of selected sand-clay liners.

3.1. Al-Qatif Clay. The unprocessed, natural expansive clay
used in this research was obtained from the city of Al-
Qatif located on the Arabian Gulf shoreline 400 km from
Riyadh, the capital of Saudi Arabia. Several researchers have
investigated the swelling characteristics of Al-Qatif expansive
clay [20–22]. Based on these investigations, Al-Qatif clay is
typically characterized as highly expansive soil due to its high
montmorillonitemineral content. Soil samples were obtained
from open pits excavated to a depth of 1.5–3.0m below
ground surface. Samples were transferred to the laboratory
and complete geotechnical characterization and chemical
composition were performed. Shamrani et al. [23] indicated
that natural Al-Qatif clay is characterized among problematic
clays due to its high plasticity. A summary of geotechnical
characterization results is presented in Table 1. Chemical
composition of Al-Qatif clay is presented in Table 2.

3.2. Sand. Sand used in this studywas commercially available
uniform sand that is locally used in concretemixes in Riyadh.
It is typically known as “concrete sand” and is abundant
in Saudi Arabia. The grain size ranges from 0.6 to 0.1mm.
According to the Unified Soil Classification System (USCS,
[24]), this sand is classified as poorly graded sand (SP).

3.3. Bentonite. The bentonite used in this study was HY
OCMA obtained from a local supplier. The index properties
of HY OCMA bentonite used in the present study are given
in Table 3. The chemical composition of bentonite is given in
Table 4.

3.4. Sand-Clay Mixture Preparation and Compaction Tests

3.4.1. Sample Preparation. Samples of Al-Qatif expansive
clay obtained from the field were air dried, pulverized, and
sieved using sieve size 425𝜇m (number 40). The oven dried
sand and Al-Qatif clay were mixed thoroughly and then the
required water content was added and mixed in and the
sample stored in plastic bags for 24 hours to mature. Sand-
bentonite clay mixes were prepared in a similar way.
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Figure 1: Grain Size distribution of the uniform sand used in this
research.

3.4.2. Compaction Tests. Compaction tests were carried out
to assess the optimumwater contents andmaximum dry unit
weights of sand-Al-Qatif expansive clay mixtures and sand-
bentonite mixtures. Al-Qatif expansive clay contents used
were 0%, 5%, 10%, 15%, 20%, and 25% by dry weight of sand
and the bentonite contents used were 0%, 5%, 10, and 20% by
dry weight of sand. The mix proportions quoted are for clays
in the air dried state. For each mixture, the optimum water
content and the maximum dry unit weight were determined
using standard Proctor compaction method (ASTM D698
[25], method A). Samples of mixtures were prepared with
water contents ranging from 3 to 22%. Distilled water was
added to the mixtures to obtain the desired water contents.

A 2.5 kg (5.5 lb) hammer was used to compact the mix-
tures into the 101.6mm (4 in) mold (inside diameter) with
113.9mm (4.5 in) in height in order to ensure the uniform
compaction for each layer. Three layers were compacted in
each mold. After compaction and leveling, the weight of
the compacted mixtures was determined along with their
water contents. The maximum dry unit weight and optimum
water content of the compacted sand-expansive clay and
compacted sand-bentonite mixtures were determined from
the compaction curve. The sand gradation and porosity
are prime factors in designing sand-clay mixtures. Figure 1
presents grain size distribution of the uniform sand used in
this research. Figure 2 presents the maximum dry density at
optimum moisture content for Al-Qatif clay-sand mixtures.
Addition of 5%, 10%, and 12%bentonite to the sandwas found
to shift the maximum dry density to 17.7, 18.2, and 18.5 kN/m3
and the optimum moisture content to 11, 11, and 12 percent.
Figure 3 presents the maximum dry density and optimum
moisture content for the selected clay-sand mixtures used in
this study.

3.5. Compressibility and Swell Testing. One-dimensional con-
solidation and swelling tests were carried out using con-
ventional oedometer methods. The fixed ring apparatus is
an oedometer in which the ring holding the sample is not
allowed to move during testing. A chamber surrounding the
ring is used for submergence of the sample. Two porous disks
with Whatman filter papers next to the sample were placed
at the bottom and top of the sample. The oedometer cell was
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Table 2: Chemical composition of Al-Qatif clay.

K+ (%) K
2
O (%) Al (%) Al

2
O
3
(%) Si (%) SiO

2
(%) Ca2+ (%) CaO (%)

1.8 2.2 3.3 6.3 8.1 17.3 0.7 0.9

Table 3: Properties of HY OCMA bentonite.

Property Value
Specific gravity, GS 2.76
Liquid limit, LL (%) 480
Plastic limit, PL (%) 49.6
Plasticity index, PI (%) 430
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Figure 2: Dry density versus moisture content for Al-Qatif clay-
sand mixtures.

placed within a loading frame, which transmits vertical loads
through a specially designed lever arm. A dial gauge of an
accuracy of 0.01mm was used to monitor the change of the
sample height. Digital dial gauges connected to a data logger
were used in some of the experiments. Front loading frames
were used for most of the tests. The diameter of the ring used
was 50mm.

Theone-dimensional swell testingmethod used for deter-
mining swell potential was carried out in accordance with
ASTM D4546–96 [26] (method A). The variation from this
method was the use of a seating pressure of 7 kN/m2. In this
method the sample was wetted and allowed to swell vertically
at the seating pressure until primary swell was complete.

The oedometer tests performed on samples of expansive
clay, bentonite powder, or mixtures were carried out using a
similar approach. The amount of soil needed to fill up the
consolidation ring is worked out when the dry density is
known. The calculated amount is placed in three lifts in the
ring using hand tamping. The samples prepared were placed
in the oedometer ring and leveled off prior to placement
in the oedometer cell. The weights of the ring and the
sample were determined.The initial height of the sample was
recorded. The initial moisture content and specific gravity
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Figure 3: Maximum dry density-clay content relationships of sand-
clay mixtures and sand-bentonite mixtures.

were obtained. These measures enabled the height of solids,
Hs, to be computed.

4. Test Program

The test program included testing three clay mixtures
described as A, B, and C. Mixture referred to as (Form
A) clay is commercial bentonite without any addition of
Al-Qatif clay. This gives a typical sand-bentonite mixture
as used in practice. For this mixture, clay contents were
5, 10, and 15% by weight of sand. The tests for Form A
were carried out at a dry density of 17.5 kN/m3. Swell and
compressibility properties of these mixtures were used as
reference for the othermixtures.Mixture referred to as (Form
B) is a clay mixture of commercial bentonite and Al-Qatif
clay in which one-third is bentonite and two-thirds are Al-
Qatif clay. Mixture referred to as (Form C) is a mixture in
which two-thirds are bentonite and one-third is Al-Qatif clay.
These ratios are based on air dried weights. The initial dry
densities for Forms B and C were the maximum dry density
obtained from the compaction tests. Moisture contents at the
optimum moisture content were selected. These selections
were made because the liner material on site is normally
compacted to approximately the maximum dry density and
optimum moisture content by the contractors. Variations of
+/− 2% moisture are normally acceptable and 95% level of
compaction is also accepted.

For FormB and FormC, total clay contents of 5, 10, 15, 20,
25, and 30% were tested for swell and compressibility. A total
of 12 samples were tested for these two forms. Each sample
is represented by two specimens. Three samples were tested
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Table 4: Typical chemical composition of OCMA grade bentonite.

FeO
3
(%) K

2
O (%) Na

2
O (%) Al

2
O
3
(%) MgO (%) SiO

2
(%) TiO

2
(%) CaO (%)

2.9 0.1 1.9 17.0 4.6 55.2 <0.1 0.9
Source Ore-Arabian Gulf Region-OCMA Grade.

Table 5: Data of swell percent and swelling pressure for the bentonite sand mixtures.

Clay content Mixture Form Cc Cs 𝑒
𝑜

Swell % Swell pressure kN/m2 Dry density kN/m3 m.c
5% (S R1) Form A 0.0362 — 0.5167 1.55 95 1.75 0
10% (S R2) Form A 0.0986 — 0.5182 4.57 175 1.75 0
15% (S R3) Form A 0.1883 — 0.5198 8.23 200 1.75 0

for the bentonite mixtures (Form A). The main parameters
measured in these tests include the swell percent, the swelling
pressure, the compressibility index, and the swelling index.
The initial void ratio was reported for each test.

Swell and compressibility data and plots for Forms A,
B, and C clays were constructed and compared. Trends
and behaviour as shown by test results should provide
information about the general behaviour and a guide to select
the most reliable mixture for the intended liner.

5. Results and DiscussJon

5.1. Moisture-Dry Density Relationship. The main reason for
adding clay is to reduce themixture permeability. Adding too
little clay will result in an unacceptable high permeability and
may result in the fines washing away when subjected to water
flow under significant hydraulic gradients. As part of this
study, moisture-density relationships were investigated for
the sand-claymixtures.Themaximumdry density is found to
increase with the increase of clay content up to a certain limit
and then decreases. This is due to more fines replacing sand
grains when the voids are fully occupied. At the optimum
moisture content the degree of saturation is less than 100%
due to air voids present in the system. The compacted soil
is a three-phase system consisting of air, water, and solids. A
clay paste formed within the pores can expand and fill up all
air spaces when 100% impervious mixture is to be attained.
Figure 3 presents moisture-density relationships of sand-clay
mixtures and sand-bentonite mixtures. From Figure 2 it can
be seen that 15% clay is just enough to fill up the voids at
the optimum moisture content. Smaller amount of clay can
still fill up the voids provided that enough expansion can
be generated due to moisture increase beyond the optimum
moisture content. In semiarid areas it is advisable to consider
less expansivematerial as dry seasonsmay result in shrinkage
and cracking. Clays of high plasticity can result in high linear
shrinkage and expected to produce severe cracking in the
field. For bentonite mixes it can be seen that less than 15%
can fill up the gaps of the sand. In fact 5% or little more can
be sufficient to fill the gap when the clay is fully saturated.

5.2. Compressibility and Swell of Sand-Bentonite Mixtures.
Three different bentonite contents were considered to inves-
tigate the compressibility and swell of sand-bentonite mix-
tures. The tests were carried out on initially dry mixtures
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Figure 4: Void ratio versus log pressure curves for sand-bentonite
mixtures.
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Figure 5: Swelling pressure for different bentonite contents in the
mixture.

compacted to densities close to the maximum dry density
and void ratios. Table 5 and Figures 4, 5, and 6 present the
compressibility, swell pressure, and swell percent profiles for
the sand-bentonitemixtures tested.The swelling pressure and
swell percent indicated a clear increase with increase. The
compressibility index is high for higher bentonite content.
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Table 6: Summary of swell and compression data for Form B clay.

Clay content Mixture
form

Compression
index Cc

Swell index
Cs Void ratio 𝑒

𝑜
Swell % Swell pressure (kPa) Dry density

kN/m3
m.c.
%

5% (S1 -a) Form B 0.0179 — 0.5167 0.20 17 17.5 0
5% (S1 -b) Form B 0.0374 0.0126 0.4911 0.00 0 17.8 11
10% (S3 - a) Form B 0.0392 — 0.5198 1.67 70 17.5 0
10% (S3 -b) Form B 0.0492 0.0159 0.4620 0.51 11 18.2 11
15% (S5- a) Form B 0.0734 — 0.5198 3.83 100 17.5 0
15% (S5 -b) Form B 0.0377 0.0154 0.4706 2.17 50 18.1 13
20% (S7 -a) Form B 0.0754 0.0277 0.4404 6.16 85 18.5 13
20% (S7 -b) Form B 0.0447 0.0183 0.4423 7.23 100 18.5 13
25% (S9 -a) Form B 0.0691 0.0223 0.4739 6.43 90 18.1 17
25% (S9 -b) Form B 0.0497 0.0199 0.4730 5.15 60 18.1 17
30% (S11 -a) Form B 0.0860 0.0297 0.5096 11.30 170 17.7 16
30% (S11 -b) Form B 0.0726 0.0202 0.5102 11.44 150 17.7 16
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Figure 6: Swelling percent for different bentonite contents in the
mixture.

5.3. Compressibility and Swell of Mixtures of Bentonite and
Natural Clay (1 : 2 Ratio). This section discusses material
described as Form B in which the clay added to the sand
is composed of one-third bentonite and two-thirds Al-Qatif
expansive clay.The overall clay content by weight of sand was
in the range 5% to 30%. Table 6 presents summary of data
obtained for the combination of bentonite and natural clay
(1 : 2 ratio).

Figure 7 presents void ratio versus the semilogarithm of
pressure for 5% and 25% Form B added clay. This data was
selected as typical representation of the general behaviour.
The swell percent is negligible for 5% clay and equals 5.15% for
the 25% clay.The compressibility is much higher for 25% clay
and this is reflected by the steeper slope shown for different
loading stages. The swelling pressure and the swell percent
are plotted for all Form B clay ratios in Figures 8 and 9.
The swelling pressure for 5%, 10%, and 15% was obtained
for samples of different initial moisture content and this is
reflected in the wider variation of the results.

5.4. Compressibility and Swell of Mixtures with Bentonite and
Natural Clay (2 : 1 Ratio). This section discusses material
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Figure 7: Swell-compressibility profiles for two selected clay ratios
of Form B clay.
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Table 7: Summary of swell and compression data for Form C clay.

Clay content Mixture
form

Compression
index Cc

Swell index
Cs Void ratio 𝑒

𝑜
Swell % Swell pressure (kPa) Dry density

kN/m3
m.c.
%

5% (S2 -a) Form C 0.0275 — 0.5167 0.92 60 17.5 0
5% (S2 -b) Form C 0.0347 0.0141 0.4925 0.24 8 17.8 11
10% (S4 - a) Form C 0.0438 — 0.5198 1.91 100 17.5 0
10% (S4 - b) Form C 0.0392 0.0114 0.4620 2.26 25 18.2 11
15% (S6 - a) Form C 0.0721 — 0.5198 4.48 180 17.5 0
15% (S6 - b) Form C 0.0352 0.0219 0.4706 4.09 60 18.1 13
20% (S8 -a) Form C 0.0718 0.0274 0.4417 10.80 150 18.5 13
20% (S8 -b) Form C 0.0573 0.0209 0.4490 18.15 150 18.5 13
25% (S10 -a) Form C 0.0666 0.0127 0.4739 13.19 170 18.1 17
25% (S10 -b) Form C 0.0605 0.0206 0.4773 16.56 170 18.1 17
30% (S12 -a) Form C 0.1370 0.0302 0.5569 34.74 200 17.7 16
30% (S12 -b) Form C 0.0870 0.0249 0.5523 28.11 200 17.7 16
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Figure 9: Swelling percent of sand-clay mixtures.

described as Form C in which the clay added to the sand
is composed of two-thirds bentonite and one-third Al-Qatif
expansive clay. Overall clay content by weight of sand was in
the range of 5% to 30%. The samples were subjected to swell
and compression tests using oedometers. Table 7 presents
summary of data obtained for the combination of bentonite
and natural clay (2 : 1 ratio).

The selected, typical ratios of clay mixtures shown in Fig-
ure 10 demonstrate that the compressibility of bentonite rich
material is high when compared to the other less expansive
mixtures. The compressibility index at an intermediate point
(15%) can be taken as 0.045. Figure 11 provides an overall
view of compressibility index and swell index for all mixtures
tested regardless of the type of clay used.

The compressibility index can be predicted based on the
general clay content for the two proposed forms using the
equation

Cc = 0.0018 CL + 0.024 (Form B)

Cc = 0.0028 CL + 0.013 (Form C) ,
(1)
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Figure 10: Swell-compressibility profiles for selected ratios (25% of
Form C and 25% of Form B clay compared to 5% clay Form C).

where Cc is the compressibility index and CL is the clay
content expressed as percentage.

The swelling index, Cs, can similarly be predicted using
the equation

Cs = 0.0005 CL + 0.011 (Form B and Form C) . (2)

This suggests that variation in swell index is negligible for
the two tested forms.

Swelling pressure and swell percent for FormC values are
plotted in Figures 8 and 9.The higher percentage of bentonite
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Figure 11: Compressibility and swell index for all tested clay ratios.

material is clearly reflected in the trend lines of both swelling
pressure and swell percent.

5.5. Hydraulic Conductivity of Sand-Expansive Clay Mixtures.
The hydraulic conductivity is a governing factor for the min-
imum clay content to be used. Al-Qatif clay-sand mixtures
have been reported to give hydraulic conductivity values
in the range of 7.20 × 10−8 cm/s for 5% clay and 3.54 ×
10−8 cm/s for 25% clay at a surcharge pressure of 100 kPa
(Dafalla et al. 2013). The bentonite-sand mixture with 10%
bentonite resulted in a hydraulic conductivity of 2.719 ×
10−6 cm/s (Dafalla et al. 2013). It can be noted that Al-Qatif
clay can perform better than commercial bentonite with
regard to hydraulic conductivity. However, the advantage
of the processed bentonite is the uniformity of properties
unlike natural clay where youmay encounter wide variations.
This paper is concerned with the swell and compressibility
behaviour of the mixtures and the hydraulic conductivity
values quoted here are presented to demonstrate that the use
of natural clay will not affect the liner basic requirements.

5.6. General Comments. Comparing the compressibility
indices it can be seen that the addition of Al-Qatif clay to
bentonite will result in reducing the compression index from
0.0986 to 0.0400 for 10% clay content and from 0.1883 to 0.05
for 15% clay content. This is equivalent to 60 and 70 percent
for 10% and 15% clay, respectively.

The swelling pressure and swell percent are reduced
significantly by adding Al-Qatif clay.The swelling pressure of
bentonite-sand mixture of 15% clay is reduced from 200 kPa
to 100 kPa and 185 kPa for initially dry mixtures. The swell
percent is reduced by nearly 50%.

It can be seen that using bentonite alone may not be
advisable due to the expected high swelling pressure and swell
percent. The minimum clay ratio that will just satisfy the
permeability required should be used. This is expected to be
achieved using mixtures of bentonite and local natural clay
of less expansion. From this study it seems that the use of
15% clay consisting of one-third bentonite is an appropriate

choice for a clay liner with a hydraulic conductivity of 1
× 10−7 cm/s. Going for higher clay ratios will increase the
compressibility and swelling of the linermaterial and thismay
result in problems for light structures or the general profile of
the ground level.

6. Conclusions

The swell and compressibility behaviour of sand-expansive
clay mixtures should be considered along with the other
design requirements for liners.The appropriate clay ratio that
satisfies the hydraulic conductivity and other factors should
be selected in view of the swell and compression properties of
themixture. Local claymaterial of lower expansion properties
can be considered as partial replacement for bentonite within
the sand-clay mixtures. This study investigated adding Al-
Qatif clay to commercial bentonite to compose a claymaterial
with 1 : 2 and 2 : 1Al-Qatif clay to bentonite ratios and thenuse
it in sand-clay mixtures for liners.

It was found that addition of less expansive soil material
to bentonite can reduce the compressibility by 60% to 70% for
10% and 15% clay content, respectively. The swelling pressure
and swell percent were also found reduced significantly.
Adding local less expansive natural clay to bentonite can
produce liners that are less problematic with regard to
expansion and settlement and should still be impervious
enough to satisfy normal design requirements.
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Viscoelasticity is an important characteristic of gussasphalt mixtures.The aim of this study is to find the correct viscoelasticmaterial
parameters of the novel gussasphalt applied in the 4th Yangtze River Bridge based on the modified Burgers model. This study
firstly derives the explicit Prony series form of the shear relaxation modulus of viscoelastic material from Laplace transformation,
to fulfill the parameter inputting requirements of commonly used finite element software suites. Secondly, a kind of uniaxial
penetration creep experiment on the gussasphalt mixtures is conducted. By fitting the creep compliance, the viscoelastic parameters
characterized by the modified Burgers model are obtained. And thirdly, based on the viscoelastic test data of asphalt mixtures, the
Prony series formula derived in this study is verified through the finite element simulation. The comparison results of the relative
errors between the finite element simulation and the theoretical calculation confirm the reliability of the Prony series formulas
deduced in this research. And finally, a stress-correcting method is proposed, which can significantly improve the accuracy of
model parameters identification and reduce the relative error between the finite element simulation and the experimental data.

1. Introduction

Due to many eminent advantages, asphalt pavements have
become the main structural form of Chinese highway. As
a kind of viscoelastic material, asphalt mixtures produce
viscous flows while bearing heavy loads at high temperature,
thus producing nonrecoverable residual deformations [1].
With increasingly growing axle loads, rutting has become
one of the most serious types of damage of asphalt pave-
ments. Therefore, it is of great importance for the pavement
engineers to describe the viscoelastic properties of asphalt
mixtures while predicting rut formation and depth [2, 3].
Meanwhile, the new formulation of gussasphalt mixture and
novel structural layer has been adopted in the construction
of the 4th Nanjing Yangtze River Bridge which is 6th largest
suspension bridge in theworld [4]. However, to the best of the
authors’ knowledge, the viscoelastic properties of the novel
asphalt pavementwhich could be used to predict the ruts have
never been measured, which has motivated research.

Much research has investigated viscoelastic models of
asphalt mixtures, such as the generalized model, rheological
model, and master curve model. Among these models, the
rheological Burgers model is extensively mentioned for their
convenience in practical applications. Xu and Zhu [5] pro-
posed themodified Burgersmodel and carried out the rutting
experiments to calculate the rut depth which verified the
effectiveness of the method. Chen et al. [6] transformed
the Burgers model to Prony series and used finite ele-
ment software to calculate the creep compliance parameters
and compared the results with Maxwell model. Behzadfar
and Hatzikiriakos [7] studied the viscoelastic properties of
bitumen via rheological testing, where they proposed their
rheological constitutive models as well.

For general finite element analyze software such as
ANSYS or ABAQUS, in which, the commonest way of setting
the parameters of viscoelastic materials is entering the para-
meters as a Prony series [8, 9], describing the shear relax-
ation modulus thereof. However, they are inconsistent with

Hindawi
Advances in Materials Science and Engineering
Volume 2017, Article ID 4324765, 11 pages
https://doi.org/10.1155/2017/4324765

https://doi.org/10.1155/2017/4324765


2 Advances in Materials Science and Engineering

parametric forms of the viscoelasticmodel. Saboo andKumar
[10] investigated the strain creep response of varying asphalt
binders via four-element Burgers model under different
temperature and stress amplitudes.The data of uniaxial creep
tests with nonlinear least squares method was applied to fit
the creep compliance at different temperatures. Compared
with the Burgers model, the modified Burgers model can
better explain the long-term deformation characteristics of
asphalt mixtures more properly. Scholars have extensively
studied the transformations and methods behind the Prony
series version of the shear modulus based on the Burgers
model [11, 12], while surprisingly the transformation method
of the modified Burgers model has not yet been reported.
Therefore, exploring the conversion method of the Prony
series of the modified Burgers model is of greater theoret-
ical and practical significance as it can better analyze the
viscoelasticity of asphalt mixtures by using developed finite
element analysis software, which has also motivated this
research.

Different experimental methods had been applied to
evaluate the creep performance of the asphalt concrete. Airey
andRahimzadeh [13] designed a special tension-compression
apparatus to test the viscoelastic properties of the asphalt
mixtures. Diaz [11] applied modified cyclic creep test to
evaluate the creep performance of the cold mix asphalt. Yao
et al. [14] utilized flexural beam test to present the dynamic
modulus and flexural stiffness of different surfacingmaterials
on steel bridge decks including gussasphalt, epoxy asphalt
concrete, which exhibited the difference between the dynamic
modulus and the flexural stiffness. Yan et al. [15] made use
of bending beam rheometer to determine the time-varying
temperature rheological properties of waste tire rubber and
reclaimed low density polyethylene asphalt mixtures. In
the monograph [16], Sun presented extensive finite element
analysis and experimental data showing that a kind of direct
penetration method can reflect the actual stress state of the
pavement properly. The static strength parameters including
the shear strength, friction angle, and cohesive strength are
also deducted.Thus, the uniaxial penetration method should
also be suitable to measure the creep performance of the gus-
sasphalt mixture. Meanwhile, the new formulation of guss-
asphalt mixture and novel structural layer has been utilized
in the construction of the 4th Nanjing Yangtze River Bridge
which is 6th largest suspension bridge in the world [4]. How-
ever, the viscoelastic properties of the novel asphalt pavement
have never been measured, which motivated the penetration
experiments.

In this study, we devote to obtain the correct viscoelastic
parameters of gussasphalt mixture via direct penetration
method. First, the Prony series transformationmethod of the
modified Burgers model is deduced and a simple numerical
simulation is adopted to demonstrate the correctness of the
proposed transformation equations.Then, to explore the vis-
coelastic properties of the gussasphalt, uniaxial penetration
creep experiments under different temperatures are carried
out. In the end, the stress-correction procedure to obtain
the viscoelastic parameters is proposed and verified. The
experimental data and simulation data are compared which
shows the correctness of the method in this paper.

E1

E2
2

1 (t) = aebt

Figure 1: Modified Burgers model.

2. The Explicit Prony Series Form of
the Modified Burgers Model

2.1. Prony Series Derivation of the Modified Burgers Model.
Asphalt mixture is a kind of viscoelastic material, which
exhibits creep properties under various loads, where the
recoverable and nonrecoverable creeps of hardening mixture
materials can be described by using Kelvin model and
Maxwell model. The Burgers model is connected by the
Kelvinmodel and theMaxwellmodel in serieswith four-unit-
four-parameters to predict the creep behaviors of mixtures.
Based on the model, Xu and Zhu [5], proposed a five-unit-
four-parameters viscoelastic model, as shown in Figure 1,
which is called the modified Burgers model.

Creep compliance is defined as the strain function chang-
ing with time under the effect of unit stress. According to the
constitutive model in Figure 1, the creep compliance of the
modified Burgers model is expressed as

𝐽 (𝑡) = 1𝐸1 + 1𝑎𝑏 (1 − 𝑒−𝑏𝑡) + 1𝐸2 (1 − 𝑒−(𝐸2/𝜂2)𝑡) . (1)

In general finite element analysis software, the Prony
series of the shear relaxation modulus of relevant materials
is generally input by defining the properties of nonlinear vis-
coelastic materials. The form of the Prony series used for the
shear relaxation modulus is

𝐺 (𝑡) = 𝐺0 + 𝐺1( 𝑛∑
𝑖

𝑎𝑖𝑒−𝑡/𝑡𝑖) , (2)

where 𝐺1, 𝑎𝑖, and 𝑡𝑖 represent the initial shear modulus, the
relative shear modulus, and the relaxation time, respectively.

In the expression of creep compliance equation (1), the
five viscoelastic parameters cannot be directly accessed as the
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Prony series, while relevant viscoelastic parameters should
be converted into the parameters relating to the Prony para-
meters of the shear relaxation modulus.

The three-dimensional (3D) form is utilized to represent
(1):

𝐽 (𝑡) = 12 [ 1𝐺1 + 1𝐴𝐵 (1 − 𝑒−𝐵𝑡) + 1𝐺2 (1 − 𝑒−(𝐺2/𝑛2)𝑡)] , (3)

where 𝐺1 and 𝐺2 stand for the shear moduli corresponding
to 𝐸1 and 𝐸2 and 𝑛2 indicates the 3D viscosity coefficient cor-
responding to 𝜂2. In addition, 𝐴 and 𝐵 corresponding to 𝑎
and 𝑏 represent the 3D parameters of the modified Burgers
model.

When the viscoelastic volume deformation is not con-
sidered, the shear modulus shows the following relationships
with the elastic modulus and the five coefficients are

𝐺1 = 𝐸12 (1 + 𝜇) ,
𝐺2 = 𝐸23 ,
𝑛2 = 𝜂23 ,
𝐴 = 𝑎3 ,𝐵 = 𝑏.

(4)

Concerning the convolution relationship between the
creep compliance 𝐽(𝑡) and the relaxationmodulus𝑌(𝑡) of vis-
coelastic materials, it can be found that [12]

∫𝑡
0
𝐽 (𝜏) 𝑌 (𝑡 − 𝜏) 𝑑𝜏 = ∫𝑡

0
𝐽 (𝜏) 𝑌 (𝑡 − 𝜏) 𝑑𝜏 = 𝑡. (5)

The Laplace transformation is applied to both sides of (5),
leading to

𝐽 (𝑠) ∗ 𝑌 (𝑠) = 1𝑠2 , (6)

where 𝐽(𝑠) and 𝑌(𝑠) are Laplace transformation of 𝐽(𝑠) and𝑌(𝑠).
It can be seen, from the Laplace transformation of (3), that

𝐽 (𝑠) = 12 [ 1𝐺1𝑠 + 1𝐴𝑠 (𝑠 + 𝐵) + 1𝑠 (𝑛2𝑠 + 𝐺2)] . (7)

Then, the Laplace transformation of the relaxation mod-
ulus is

𝑌 (𝑠) = 1𝐽 (𝑠) ∗ 𝑠2 = 2
𝑠 [ 1𝐺1 + 1𝐴 (𝑠 + 𝐵) + 1𝑛2𝑠 + 𝐺2 ]

.
(8a)

To prepare the system for inverse Laplace transformation,
formula (8a) is rewritten as

𝑌 (𝑠) = 2 ∗ (𝑞1𝑠 + 𝑞2𝑠 + 𝛼 + 𝑞3𝑠 + 𝛽) , (8b)

where the parameters are

𝛼, 𝛽 = −12 ∗ [[[
−𝐴 (𝐵𝑛2 + 𝐺2) + 𝐺1𝑛2 + 𝐺1𝐴𝐴𝑛2 ± √(𝐴 (𝐵𝑛2 + 𝐺2) + 𝐺1𝑛2 + 𝐺1𝐴𝐴𝑛2 )2 − 4 ∗ 𝐴𝐵𝐺2 + 𝐺1𝐺2 + 𝐺1𝐴𝐵𝐴𝑛2 ]]]

,

𝑞1 = 𝐴𝐵𝐺1𝐺2𝐴𝐵𝐺2 + 𝐺1𝐺2 + 𝐺1𝐴𝐵,
𝑞2 = 𝑁 − 𝛼𝑀𝛽 − 𝛼 ,
𝑞3 = 𝛽𝑀 −𝑁𝛽 − 𝛼

(9)

and the inner parameters 𝑀 and𝑁 are

𝑀 = 𝑞2 + 𝑞3 = 𝐺21 (𝐴𝐵 + 𝐺2)𝐴𝐵 (𝐺1 + 𝐺2) + 𝐺1𝐺2 ,
𝑁 = 𝑞2𝛽 + 𝑞3𝛼 = (𝐴𝐵2𝑛2 + 𝐺22)𝐺21𝑛2 [𝐴𝐵 (𝐺1 + 𝐺2) + 𝐺1𝐺2] .

(10)

An inverse Laplace transformation is performed to the
both sides of (8b), which states that

𝑌 (𝑡) = 2 ∗ (𝑞1 + 𝑞2𝑒−𝛼𝑡 + 𝑞3𝑒−𝛽𝑡) . (11)

Then the shear modulus 𝐺(𝑡) can be obtained:

𝐺 (𝑡) = 12𝑌 (𝑡) = 𝑞1 + 𝑞2𝑒−𝛼𝑡 + 𝑞3𝑒−𝛽𝑡. (12)
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Figure 2: Schematic diagram of the ANSYS model.

In this way, the parameters of Prony series of materials
require to be input to the chosen finite element software as

𝑎1 = 𝑞2𝐺1 ,
𝑡1 = 1𝛼 ,
𝑎2 = 𝑞3𝐺1 ,
𝑡2 = 1𝛽 .

(13)

From (13), the explicit parameters for Prony series of the
modified Burgers model are obtained, which can be utilized
directly to the finite element soft suites such as ANSYS.

2.2. Verification of Prony Series Transformation Equation. To
verify the correctness of the derived results of the Prony
series of the modified Burgers model, this study establishes
the ANSYS finite element model, as shown in Figure 2. The
SOLID185 element with the size being 1mm∗ 1mm∗ 1mm is
used, and there is totally 1 element with 8 nodes.Thematerial
properties are taken from the properties of the Modified
Burgersmodel in Table 1.The boundary conditions are shown
in Figure 2, and the uniform load of 0.7MPa is applied to the
top surface of the element.

The nodal strain data of the nodes obtained by the
ANSYS simulation are transformed into the creep compliance
and compared with the theoretical calculation results of the
modified Burgersmodel, as demonstrated in Table 2. It can be
found that the finite element simulation results are consistent
with the theoretical calculation results, and the relative error
is less than 0.70%. So the simulation results show that the
Prony series results are reliable. By employing this method,
the material parameters of the viscoelastic material can be
accurately entered to the finite element software. However,
the numerical simulation unit force is uniform, which has
difference with the actual creep penetration experiments.

3. Penetration Experiments and Verification

3.1. Penetration Test Schemes of the Asphalt Mixture. To
obtain the viscoelastic parameters of the practical gussas-
phalt mixture, the uniaxial penetration experiments, which
had been practically proved effective to evaluate the shear
resistance of the asphalt mixture by Sun [16], was conducted.
The uniaxial penetration tests in this study are performed
on rutting specimens (the gradation composition is shown
in Table 3) with the dimension of 30 cm × 28 cm × 5 cm. To
avoid size effection of the coarse aggregates, the dimension of
the pressure head is chosen as 100mmwhich is about 3 times
larger than the largest coarse aggregate in the gussasphalt.

In these experiments, an instantaneous load is applied on
the center of the specimen and kept unchanged, duringwhich
the time-varying displacement of the pressure head was
measured, which can be utilized to obtain the timely strain
of the specimen. The only measurement in the experiment
is the displacement of the pressure head. The constant pres-
sure is controlled by the material test system and the exam-
pling frequency is 30Hz. The whole process of the uniaxial
penetration creep experiment is simple and very easy to apply,
which is an obvious advantage of the uniaxial penetration
method.

WANCE material test system is employed in the tests,
equipped with the pressure head to apply a constant pressure
of 0.7MPa for 3600 seconds at constant temperatures of
40∘C, 50∘C, and 60∘C, respectively. To keep the specimens
working in constant temperatures, a water tank controlled by
a constant temperature bath is applied, shown in Figure 3(a).
Figure 3(a) also shows the whole configuration of the pene-
tration experiments and Figure 3(b) presents a specimen after
the experiment.

3.2. Procedure to Obtain Viscoelastic Parameters via Experi-
mental Data and Finite Element Method. To fit the compli-
ance curve of the gussasphalt, the stress as well as the strain
should be known. In the finite element simulationmentioned
above, the stress of the specimen is assumed to be uniform
and known. However, in the actual experiments, the stress
status of the gussasphalt is unknown. Thus, after obtaining
the measured data from the experiments, to find the proper
viscoelastic parameters of the gussasphalt mixtures, three
steps are essential in this paper.

Firstly, we assume that the vertical stress in the asphalt
mixture is constant and equals the pressure applied by the
head, which is 0.7MPa. Based on the assumption, the creep
compliance curve is fitted by utilizing the modified Burgers
model, and each parameter in the model can be calculated by
using Matlab via (12) and (13). The initial fitting results and
the Prony series are listed in Table 4 by assuming Poisson’s
ratio of the mixture 0.25, which are regarded as the initial
parameters.

Secondly, using the initial material parameters in Table 4,
the finite element model of the uniaxial penetration creep
test is established where the ANSYS element SOLID 185 is
adopted, as shown in Figure 4. The circular loading area
is located in the center of the model with a diameter of
10 cm and a transitional zone between the loading areas. The
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Table 1: Material properties of the calculation example.

Parameters of modified Burgers model Parameters of Prony series (shear modulus)𝐸1 (MPa) 𝐸2 (MPa) 𝜂2 (Mpa∗s) 𝑎 (Mpa∗s) 𝑏 (/s) 𝑎1 𝑡1 𝑎2 𝑡2
87.04 20.87 5.70 × 104 1.44 × 104 5.04 × 10−3 0.2065 980.9978 0.6592 74.1388

Table 2: The comparison between equation calculation results and the ANSYS simulation.

Time (s) Creep compliance of equation
calculation (MPa−1) Strain of ANSYS Creep compliance of

ANSYS (MPa−1) Relative error (%)

1 1.16𝐸 − 02 8.07𝐸 − 03 1.15𝐸 − 02 −0.37
101 1.87𝐸 − 02 1.32𝐸 − 02 1.88𝐸 − 02 0.50
201 2.37𝐸 − 02 1.67𝐸 − 02 2.38𝐸 − 02 0.67
301 2.72𝐸 − 02 1.92𝐸 − 02 2.74𝐸 − 02 0.69
601 3.41𝐸 − 02 2.40𝐸 − 02 3.43𝐸 − 02 0.60
901 3.86𝐸 − 02 2.72𝐸 − 02 3.88𝐸 − 02 0.54
1801 4.84𝐸 − 02 3.40𝐸 − 02 4.86𝐸 − 02 0.43
2701 5.54𝐸 − 02 3.89𝐸 − 02 5.56𝐸 − 02 0.36
3601 6.04𝐸 − 02 4.24𝐸 − 02 6.05𝐸 − 02 0.30

Hydraulic loading

Computer record
Control desk

Water tank

Constant temperature
water bath

(a) Test equipment (b) The asphalt rutting specimens

Figure 3: Uniaxial penetration tests on the asphalt rutting board.

X

YZ

Figure 4: The model of uniaxial penetration creep test finite element.
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Figure 5: Comparison between the finite element results and the experimental results before correction (40∘C).
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Figure 6: Vertical stress cloud of central section.

Table 3: Gradation composition of the asphalt mixture.

Component Grading/asphalt
content

Mineral aggregate
(basalt)

2# (4.75∼9.5mm) 27
3# (2.36∼4.75mm) 23

Natural sand 24
Mineral dust 26

High elastic modified bitumen 8.3%

model boundary is 18 cm. The boundary conditions include
the vertically constrained bottom surface and the bottom
with four corners fixed in three directions. A constant load
of 0.7MPa is applied to the central circular loading area.
The calculation results under temperature 40∘C are shown in
Figure 5 as an example.

Figure 5 clearly shows that the simulation results and
experimental results are far from matching. This phe-
nomenon is predictable because the inner vertical stress of
the rutting plate is not the same value applied by the pressure
head. By analyzing the vertical stress of the test example,
Figures 6 and 7 show the contour of the vertical stress inside
the plate.We can find that the vertical stress inside the asphalt

material changes along the height of the specimen. If we
take the average vertical stress (𝑍 direction) of the asphalt
cylinder under the pressure head as the representative value
(the vertical stress points are chosen as illustrated in Figure 7
and the stress points under the pressure head line along the
dimension due to the symmetry), it is significantly smaller
than the value applied by the pressure head in the tests.
Meanwhile, although the mean value of the vertical principal
stress varies with time, as shown in Figure 8, the changing
amplitude is tiny and less than 0.1% of the vertical stress
during the test time. Thus, the average vertical stress of the
gussasphalt mixture under the pressure head in the end time
of the experiment can be approximately taken as the mean
vertical stress of the specimen along the height, which is
0.5929Mpa in this example. It is much smaller and more
precise than the initial pressure 0.7MPa to calculate the creep
compliance curve. Here a new parameter 𝛼 is introduced to
update the model parameters of the modified Burgers model.

𝛼 = (𝑝2𝑝1) , (14)

where 𝑝1 is the pressure stress before updating and 𝑝2 is the
updated stress. If the parameter𝛼 equals 1 or |𝛼−1| < 𝜀 (where𝜀 is a small value) then we can conclude that the results have
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Table 4: Fitting results of experimental data.

Temperature
Parameters of modified Burgers model Parameters of Prony series (shear modulus)𝐸1 (MPa) 𝐸2 (MPa) 𝜂2 (Mpa∗s) 𝑎 (Mpa∗s) 𝑏 (/s) 𝑎1 𝑡1 𝑎2 𝑡2

40 88.34 34.85 8.03𝐸 + 04 1.81𝐸 + 04 3.62𝐸 − 03 0.1432 1167.1852 0.6801 96.3290
50 72.02 25.95 5.94𝐸 + 04 1.28𝐸 + 04 5.47𝐸 − 03 0.2107 984.6694 0.6095 76.4215
60 58.92 21.22 4.53𝐸 + 04 9.66𝐸 + 03 5.47𝐸 − 03 0.1933 947.9533 0.6303 72.6607
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Figure 7: Distribution of vertical stress under the loading area.
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Figure 8: Time history of mean values of the vertical stress.

converged. Using the definition, the correction coefficient 𝛼
in current example can be calculated (where 𝛼 is 0.7/0.5929
= 1.18). Then by turning the creep compliance 𝐽(𝑡) into 𝛼𝐽(𝑡)
and refit the curve, the updated material parameters can be
achieved, as shown in Table 5.

Thirdly, the updated material parameters are utilized
to resimulate the experiment. The results before and after
correction as well as the relative errors are shown in Figures 9

and 10.The same procedure can be applied to the experimen-
tal specimens under temperature 50∘C and 60∘C. Figure 9
demonstrates the displacements measured in the penetration
experiments as well as predicted results before and after
stress correction by finite element analysis under different
temperatures. Figure 10 shows the comparison of the rela-
tive errors between the simulated and experimental results
before and after stress correction. From the comparison of
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Figure 9: Comparison between the finite element results and the experimental results before and after correction at 40∘C (a), 50∘C (b), or
60∘C (c).

Table 5: Experimental data fitting results after stress correction.

Temperature
Parameters of modified Burgers model Parameters of Prony series

(shear modulus) Stress
correction 𝛼 Iteration

number𝐸1 (MPa) 𝐸2
(MPa) 𝜂2 (Mpa∗s) 𝑎 (Mpa∗s) 𝑏 (/s) 𝑎1 𝑡1 𝑎2 𝑡2

40 74.83 29.52 6.80𝐸 + 04 1.53𝐸 + 04 3.62𝐸 − 03 0.1432 1167.1852 0.6801 96.3290 1.18 1
50 61.00 21.98 5.03𝐸 + 04 1.08𝐸 + 04 5.47𝐸 − 03 0.2107 984.6694 0.6095 76.4215 1.18 1
60 49.91 17.97 3.84𝐸 + 04 8.18𝐸 + 03 5.47𝐸 − 03 0.1933 947.9533 0.6303 72.6607 1.18 1
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Figure 10: Comparison of relative error before and after correction at 40∘C (a), 50∘C (b), or 60∘C (c).

these figures, it can be clearly seen that the accuracy of
finite element simulation of the penetration tests at different
temperatures is greatly improved after the introduction of
the correction coefficient. The maximum error of the finite
element simulation is about 5% comparing with the exper-
imental results. More iterations by following the procedure
in Figure 11 can still be implemented to obtain more precise
results if necessary. Then the rheological parameters of the
gussasphalt mixtures can be obtained successfully.

4. Conclusion

In this paper, to obtain the viscoelastic parameters of gussas-
phalt mixtures, the explicit parameters of modified Burgers
model based on Prony series are derived and the uniaxial

penetration creep experiments of gussasphalt mixture are
carried out. The parameter identification procedure by stress
correcting is proposed to find accurate model parameters of
gussasphalt mixture and the effectiveness of the method is
validated by FEM simulation and experimental data.

Based on the work, the following conclusions can be
drawn:

(1) The explicit formProny series of themodified Burgers
model is obtained. The viscoelastic properties of
gussasphalt mixtures can be easily input into the
commercial finite element software to explore the
nonlinear properties. The correctness of the transfor-
mation equations of the modified Burgers model is
verified by the finite element model.
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vertical stress p2
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Figure 11: Flow chart of stress-correction method.

(2) The viscoelastic parameter identification procedure
combined with the stress-correcting method of the
gussasphalt mixture based on uniaxial penetration
creep experiment under different temperatures is
carried out. After stress correcting, the experimental
data can bewell simulated by FEMsoftware, following
the presented procedure.

(3) The penetration experiment can imitate the stress
status of the pavement and is relatively easy to realize.
The method combined with the Prony series via the
modified Burgers model as well as stress-correcting
iteration proposed in this paper can be extended to
other materials with viscoelastic properties.
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The objectives of this paper are to use Direct Coal Liquefaction Residue (DLCR) to modify the asphalt binders and mixtures and
to evaluate the performance of modified asphalt mixtures. The dynamic modulus and phase angle of DCLR and DCLR-composite
modified asphalt mixture were analyzed, and the viscoelastic properties of these modified asphalt mixtures were compared to
the base asphalt binder SK-90 and Styrene-Butadiene-Styrene (SBS) modified asphalt mixtures. The master curves of the asphalt
mixtures were shown, and dynamic and viscoelastic behaviors of asphalt mixtures were described using the Christensen-Anderson-
Marasteanu (CAM) model. The test results show that the dynamic moduli of DCLR and DCLR-composite asphalt mixtures are
higher than those of the SK-90 and SBS modified asphalt mixtures. Based on the viscoelastic parameters of CAM models of
the asphalt mixtures, the high- and low-temperature performance of DLCR and DCLR-composite modified asphalt mixtures are
obviously better than the SK-90 and SBSmodified asphalt mixtures. In addition, the DCLR and DCLR-composite modified asphalt
mixtures are more insensitive to the frequency compared to SK-90 and SBS modified asphalt mixtures.

1. Introduction

Currently, the design method of asphalt pavement in China
is based on the static and elastic layer system models [1].
The stress and strain of each layer can be calculated using
the static modulus of asphalt mixtures. However, the static
modulus is used to represent the property of each layer which
is inaccuracy since the loading on the pavement is dynamic.
It is necessary to use the dynamic modulus to calculate the
mechanical property of each layer.The dynamicmodulus was
used in the United States in 1980. The National Cooperative
Highway Research Program- (NCHRP-) 465 report indicates
that the dynamic modulus of asphalt mixtures can be used

to evaluate the permanent deformation [2]. The dynamic
modulus test can also be used to evaluate the service quality
of the subgrade and pavement [3]. The NCHRP-702 and 580
reports present the standard and accuracy of the dynamic
modulus test, and the reports suggest that the high- and
low-temperature performance of asphalt mixtures can be
predicted using the master curve of the dynamic modulus
[4, 5]. The NCHRP-629 report also reveals that the durability
of asphalt pavement can be evaluated using the dynamic
modulus of asphalt mixture [6]. The permanent deformation
and cracking growth pattern of asphalt mixtures were studied
using the dynamic modulus test, and the initiation of cracks
startedwith the change in the phase angle of asphaltmixtures,
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and the permanent deformation and fracture model were
proposed [7]. The relationship between the rutting and
dynamic modulus was also established [8]. The dynamic
moduli of themodified asphaltmixtures were fitted bymaster
curves [9]. The dynamic modulus of asphalt mixtures can
be investigated using the actual stress and strain response of
pavement [10].The dynamicmodulus is a basic parameter for
the design of asphalt pavement in many countries, and it has
been widely accepted [11, 12]. In the specifications of Amer-
ican Association of State Highway and Transportation Offi-
cials (AASHTO), the design guideline for new pavement and
regenerated pavement 2002 and the guideline for asphalt pave-
ment mechanics-empirical design method (2002) was put for-
ward by the NCHRP program [13, 14], and the dynamicmod-
ulus of asphaltmixtures can be considered one of the essential
parameters in pavement design. It is possible to track the
dynamic and viscoelastic behaviors of asphalt mixtures over a
full temperature range through the master curve of asphalt
mixtures [15]. The master curve of the dynamic modulus was
plotted using the Christensen-Anderson-Marasteanu (CAM)
model, and the viscoelastic properties of asphaltmixturewere
characterized [16, 17]. In addition, the performance of asphalt
mixtures can be influenced by the properties of asphalt
binders and aggregates. Many modifiers were used to modify
and improve the performance of asphalt binders including
polymer, waste materials, and by-products, and different
surface treatments were also used to enhance the adhesion
between aggregates and binders. Currently, the Direct Coal
Liquefaction Residue (DCLR) is the main byproduct pro-
duced in the process of the direct coal liquefaction, which
accounts for 30% of the total amount of raw coals [18]. The
DCLR contains 30%–50% heavy oil and asphaltene materials
[19, 20], and it has a potential to be developed for a modifier.
TheDCLR ismainly used as a fuel for heating, which not only
causes serious environmental pollution but also reduces its
economic value and leads to a waste of valuable resources.

At the beginning of the last century, researchers began to
study the properties and applications of DCLR including the
main structure and pyrolysis characteristics [21]. The DCLR
modified asphalt binder was prepared using blending ESSO-
70 asphalt binder and DCLR, and the optimum DCLR con-
tent was 7%–21% [22]. If the DCLR content was 5%, the prop-
erties of the DCLRmodified asphalt binder met the technical
standard of asphalt binders (Penetration grade number 50)
[23]. The high-temperature performance of asphalt binders
was improved [24], but low-temperature performance was
reduced by the addition of DCLR [25]. The surface energies
of the DCLR modified asphalt binders were calculated by
Wilhelmy plate method and the microscopic properties were
examined [26, 27]. The characteristics of the DCLRmodified
asphalt binder were researched by means of Thermogravi-
metric Analysis-Fourier Transform Infrared Spectroscopy
(TG-FTIR), Fourier transform infrared spectroscopy (FTIR),
and Fluorescence Optical Microscopy (FOM). The heavy oil
can enhance the ductility and penetration of DCLRmodified
asphalt binders while the asphaltenes and preasphaltenes
increase the softening point of DCLR modified asphalt
binders [28]. The modified asphalt binder was prepared by
the addition of the tetrahydrofuran soluble fraction (THFS)

and the benzaldehyde was used as the cross-linking agent.
The conditions during the preparation of themodified asphalt
binders were studied, such as mixing temperature, ratios of
THFS, and cross-linking agent. The results show that the
DCLRmodified asphalt binder has better properties with the
utilization of the cross-linking agent [28]. The mesophase
pitches were prepared by the hydrogenation and polycon-
densation from the Shenhua DCLR. The element analysis
and FTIR were used to investigate the composition and
structure of DCLR modified asphalt binders. The effects of
tetrahydrogen naphthalene and reaction temperatures were
studied, as well as the morphologies of mesophase pitches
[29].

Based on the discussions of the DCLRmaterials, it can be
seen thatDCLR can be used as an asphaltmodifier to improve
high-temperature properties of asphalt binders, while it may
have a negative impact on low-temperature performance.
Therefore, it is meaningful to use DCLR to conduct research
on the dynamic modulus or properties under consideration
of the environmental issue and economic value. The master
curve was plotted to understand the dynamic modulus
of asphalt mixtures. The Christensen-Anderson-Marasteanu
(CAM) model was also used to study the viscoelastic
behaviors of DCLR and DCLR-composite modified asphalt
mixtures.

2. Objectives and Test Methods

2.1. Objectives and Experimental Plan. The objectives of this
project are to use theDCLR tomodify the asphalt binders and
mixtures and to evaluate the performance ofmodified asphalt
mixtures. The experimental plan of this study includes the
following: (1) prepare three types of modified asphalt binders
based on the SK-90 base asphalt binder, including Styrene-
Butadiene-Styrene (SBS) modified asphalt binder, DCLR
modified asphalt binder, and DCLR-composite modified
asphalt binder; (2) design four asphalt mixtures based on
the gradation of AC-20 (AC: Asphalt Concrete), which were
SK-90 asphalt mixture, SBS modified asphalt mixture, DCLR
modified asphalt mixtures, and DCLR-composite modified
asphalt mixtures; (3) obtain the dynamic moduli of the
asphalt mixtures and analyze viscoelastic properties of the
asphalt mixtures; (4) establish a CAM model of the asphalt
mixtures.

2.2. Test Methods. In accordance with the Test Methods
of Asphalt and Asphalt Mixtures for Highway Engineering
(JTGE20-2011), the properties of the SK-90 base asphalt
binder and three types of modified asphalt binders were
tested based on the penetration and the Strategic Highway
Research Program (SHRP) PerformanceGrade (PG) systems.
According to the Test Methods of Aggregate for Highway Engi-
neering (JTG E42-2005), the properties of aggregates were
measured. The specimens were prepared for the compaction
test according to the T 0738-2011 of Test Methods of Asphalt
andAsphaltMixtures forHighway Engineering (JTGE20-2011).
The test specimens are formed by the compaction apparatus
with dimensions of 450mm in length, 150mm in width,
and 170mm in height. The specimens were core drilled into
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Table 1: Physical properties of DCLR, SBS, and rubber powders.

(a)

DCLR Apparent gravity/(g/cm3) Density/(g/cm3) Water content/% 25∘C Penetration/(0.1mm) Softening point/∘C
Test results 1.12 1.23 0.60 2.0 170.0

(b)

SBS Block ratio Tensile strength/MPa Elongation at break/% Percentage of liquid volume/%
Test results 40/60 ≥12 ≥650 0

(c)

Rubber powders Density/(g/cm3) Water content/% Mental content/% Fiber content/%
Test results 1.13 ≥0.65 ≥0.07 ≥0.11

Table 2: Properties of the asphalt binders (penetration system).

Items SK-90 asphalt binder SBS modified asphalt
binder

DCLR modified
asphalt binder

DCLR-composite
modified asphalt binder

25∘C penetration/(0.1mm) 81.0 61.2 35.1 33.4
Softening point/∘C 51.0 65.4 59.2 77.5
10∘C ductility/cm 51.8 68.2/32.3 (5∘C) 5.7 12.2
After RollingThin Film
Oven (RTFO) test

Mass loss/% +0.1 −0.2 +0.2 −0.1
Penetration ratio/% 64.1 64.2 69.3 79.5
10∘C ductility/cm 8.0 39.6/21.8 (5∘C) 4.2 9.7

cylindrical specimens with a diameter of 100 mm and height
of 150mm after cooling to room temperature for 24 h. The
dynamic modulus test was carried out under the control of
Universal Testing Machine UTM-25 with the sinusoidal load
stress.The test temperatures are 5∘C, 15∘C, 35∘C, and 50∘Cand
the test frequencies are 25Hz, 10Hz, 5Hz, 1Hz, and 0.1 Hz.
In addition, the dynamic moduli of asphalt mixtures were
measured without the confinement.

3. Test Materials

3.1. Modifier. TheDCLR was produced from China Shenhua
Coal to Liquid and Chemical Co., Ltd. The Styrene-Buta-
diene-Styrene (SBS) was purchased from Sinopec Yanshan
Petrochemical Co., Ltd., and rubber powders were bought
fromAntai Rubber Co., Ltd. In accordance with Test Methods
of Asphalt and Asphalt Mixtures for Highway Engineering
(JTGE20-2011), the physical properties of test materials were
measured and are listed in Table 1.

3.2. Asphalt Binders. The SK-90 asphalt binder was used as
the base asphalt binder, which was produced from South
Korea. 3.4% SBS was added in the asphalt binder by mass of
SK-90 asphalt binder, and the SBS modified asphalt binder
was formed. The DCLR-composite material contains 10%
DCLR, 2% SBS, and 15% rubber powder by mass of SK-
90 asphalt binder. These materials were added to the SK-90
asphalt binder, and the DCLR-composite modified asphalt
binder was prepared at a temperature of around 135∘C.

According toTestMethods of Asphalt andAsphaltMixtures for
Highway Engineering (JTGE20-2011), properties of the asphalt
binders were measured and are shown in Table 2. In addition,
the Dynamic Shear Rheometer (DSR) and Bending Beam
Rheometer (BBR) tests were employed to evaluate the perfor-
mance of asphalt binders under the Rolling Thin Film Oven
(RTFO) and Pressure Aging Vessel (PAV) aging conditions.
The DSR and BBR results of the asphalt binders are shown in
Table 3.

Table 2 shows the test results of asphalt binders including
the penetration, softening point, and ductility. The SK-90
asphalt binder had a high penetration at 25∘C, and the
penetrations of modified asphalt binders decreased after the
modification by SBS, DCLR, and DCLR-composite. It indi-
cates that the modified asphalt binders become hard after the
modification. The softening points of the modified binders
increased after modification compared to the SK-90 base
asphalt binder, and the DCLR-composite modified asphalt
binder improved the most. It is likely that high-temperature
performance of the modified asphalt binders was enhanced
after modification. It can be expected that the ductility of
the modified binders decreased greatly after modification.
The SBS improved the ductility of modified asphalt binder.
The low-temperature performance of the binders possibly
degraded after modification for the DCLR modified binder.
The ductility of the modified asphalt binders improved after
RTFO compared to the SK-90 binder. Table 3 shows the
test results of different asphalt binders after different aging
conditions based on the Superpave PG system.The PG grade
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Table 3: Properties of the asphalt binders (SHRP PG system).

Stages Temperature/∘C SK-90 asphalt
binder

SBS modified
asphalt binder

DCLR modified
binder

DCLR-
composite
modified

asphalt binder

Superpave spec.

Unaged
(𝐺∗/sin 𝛿 (kPa))

58 2.18 8.46 6.56 37.31

≥1.1
64 0.96 6.10 2.75 20.24
70 — 2.98 1.2 11.09
76 — 1.23 0.61 6.39
82 — 0.84 — 3.86
88 — — — 0.66

RTFO
(𝐺∗/sin 𝛿 (kPa))

58 4.62 17.19 21.670 49.44

≥2.2
64 1.97 9.29 8.862 27.13
70 — 4.74 3.821 15.82
76 — 2.5 1.73 7.54
82 — 1.35 — 4.54
88 — — — 2.09

PAV
(𝐺∗ ⋅ sin 𝛿 (kPa))

25 1958 2274 4658 2863

≤500022 3014 3826 6266 3920
19 4555 5215 — 5516
16 6681 — — —

PAV (stiffness
(MPa))

−6 82.63 95.45 86.083 39.65

≤300−12 184.03 198.65 220.91 81.52
−18 306.23 211.32 325.20 164.39
−24 — 316.49 — 300.21

PAV (𝑚-value)
−6 0.34 0.34 0.33 0.42

≥0.3−12 0.32 0.31 0.27 0.34
−18 0.29 0.30 — 0.30
−24 — 0.28 — 0.29

PG 58-22 76-22 70-16 82-28
Note: 𝐺∗: complex shear modulus; 𝛿: phase angle; 𝐺∗/ sin 𝛿: rutting factor; 𝐺∗ ⋅ sin 𝛿: fatigue factor; RTFO: Rolling Thin Film Oven; PAV: Pressure Aging
Vessel; and PG: Performance Grade.

of SBSmodified asphalt binder improved from58-22 to 76-22.
The PG of DCLR modified asphalt binder was from 58-22 to
70-16, and the PG of the DCLR-composite asphalt binder was
from 58-22 to 82-28.This indicates that the high-temperature
performance of the modified asphalt binders improved,
and the low-temperature performance of DCLR-composite
modified asphalt binder was also enhanced compared to the
base asphalt binder.

3.3. Aggregates. The limestone was used as the aggregate
material in this study, which included 9.5–20mm coarse
aggregate, 4.75–9.5mmcoarse aggregate, and 0–4.75mmfine
aggregate. The limestone powder was used as a mineral
powder.The properties of aggregates weremeasured in accor-
dancewithTestMethods of Aggregate for Highway Engineering
(JTG E42-2005) and are shown in Tables 4 and 5.

Tables 4 and 5 show the specific gravity, wear loss, angu-
larity, and sand equivalent of the coarse and fine aggregates,
as well as the gravity, water content, hydrophilic coefficient,
and plasticity index. The results of aggregates meet the

requirements of standards, and the aggregates can be used to
make the asphalt mixture samples. The same aggregate was
used for the mixture in this project.

3.4. Asphalt Mixture. The AC-20C (AC: Asphalt Concrete)
asphalt mixture was adopted, and the gradation of the asphalt
mixture is presented in Figure 1. The asphalt mixture was
mixed and compacted based on the Marshall and Superpave
systems. The mixing and compaction temperatures of mod-
ified asphalt mixtures were based on the temperatures of
the base asphalt mixture. The mixing temperature of DCLR
and SBS modified asphalt mixtures is around 160∘C, and the
compaction temperature is around 155∘C, as well as the SK-
90 asphaltmixture.Themixing and compaction temperatures
of DCLR-composite modified asphalt mixtures are 175∘C and
170∘C, respectively. Table 6 shows the volume indexes of
the asphalt mixtures at the optimum asphalt content. The
dynamic stability is used to access the resistance to permanent
deformation and the tensile strength ratio (TSR) is used
to evaluate the moisture damage of asphalt mixtures. The
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Table 4: Properties of coarse and fine aggregates.

(a)

Properties of coarse aggregate 4.75–9.5mm 9.5–20mm Spec.
Apparent specific gravity/(g/cm3) 2.80 2.85 ≥2.60
Gross volume relative density/(g/cm3) 2.71 2.76 —
Wear loss in Los Angeles/% — 17.8 ≤28
Washing < 0.075m particle content/% 0.1 0.2 ≤1

(b)

Properties of fine aggregate Test results Spec.
Apparent specific gravity/(g/cm3) 2.78 ≥2.60
Bulk relative specific gravity/(g/cm3) 2.68 —
Angularity/s 43.2 ≥30
Sand equivalent/% 65.0 ≥60

Table 5: Properties of mineral powder.

Items Test results Spec.
Apparent specific gravity/(g/cm3) 2.73 ≥2.5
Water content/% 0.52 ≤1
Size range
<0.075mm 100 100
<0.15mm 99.75 90–100
<0.6mm 88.56 75–100

Hydrophilic coefficient 0.71 <1
Plasticity index 2.8 <4

0
10
20
30
40
50
60
70
80
90

100

Size (mm)

Gradation
Upper limit
Lower limit

0.
3

0.
6

1.
18

0.
15

2.
36

4.
75 9.

5

13
.2 16 19

26
.5

0.
07

5

Pa
ss

in
g 

pe
rc

en
ta

ge
 (%

)

Figure 1: Gradation of aggregates in AC-20 asphalt mixture.

properties of the asphalt mixtures are shown in Table 7 after
dynamic stability and tensile strength ratio tests.

The compaction parameters and volumetric properties
of asphalt mixtures were displayed, and the dynamic sta-
bility and tensile strength ratio were tested. The dynamic
stability and TSR of the modified asphalt mixtures increased
compared to the base mixture, and the dynamic stability
and TSR of DCLR-composite modified asphalt mixture were
higher than those of other mixtures. This implies that the
DCLR-composite modified asphalt mixture has better overall
performance (high-temperature performance and moisture

susceptibility) compared to other mixtures. It is possible
that the rubber powder, SBS, and DCLR in the DCLR-
composite enhance the high-temperature performance and
moisture resistance.TheDCLR and SBS both can improve the
resistance to rutting in asphaltmixtures, and it is deduced that
the rubber powder could be effective to the enhancement of
moisture resistance in asphalt mixtures.

4. Results and Discussions

4.1. Dynamic Modulus Test. The dynamic modulus of the
asphalt mixture was tested by Universal Testing Machine
(UTM-25). The test conditions of the dynamic modulus are
that test temperatures are 5∘C, 15∘C, 35∘C, and 50∘C, and fre-
quencies are 25Hz, 10Hz, 5Hz, 1 Hz, and 0.1Hz.Thedynamic
modulus and phase angle were collected during testing. The
dynamic modulus is the ratio of stress to strain under differ-
ent conditions, and the phase angle indicates the viscous part
of asphalt mixtures. Dynamic modulus (𝐸∗) and phase angle
(𝛿) of four asphalt mixtures are shown in Figures 2–5.

The dynamic moduli of DCLR and DCLR-composite
modified asphalt mixtures were 17008MPa and 16723MPa at
15∘C and 10Hz, respectively. Based on the definition of high-
modulus asphalt mixture in France or China, the modulus of
the mixture should be higher than 14000MPa at 15∘C and
10Hz [30–32]. DCLR andDCLR-composite modified asphalt
mixtures met the technical standards of high-modulus
asphalt mixtures. The dynamic moduli of the asphalt mix-
tures declined with the increase in temperature and increased
with the increase in frequency. At the same temperature, the
higher the frequency is, the higher the dynamic modulus
of the asphalt mixture is. At a high temperature and low
frequency, the dynamic modulus of asphalt mixture is mini-
mum.Therefore, in the summer, it is potential that permanent
deformations occur in the slow lanes and parking lots, such
as rutting at high temperatures. Furthermore, the dynamic
moduli of the asphalt mixtures increased rapidly in the range
of 0.1 HZ–5Hz and increased slowly and approached stability
when the frequency exceeded 5Hz.

The phase angle of asphalt mixtures is a key parameter to
characterize the viscoelastic property. The smaller the phase
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Table 6: Volumetric indexes of the asphalt mixtures.

Items SK-90 asphalt mixture SBS modified asphalt
mixture

DCLR modified
asphalt mixture

DCLR-composite modified
asphalt mixture

Bulk relative specific
gravity/(g/cm3) 2.422 2.560 2.503 2.547

Maximum theoretical
specific gravity/(g/cm3) 2.596 2.615 2.632 2.623

VV/% 4.4 4.5 4.3 4.6
VMA/% 13.3 13.3 13.2 13.3
VFA/% 68.1 65.2 67.4 66.5
OAC/% 4.2 4.2 4.2 4.3
Note: VV: volume of air voids; VMA: volume of voids in mineral aggregate; VFA: volume of voids filled with asphalt; and OAC: optimum asphalt content.

Table 7: Performance of the asphalt mixtures.

Types Dynamic stability/(times/mm) Failure strain/𝜇𝜀 Residual stability/% TSR/%
SK-90 asphalt mixture 943.88 2683 80.05 76.38
SBS modified asphalt mixture 2452.38 2798 84.40 84.15
DCLR modified asphalt mixture 2604.86 1552 83.64 83.78
DCLR-composite modified asphalt mixture 9867.65 3070 100.05 86.61
Note: DCLR: Direct Coal Liquefaction Residue; DCLR-composite: 2% SBS, 15% rubber powder and 10% DCLR by mass of SK-90 asphalt binder; and TSR:
tensile strength ratio.

angle is, the more elastic the asphalt mixture is.The larger the
phase angle is, the more viscous the asphalt mixture is. When
the temperature was lower than 35∘C, the phase angle of the
asphalt mixtures decreased with the rise in frequency and
declines at the range of 0.1 Hz–5Hz. When the temperature
is higher than 35∘C, the phase angle of the asphalt mixtures
increased with the increase of the frequency at the range of
0.1 Hz–1Hz and stay stability after 1Hz. This indicates that
the asphalt mixture is more elastic at a low temperature and
high frequency; and asphalt mixture is more viscous at a
high temperature and low frequency. Furthermore, it is found
that the influence of the temperature on the viscoelasticity of
asphalt mixtures is more than that of the frequency.

When the frequency was constant, the phase angle of
asphalt mixture increased with the increase of temperature,
and it indicates that asphalt mixture is more viscous at
high temperatures. Asphalt mixtures demonstrated a more
viscous state under high temperatures and low frequencies.
The comparison of the dynamic modulus and phase angle of
the asphaltmixtures at different temperatures under a loading
frequency of 10Hz is demonstrated in Figure 6, since this
frequency is equivalent to a vehicle speed of 65–70 km/h [33].

The dynamic moduli of DCLR and DCLR-composite
modified asphalt mixtures were higher than those of SK-90
and SBSmodified asphaltmixture at different temperatures at
10Hz. The dynamic moduli of the asphalt mixtures declined
with the increase of temperature. The dynamic moduli of
the asphalt mixtures declined slowly at 0∘C–35∘C, while the
dynamic moduli of the asphalt mixtures dropped fast and
finally approached the same level at 35∘C–50∘C.This indicates
that the deformation resistance of asphalt mixture gradually
declined with the increase of temperature. The DCLR and

DCLR-composite modified asphalt mixtures had a good
resistance to deformation at high temperatures compared to
SK-90 and SBS modified asphalt mixtures. The phase angles
of DCLR and DCLR-composite modified asphalt mixture
were lower than those of SK-90 and SBS modified asphalt
mixture at different temperatures. The phase angle of the
asphalt mixtures increased with the rise in temperature.
The phase angle of the asphalt mixtures increased rapidly
at 5∘C–15∘C and 35∘C–50∘C, while at 15∘C–35∘C, the phase
angle of the asphalt mixtures increased slowly. This shows
that the viscous part of the asphalt mixtures became strong
with the rise in temperature. Compared to SK-90 and SBS
modified asphalt mixtures, the DCLR and DCLR-composite
modified asphalt mixture had a good elastic property. The
phase angle of DCLR-composite modified asphalt mixture
was smaller than that of DCLR modified asphalt mixture at a
high temperature, which was due to the addition of SBS and
rubber powders. It means that it is more elastic at high tem-
peratures compared to the DCLR modified asphalt mixture.

4.2. Master Curve of the Dynamic Modulus. According to the
time-temperature equivalent principle of viscoelastic materi-
als, the dynamicmodulus curve at different temperatures and
frequencies can be composed into a smooth curve (master
curve) at a reference temperature through a shift. The master
curve can be used to predict the viscoelastic properties of
asphalt mixtures at a low frequency or high frequency that
is difficult to reach in the lab. The master curves of dynamic
modulus of the asphalt mixtures were plotted in Figure 7
based on [34]

log (𝐸∗) = 𝛿 + 𝛼
1 + 𝑒𝛽+𝜆lg𝜔red , (1)
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Figure 2: The dynamic modulus and phase angle of DCLR modified asphalt mixture.
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Figure 3: The dynamic modulus and phase angle of DCLR-composite modified asphalt mixture.

where 𝐸∗ is the dynamic modulus of asphalt mixtures; 𝜔red
is the reduced frequency under the reference temperature; 𝜆,
𝛼, 𝛽, and 𝜔 are the regression coefficients.

It can be seen from Figure 7 that the master curve tended
to change slowly and approach an asymptote. The DCLR-
compositemodified asphalt mixture had the highest dynamic
modulus value. The order is followed by the DCLR, SBS, and
SK-90 asphalt mixtures. The dynamic moduli of DCLR and
DCLR-composite modified asphalt mixtures were closer and
higher than those of the SK-90 and SBS modified asphalt
mixtures when the loading frequency was higher than 0.1 Hz.
The dynamic modulus of the asphalt mixtures increased after
the addition of DCLR and DCLR-composite, and this indi-
cates that this addition improves the resistance to permanent
deformation in the asphaltmixtures at high temperatures. It is

likely that the DCLR and DCLR-composite modified asphalt
mixtures could be used for the parking lots or slow lanes due
to the effective prevention of permanent deformations.

4.3. Christensen-Anderson-Marasteanu (CAM) Model. On
the basis of the Christensen-Anderson (CA) model, the
Christensen-Anderson-Marasteanu (CAM) model was fur-
ther developed. The CAM model has a clearly physical
meaning [35] compared to the CA model. This paper used
the CAMmodel to study the viscoelastic behaviors of DCLR
and DCLR-composite modified asphalt mixtures. The CAM
model mainly consists of four equations: the complex modu-
lusmaster curve, the storagemodulusmaster curve, the phase
angle, and the temperature-displacement factor.
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Figure 4: The dynamic modulus and phase angle of SBS modified asphalt.
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Figure 5: The dynamic modulus and phase angle of SK-90 asphalt mixture.

4.3.1. Master Curve for the Complex Modulus. The equation
for describing the complex modulus master curve of asphalt
mixtures in the CAM model is shown in formula (2). The
starting frequency when the master curve enters into the
high temperature or low frequency limit state is defined as
the second limit frequency. The range between the two limit
frequencies is called the rheological region. In this range, the
rheological properties of asphalt mixture were affected by
frequency and temperature, and the phase change of asphalt
mixture mainly occurred in this region. The regions outside
the two limit frequencies are called the low frequency steady
state zone and the high frequency steady state zone. In these
zones, the rheological properties of asphalt mixture were
not affected by the frequency or temperature. The modulus
corresponding to the limit frequency of low frequency steady
state is called the complex modulus in equilibrium state 𝐺∗𝑒 ,

and themodulus corresponding to the limit frequency of high
frequency steady state is called the complex modulus in the
glass state𝐺∗𝑔 . In addition, the turning point, of which asphalt
mixtures transition from a low frequency steady state to a
rheological region, it is called the low frequency turning point
𝑓𝑐. The changing point, of which asphalt mixtures transition
from rheological to a high frequency steady state, is defined
as the high frequency turning point 𝑓𝑐 . The intercept of 𝐺∗𝑒
and 𝐺∗𝑔 in logarithmic coordinates is denoted 𝑅 (see (3)),
which relates to morphological parameters 𝑚 and 𝑘. A high
𝑅 value indicates that the change from the elastic behavior to
the viscous behavior is easier.

𝐺∗ = 𝐺∗𝑒 +
𝐺∗𝑔 − 𝐺∗𝑒

[1 + (𝑓𝑐/𝑓)𝑘]
𝑚
𝑒
/𝑘
, (2)
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𝑅 = log 2𝑚𝑐/𝑘
1 + (2𝑚𝑐/𝑘 − 1) (𝐺∗𝑒 /𝐺∗𝑔)

, (3)

where 𝐺∗ is the dynamic modulus; 𝐺∗𝑒 is the complex
modulus of the equilibrium state;𝐺∗𝑔 is the complex modulus
of the glass state; 𝑓𝑐 is the elastic limit threshold, which is the
critical frequency for asphalt mixture transitioning from the
viscous flow zone into the rheological zone;𝑚𝑒 and 𝑘 are the
dimensionless morphological parameters.

4.3.2. Dynamic and Viscoelastic Properties of Asphalt Mix-
tures. Based on the curve fitting by the CAM model, the

viscoelastic parameters of the CAM model are shown in
Figure 8. Different parameters relate to different properties in
asphaltmixtures, and the results and discussions are shown as
follows.

The parameter 𝐺∗𝑒 describes the resistance to rutting in
asphalt mixtures at high temperatures. The parameter 𝐺∗𝑒
results of DCLR andDCLR-compositemodified asphalt mix-
tures weremuch larger than those of SK-90 and SBSmodified
asphalt mixture. This shows that the addition of DCLR and
DCLR-composite can significantly improve the rutting resis-
tance of asphalt mixtures at high temperatures. The parame-
ters 𝐺∗𝑔 and 𝑓𝑐 depict the resistance to permanent deforma-
tion in asphalt mixtures at low temperatures. The coefficients
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Figure 8: Viscoelastic parameters of the CAMmodel.

𝐺∗𝑔 and 𝑓𝑐 of DCLR and composite DCLR modified asphalt
mixtures were higher than those of SK-90 and SBS modified
asphalt mixture. It indicates that the DCLR and DCLR-
composite modified asphalt mixtures have a better resistance
to deformation at low temperatures or high frequencies.
Small 𝑚𝑒 and 𝑅 represent a less sensitivity to the frequency
since 𝑚𝑒 and 𝑅 denote the sensitivity of asphalt mixtures to
the frequency. The SBS modified asphalt mixture has an easy
transition from the elastic part to the viscous part compared
to othermixtures. Based on the results of the curve fitting, the
DCLR and DCLR-composite modified asphalt mixtures had
a lower sensitivity to the frequency. The correlation degrees
of CAM model fitting of the asphalt mixtures were all above
0.999, which proves that the CAMmodel can characterize the
viscoelastic behavior of the asphalt mixtures.

5. Conclusions

The DCLR and DCLR-composite were used to modify the
base asphalt binder, and the properties of modified asphalt
mixtureswere analyzed compared to SK-90 and SBSmodified
asphalt mixtures. The viscoelastic properties of asphalt mix-
tures were studied using the CAM model, and the following
conclusions can be drawn.

(1) The DCLR and DCLR-composite modified asphalt
mixtures had higher dynamic moduli and smaller
phase angles than those of the SK-90 and SBS mod-
ified asphalt mixtures. This indicates that the DCLR
and DCLR-composite modified asphalt mixtures are
more elastic compared to the SK-90 and SBS mix-
tures.

(2) The dynamic modulus of the DCLR-composite mod-
ified asphalt mixture was higher than those of other

mixtures when the frequency was smaller than 0.1Hz.
Otherwise, the dynamic moduli of the DCLR and
DCLR-composite modified asphalt mixtures were
close to each other and higher than those of SK-90
and SBS modified asphalt mixtures. The high- and
low-temperature performance of the DCLR-compo-
site modified asphalt mixture were better than the
other mixtures, as well as the DCLRmodified asphalt
mixtures.

(3) The utilization of the CAM model helps analyze
the viscoelastic properties of asphalt mixtures, and a
good fit and correlation are observed. The resistance
to permanent deformation in asphalt mixtures was
enhanced by the addition of the DCLR and DCLR-
composite in the base asphaltmixture.TheDCLR and
DCLR-composite modified asphalt mixtures exhib-
ited a less sensitivity to the frequency based on the
parameter results of the CAM model, such as coeffi-
cients𝑚𝑒 and 𝑅.
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In this study, a small-scaled accelerated loading test based on similarity theory and Accelerated Pavement Analyzer was developed
to evaluate dowel bars with different materials and cross-sections. Jointed concrete specimen consisting of one dowel was designed
as scaled model for the test, and each specimen was subjected to 864 thousand loading cycles. Deflections between jointed slabs
were measured with dial indicators, and strains of the dowel bars were monitored with strain gauges. The load transfer efficiency,
differential deflection, and dowel-concrete bearing stress for each case were calculated from these measurements. The test results
indicated that the effect of the dowel modulus on load transfer efficiency can be characterized based on the similarity model test
developed in the study. Moreover, round steel dowel was found to have similar performance to larger FRP dowel, and elliptical
dowel can be preferentially considered in practice.

1. Introduction

The performance of jointed concrete pavements is often
closely related to the load transfer capacity of dowel bars
at the pavement joints. Faulting is frequently seen in the
pavement joints without dowel bars, because the load transfer
provided by aggregate interlock alone is insufficient. Steel
dowels are commonly used to enhance load transfer in the
concrete pavements. However, the issue of high bearing stress
and corrosion of steel dowel has a significant impact on
their long-term performance [1]. There have been efforts to
improve dowel durability through the use of alternate shapes
(other than round) to further reduce dowel-concrete bearing
stresses and to use alternative materials for improved cor-
rosion resistance [2–8]. Among those alternative materials,
fiber reinforced polymer (FRP) dowel bars have been given
considerable attention because of their excellent corrosion
resistance.

Usually, the laboratory experiments of dowel bar include
static and fatigue elemental shear, bending strength, accel-
erated loading test, pull-out, alkalinity aging, and chemical

properties [9]. Due to the relative low cost and time con-
sumption and relative high reliability, evaluation of joint per-
formance and dowel alternatives using laboratory accelerated
loading has been conducted in the past 20 years.

Among those researchers, Buch and Zollinger conducted
a laboratory study to evaluate the dowel looseness across
a saw-cut joint using concrete specimens with dimension
of 610mm × 254mm × 915mm [10]. The fatigue load
application system consisted of a pair of hydraulic rams that
pulsated alternately on either side of the joint to produce loads
of up to amaximumof 40 kN, which can closely simulate that
of a truck tire loading a joint. The total duration of the load
and unload cycle was 1.5 seconds, of which the rest period
lasted for 0.98 seconds. Melhem and Sheffield studied the
performance of FRP and steel dowels in jointed slabs using
a pulse load system [11]. Both slabs, the one with steel dowels
and the one with FRP dowels, were tested side-by-side such
that load was applied simultaneously. The load was applied
by each actuator in a sinusoidal-shape function, with the
two functions 180 degrees out of phase. Using this setup a
speed of 9000 applications per hour can be achieved which
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Table 1: Modulus test result of rubber bearing.

Sequence Force (kN) Displacement (mm) Strain Modulus (MPa)
Preloading 45
1 90 0.14925 0.0074625 134.00
2 135 0.34425 0.0172125 116.19
3 180 0.55375 0.0276875 108.35
4 225 0.83725 0.0418625 95.55
Average 113.53

is 15 times faster than the rolling axles. Bian and Harvey
utilized the second generation of the Minnesota Accelerated
Loading Facility (MinneALF-2) to study two jointed test
pavement specimens that incorporate two different dowels
[12].TheMinneALF-2 simulates vehicle loads traveling across
pavement joints by means of two hydraulic actuators. The
loading pattern for each actuator is a combination of a
sinusoidal impulse (90 degrees out of phase for two actuators)
and a small preload. Khazanovich et al. evaluated FRP dowel
bars spaced at different intervals as load transferring devices
in Jointed Plain Concrete Pavement (JPCP) under HS25
static and fatigue loads [13]. Five different concrete specimens
with dimensions of 30.48 by 30.48 by 304.8 cm were cast
for tests. Pavement load was applied on one side of the
joint using a 244.65-kN hydraulic actuator system through
a controller. Vijay et al. performed Heavy Vehicle Simulator
(HVS) tests of several types of dowels at Palmdale’s dowel bar
retrofitted concrete pavement test sections [14]. Channelized,
bidirectional loading was conducted on the wheel path over
the center of the dowel group. The results showed that four
epoxy-coated steel dowels per wheel path had much smaller
joint vertical deflections than the alternatives (four FRP
dowels, four hollow stainless steel dowels).

As mentioned above, the pulse load system can sig-
nificantly shorten duration of time while HVS can exactly
replicate the rolling wheel effects. But both of them need
specialized equipment, which limits the laboratory study and
practical application of dowel alternatives. The object of this
research is to develop a small-scale accelerated loading test to
evaluate dowel alternatives.Therefore, a similarity model test
combining the advantages of pulse load system and HVS was
introduced; the corresponding test program was described,
and dowel bars with different materials and cross-sections
were evaluated.

2. Model Design

A JPCP consisting of slabs 26 cm thick and 4.2m wide is
considered in this paper. Elasticity modulus 𝐸𝑐 and Poisson’s
ratio 𝜇𝑐 of PCC slab is 31 GPa and 0.15, respectively. An
axle load consisting of two identical tires 1.8m apart, each
carrying 50 kN, is applied at the edge of the joint, 15 cm from
the edge of the slab. The total shear load carried by dowel
group is assumed to be 50 percent of the applied load, which
means only 25 kN shear load will be transferred by dowels
within the radius of effective length 𝑙eff . As the mid-panel
load is carried by more dowels than the edge load, the critical

dowel is the edge dowel. Before calculation of the effective
length of load distribution, the modulus of subgrade reaction
should be determined first.

2.1. Foundation Support. Using accelerated loading test to
evaluate joint performance, the following factors should be
considered: dowels, aggregate interlock, and base/subgrade
reaction [15]. However, since the emphasis of this research
was to compare dowel bar alternatives, rubber bearing was
used to simulate the foundation support of JPCP, which could
eliminate the effect of accumulated deformation and erosion
of the supporting base or subgradematerial.Themodulus test
result of rubber bearing 𝐸rb is shown in Table 1.

In the similarity model test, the value of elastic modulus
similarity constant 𝐶𝐸 is taken as 1. Hence, the elastic
modulus of the subgrade is

𝐸𝑠 = 𝐶𝐸𝐸rb = 𝐸rb = 113.53MPa. (1)

And the modulus of subgrade reaction 𝑘 is computed
by the most commonly used expression for the relationship
between 𝑘 and 𝐸𝑠 [17, 18]:

𝑘 = (𝐸𝑠𝐸𝑐)
1/3 𝐸𝑠(1 − 𝜇𝑠2) ℎ = 0.0801262MPa/mm, (2)

where ℎ is the thickness of the concrete slab and 𝜇𝑠 is the
Poisson ratio of the subgrade, which is 0.4.

2.2. Load Distribution. The radius of relative stiffness 𝑙𝑟 of the
pavement-foundation system is calculated as follows [19]:

𝑙𝑟 = 4√ 𝐸𝑐ℎ312𝑘 (1 − 𝜇𝑐2) = 87.3 cm, (3)

where 𝜇𝑐 is the Poisson ratio of the concrete slab.
Tabatabaie et al. modeled a doweled joint using finite

element showing that an effective length of 1.0𝑙𝑟 is more
appropriate for today’s construction practices [20]. Consider-
ing scaled model in this research cannot exactly simulate the
boundary condition of the pavement slab, the effective length
of load distribution is taken as 0.9𝑙𝑟 to reflect the weakened
boundary condition:

𝑙eff = 0.9𝑙𝑟 = 78.6 cm. (4)

Hence, the shear force transferred by the critical dowel
can be obtained, which is 13.47 kN. Detail of the load
distribution of dowel bars is shown in Figure 1.
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Figure 1: Load diagram at pavement joint.

Table 2: Similarity constant.

Similarity constant
Length 𝐶𝑙 = 3.5
Deflection 𝐶𝑤 = 3.5
Elastic modulus 𝐶𝐸 = 1
Strain 𝐶𝜀 = 1
Applied load 𝐶𝐹 = 𝐶𝐸 𝐶2𝑙 = 12.25

Figure 2: Dowel bars with different materials and shapes.

2.3. Similarity Constant. In order to decrease the scale of
concrete slab and make the accelerated loading test easier to
perform in the lab, the prototype of the similaritymodel test is
only part of the pavement slab. The value of length similarity
constant 𝐶𝑙 is taken as 3.5, and the load similarity constant
can be derived, as shown in Table 2. Parameters of prototype
and scaled model are presented in Table 3.

2.4. Dowel Bars. In the experiment, steel dowels and FRP
dowels are considered, and the cross-sections of the dowel
bars are round, elliptical, and square (see Table 4 and
Figure 2). Among them, 𝜙 10 round steel bar, square steel
bar (8.9mm × 8.9mm), and elliptical steel bar (major axis
= 12.5mm, minor axis = 8mm) have the same cross-section
area, so as to evaluate the optimal cross-section with respect
to the same material consumption.

A nonstandard third point bending test and a double
shear test were performed to evaluate the bending capacity
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Figure 3: Maximum bending load for different dowels.
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Figure 4: Shear strength for different dowels.

and shear strength of the scaled dowel bar.The test results are
presented in Figures 3 and 4. As can be seen in these figures,
under the condition of the same material and cross-section
area, the bending failure force of the square steel bar is the
largest, followed by the elliptical steel bar, and the round steel
bar is the lowest. As for shearing test, the shear strengths of
steel bars with different cross-sections are very close, and the
difference is no more than 7%. In addition, the comparison
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Table 3: Parameters of prototype and scaled model.

Prototype Scaled model
Length of concrete slab (mm) 520 148.5
Width of concrete slab (mm) 437.5 125
Thickness of concrete slab (mm) 262.5 75
Joint width (mm) 10 2.9
Dowel length (mm) 450 129
Applied load (kN) 13.47 1.1

Table 4: Material, cross-section, and size of dowels.

Material Cross-section Code Prototype size (mm) Scaled Model
Dimensions (mm) Cross-section area (mm2)

Steel Round
Steel35 𝜙 35 𝜙 10 80
Steel42 𝜙 42 𝜙 12 110
Steel56 𝜙 56 𝜙 16 200

FRP Round FRP35 𝜙 35 𝜙 10 80
FRP56 𝜙 56 𝜙 16 200

Steel Elliptical Major axis Elliptical35 43.8 12.5 80
Minor axis 28 8

Steel Square Square 35 31.2 × 31.2 8.9 × 8.9 80

Table 5: Sensitivity analysis of dowels in the prototype (computed using Friberg’s bearing stress analysis).

Code Dowel modulus (GPa) Joint Deflection at joint face (mm) Bearing stress (MPa) 𝑀max (N⋅m) 𝜀max (10−6)
Steel35 210 0.0460 18.71 −243.9 −276
Steel42 210 0.0330 13.43 −272.7 −179
Steel56 210 0.0196 7.98 −327.1 −90
FRP35 40 0.0731 29.75 −177.6 −1055
FRP56 40 0.0308 12.52 −232.1 −337
Elliptical35 210 0.0442 17.99 −213.7 −302
Square35 210 0.0490 19.95 −253.2 −238

of the FRP dowel to the steel dowel with the same area shows
that the shear strength of the FRP dowel is about 1/5 of the
steel dowel while the bending capacity of the FRP dowel is
about 1/3.

Joint deflection, dowel-concrete bearing stress and maxi-
mum strain of different types of dowels were computed using
Friberg’s bearing stress analysis [21], to evaluate the influence
of materials and cross-sections on the behavior of dowel load
transfer system, assuming that the shear force 𝑃𝑐 carried by
the critical dowel was 13.47 kN and the modulus of dowel
support 𝐾0 was 407MPa/mm. The results are presented in
Table 5. As shown in Table 5, the elliptical dowel can reduce
dowel-concrete bearing stress compared to the round steel
bar of the same cross-section area, which is very important
in controlling the development of dowel looseness [8]. Square
dowel is expected to reduce joint deflection and bearing stress
in this research. However, the theoretical calculation does not
agree with the expectation.

3. Model Manufacture

As shown in Figure 5, themold of the scaledmodel consists of
expansion joint plate, support of dowel bar, removable ears,
rubber bearing, and connecting steel bar. The connecting
steel bar is used to simulate the boundary condition of the
prototype. Before making specimen, vaseline was smeared in
the inner wall of the formworks to prevent leaking.

All the FRP dowels and steel dowels were instrumented
with strain gauges to monitor strains on dowel bars. The
strain gauges were located on the top and bottomof the dowel
bars on both sides, at a distance of 1.2 cm from the centerline
of the 13 cm long dowel bars (see Figure 6). Strain gauges
are temperature compensated by using the dummy gauge
technique. A dummy gauge is wired into aWheatstone bridge
on an adjacent arm to the active gauge so that the temperature
effects on the active and dummy gauges counteract each
other.
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Figure 5: Placing concrete into the formwork.
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Figure 6: The strain location on the dowel bar.

4. Test Program

In the scaled model, Asphalt Pavement Analyzer (APA) is
used to perform small-scaled accelerated loading test. The
APA tracks a loaded aluminum wheel back and forth across
a pressurized linear hose over a beam sample which can
simulate the traffic load of actual pavement. In this study, test
molds composed of ultrahigh molecular weight polyethylene
in the original APA test were removed and the wheel was
tracked across the specimen for 864,000 cycles using a 1113± 4.5N load and a 200MPa hose pressure. Specimens with a
dimension of 75mm × 125mm × 300mmwere prepared and
DH3817 dynamic strain acquisition system was used. Steel
holding fixtures were applied to both ends of the specimens,
which allowed no displacement in the horizontal direc-
tion.

The procedure of accelerated loading test is as follows. (1)
Preheat specimens preheated at the test temperature (30∘C)
in oven for 3 h. (2) Set the hose pressure and load cylinder
pressure to the desired levels. (3) Stabilize the testing chamber
temperature at the test temperature. (4) Secure the preheated
beam samples in the APA and fix the dial indicators which
are mounted on each side of joint near the edge of the slab.
(5) Close the chamber doors and allow a minimum of 10min
for the temperature to stabilize. (6) Apply 25 cycles to seat the
specimens before taking the initial measurements and adjust
the hose pressure as needed during these 25 cycles. (7) Clear
the gauge and take initial strain and defection readings. (8)
Start the test and collect the data of dowel strain and slab
deflections at every 48,000 load cycles, as shown in Figures
7 and 8.

Figure 7: Similarity model test.

Figure 8: Data collection.

5. Results and Discussion

5.1. Load Transfer Efficiency. Load transfer efficiency (LTE) is
defined as the ability of a joint or crack to transfer load from
one side of the joint or crack to the other. The method used
to calculate load transfer efficiency is shown in (5). A load
transfer efficiency of 70 to 100 percent is typically considered
adequate:

LTE = 𝑤UL𝑤𝐿 100%, (5)

where 𝑤UL is the deflection of unloaded slab and 𝑤𝐿 is the
deflection of loaded slab.

The LTE and the corresponding number of wheel cycles
for each type of dowel bar in the prototype are presented
in Figure 9. As shown in Figure 9, the average LTE of
FRP35 observed in the accelerated loading test is 87.7%,
which is smaller than the average LTE of Steel35, 91%. After
864,000 cycles, the LTE of FRP35 decreased from 90.8% to
82.6%, while the LTE of Steel35 decreased from 94.8% to
87%, indicating that the use of FRP dowel has a significant
impact on the performance of pavement joint. The main
reason is that FRP dowel has much lower elastic modulus
than steel dowel, typically about 20 percent, which results
in significantly higher bearing stress and differential joint
deflection [8].

A comparison between FRP56 and Steel42 was also
conducted. The average LTE of FRP56 and Steel42 are 93.4%
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Table 6: Steel dowel and FRP dowel having the same performance.

Accelerated loading test Theoretical calculation using
Friberg’s bearing
stress analysis

Melham and Sheffield
pulse load system [11]

Embacher et al.
full-scale repeated

load test [16]

Similarity
model test

Diameter
Steel 1 in

(25.4mm)
1.5 in

(38.1mm)
1.65 in
(42mm)

1.5 in
(38.1mm)

1.65 in
(42mm)

FRP 1.5 in
(38.1mm)

2 in
(50.8mm)

2.2 in
(56mm)

1.91 in
(48.5mm)

2.13 in
(54mm)
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Figure 9: Load transfer efficiency on load cycles for different dowels.

and 93.1%, respectively, which means those two have very
close load transfer performance. Larger FRP dowel is a
feasible solution for the above-mentioned phenomenon. The
laboratory accelerated loading test results of other researchers
are summarized in Table 6. Due to the difference in dowel
diameter for different researchers, the effectiveness of the
similaritymodel test cannot be verified directly. Nevertheless,
the result of the theoretical calculation using Friberg’s bearing
stress analysis does indicate that the similarity model test can
characterize the effect of the difference in dowel modulus on
load transfer efficiency.

For the joints with Steel35, Steel42 and Steel56, the aver-
age LTE is 91%, 93.1%, and 96.6%, respectively. It indicates
that the dowel diameter strongly influences the load transfer
capability and it is very reasonable for Chinese specification
to increase the dowel diameter. The results also show that the
average LTE of Steel35, Elliptical35, and Square35 is 91.0%,
91.6%, and 92.6%, respectively.

5.2. Differential Deflection. AsLTEdoes not take into account
the magnitude of deflections, it is necessary to calculate
differential deflection (DD = 𝑤𝐿 − 𝑤UL) for better under-
standing of LTE effectiveness [6]. Different magnitudes of
differential deflection can result in the same LTE value since
LTE is simply a ratio of the corner deflection of unloaded
slab divided by that of loaded slab. The result of differential
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Figure 10: Differential deflection on load cycles for different dowels.

deflection for joints with different dowels, shown in Figure 10,
revealed that combining differential deflection to interpret
the effectiveness of load transfer system is necessary, espe-
cially for those having similar LTE. It can be also observed
that the slope of differential deflection curve varied with
material, shape, and size of dowel bar. The main reason for
this is the difference in dowel-concrete bearing stress, which
is responsible for the development of dowel looseness and
subsequent joint deflections. In this research, elliptical dowel
was used to reduce bearing stress by presenting a larger
bearing surface while holding constant cross-sectional area.
As expected, Elliptical35 was found to have slightly better
long-term load transfer performance than Steel35, though
Elliptical35 has lower bending stiffness than Steel35.

5.3. Differential Energy. The differential energy (DE) is
defined as the energy difference in the elastic subgrade
deformation under the loaded slab and unloaded slab [22].
MEPDG faulting models are highly dependent on the mag-
nitude of the differential energy density at the slab corner.
As DE increases, the potential for pumping and faulting
increases greatly as well [8]. The following equation can be
used to calculate DE:

DE = 𝑘2 (𝑤𝐿2 − 𝑤UL
2) , (6)
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where 𝑘 is modulus of subgrade reaction, 𝑤𝐿 is the corner
deflection of loaded slab, and 𝑤UL is the corner deflection of
unloaded slab.

The ratio of differential elastic deformation energy to
modulus of subgrade reaction, DE/𝑘, was used by Buch et al.
to eliminate the impact of modulus of subgrade reaction and
focus on the slab deflections [23]. In this research, DE/𝑘 was
adopted to evaluate the development of differential deflection
more clearly. As shown in Figure 11, the value of DE/𝑘
increased sharply after a certain amount of load cycles. The
slope of DE/𝑘 after 600,000 cycles is directly related to the
material, shape, and size of dowel bar, which can be selected
as an indicator for dowel performance.

5.4. Deformation of Dowel Bar. Concerning the deformation
of dowel bar, the strain was plotted against load cycles. The
result of Steel35 and FRP35 presented in Figures 12 and 13
show that the strain of Steel35 is smaller than the strain
of FRP35 under the same wheel load due to the difference
in elastic modulus. Comparison of the average strains of
Steel35, Steel42, and Steel56, which are 145, 105, and 60𝜇𝜀,
respectively, indicated that dowel bar with large diameter can
effectively reduce the internal stress.

5.5. Bearing Stress. Based on Friberg’s bearing stress analysis,
bearing stress can be back-calculated using the test results of
deflection and strain according to the following equations:

𝜎𝐿 = 𝐸𝑑𝜀𝐿,
𝑀𝐿 = 𝜎𝐿𝑊𝑧,
𝑃𝑐 = −𝛽𝑀𝐿𝑒−𝛽𝑥𝐿 [sin𝛽𝑥𝐿 + (𝛽𝑧/2) (sin𝛽𝑥𝐿 + cos𝛽𝑥𝐿)] ,
𝛿 = 𝜆𝑃𝑐𝑧𝐴𝐺 ,
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Figure 12: Strains of dowels at loaded sides.
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Figure 13: Strains of dowels at unloaded sides.

𝑦0 = DD − 𝛿2 ,
𝜎𝑏 = 𝐾0𝑦0,

(7)

where 𝜎𝐿 is stress of dowel where strain gauge is located, 𝐸𝑑 is
dowel modulus, 𝜀𝐿 is measured strain,𝑀𝐿 is section bending
moment where strain gauge located, 𝑊𝑧 is section modulus
in bending, 𝑃𝑐 is shear force carried by the critical dowel, 𝛽
is relative stiffness of the dowel bar encased in concrete, 𝑥𝐿
is distance of strain gauge from joint face in the prototype,𝑧 is joint width, 𝛿 is shear deflection, 𝜆 is form factor, 𝐴 is
cross-sectional area of the dowel bar, 𝐺 is shear modulus, 𝑦0
is joint deflection at joint face, DD is measured differential
deflection, 𝜎𝑏 is bearing stress, and 𝐾0 is modulus of dowel
support.
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Figure 14: Back-calculated bearing stress.

The back-calculated bearing stress and the corresponding
number of wheel cycles for steel dowel bar in the prototype
are demonstrated in Figure 14. As shown in the figure,
the bearing stress after 864,000 load cycles for Steel35,
Elliptical35, and Square35 are 0.378MPa, 0.228MPa, and
0.266MPa, respectively. It is suggested that Square35 dowel is
able to reduce joint deflection and bearing stress, compared to
Steel35. More research, especially field evaluation, is needed
to confirm this laboratory finding.

6. Conclusions

The aim of this study is to develop a small-scale accelerated
loading test to evaluate dowel bar alternatives, combining the
advantage of pulse load system and HVS. Thus, a similarity
model was developed and the corresponding test program
was described. Dowel bars with different materials and cross-
sections were evaluated. The following conclusions can be
obtained:

(1) Theuse of FRPdowelwould lead to significantly lower
LTE compared with the specimen using round steel
dowel when cross-section areas were held constant.
This was related to Young’s modulus of FRP material
which was about 80 percent lower than that of carbon
steel. In the test, FRP56 and Steel42 had very close
load transfer efficiency, indicating that larger FRP
dowel was required when FRP dowel was used to
replace steel dowel in concrete pavement.

(2) A comparison between the behaviors of the test
specimens containing round steel dowel revealed
that as dowel diameter increases, both differential
deflection and dowel-concrete bearing stress reduce
significantly which directly affects the rate of develop-
ment of joint faulting. Hence, it can be concluded that
dowel diameter strongly influences the load transfer
behavior and performance of pavement joint.

(3) Steel dowels with round, elliptical, and square cross-
sections were also evaluated in this research. The
results of LTE and differential deflection illustrated
that Elliptical35 had slightly better long-term load
transfer performance than Steel35. It can be inferred
that with the continued increase of the loading cycles,
the gap between the performance of two types of dow-
els would be more significant, considering the back-
calculated bearing stress of Elliptical35 was nearly
40 percent lower than that of Steel35 after 864,000
loading cycles. In addition, square dowel was found
to have outstanding load transfer capacity, even better
than elliptical dowel. However, there were no relevant
studies in the literature that can confirm this finding.
Full-scaled accelerated loading test for square dowel
should be conducted in the future.

(4) The similarity model test developed in this study
is effective in characterizing the impact of dowel
modulus and cross-section on load transfer capacity.
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