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There has been tremendous amount of research advances in the area of pavement materials and
paving technologies in the past decade. These include the use of warm mix asphalt technologies,
rubber asphalt, bioasphalt, nanomaterial applications, new construction technologies, new concrete
materials, and the application of pavement mechanistic-empirical design. With all these developments,
a collection of peer-reviewed articles with a theme of advanced asphalt materials and paving
technologies is necessary for the industry, researchers, government agencies, and other stakeholders.
This collection promotes new, low-cost technologies with high durability, environmental friendliness,
and effective resource usage in the area of advanced asphalt materials and paving technologies. These
papers include

1. Towards an Alternate Evaluation of Moisture-Induced Damage of Bituminous Materials [1]
2. Property Analysis of Exfoliated Graphite Nanoplatelets Modified Asphalt Model Using a
Molecular Dynamics (MD) Method [2]

3. Adhesion Evaluation of Asphalt-Aggregate Interface Using a Surface Free Energy Method [3]

4. Laboratory and On-Site Tests for Rapid Runway Repair [4]

5. Tire-Pavement Friction Characteristics with Elastic Properties of Asphalt Pavements [5]

6.  Technologies and Principles of Hot Recycling and Investigation of Preheated Reclaimed Asphalt
Pavement Batching Process in an Asphalt Mixing Plant [6]

7. Evaluation of Adhesion and Hysteresis Friction of a Rubber-Pavement System [7]

8. Research on the Performance of a Dense Graded Ultra-Thin Wearing Course Mixture [8]

9.  Improving Asphalt Mixture Performance by Partially Replacing Bitumen with Waste Motor Oil
and Elastomer Modifiers [9]

10.  Mechanical Resilience of Modified Bitumen at Different Cooling Rates: A Rheological and Atomic
Force Microscopy Investigation [10]

11.  Using a Molecular Dynamics Simulation to Investigate Asphalt Nano-Cracking under External
Loading Conditions [11]

12.  An Evaluation of Mechanical Properties of Recycled Material for Utilization in Asphalt
Mixtures [12]

13. A Study of Surfactant Additives for the Manufacture of Warm Mix Asphalt: From Laboratory
Design to Asphalt Plant Manufacture [13]

14. Laboratory Evaluation of Rejuvenating Agent on Reclaimed SBS Modified Asphalt Pavement [14]

15. Three-Dimensional Digital Sieving of Asphalt Mixture Based on X-ray Computed
Tomography [15]

16. Permeability and Stiffness Assessment of Paved and Unpaved Roads with Geocomposite
Drainage Layers [16]

17.  An Evaluation of Aging Resistance of Graphene-Oxide-Modified Asphalt [17]
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18.
19.

20.
21.

22.

23.

24.
25.

26.

27.

28.

Application of a Finite Layer Method in Pavement Structural Analysis [18]

A New Life for Cross-Linked Plastic Waste as Aggregates and Binder Modifier for Asphalt
Mixtures [19]

Study of the Diffusion of Rejuvenators and Its Effect on Aged Bitumen Binder [20]

Simulation of Permanent Deformation in High-Modulus Asphalt Pavement with Sloped and
Horizontally Curved Alignment [21]

Fatigue Life Prediction of High Modulus Asphalt Concrete Based on the Local Stress—Strain
Method [22]

Low Temperature Performance Characteristics of Reclaimed Asphalt Pavement (RAP) Mortars
with Virgin and Aged Soft Binders [23]

The Effect of Fibers on the Mixture Design of Stone Matrix Asphalt [24]]

Ultrasonic Techniques for Air Void Size Distribution and Property Evaluation in Both Early-Age
and Hardened Concrete Samples [25]

Thermal and Fatigue Evaluation of Asphalt Mixtures Containing RAP Treated with a
Bio-Agent [26]

Numerical Study on the Asphalt Concrete Structure for Blast and Impact Load Using the
Karagozian and Case Concrete Model [27]

Steady-State Creep of Asphalt Concrete [28]

These 28 papers have been peer reviewed under the journal’s rigorous review criteria. The collection

includes invited papers from experts in international communities, and articles have been selected
from the 2017 World Transport Convention (WTC) in Beijing held in June 2017.
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Abstract: Moisture-induced damage is widely known to cause multiple distresses that affect
the durability of constructed pavements and eventually lead to the costly maintenance of
pavement structures. The reliability and practicality of the assessment protocol to evaluate moisture
susceptibility of flexible pavements presents a dilemma within the asphalt community that arises
from the complexity and interrelation of moisture mechanisms in the asphalt-aggregate system.
Researchers worldwide are continuously trying to develop suitable evaluation methods to simulate
the combined destructive field-induced effects of moisture in the laboratory to help practitioners
identify and alleviate this complex problem. The main objective of this article is to provide insights
and highlight the challenges and opportunities of this important topic in order to extend and share
knowledge towards finding a realistic assessment protocol of moisture damage in the laboratory.
Two scenarios are proposed in this article: (1) a damage rate concept that accounts for the change of
mechanical property (e.g., indirect tensile strength) with respect to the conditioning time, and (2) the
establishment of a database using a surface free energy concept to help stakeholders select appropriate
asphalt-aggregate combinations without the need to run additional moisture susceptibility tests.

Keywords: asphalt pavement; moisture damage; damage rate; surface free energy

1. Outlook

The distresses related to moisture-induced damage still remain one of the most common but
complex issues of bituminous pavements [1,2]. Mixtures that are not properly designed or evaluated
against ever increasing traffic loading alongside the expected exposure to moisture in the field could
potentially affect the pavement durability that can lead to progressive degradation in the form of
several distresses, such as raveling, rutting, or cracking [3-5]. In service life, the bituminous pavement
is subjected to different environmental conditions combined with traffic loading, which both affect the
durability and life-cycle cost of the constructed structure. Displacement, detachment, spontaneous
emulsification, pore-pressure-induced damage, hydraulic scour, pH instability, and climatic conditions
are considered contributing mechanisms associated with moisture damage in the field [6,7]. So far,
the moisture damage of asphalt pavements is not well understood, as it is a complex phenomenon
that is affected by the physicochemical properties of the constituents forming the asphalt mixture.
In the design stage, the asphalt materials are usually characterized for the moisture effect at the macro
scale using compacted asphalt samples. Although the evaluation of compacted asphalt mixtures is
commonly used in the pavement engineering community, there are several problems still unsolved, and
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different perspectives should be considered towards this issue. During the mixture design, the asphalt
mixture must pass the tensile strength ratio (TSR) test to ensure the moisture susceptibility of the
designed mixture. As a supporting step, in turn, this perspective article is intended to highlight the
current issue of moisture damage evaluation and provide an overview of the opportunities to be
considered for future researches.

2. Challenges

Various, predominantly empirical, mechanical test methods to evaluate the moisture susceptibility
of asphalt mixtures have been developed and are discussed elsewhere [8]. The AASHTO T 283 test
method is frequently used by highway agencies worldwide for the sake of evaluation of moisture
damage of compacted asphalt concrete mixtures. Basically, in the T 283 test, the TSR, which is calculated
as the ratio of the indirect tensile strength (ITS) of conditioned specimens to that for dry specimens,
is used to determine the resistance of the asphalt mixture to moisture damage. A minimum TSR of
80% is usually used as a threshold to ensure that the mixture is moisture-resistant, while the mixture is
considered moisture-prone if the TSR is any lower. However, several concerns of this ratio have been
discussed [9,10]:

e Does this value guarantee a satisfactory resistance to moisture damage in the long-term?
The current practice of the TSR concept is based on short-term aged samples, but the moisture
susceptibility is a concern throughout the service life of asphalt pavement.

e Whatis the proper conditioning method to mimic the moisture damage in real life? Freeze-thaw is
used in AASHTO T 283, and the moisture induced stress tester (MIST) was introduced in recent
years. Can these methods, or some other method, better mimic real moisture damage?

e As the unconditioned or dry compacted specimens are different from the conditioned or wet
specimens, does specimen-to-specimen variability affect the results? Even for the same mixture,
the prepared compacted samples would have different distributions of aggregate particles and/or
air voids, which affects the measured property. Therefore, the test still lacks repeatability, and its
accuracy is questionable.

e Does the saturation level while conditioning affect the repeatability of the results?

e Based on previous studies on the AASHTO T 283 test, a number of successful cases that pass in
the laboratory would fail in the field.

3. Opportunities

As for suggestions, two scenarios for the evaluation of moisture damage are discussed in this
article, the future studies may evaluate.

3.1. First Scenario

The moisture-induced damage of asphalt mixtures can be considered as a time-dependent damage
due to the combined effects of moisture and traffic loading. The mechanical property MP(t) at time
t is affected by the initial mechanical property MP(0) (i.e., dry specimen) and the induced damage
D(t) during conditioning. The progressive damage due to moisture and/or traffic loading can be
represented as

MP(t) = MP(0) — D(t). (1)

Based on Equation (1), Figure 1 depicts a schematic of the mechanical property (such as ITS)
with respect to the time of conditioning. As examples, the figure compares possible trends of two
different mixes.



Appl. Sci. 2017,7, 1049

n Mix 2
= \
033 \
o
g \\‘ .
2T, Mix 1
g ITSin e
Tt: --------
.8
5
<
Q
(]
>
Ti Ti+1 Time

Figure 1. Mechanical property as a function of conditioning time due to the effect of environmental
conditions and traffic loading.

This method should involve the conditioning and evaluation steps. In the conditioning step,
realistic or field-like conditions should be adopted to induce reasonable effects of moisture and
traffic. In a recently published work [9], the authors suggested a conditioning procedure by exposing
compacted asphalt specimens to a temperature as high as the highest performance grading (PG) of the
used asphalt binder, while the traffic loading was selected based on realistic effects from the literature
to simulate the pressure of vehicle wheel on the wet surface. These effects were integrated into the
proposed conditioning system in the laboratory. In regard to the evaluation, rather than using a single
criterion (i.e., TSR), a model was developed to identify the time-dependent damage of the mixture
using the damage rate D, concept:

ITS; — ITS;41

D = 2
' Tita =T @

In this model, one can quantify the moisture damage over time and determine how much the
mixture degrades with respect to time of conditioning. Using the concept of damage rate, the moisture
effects can be evaluated at different times, which is more promising as the mixture might have different
behaviors over time. Although its usefulness to discriminate between insusceptible and moisture
susceptible mixtures in a rational manner, the concept necessitates the development of a threshold to
help quantitatively perform the judgment.

3.2. Second Scenario

The second suggested scenario is beneficial to pavement contractors and can save more time.
Under the effects of moisture and traffic, the susceptibility to moisture damage of asphalt-aggregate
systems is related to cohesive failure within the matrix and/or adhesive failure at the interface between
the asphalt binder and aggregate (Figure 2).
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Figure 2. Possible failures due to moisture damage and traffic loading.
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The moisture damage of asphalt mixtures can be studied through fundamental approaches to
understand the mechanisms causing the susceptibility to moisture damage. Based on the theory of
thermodynamics, the surface free energy (SFE) can be used to evaluate the adhesive bond between
asphalt binder and aggregate and the cohesive bond between binder molecules. The SFE concept can
be applied to select compatible asphalt-aggregate combination(s) based on a satisfactory resistance to
moisture damage without the need to performing additional tests (e.g., TSR). It is recommended that
highway agencies establish a database of the compatible combinations of the available aggregate and
asphalt binders and provide an appropriate strategy to minimize the moisture susceptibility of the
asphalt pavement to a satisfactory level by using appropriate adhesion promoters (e.g., hydrated lime
or liquid anti-stripping agents) for the incompatible combinations. The existing successful pavements
with minimal or no stripping can be used as a reference to establish this database. The minimum
cohesive and adhesive bonding between asphalt binder and aggregate can be used to provide a
criterion to distinguish between compatible and incompatible combinations based on this concept;
hereby, a threshold can be developed based on successfully performing pavements to evaluate different
combinations of aggregates and asphalt binders. The importance of this strategy is related to the
fact that the practitioners can access the developed database for further implementation and help
save cost and time because in this case there is no need to run additional tests to assess the moisture
susceptibility of the mixtures for different combinations.
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Abstract: This Molecular Dynamics (MD) simulation paper presents a physical property comparison
study between exfoliated graphite nanoplatelets (xGNP) modified and control asphalt models,
including density, glass transition temperature, viscosity and thermal conductivity. The three-component
control asphalt model consists of asphaltenes, aromatics, and saturates based on previous references.
The xGNP asphalt model was built by incorporating an XGNP and control asphalt model and
controlling mass ratios to represent the laboratory prepared samples. The Amber Cornell Extension
Force Field (ACEFF) was used with assigned molecular electro-static potential (ESP) charge from
NWChem analysis. After optimization and ensemble relaxation, the properties of the control and
XGNP modified asphalt models were computed and analyzed using the MD method. The MD
simulated results have a similar trend as the test results. The property analysis showed that: (1) the
density of the xGNP modified model is higher than that of the control model; (2) the glass transition
temperature of the xGNP modified model is closer to the laboratory data of the Strategic Highway
Research Program (SHRP) asphalt binders than that of the control model; (3) the viscosities of the
xGNP modified model at different temperatures are higher than those of the control model, and it
coincides with the trend in the laboratory data; (4) the thermal conductivities of the xGNP modified
asphalt model are higher than those of the control asphalt model at different temperatures, and it is
consistent with the trend in the laboratory data.

Keywords: molecular dynamics (MD); exfoliated graphite nanoplatelets; asphalt; glass transition
temperature; viscosity; thermal conductivity

1. Introduction

1.1. Asphalt Material

Asphalt is a byproduct of petroleum refinement and is also widely applied to many fields such as
transportation, recreation, building construction, etc. Around 90% of asphalt consists of carbon and
hydrogen. Based on the Corbett method, asphalt can be separated into four components: asphaltenes,
saturates, napthene aromatics, and polar aromatics. Asphalt is composed of asphaltenes, paraffins,
first acidiffins, second acidiffins, and nitrogen bases using the Rostler method [1]. These different types
of molecules in asphalt interact with each other and affect the chemo-physical properties of asphalt [1].
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Due to their special properties, nanomaterials have been introduced and used in different fields to
enhance composite materials [2]. Some of their special properties include the dominance of interfacial
phenomena, size and quantum effects, etc. [3]. Nanomaterials are used for electronics, agriculture,
construction, food and medical technologies. Also, different types of nanoclay have been widely used
in the modification of asphalt. The test results show that the layered structure of nanoclay improved
the high-temperature performance of asphalt and the resistance to rutting and fatigue cracking [4,5].
The nanosilica material was also used and added to the asphalt matrix to improve performance.
The micro images of nanosilica modified asphalt were observed, and the test results indicate that the
resistance to permanent deformation in the modified asphalt improved [6]. The literature shows that
graphite was used for the modification of asphalt, and the addition of graphite improved the electrical
property of asphalt [7,8]. In this study, the multi-layer graphite sheets were applied to modify the
asphalt in consideration of the high thermal stability, self-lubrication, and high electrical conductivity
of multi-layer graphite sheets [9-12]. This is also the motivation to use the material for modification of
the asphalt model.

1.2. Molecular Dynamics (MD) Method

Molecular Dynamics (MD), originating in theoretical physics, was applied widely in materials
science [13,14]. MD is a kind of computer program to simulate the movements of atoms in materials,
and the atoms and molecules interact for a designated time based on the Newton’s law of motion.
The trajectories of atoms and molecules are monitored, and the energy of the system is computed.
In physics, MD was used to examine physical properties [13,14]. The evolution of dynamics in a
single molecule is used to determine the macro properties of the system. The “statistical mechanics by
number” and “Laplace’s vision of Newtonian mechanics” were also used to describe the molecular
dynamics. The simulation size and total duration were selected so that the calculation can be finished
within a reasonable amount of time [15]. The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [16] and the Monte Carlo for Complex Chemical Systems (MCCCS) program [17]
were commonly used for MD simulations. The computation algorithm of the MD simulation is shown
in Figure 1. In addition, compared to other methods (such as Finite Element Method (FEM) and
Discrete Element Method (DEM)), the MD method helps address specific problems or principles of
atoms or materials, and also, a specific property can be studied by altering specific contributions.
Moreover, the material behaviors or response can be analyzed under extreme conditions on a nanoscale.

Recently, three components of mixtures (asphaltenes, aromatics and saturates) were chosen to
represent the asphalt using MD simulation. In this reference model, 1,7-dimethylnaphthalene (C12Hjp)
and docosane (n-CHyg) were represented as naphthene aromatics and saturates, respectively [18].
Two kinds of asphaltene structures were used, and the density of each component was calculated
using the MD method. From the simulation results, there are still many differences between the test
and the simulation data in the calculations of the glass transition temperature and bulk modulus [18].
A new asphalt model with four components (asphaltenes, polar aromatics, naphthene aromatics and
saturates) was created, and the density and thermal expansion coefficient of the asphalt model were
calculated. The MD simulation results agreed with the laboratory data [19]. In addition, polystyrene
was added to this asphalt model for polymer modification analysis. The radial distribution functions
g(r) of components of the asphalt model were computed [19]. The MD simulation was also recently
applied to study the self-diffusivity properties of asphalt binders. The effect of healing on the fatigue
performance of binders was studied, and the MD model of an asphalt binder was created to predict the
healing effect. The self-diffusion effect caused the binder molecules to flow across the crack interface.
The correlation between the length and branching of molecules and self-diffusion of asphalt molecules
was investigated [20]. The relationship between the asphalt and aggregate was established and the
asphalt-quartz structure model of the interface was used in the system. The Consistent-Valence Force
Field (CVFF_aug) was considered in this simulation to characterize the inter-atom interactions [21].
Based on a literature review, few researchers used MD to simulate modified asphalt and studied the
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physical properties of modified asphalt models in engineering disciplines. Graphite has a high thermal
stability, high electrical conductivity, good self-lubricating and dry lubricating properties. The graphite
was used to modify asphalt binder, and thermal conductivity and anti-aging properties improved
after the addition of graphite in the asphalt binder [22,23]. Due to these improvements, in this study,
the common multi-layer graphite model was adopted, and the components of the control asphalt
model was composed of asphaltenes, saturates and aromatics. The Amber Cornell Extension Force
Field (ACEFF) was developed and used to simulate the asphalt modified with exfoliated multi-layered
graphite nanoplatelets (xGNP).

Step 1: initial positions =% and velocities v({=%

for atoms. set @ =0, =0, i = 0, timestep At

Step 2: after atom movements, location update: r¥ = ri+
viar + %aﬂ!z + accurate terms, velocity update:

vP = VU 4 gAt + accurate terms ‘
Step 3: force/energy calculations: F = —Fv(rP)or F =

F(W@P))anda=F/m

Step 4: after atom movements, location update: r'*1 =
rP + f(a,At), velocity update: v(*1) = vP + f(a, At)

Step 5: Apply boundary conditions, temperature and
pressure control. Time integration and iteration step:
t=t+At, i =i+ 1. Repeat step 2 until the acceptable
results are obtained.

Figure 1. Computation algorithm of Molecular Dynamics (MD) simulation.

1.3. Objectives and Sections

The objectives of this study are to use the MD method to simulate and compare the properties of
the XGNP modified and control asphalt model. The three-component control asphalt model consists
of asphaltenes, aromatics, and saturates based on previous work [24]. The MD simulation and
optimization methods were described in Section 2, as well as the force field. The common multi-layer
graphite model was incorporated in the XGNP modified asphalt model to represent the XGNP modifier.
The Amber Cornell Extension Force Field and Electrostatic Potential (ESP) charges were assigned
to the components of the control and modified asphalt models, as described in Section 3. Different
properties of the asphalt models were computed including the density, glass transition temperature
(Tg), viscosity and thermal conductivity. The MD simulation data of the control and modified models
and their laboratory results were compared in Sections 4-6.

2. Force Field and Optimization Methods

2.1. Classical MD Simulation Methods

Different ensembles can be used in the MD method, including the Microcanonical ensemble
(NVE ensemble), Canonical ensemble (NVT ensemble), Isothermal-isobaric ensemble (NPT ensemble),
Isoenthalpic-isobaric ensemble (NPH ensemble), and Generalized ensembles [25]. For instance, in the
NVE ensemble, the number of moles (N), volume (V) and energy (E) in the isolated system are not be
changed. The system experiences the adiabatic process and no heat exchange would occur.
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2.2. Force Field

A force field, presented as parameters of mathematical functions in molecular mechanics, was
used to describe the energies of the atoms. Force field parameters and functions are obtained from
experimental tests and quantum mechanical calculations. Many force fields were developed and
introduced by researchers, such as the Chemistry at HARvard Molecular Mechanics (CHARMM)
Force Field [26], Assisted Model Building and Energy Refinement (AMBER) Force Field [27],
Condensed-phase Optimized Molecular Potential for Atomistic Simulation Studies (COMPASS) Force
Field [28], Optimized Potential for Liquid Simulation (OPLS) Force Field [22] and DREIDING Force
Field [29]. In this study, the Amber Cornell Extension Force Field (ACEFF) was used to define the
movement in the molecular system based on the Amber Cornell Force Field [30], and the experimental
parameters in this force field were referenced from the General Amber Force Field (GAFF) [31].
The formula is shown in Equation (1).

2 2
Etatal = Zhonds K; (1’ - rﬁ[]) + Zangles K0 (9 - 91311) + ( )
A Ajj Bij | qig; 1
Lainedrals 3 [1+ cos(ng — )] + Licj[zh — 7t + R,
if if

where r; and 6, are the equilibrium structural data from an X-ray test; K is the force coefficient
determined by linear interpolation between the single and double bond values; Kj is the force
coefficient from vibrational analysis of a simple sp2 atom; n is the multiplicity for dihedrals; v is
the phase angle for the torsional angle parameters; A, B and g are the non-bonded potentials between
atom pairs; R;; is the distance between the atoms; and € is the well depth for van der Waals energy.

2.3. Optimization Methods

When the molecular systems are built, energy optimization and data smoothing are required to
optimize the molecular systems and output results, respectively. These procedures help the researchers
understand more about the systems. The following methods were used in this study.

(1) Conjugate Gradient Method

The conjugate gradient method is a kind of iterative algorithm to solve the partial differential
equations. The solutions for unconstrained optimization problems like energy minimizations were
also developed by Hestenes and Stiefel [32]. The formula is shown in Equation (2). The iterative
method was essential and required for energy optimization (lowest energy) of large system, and an
initial guess at the solution was the start of the iteration approach. The iterative method does not
provide the exact solution, but can improve the approximation after a certain number of iterations.
This function was also restricted by computational resources.

flx)= %xTAx — xTb, x € R" (iterative method) ()

where A is symmetric, positive and real; b is a known coefficient; and vectors n and T are non-zero.
(2) Particle-Particle-Particle-Mesh Method (PPPM)

The Particle-Particle-Particle-Mesh Method (PPPM or P?M) is used to compute long-rang
electrostatic force, which can be divided into two parts: short- and long-range interparticle forces [33].
Short-range interactions are computed from the particle-particle (PP) calculation, and the long-range
interactions are processed by the particle-mesh method [34]. The formula is shown in Equation (3).
During the energy or force calculation in the system, the particles normally are forced to occupy a low
spatial resolution, and it may cause errors in the results. The PM method is designed to calculate
potential through a direct sum for particles. The PM method was adopted to consider the speed and
accuracy of simulations in this study.
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Fj=FJ +F} 3)

where Fj; is the interparticle forces in the system; Ffj’ is the rapidly varying short-range component;
Fl’j” is the slowly varying component.

3. Model Generation

Based on previous work of the authors [24] and reference [18], three components were used in
the control asphalt including the asphaltenes, aromatics, and saturates at a ratio of 5:27:41. The ratio
of asphaltenes, aromatics and saturates was cited form the reference [18], and this ratio (asphaltenes,
aromatics and saturates at 5:27:41) in the asphalt model was based on the asphaltene mass fraction
(20.7 wt%) and alkane/aromatic carbon ratio (59.6 wt%, 19.7 wt%; wt% is weight percentage) [35]. The
1,7-Dimethylnaphthalene [36] (Figure 2a) and docosane [37] (Figure 2b) were used to represent the
aromatics and saturates, respectively. 1,7-Dimethylnaphthalene (C1,H;j,) was reported by Zhang [18]
and Groenzin [36] based on the ratio of alkane and aromatic in the asphalt. The docosane (Cp2Hye) was
reported by Zhang [18] and Kowalwski [37] based on the properties (melting and boiling points) of
docosane and saturates. The asphaltene structure (Figure 2c) is from the references [18,38], C¢4Hs5255.
In addition, the ESP was calculated and assigned to the components by NWChem. The control asphalt
model was built through the compression of three components with NPT ensemble, and running time
is around 1 ns. The start density of the control asphalt system is around 0.1 g/cm?, and the target
density is 1.0 g/cm3, which is similar to that of the real asphalt. The low start density is good for
relocations of atoms or components of systems during the energy optimization. Based on the previous
property calculation of the asphalt model with the same components [18,24], the properties of the
asphalt model are similar to those of the real asphalt tested in the laboratory. In this study, the ACEFF
and ESP were assigned in the MD systems, and it is expected that the improvement of properties will
be observed during the calculations. Therefore, the control asphalt model with ACEFF was generated
to represent the control asphalt PG 58-28.

In the laboratory tests, the modifier, XGNP graphene nanoplatelets, used in this study is produced
by XG Sciences Inc., and its micro-image (Figure 2d) was obtained by the field emission scanning
electron microscope (FE-SEM). The distance between the graphene layers is around 3.35 A, and the
mole mass content of XGNP nanoplatelets in the modified asphalt is 2% by the weight of the control
asphalt. During the preparation of xGNP modified asphalt in the laboratory, 2% xGNP multi-layer
graphite particles were slowly added in the asphalt matrix at the temperature of 145 °C. The modified
asphalt was sheared in the high shear machine for two hours to ensure that particles were well
dispersed. Similarly, in the simulation test, the common multi-layer graphite model (Figure 2e) was
used to represent the XGNP nanoplatelets, and 2% XGNP nanoplatelets by the weight of control model
were randomly added to the control model. Mass mentioned in this study is based on 1 mole of the
simulation box. The xGNP model with four layers was placed in the control asphalt model, and NPT
ensemble was employed to compress the modified system. The XGNP modified asphalt model was
generated and is shown in Figure 2f. The composition of the modified asphalt system is shown in
Table 1. Different optimization methods mentioned above, the conjugated gradient method and the
PPPM method, were adopted during the energy optimizations. The optimized system with the lowest
energy was stable for calculations.

Table 1. The composition of xGNP modified asphalt system.

Modified Asphalt Mass Sum Number of Number of Number of Total Ma§s
Model (g/mol) Formula Atoms per Bonds per Molecules Mass (g) feaction

Molecule Molecule (%)

Asphaltene 88523  CeuHsS 118 132 20 17,704.59 20.25

1,7-Dimethylnaphthalene 156.22 CipHip 24 25 108 16,872.16 19.30

Docosane 310.6 CooHyg 68 67 164 50,938.50 58.30

XGNP 472.53 CsgHig 54 65 4 1890.13 215

Modified asphalt model - - - - 296 87,405.39 -
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Figure 2. SEM image of multi-layer xGNP particles, structure of multi-layer xGNP model, components of
control asphalt model and XGNP modified asphalt model. (a) The structure of 1,7-Dimethaylnaphtalene;
(b) the structure of docosane: white color for hydrogen atom; grey color for carbon atom; (c) The structure
of asphaltene: white color for hydrogen atom; grey color for carbon atom and yellow color for sulfur
atom; (d) FE-SEM image of multi-layer xGNP nanoplatelets; (e) Multi-layer graphite model: white
color for hydrogen atom; grey color for carbon atom; (f) Molecular structures of xGNP modified asphalt
model: white color for hydrogen atom; grey color for carbon atom and yellow color for sulfur atom.
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4. Physical Properties of the Control and xGNP Modified Asphalt Models

4.1. Density

When the control asphalt and modified asphalt models were generated using molecular dynamics,
the densities of these models were computed at the conditions of room temperature and standard
atmosphere pressure to evaluate the molecular model. The LAMMPS and optimization methods
mentioned above were used to conduct the experimental MD simulations. The NPT ensemble
simulations were employed to compress or relax the unit cell. The temperatures, pressures, and
densities of the control and XGNP modified asphalt models are shown in Figure 3.
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Figure 3. Density curves of the control and XGNP modified asphalt models. (a) Temperatures in
the XGNP modified asphalt system through these steps; (b) Pressures in the xGNP modified asphalt;
(c) Densities of the control and XGNP modified asphalt systems system through these steps; (d) Densities
of the control and xGNP modified asphalt systems at different temperatures.

Figure 3a,b show the temperatures and pressures in the control and modified asphalt systems
under the NPT ensemble. The systems were run more than 1 ns to be stable and optimized. Some of
the results with the simulation steps are shown in Figure 3. The data were fitted by a Savitzky-Golay
filter [39] (a kind of generalized moving average) with a span (a parameter to control the average)
of 10%. The temperatures of the control and xGNP modified asphalt are close to 298 K during these
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steps, and the pressures fluctuate around 1 atmosphere (atm). Meanwhile, it is interesting to note
that the data fluctuation of the control model is obviously greater than that of the modified asphalt
model due to the difference in the molecular number. The fluctuated data range varies with a 1/+/N
variation based on the baseline of the moving average, where N is the number of molecules in the MD
system [40]. Figure 3c shows densities of the control and XGNP modified asphalt systems, and the
data was fitted by a Savitzky-Golay filter [39] with a span of 10%. The densities of the xGNP modified
asphalt system are larger than those of the control asphalt model. It is reasonable that the addition of
XGNP particles in the control system increases the density of the modified system. It is apparent that the
density data amplitude of the control system is larger than that of the XGNP modified asphalt model,
as well as the stability, due to their being more molecules. In addition, the densities of the control and
XGNP modified asphalt systems are also close to the laboratory (0.95 g/cm?3-1.05 g/cm?) [18,40,41]
and reference data [18]. Therefore, the modified asphalt model can be deemed reasonable by obtaining
a comparable mass density. Figure 3d displays the density curve of the control and xGNP modified
asphalt with different temperatures, which range from 233.15 K to 443.15 K. The densities of the asphalt
models decrease with the increase in temperature, and the density of xGNP modified system is slightly
greater than that of the control model under different temperatures. Meanwhile, the density trends
of the control and xGNP modified models are similar to that of the reference model [18]. In addition,
the data fluctuation amplitude of XGNP modified model is smaller than that of the control system.

4.2. Glass Transition Temperature

The glass transition temperatures (Tg) of materials are influenced by their components, and the
addition of a new component in the material results in a difference in the glass transition temperature.
The formula [42] of the glass transition temperatures of composite materials is shown in Equation (4).
The asphalt transfers from the viscoelastic state to a brittle one. The internal stress increases and thermal
energy are insufficient below the glass transition temperature in the materials. Therefore, the glass
transition temperature is an important parameter or property for amorphous materials, and it should be
low for a good low-temperature performance [42]. The glass transition temperature is the temperature
where two asymptotes intersect on the specific volume-temperature curve. In the laboratory, the glass
transition temperature of materials can be tested by differential scanning calorimetry (DSC). In this
MD simulation study, the control and xGNP modified asphalt systems were relaxed under the NPT
ensemble with a temperature range of 233.15 K-443.15 K. The specific volumes of these systems were
calculated and the glass transition temperatures of the models were determined. The MD simulation
results of the control and xGNP modified asphalt models are shown in Figure 4.

1 wi

T, )y Ty @
where Tg and Tg; are the glass transition temperature of the composite material and its component,
respectively; and w; is the mass fraction of the component.

Figure 4a or Figure 4b shows the specific volumes of the control system or XGNP modified asphalt
model, respectively. Figure 4c shows the specific volumes of both control and XGNP modified asphalt
models. The specific volumes increase with the increasing temperatures of the models. The glass
transition temperature of the control asphalt model is around 300 K [24]. As shown in the Figure, it is
deduced that the Tg of the XGNP modified asphalt system is around 250 K. Based on the laboratory
data in the reference [43], the Tg of asphalt ranges from 223 K to 303 K. The Tg of the modified asphalt
model is within the laboratory data range, and it is also better than the reference data [18] (298 K-358 K)
of the asphalt model. In order to get better thermal relaxation in the asphalt, a low Tg of asphalt is
expected. Figure 4d shows the comparisons of glass transition temperatures of the references and MD
simulations. The glass transition temperatures of the Strategic Highway Research Program (SHRP)
asphalt binders are all around 250 K [42], including SHRP asphalt AAA-1, AAB-1, AAC-1, AAD-1,
AAF-1, AAG-1, AAK-1 and AAM-1. The Tg of xGNP modified asphalt model is close to the glass
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transition temperatures of SHRP asphalt binders. Therefore, the Tg of XGNP modified asphalt is
reasonable and better than the results of the control [24] and reference asphalt models [18].
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Figure 4. Specific volumes and temperatures of the control and XGNP modified asphalt systems.
(a) specific volumes of the control asphalt system: amplified section to show the Tg temperature with
asymptotes intersect for control asphalt model; (b) specific volumes of the xGNP modified asphalt
system: amplified section to show the Tg temperature with asymptotes intersect for modified asphalt
system; (c) specific volumes of the XGNP modified and control asphalt system; (d) Glass transition
temperatures of different asphalt types and models: the data of the glass transition temperature of
different binders is from the reference [18,24,42]: 248.55 K for AAA-1 binder, 252.25 K for AAB-1,
253.75 K for AAC-1, 249.15 K for AAD-1, 253.95 K for AAF-1, 265.35 K for AAG-1, 252.55 K for AAK-1,
252.35 K for AAM-1, which were tested by Usman (1997) [42]; 300 K for control asphalt model which
is from the MD simulation by Yao at al. 2016 [24]; and temperature range from 298.15 K to 358.15 K
for the reference model from MD simulation by Zhang and Greenfield [18]; Tg temperature of XGNP
modified asphalt model is 250 K.
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5. Rheological Properties of the Control and xGNP Modified Asphalt Models
5.1. Viscosity Measurement Method and Results

Dynamic shear viscosity is an important parameter of fluids to measure the resistance to gradual
deformation induced by shear stress. If the shear speed caused by the external force is appropriate,
the fluid particles move parallel to the particles sheared. The speed varies linearly from the sheared

layers to different layers. The resistance between these layers is caused by friction. The formula to
calculate viscosity is shown in Equation (5).

_Fy
1=, )

where F is the applied force; A is the area of the plate; 7 is the dynamic shear viscosity; and u/y is the
shear gradient.

During the construction of asphalt pavement, the viscosity determines the mixing and compaction
temperatures, which relates to the pump ability, mix ability and workability of asphalt. Based on
the American Society for Testing and Materials (ASTM) D4402, the Brookfield DV-II plus viscometer

(Figure 5a) was selected to test the viscosity of asphalt in the laboratory. The viscosity test results are
shown in Figure 5b.
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Figure 5. Laboratory results of viscosity of the control and xGNP modified asphalt binders.

(a) Brookfield DV-II plus viscometer for testing viscosity of asphalt; (b) viscosities of the control
(PG 58-28) and xGNP modified asphalt binders.
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From the test data, the viscosities of the xGNP modified asphalt binder (light blue line, Figure 5b)
are higher than those of the control asphalt binder (red line). It indicates that multi-layer XGNP
particles increase the viscosity of the modified asphalt binder. In addition, the viscosity decreases with
the increase in temperatures of the asphalt binder. Exponential trends were also observed in the test
data. The MD simulation for viscosity of the asphalt binder model was discussed in the following
Section 5.2.

5.2. MD Viscosity Aimulation Methods and Results

In the MD experimental simulation, there are four common methods to calculate the dynamic
shear viscosity in the MD systems [16]: (1) a non-equilibrium MD (NEMD): the unit cell is sheared
by “fix deform” and the temperature is controlled; (2) a NEMD: the viscosity is computed through
the velocity and pressure in the systems; (3) a reverse non-equilibrium MD (fNEMD): the momentum
flux is transferred between different layers in the unit cell through the Muller-Plathe algorithm;
(4) equilibrium MD (EMD): the Green-Kubo (GK) formula is used to compute the viscosity, and
continuous momentum flows are applied in the unit cell.

In this MD study, the Muller-Plathe method was used to calculate the viscosities of the control and
xGNP modified asphalt systems. The unit cell of asphalt models was split into 20 layers. The viscosity
calculation is shown in Equation (6). During the calculation of viscosity in the MD simulation, unit
conversion is needed. The viscosity unit in the MD simulation is gram/mol/angstrom /femtosecond,
but the unit in the laboratory test is kilogram /meter/second. Avogadro’s constant is used to convert
from microscopic to macroscopic states. In addition, the momentums transferred in the control and
xGNP modified systems at the temperature of 443 K are shown in Figure 6a. The viscosities of the
control and XGNP modified asphalt systems at a temperature of 423 K are shown in Figure 6b,c.
The MD and laboratory viscosity results of the control and xGNP modified asphalt systems at different
temperatures are shown in Section 5.4.

Py

. 0wy ) _
J=(px) = e and j(px) = 5 (6)

where 7 is the dynamic shear viscosity; % is the shear rate; j(py) is the input momentum flux; Py is
the input momentum; ¢ is the simulation time; A = LyLy, Ly is the length of unit cell in the x direction;
and Ly is the length of unit cell in the y direction.
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Figure 6. Viscosity test and MD calculation for the control and xGNP modified asphalt systems.
(a) Momentum transferred in the control and XGNP modified asphalt binder systems at the temperature
of 443 K; (b) Viscosities of the control and XGNP modified asphalt binder systems at the temperature of

423 K; (c) Viscosities (from 0 to 500 cp) of the control and xGNP modified asphalt binder systems at the
temperature of 423 K.

Figure 6a displays the momentum transferred in the control and xGNP modified asphalt binder
systems at a temperature of 443 K, as well as some of the results from different temperatures for
repeatability. The momentum transferred in the XGNP modified asphalt binder model is more than that
of the control model. The temperatures in the control asphalt binder model fluctuate more than those
of the xGNP modified asphalt binder model due to there being fewer molecules. The temperatures
are also around 443 K, and do not have large variations. It indicates that more molecules in the MD
system lead to less data variation and a stable structure of materials. It coincides with the conclusion
that the vibrating range of MD data is withina 1/ /N variation [40] (N is the number of molecules in
the system). Figure 6b,c demonstrates the viscosities of the control and xGNP modified asphalt binder
systems at a temperature of 423 K, and it is also part of data analysis under different temperatures.
The temperature fluctuation of the control model is larger than that of XGNP modified asphalt binder
model due to fewer molecules compared to XGNP modified asphalt binder system. The temperatures
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are also centered at 423 K with a 20 K variation. It coincides with the temperature setting of simulations.
Furthermore, the statistical analysis of viscosities of the control and XGNP modified asphalt models
was performed to analyze the distributions of viscosity data in MD simulation.

5.3. Statistical Analysis for Viscosities of the Control and xGNP Modified Asphalt Models

The variation of data in the viscosity calculation is observed in the last section. The statistical
analysis was used to better understand the data distribution, and it is also good for describing and
reproducing the data. It is well known that many experimental or observational data arising in
engineering is shaped by a lognormal distribution due to its various appealing properties. If a random
variable x follows a lognormal distribution, the random variable Y = log(X) is distributed as a normal.
The probability density function (PDF) of a lognormal distribution with parameters p and o is given by

1 _Gogr—p?

flx) = e u? @)

xo\/2m

where x > 0, —0c0 < p < oo,and ¢ > 0. In this study, we consider the lognormal distribution, because
it provides heavier tails compared with the normal one and is thus more flexible to experimental data
when studying robustness to outliers. Due to large variations of data from 7.375894 to 53,239.325870,
we consider the more appropriate fits based on data ranging from 0 to 300, and from 0 to 500.
The parameter estimates of yand o with their standard errors in parenthesis are presented in Table 2.
The histograms with the fitted lognormal distributions are depicted in the top two figures (Figure 7).
It can be seen from the two figures that with different choices of truncations, the lognormal distribution
provides more flexible fits to XGNP data. A similar conclusion can also been drawn for the fitness of
the lognormal distribution to control data (Figure 7). Consequently, we may conclude that the data
departure from the lognormality is acceptable or slight, the lognormal distribution is a more robust
and flexible model, allowing a better fit as shown above.

Table 2. Parameter estimates of y and o with their standard errors.

Type H [
XGNP (<500) 3.81542596 (0.01393144) 0.85901818 (0.00985102)
Control (<500) 3.01951678 (0.01529361) 0.95801986 (0.01081422)
Note: xGNP: viscosity data of the XGNP modified asphalt model; Control: viscosity data of the control modified
asphalt model.
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Figure 7. The histogram with the fitted lognormal distributions (the right plot for xGNP data, and the
left plot from Control data; Bars represent the MD simulation data, and the red lines represent fitted
lognormal curves; the data number in x-axis represents the viscosities of the asphalt binder model
(viscosity unit: cp), and the distribution density was shown in y-axis; “control” in this figure means
“control asphalt binder model” and “xGNP” means “xGNP modified asphalt binder model).
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5.4. Comparison of Viscosity Predictions of the Control and xGNP Modified Asphalt Models

Based on the data analysis from the MD simulation and laboratory data, the viscosity data
between the control and xGNP modified asphalt binder models was compared and analyzed, as well
as the experimental results. The exponential regressions were used to fit the viscosity data of the
control and xGNP modified asphalt binder models. The comparisons between the control and xGNP
modified asphalt binder models were conducted, as shown in Figure 8, including the reference data.
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Figure 8. MD viscosity results of the control and xGNP modified asphalt binder systems.

Figure 8 shows the viscosities of the control and xGNP modified asphalt binder models.
The viscosities of MD simulations were averaged from the calculations under each separate
temperature. The MD simulation viscosities of the xGNP modified asphalt binder model (red line in
Figure 8) are also higher than those of the control asphalt binder model. It is similar to the trend in
the laboratory data. The exponential trends are observed to be fitted for the MD simulation results
due to the same trend in the laboratory data [44]. In this figure, it is obvious that the viscosities of the
control and xGNP modified asphalt binder models are higher than those of the reference models [19]
(0.65 cp and 1.35 cp at 443.15 K) using Green-Kubo and Einstein (Ein) EMD methods. The relatively
flat line is observed in the viscosity data of the control asphalt binder model, and the viscosity results
(92.47 cp and 80.13 cp) at 423.15 K and 443.15 K are close to the laboratory data (155.0 cp at 423.15 K
and 95.0 cp at 438.15 K in Figure 5b) at two different temperatures for the control asphalt binder
model, respectively. It is noticed that there is some improvement between viscosities of the control
asphalt binder model (Figure 8) and the asphalt model in the reference [24]. Furthermore, for the
xGNP modified asphalt model, the viscosities (452.42 cp, 195.98 cp and 108.96 cp) at 403.15 K, 423.15 K,
and 443.15 K, respectively, are very close to the laboratory data (530.0 cp, 270.0 cp and 122.5 cp).
The viscosity simulation results of the XGNP modified asphalt binder system are better than those
of the control asphalt binder model, and the trend in viscosity of the xGNP modified asphalt binder
model is similar to that of the laboratory data. With regard to this improvement, it is caused by the
increase in the molecular number in the XGNP modified asphalt model compared to the control asphalt
model. It is also an improvement to use the Muller-Plathe method to calculate the viscosity of the
asphalt binder model, as well as the optimization methods used in the simulations. It is expected
that more molecules in the MD asphalt system improve the accuracy of data prediction. Therefore,
the viscosity calculation of MD simulations in the XGNP modified asphalt system with the Amber
Cornell Extension Force Field provides a better prediction using the Muller-Plathe method compared
to the results of the references [19] and the control asphalt model.
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6. Thermal Property of the Control and xGNP Modified Asphalt Models

6.1. Thermal Conductivity Measurement Methods and Results

The thermal conductivity is a kind of measure of materials to transmit the heat energy in a
diffusive manner based on Fourier’s law. The materials with a high thermal conductivity are applied
to the heat sink, and the materials with a low thermal conductivity are manufactured for thermal
insulation. In the laboratory, the XGNP modified asphalt was mixed with ultrasonic stirring during the
process of high shear so that the XGNP particles can be homogenously dispersed in the asphalt matrix.
The thermal properties” analyzer (KD2 Pro) was employed to measure the thermal conductivity of
asphalt based on the transient line heat source method [45]. The asphalt was placed in the glass tube
as shown in Figure 9a,b, and the single needle TR-1, with a 2.4 mm diameter and 60 mm length, was
used to test the thermal conductivity. During the heating and cooling processes, the temperature-time
relationship is monitored by the sensor located in the needle. The thermal conductivity is calculated
with the parameters from the fitted curve for temperature-time. The formula for thermal conductivity
is shown in Equation (8). The thermal conductivities of asphalt under different temperatures in the
laboratory are shown in Figure 9c.

T = mg + mat + mzlnt (Heating process) ®
q

T = my + mpt + mglnﬁ (Cooling process) and k = -

where m( and m; are the ambient temperatures in the heating and cooling processes, respectively;

my is the rate of drift of the background temperature; m3 is the slope of a line relating temperature rise
to the logarithm of temperature; g is the heat input and k is the thermal conductivity.

=

(b)

Figure 9. Cont.
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Figure 9. Thermal conductivity test apparatus and results. (a) KD2 Pro thermal conductivity tester in
the laboratory; (b) the chamber for temperature control in the thermal conductivity test; (¢) Thermal
conductivity results of the control and XGNP modified asphalt binders.

Figure 9a,b display the KD2 Pro thermal conductivity apparatus and the temperature control
chamber used in the laboratory, respectively. Figure 9c demonstrates the thermal conductivity results
tested in the laboratory. The thermal conductivity of the control asphalt binder at room temperature
is 0.148 W/m-K, and it is close to the reference data of asphalt [22] (0.170 W/m-K). The thermal
conductivity of the XGNP modified asphalt binder at room temperature is 0.226 W/m-K, and it is
near to the reference data [22] from 0.396 W/m-K to 0.934 W/m-K with different amounts of graphite
(different types from the multi-layer graphite used in this study). Through the test results, the addition
of XGNP particle increases the thermal conductivity of the asphalt binder. It is likely that high thermal
conductivity of XGNP particles (around 3000 W/m:-K) enhances the thermal transfer in the asphalt
binder matrix based on the thermal conductivity data of xGNP particles from xgsciences.com [46].
It can also be expected that the light absorption is improved after the addition of XGNP particles in the
asphalt binder.

6.2. MD Simulation Methods and Results

In the MD simulations, there are four methods to compute the thermal conductivity for MD
systems: (1) NEMD: energy is applied to the hot region, and an equal amount of energy is subtracted
from the cold area in the simulation cell. The heat flux is monitored between different temperature
layers; (2) NEMD: Energy is added or subtracted in two regions, and the temperature difference of the
intermediate region is monitored; (3) INEMD: The kinetic energies of two atoms in different layers are
swapped, and the temperature gradient is monitored; (4) EMD: the heat flux can be computed from
the fluctuations of per-atom potential and kinetic energies, as well as the stress tensor. It is common
in NEMD (non-equilibrium MD) for calculating the thermal conductivity of systems to impose the
temperature gradient and the responded heat flux is measured. However, a reverse non-equilibrium
MD (rNEMD) algorithm is used in the Muller-Plathe method [47]. The heat flux is applied in the
system and the temperature gradient is measured. When the heat flux is imposed in the simulation
cell, which is divided into N slabs (N is an even number, 20 was used in this study) with identical
thickness. Energy transfer (Figure 10a) is produced from hot to cold slabs through the z-direction and
it causes the temperature difference (Figure 10b) between these two slabs. Velocity exchange occurs
in two particles, and the energy conservation is satisfied. The formulas for thermal conductivity and
heat flux are shown in Equation (9). In addition, the Avogadro constant was used to complete the

26



Appl. Sci. 2017, 7,43

unit conversion due to different scales from microscopic to macroscopic states based on Equation (9).

The mass/volume effect in the MD simulation was also considered in the unit conversion. The results

of thermal conductivity of the XGNP modified and control asphalt binder models are presented in

Figure 10c.

Ztransfers % (viat B z;zald) 9
2L L, (9T /02) ©)

J=—-AVTand A = —

where VT is the temperature gradient (scalar) in the simulation cell; ] is the energy transferred (scalar)
through the surface of layers; A is the thermal conductivity; ¢ is the simulation time; vy, is the velocity
of the hot particle; v, is the velocity of the cold particle; m is the identical mass of particles; Ly is
the length of the simulation box in the x-direction; and Ly is the length of the simulation box in the
y-direction; and 9T /9z is the temperature gradient in the z-direction.
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Figure 10. Thermal conductivity calculations in the MD simulations. (a) Cumulative delta energies of
the control and XGNP modified asphalt binder systems at a temperature of 298.15 K; (b) Temperature
difference of the control and xGNP modified asphalt binder systems at a temperature of 298.15 K.
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Figure 10a shows the cumulative energy input in different molecular binder systems at a
temperature of 298.15 K. The control asphalt binder system has a relatively low energy input in
contrast to the energy of the xGNP modified asphalt binder system due to the small number of
molecules and low volume in the control binder system. The energy of the xGNP modified asphalt
binder system is four times greater than that of the control asphalt binder system, and it is the
same as the mass ratio of the XGNP modified asphalt binder system to the control binder system.
The temperature variation of the xGNP modified asphalt binder model is also lower than that of
the control binder system due to the large number of molecules. Figure 8d shows the temperature
difference in different asphalt binder systems after the input of the heat flux at a temperature of
298.15 K. The variation in the temperature difference of the XGNP modified binder model is less than
that of the control binder model, as well as the temperature variation in the MD simulation. It is
likely that more molecules in the system result in better stress and heating responses and produce a
stable system. The cumulative energy and temperature difference of the control and XGNP modified
asphalt binder models at different temperatures were calculated using MD simulations, and based
on Equation (9), the thermal conductivity results of the asphalt binder models are shown in Figure 11
(next section).

6.3. Comparison of Thermal Conductivity of the Control and xGNP Modified Asphalt Binder Models

Figure 11 demonstrates the thermal conductivity results through MD simulations. The addition
of XGNP model in the asphalt binder model increases the thermal conductivity of the modified asphalt
binder model. It is consistent with the laboratory data. It is reasonable that the thermal conductivity
of the control and xGNP modified asphalt models at room temperature is around 0.275 W/m-K and
1.146 W/mK, respectively, compared to the reference data of graphite modified asphalt binders [22]
from 0.396 W/m-K to 0.934 W/m-K. There is an insignificant difference between the laboratory
data and MD simulation results. The XGNP particles in the control binder improves the thermal
conductivity of the modified asphalt binder from the experimental data. The same trend of thermal
conductivity is also observed in the data from the MD simulation after the addition of the multi-layer
graphite XGNP model in the control asphalt binder model. The thermal conductivities of the control
and xGNP modified asphalt binders increase with the increase in temperatures of the experimental
tests, and the thermal conductivities of the control and xGNP modified asphalt binder models also
increase by increasing the temperatures of the systems. However, there are minor differences between
the experimental data and MD simulation results. There may be a few reasons for this: (1) in the
preparation of the samples and laboratory testing, the XGNP particles in the modified asphalt were not
perfectly dispersed in the tested area due to the mixing method and not due to operational errors, and
this causes inhomogeneous heating of the modified asphalt during testing; (2) the test area for thermal
conductivity is relatively small; (3) the multi-layer graphite xGNP model does not fully represent the
XGNP particles in the asphalt binder matrix for the calculation of thermal conductivity, and there are
some improvements needed for models of XGNP particles and asphalt binder. After the analysis of
laboratory and MD data, it is confirmed that XGNP particles can improve the thermal conductivity
of asphalt, and the multi-layer graphite xGNP model can also enhance the thermal conductivity of
the control asphalt binder model. The trend in temperature versus thermal conductivity of the MD
simulation results is the same as the trend in the experimental data.
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Figure 11. Thermal conductivity results of MD simulations.

7. Discussion and Conclusions

The MD model of multi-layer graphite XGNP nanoplatelets was created and used for the
investigation of the effect of modification on the control asphalt binder model. The control asphalt
binder model was composed of three components: asphaltenes, aromatics, and saturates at a certain
ratio. The xGNP modified asphalt binder model was generated from the addition of the xGNP model
in the control asphalt binder model. The conjugate gradient method and PPPM were used for energy
optimization, and the Savitzky-Golay filter was used to smooth data. The Amber Cornell Extension
Force Field and ESP charge were used in these asphalt models, and the physical properties of the
MD binder models were calculated including density, the glass transition temperature, viscosity, and
thermal conductivity. The following conclusions may be made.

(1) The densities of these asphalt binder models were computed, and the addition of the
multi-layer XGNP model increased the density of the XGNP modified binder model compared to
that of the control binder model. The molecular number in MD systems significantly affects the data
variation for density calculation. The density of MD asphalt binder systems decreases with the increase
in temperatures.

(2) The glass transition temperature of the XGNP modified asphalt binder model is around 250 K,
and it is better than the results of the reference, 298 K-358 K [18]. This glass transition temperature
is better than previous results (around 300 K [24]) for the control asphalt binder model, because it is
the same as the glass transition temperature of SHRP asphalt binders, around 250 K, from laboratory
results [42].

(3) The Muller-Plathe method was used to calculate the viscosity of the control and xGNP modified
asphalt binder models. The 20 layers in the MD asphalt models were separated for this calculation.
The addition of xGNP particles in the control asphalt binder matrix improves viscosities of the modified
asphalt at different temperatures, and the same effect of multi-layer xGNP models in the control asphalt
binder model was observed. Compared to the experimental viscosities of the xGNP modified asphalt
binder, the viscosities of the MD simulation is close to the experimental results at the temperatures of
403 K, 423 K, and 443 K. The relationship between viscosities and temperatures in the data of the MD
simulations is also the same as that of the laboratory results.

(4) The experimental data shows that the xGNP particles in the control asphalt binder increase the
thermal conductivity of the modified binder at room temperature. During the calculation of thermal
conductivity, the Muller-Plathe method was used in these MD simulations, and the multi-layer xGNP
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model in the control binder model also improves the thermal conductivity of the control binder model
at room temperature. The thermal conductivities of the control and XGNP modified asphalt binders
increase with increasing temperatures, and the same trend is observed in the data of MD simulations.

Therefore, the multi-layer xGNP graphite particles in the asphalt binder can improve viscosity
and thermal conductivity of the asphalt binder, and the XGNP model in the control asphalt binder
model can also enhance the density, glass transition temperature, viscosity and thermal conductivity
of the control binder model. It is obvious that the same trend of experimental data and MD results
is observed during the testing and MD calculations of different properties of asphalt. It is likely
that the xGNP particles can be utilized and generalized for pavement construction and heat sinks.
The contributions of this paper include (1) the use of the xGNP graphite particles to enhance the
performance of the asphalt binder; (2) the generation of the xGNP model for the modification of the
asphalt model; (3) the application of the Muller-Plathe method to compute the thermal conductivity of
the asphalt models; and (4) the use of the correlation analysis to reveal the linear relationship in MD
simulation data. In addition, more properties of the xGNP modified asphalt binder and its models will
be tested and calculated for future research.
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Abstract: The influence of organic additives (Sasobit and RH) and water on the adhesion of the
asphalt-aggregate interface was studied according to the surface free energy theory. Two asphalt
binders (SK-70 and SK-90), and two aggregate types (limestone and basalt) were used in this study.
The sessile drop method was employed to test surface free energy components of asphalt, organic
additives and aggregates. The adhesion models of the asphalt-aggregate interface in dry and wet
conditions were established, and the adhesion work was calculated subsequently. The energy
ratios were built to evaluate the effect of organic additives and water on the adhesiveness of the
asphalt-aggregate interface. The results indicate that the addition of organic additives can enhance
the adhesion of the asphalt-aggregate interface in dry conditions, because organic additives reduced
the surface free energy of asphalt. However, the organic additives have hydrophobic characteristics
and are sensitive to water. As a result, the adhesiveness of the asphalt-aggregate interface of the
asphalt containing organic additives in wet conditions sharply decreased due to water damage to
asphalt and organic additives. Furthermore, the compatibility of asphalt, aggregate with organic
additive was noted and discussed.

Keywords: surface free energy; adhesion; asphalt-aggregate interface; organic additive

1. Introduction

The compaction temperatures of hot mix asphalt (HMA) are usually above 160 °C, which
consumes a large amount of fuel energies and results in the emission of CO,. Warm mix asphalt (WMA)
technology has been generalized to the asphalt pavement industry for a few years. The warm mix
technologies can reduce the asphalt production temperature by as much as 30 °C. There are two widely
used warm mix technologies: adding organic additives and applying water foaming. In the water
foaming, due to the lower compaction temperature of WMA, water cannot be completely evaporated
out of aggregates. The remaining water can impact the adhesiveness of the asphalt-aggregate interface
and lead to moisture damage. Therefore, many researchers start to study problems of water damage
in WMA.

Currently, the theories for studying the adhesiveness of the asphalt-aggregate interface include
the molecular orientation theory [1], chemical reaction theory [2], surface free energy theory [3,4]
and molecular dynamics [5], etc. The surface free energy theory has been applied to research the
adhesion of asphalt-aggregate interface. The theory of surface free energy could be used to evaluate
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water damage and fatigue cracking of HMA [6]. The surface free energies between the asphalt and
aggregates were measured using the Wilhelmy plate and absorption methods, respectively, and
calculated the adhesiveness of asphalt-aggregate interface with and without water, and it was feasible
to use the surface free energy theory to analyze the water damage of HMA [7]. The surface free
energy components of asphalt-aggregate interface were analyzed by Wilhelmy plate and adsorption
methods, respectively, noting that the surface energy theory could be useful in analyzing water
damage in HMA [8]. The surface free energies between the asphalt and aggregates were tested
and the adhesion energy ratio was established to predict the adhesion of the asphalt-aggregate
interface [9]. The evaluation of the surface energy and moisture susceptibility of various combinations
of aggregates and asphalt binders were analyzed [10]. The adhesive properties could be used to
estimate adhesiveness of the asphalt-aggregate interface [11]. The asphalt-aggregate interaction
for moisture-induced damage mechanisms was studied using surface free energy and predicted
moisture-induced damage in HMA [12]. In 2010, the surface free energies of asphalt and aggregate
were tested, and the adhesion trends of asphalt-aggregate with and without water were analyzed and
calculated [13]. The adhesion models of additive (SAK)-asphalt-aggregate were established and the
adhesiveness was used to predict water damage of WMA [14]. The treatment of aggregate surface
with hydrated lime narrows down the energy difference under dry and wet conditions, and it helps
resist moisture damage [15]. Two different waxes and three kinds of aggregates were used to study the
physico-chemical surface characteristics between the aggregates and asphalt. The Dynamic Contact
Angle (DCA) and Dynamic Vapour Sorption Devices (DVSD) were used to measure and calculate
the components of surface energy. The analysis results indicate that the waxes can adversely affect
the adhesion between the aggregates and asphalt [16]. However, there are only a few studies to
predict the adhesiveness of organic additive-asphalt-aggregate under the dry and wet conditions
according to the surface free energy theory. In the paper, the adhesiveness of asphalt-aggregate and
organic additive-asphalt-aggregate systems with and without water is studied based on the surface
free energy theory.

2. Raw Materials and Methodology

The raw materials in this study include asphalt binder, aggregate, organic additives. Two types
of asphalt binders were used: SK-70 and SK-90. The organic additives were Sasobit and RH, and the
aggregates were limestone and basalt. The organic additive-modified asphalt was produced by adding
3% Sasobit and RH by weight of the base asphalt in the asphalt matrix. The sessile drop method
was conducted to test the surface free energy components of base asphalts, organic additives, organic
additive-modified asphalts and aggregates. After that, the adhesion models of asphalt-aggregate and
organic additive-asphalt-aggregate in dry and wet conditions were established, and their adhesion
works were calculated subsequently according to the surface free energy theory. Energy ratios were
established to evaluate the adhesion of asphalt-aggregate and organic additive-asphalt-aggregate
interfaces under dry and wet conditions. Finally, the influence of organic additives and water on
asphalt-aggregate adhesion was evaluated based on the adhesion works and energy ratios obtained.

3. Properties of Raw Materials

3.1. Base Asphalt

According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering of China (JTG E20-2011) [17], the properties of base asphalts, SK-70 and SK-90, were
measured, and the results are shown in Figure 1. In addition, three replicates for each test was adopted
in this paper.
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Figure 1. Properties of SK-70 and SK-90 asphalt (RTFOT: Rolling Thin Film Oven Test).

The Performance Grade (PG) classifications of SK-70 and SK-90 were evaluated based on
the results of the Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) tests of
the Strategic Highway Research Program (SHRP). The PG of SK-70 and SK-90 are determined to
be PG64-24.

3.2. Organic Additives

Sasobit is a WMA product of Sasol Wax, located in South Africa (CAS number: 8002-74-2). “RH”
is a kind of WMA additive, which is developed by the Research Institute of China Highway Ministry of
Transport. The properties of Sasobit and RH were analyzed, and the test results are shown in Figure 2.
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Figure 2. Properties of Organic Additives.

3.3. Organic Additive-Modified Asphalt

Four modified asphalts are processed by adding 3% Sasobit and RH (by mass of asphalt) into
base asphalts, respectively. Sasobit and RH organic waxes can be dissolved easily into base asphalts
at a temperature above 100 °C. In this paper, Sasobit and RH were blended into base asphalts at a
temperature of 120 °C and stirred manually for 15 min. The properties of organic additive-modified
asphalts were tested. The test results are shown in Figure 3.
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Figure 3. Properties of Organic Additive-Modified Asphalts, (a) Penetration, Ductility, Softening Point,
Kinematic Viscosity of asphalt binders; (b) Residual Penetration Ratio, Residual ductility, and Mass

Change of asphalt binders.

PG classifications of the four organic additive-modified asphalts are tested according to the DSR
and BBR tests of SHRP, and presented in Table 1.

Table 1. PG Classifications of Organic Additive-Modified Asphalts.

Items SK-70 and SK-90 Sasobit + SK-70 RH + SK-70 Sasobit + SK-90 RH + SK-90
PG PG 64-24 PG64-24 PG64-18 PG64-24 PG64-24

3.4. Aggregates

According to (JTG E42-2005) the Standard Test Methods of Aggregate for Highway Engineering
in China [18], the properties of limestone and basalt aggregates are tested. The specific gravities of
limestone and basalt aggregates are 2.667 and 2.655, respectively.
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3.5. Surface Free Energy of Raw Materials

There are many methods for testing the surface free energy of different materials, including the
capillary method, rings method, drop weight method, Wilhelmy plate method, sessile drop method,
atomic force microscopy and the nuclear magnetic resonance method. Little and Bhasin [19] measured
the surface free energy components of asphalt pavement materials using the sessile drop method.
Murat Koc et al. presented a sessile drop device for measuring the surface energy components of
both asphalt binders and aggregates [20,21]. In this manuscript, a sessile drop device is employed
to measure contact angles on the surface of raw materials. The surface energy components of raw
materials are calculated using the measured contact angles.

The test liquids are distilled water, glycerin and formamide. The surface free energy components [22]
of all test liquids are known in advance, as shown in Figure 4.

100

80
60
2 255
= 40 \
g 1 2.28
20 "1‘:3 92
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| BB ecten
. I
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20

O Distilled water @ Glycerin - 8 Formamide

Figure 4. The Surface Free Energy Components of Test Liquids (m]/m?) (Note: yL—the surface free
energy of test liquid; yL"W—the nonpolar part of the surface free energy of test liquid; yLAB—the polar
part of the surface free energy of test liquid; yL*—the acidic effect part of the surface free energy of test
liquid; YL~ —the basic effect part of the surface free energy of test liquid.).

The sessile drop method was conducted to test contact angles between the surface of the raw
materials and test liquids. Based on the simplified matrix formula of the Young-Dupre Equation
(see Equation (1)) [23,24] the surface free energy components of raw materials are calculated, as shown
in Table 2.

VIV ST T (Ltcosty)
T - 1 0,
VI rh Ve || Vi | = | ettt "

+ Y13 (14cos 03)
W ¥ - v 713(14cos03)
\/ 713 T3 713 ¢ 2

where 11, Y12, yY13—the surface free energy of distilled water, glycerin, and formamide, respectively;
YHY, 41V, vV —the nonpolar part of surface free energy of distilled water, glycerin, and formamide,
respectively; 77, 77, 7i;—the acidic effect part of surface free energy of distilled water, glycerin,
and formamide, respectively; 7,1, 7[,, 7 3—the basic effect part of surface free energy of distilled
water, glycerin, and formamide, respectively; 61, 6, 03—the contact angle between raw material and
distilled water, glycerin, and formamide, respectively; the rest of the parameters are the same as above.
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Table 2. Surface free energy components of raw materials (m]/m?).

Items Ya ’YuLw Ya AB Ya* Ya
SK-70 25.570 25.541 0.028 0.000 4416
SK-90 21.512 21.082 0.430 0.016 2915
Sasobit 40.210 38.370 1.840 0.129 6.543

RH 26.94 21.63 5.32 1.63 4.34
Sasobit + SK-70 17.353 14.709 2.643 2.023 0.863
Sasobit + SK-90 24.150 24.144 0.006 0.419 0.000
RH + SK-70 16.75 15.10 1.65 0.21 3.22
RH + SK-90 13.17 9.91 3.26 1.60 1.65
Limestone 48.351 46.427 1.924 0.108 8.603
Basalt 53.140 52.016 1.123 2.313 0.136

The method proposed by Fwoke is applied to further verify the validity of the test methods and
results [25,26]. Fwoke pointed out that there is a good linear relationship between 7 cos 6 and | of
test liquid. If the correlation coefficient is higher than 0.95, it indicates that the test method and results
are effective. However, when the correlation coefficient is lower than 0.95, the test method and results
are ineffective. In this paper, the correlation coefficients of 1 cos 6 and |, of test liquid are all above
0.95, which indicates that using the sessile drop method to test the surface free energy components of
raw materials is feasible.

4. Adhesion of Asphalt-Aggregate Interface

4.1. Adhesion Models of the Asphalt-Aggregate Interface

Adhesion models of the asphalt-aggregate interface in different conditions are established
respectively based on surface free energy theory [27-29]. The adhesion model of asphalt-aggregate
without water (dry condition) is established, and is as shown in Equation (2).

Was = 2(\/75‘”%”” + \/ﬁ%‘ + \/%‘7?) )

where W;s denotes the adhesion of the asphalt-aggregate interface, respectively. The adhesion model
of the organic additive-asphalt-aggregate system without water (dry condition) is also established
as follows:

Wase = 2(v2 + 2V % 70) =2V + Vdve + Ve vd =2V Y + Vd e + Vs ) ()

where W;s. denotes the adhesion of organic additive-asphalt-aggregate without water; the rest of the
parameters are the same as above. The adhesion model of asphalt-aggregate with water (wet condition)
can be written as follows:

Wasw = =V YTVy IV + 2/ 7PV + 2/ 785 (Ve + V)
270 (Vrd + V) = 298 =2/ YV — 4/ e @)

2V s =2V )

where W5, denotes the adhesion energy of asphalt-aggregate with water; the rest of the parameters
are the same as above. The adhesion model of organic additive-asphalt-aggregate with water
(wet condition) is built and is expressed as:
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Wasew = —(4v/YIVY IV + 43/ y BV IV — 4 /o[ IV — 2, /7 W4 W
=20/ YEVY IV — 2 /AP + 28/7F (Vva +V5)
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where Wsey denotes the adhesion of organic additive-asphalt-aggregate with water; the rest of the
parameters are the same as above.

4.2. Energy Ratios

Energy ratios (EP; and EP,) are built using the adhesive properties of the asphalt-aggregate
interface in different conditions. EP; is used to evaluate the adhesion of the asphalt-aggregate interface
affected by water, and is calculated using Equation (6):

WﬂS WHSE
EP = or
! W[ZSW WHSEZU

(6)

When the EP; value is higher than 1, the adhesive property of the asphalt-aggregate interface
with water is lower than that of the asphalt-aggregate interface without water. It indicates that water
has a negative influence on the adhesion of the asphalt-aggregate interface. When the EP; value is
equal to 1, it predicts that water has no interaction with the asphalt-aggregate interface. When the
EPq value is lower than 1, the adhesion of the asphalt-aggregate interface with water is greater than
that of the asphalt-aggregate interface without water. It predicts that water promotes adhesion in the
asphalt-aggregate interface. EP; is used to characterize the adhesion of the asphalt-aggregate interface
affected by organic additive, and is calculated using Equation (7):

WHS Wasw
EP, = or
Wase Wasew

@)

When the EP; value is greater than 1, the adhesion of the organic additive-asphalt-aggregate is
lower than that of the asphalt-aggregate. It means that organic additive has a negative influence on the
adhesion of the asphalt-aggregate interface. When the EP, value equals 1, the organic additive has no
influence on the adhesion of the asphalt-aggregate. When the EP, value is less than 1, the adhesion of
the organic additive-asphalt-aggregate with or without water is higher than that of asphalt-aggregate
with or without water. It indicates that organic additives improve the adhesion of asphalt-aggregate.

4.3. Adhesion of Asphalt-Aggregate

The adhesion energies of asphalt-aggregate interfaces in different conditions are calculated,
and the results are shown in Figure 5. In the dry condition, it was observed that the adhesion of the
asphalt-aggregate interface of asphalt containing organic additives was higher than that of the base
asphalt. This is because the surface free energy of organic additives modified asphalts is lower than
that of base asphalt. As a result, the stability of organic additive-asphalt-aggregate is greater than that
of asphalt-aggregate. Therefore, the surface free energy of asphalt can be reduced by adding organic
additives so that the adhesion of asphalt-aggregate interface in a dry condition can be enhanced.
In the wet condition, it was observed that the adhesion of the base asphalt and the asphalt containing
organic additives decreased significantly. The reason for this is that water has a higher surface energy
that prevents effective bonding between asphalt and aggregate. The asphalt-aggregate adhesive
energy of the base asphalt, the Sasobit-modified asphalt, and the RH-modified asphalt, was reduced
by 10.8%, 47.9% and 32.9% on average, respectively. This indicates that water has a great influence
on the adhesion of asphalt-aggregate. In addition, it was found that water has a greater effect on
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the asphalt-aggregate adhesion of the asphalt containing organic additives compared to that of the
base asphalt. This indicates that after the addition of organic additives, moisture damage can be
more severe.

In fact, previous studies have shown that asphalt mixes containing organic additives have
a greater moisture susceptibility than the conventional asphalt mix [30]. This is due to the hydrophobic
characteristics of organic additives. As a result, the asphalts containing organic additives refuse to
form effective bonding between asphalt and the aggregate surface. The comparison between the two
organic additives showed that the asphalt containing Sasobit is more susceptible to moisture damage
than the asphalt containing RH. The comparison between the two asphalt binders showed that the
SK-70 exhibited greater adhesion than the SK-90. This may be because of the higher surface energy of
SK-70, as shown in Table 2. In addition, it was found that the SK-70 is more resistant to water damage
than the SK-90. The average reduction in adhesion of SK-70-aggregate and SK-90-aggregate interfaces
were 33.4% and 27.7%, respectively. The comparison between the two types of aggregates showed
that the adhesion of the limestone-asphalt interface was lower than that of the basalt-asphalt interface.
This can also be attributed to the higher surface free energy of basalt. However, it was found that
the limestone-asphalt interface was more resistant to water damage than the basalt-asphalt interface.
The average reductions in adhesion of limestone-asphalt and basalt-asphalt interfaces were 27.0% and

34.1%, respectively.
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Figure 5. Adhesion of the Asphalt-Aggregate Interface in Different Conditions (m] /m?2).

4.4. Adhesion of the Asphalt-Aggregate Interface

The results of energy ratios (EP; and EP,) are presented in Figure 6. As mentioned above,
the EP; value is an indication of how water impacts the adhesion of an asphalt-aggregate or
organic additive-asphalt-aggregate interface. All the EP; values were greater than 1, indicating
that the adhesive properties of asphalt-aggregate or organic additive-asphalt-aggregate reduce
with residual water in the asphalt mixture, and thus the adhesion energy of asphalt-aggregate
or organic additive-asphalt-aggregate in a wet condition declines. In addition, the adhesion
energy of asphalt-aggregate or organic additive-asphalt-aggregate in a wet condition decreases
more rapidly, when the EP; value becomes higher. It can be found that the EP; values of organic
additive-asphalt-aggregate were always higher than that of asphalt-aggregate. It indicates that
the adhesion of organic additive-asphalt-aggregate in the wet condition is far lower than that of
asphalt-aggregate with water. This means that the organic additive has significantly negative influences
on asphalt-aggregate interface adhesion. Because the two organic additives are also organic waxes,
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it can form an isolating layer to prevent aggregate from absorbing asphalt when the aggregate interface
contains some residual water.

Therefore, the organic additive lowers the adhesiveness of asphalt-aggregate sharply in a wet
condition. The EP; value of asphalt-basalt in a dry condition is less than that of asphalt-limestone,
which indicates that the adhesiveness of asphalt-basalt in a dry condition is relatively better. However,
the EP; value of asphalt-basalt in a wet condition is greater than that of asphalt-limestone, indicating
that limestone has a positive influence on the adhesiveness of asphalt-aggregate in a wet condition;
or limestone is less sensitive to water; or that limestone has a good compatibility with asphalt.
The compatibility between asphalt and aggregate should therefore be studied and improved to reach
a high adhesion energy of the asphalt-aggregate interface.

The EP, value indicates that organic additives impacted the adhesiveness of asphalt-aggregate.
All the EP; values of asphalt-aggregate or organic additive-asphalt-aggregate in dry conditions were
lower than 1. However, all the EP; values of asphalt-aggregate or organic additive-asphalt-aggregate
in wet conditions were higher than 1. Once there is some residual water in the asphalt mixture,
the organic additive has a negative influence on the adhesion of asphalt-aggregate. It can also be
concluded that the organic additive is very sensitive to water and has hydrophobic characteristics.
The adhesion of organic additive-asphalt-aggregate in wet conditions can be reduced due to the dual
action of water and organic additive. For preventing water damage to WMA, the residual water
in aggregate should be excluded. The EP, value of Sasobit-asphalt-aggregate is higher than that of
RH-asphalt-aggregate, in either the dry or wet condition, which indicates that Sasobit is more sensitive
to water and decreases the adhesiveness of asphalt-aggregate. For ensuring the high adhesion of the
asphalt-aggregate interface, the compatibility of asphalt, aggregate and organic additive should be
strictly observed.
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Figure 6. The EP; and EP; Values of Asphalt-Aggregate Interface in Different Systems.

5. Conclusions

The effect of organic additives on the strength of adhesion between the aggregate and asphalt
was investigated. The components of the surface free energy of materials were tested and calculated.
The surface energy test was used to evaluate the adhesive strength. Based on the test results and
analysis, the conclusions can be obtained.

(1)  Energy ratio values (EP; and EP;) can be used to estimate the adhesiveness of asphalt-aggregate
affected by water or organic additive. When EP; and EP, values increase, the adhesion of the
asphalt-aggregate interface influenced by water or organic additive decreases.
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(2) Organic additives improve the adhesiveness of asphalt-aggregate interface in dry conditions since
the organic additives have hydrophobic characteristics and high surface free energy, although the
adhesiveness of the asphalt-aggregate interface in a wet conditions decreases dramatically.

(3) The properties of asphalt and aggregate have some negative or positive impacts on the adhesion
of asphalt-aggregate. If the asphalt and aggregate have a good compatibility, the adhesiveness of
the asphalt-aggregate interface can be promoted.
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Featured Application: The results of this study offer a broad vision for the rapid runway repair,
giving a useful quantitative and objective tool for airport management body; moreover, they could
be applied also for road pavements.

Abstract: The attention to rapid pavement repair has grown fast in recent decades: this topic is
strategic for the airport management process for civil purposes and peacekeeping missions. This work
presents the results of laboratory and on-site tests for rapid runway repair, in order to analyse
and compare technical and mechanical performances of 12 different materials currently used in
airport. The study focuses on site repairs, a technique adopted most frequently than repairs with
modular elements. After describing mechanical and physical properties of the examined materials
(2 bituminous emulsions, 5 cement mortars, 4 cold bituminous mixtures and 1 expanding resin),
the study presents the results of carried out mechanical tests. The results demonstrate that the best
performing material is a one-component fast setting and hardening cement mortar with graded
aggregates. This material allows the runway reopening 6 h after the work. A cold bituminous mixture
(bicomponent premixed cold asphalt with water as catalyst) and the ordinary cement concrete allow
the reopening to traffic after 18 h, but both ensure a lower service life (1000 coverages) than the cement
mortar (10,000 coverages). The obtained results include important information both laboratory level
and field, and they could be used by airport management bodies and road agencies when scheduling
and evaluating pavement repairs.

Keywords: rapid runway repair; cement mortar; cold bituminous mixture; expanding resin; aircraft
classification number (ACN); pavement classification number (PCN)

1. Introduction

Transport infrastructures ensure transport mobility and accommodate infrastructures which
provide the essential needs of the population, as food, energy, telecommunications, waterworks,
health and safety networks, sewage systems [1]. Therefore, transport network is a lifeline [2], and its
vulnerability exposes people to additional risks. Air transport needs for high priority because it is
a strategic infrastructure. Often it is the only alternative to link remote territories, especially when it
comes to emergency [1,3]. For example, airports are strategic when other transport infrastructures
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are not usable as consequence of a natural disaster (e.g., earthquake, flooding, storm) [4] or when
tactical transport should support a peacekeeping mission [5]. For a rescue operation to succeed, a fully
functioning system is of the essence [6-8]; therefore, repair and maintenance works should be fast and
effective to ensure the opportune evenness during the operations [9,10].

For a long time, the Air Force studied in many countries the rapid runway repair (RRR) because
its strategic importance; in 2016 the North Atlantic Treaty Organization (NATO) published the
Standardization Agreement (STANAG) 2929 about this issue [11]. It provides for data and elements
useful also for civil sector when rapid repair needs, and considers a standard pavement damage as
a crater with a real diameter of 12 m and a maximum depth of 3 m. The term “real diameter” refers to
not only the real crater caused by a warp, but also to the surrounding affected pavement. Under such
conditions, two main categories of repairs could be applied: site repairs and repairs with prefabricated
elements. Repairs with prefabricated elements refer to application of modular prefabricated elements
on roller compacted granular materials. This solution ensures greater strength than the on-site ones,
and prevent Foreign Objects Debris (FOD).

Three types of modular repairs are currently used:

e fiberglass mats: the pavement discontinuity is filled with controlled granulometry stones, rolled
and levelled with the unpaired part of the pavement (Figure 1). A fiberglass mat, composed
of two or more layers of fiberglass impregnated with polyurethane or polyester resins, is laid
upon to prevent FOD risk [12]. Finally, the mat is anchored to the pavement with bolts and plugs.
This method is simple and rapid: its longest procedure is fixing to the ground [13].

e  precast concrete slabs: precast concrete slabs 1.5 x 1.5 m wide and 15 cm thick are laid down
on a foundation levelled, which is 15 cm under the final pavement level (Figure 2) [14]. Slabs
have a steel containment profile around their perimeter, double internal reinforcement, and two
slots for lifting [15]. The system guarantees bearing capacity and durability, but has several
operational difficulties: existing pavement should be cut to contain exactly a proper number of
slabs; hot mastics, resins or hot bitumen should be applied to finish the joints [16].

e  metal mats: prefabricated metal elements are suitable for both recess and covering execution
(Figure 3). Usually, aluminium mats 4 cm thick are used because their high strength and low
weight. Joints are simple and exact, outside elements are tied to avoid removal of elements and
risk of FOD.

Figure 1. Anchoring the fiberglass mat.
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Figure 2. Precast concrete slabs with a steel containment profile.

Figure 3. Metal mats.

Site repairs restore pavement continuity creating a structural package filling the crater or the
discontinuity. Quickly hardening cement/resin-bounded mortars or bituminous emulsions are used.
Three types of interventions are possible:

e recovery by percolation: the crater is filled with part of the material (10-70 mm diameter) spilled
from the crater itself, then different materials of suitable granulometry complete the filling up
to reach the ground level. Percolation of cementitious or bituminous binders finishes the upper
thickness of the pavement. The granulometry of filling material varies with the used binder: it is
10-25 mm when it is bitumen, 25-70 mm when it is cement;

e recovery by surface filling: the crater is filled as in the previous case, but no more than 5-8 cm
from the final level; a surface layer of cold bituminous asphalt composes the new upper layer and
completes the repair;

e recovery by deep filling: the crater is filled as before, up to 20-30 cm from the final level;
the restoration will be realized using ordinary concrete.

Site repairs are more frequent than modular repairs because they are more versatile: they allow
repair under various conditions (e.g., extension of pavement to be repaired, volume to be filled ... ).
Their technique could be used also in road sector, where site repairs are just about the only used
and rapid ones are desirable [17-19]. Under such conditions, the study focused on evaluation and
identification of the best technical solution for easy and rapid pavement repair. As consequence
of this condition, the study examined 12 materials and mixtures having with reference the NATO
standard STANAG 2929 [11], which defines the maximum time for airport reopening after a repair
work. Laboratory and in situ [20,21] tests have been performed to find the best choice from a technical
point of view; finally, the examined materials have been compared respect to their installation costs.
The results from this work provide interesting information useful to design a RRR, both for airport
and road pavements.
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2. Materials and Methods

Four different categories of materials used for repairing airport pavements have been examined

in the study: bituminous emulsions, quick-hardening cement mortars, ordinary cement concretes, cold
bituminous conglomerates, and an expanding resin (Table 1).

Table 1. Materials examined in the study.

Category Notation

Bi i Isi El
ituminous emulsions E2
M1
Cement mortars M2
M3
C M4
ement concretes M5
B1
B2

Cold bituminous mixes
B3
B4
Expanding resin R

Two bituminous emulsions have been tested:

E1 is an over-stabilized cationic emulsion composed of 60% styrene-butadiene-styrene (SBS)-modified
bitumen. Table 2 lists technical characteristics of bitumen extracted from the emulsion.

Table 2. Technical characteristics of bitumen extracted from the emulsion E1.

Characteristic Value Unit of Measure
Penetration at 25 °C 55 dmm
Softening point 62 °C
Fraas breaking point —16 °C

Its correct temperature use ranges from 5 and 80 °C; moreover, it contains structural regenerative
additives, therefore it is suitable for cold state repairs.

E2 is a bicomponent modified, workable cold bitumen: it is useful for pavement maintenance
when temperature ranges between 10 and 30 °C. Its maturity time is not more than 45 min after
mixing the two components.

Five quick-hardening cement mortars (see Table 1) have been tested:

the first and second cement mortars are composed of a Portland cement respectively 32.5 (M1)
and 42.5 (M2) compliant with the standard EN 197-1 [22]. Mortars have been mixed with a water/
powder (w/p) ratio equal to 0.45;

the third cement mortar (M3) is a one-component fast setting and hardening cement with silica
fume mortar [23-25]. It is fibre reinforced, suitable for smoothing, filling, and repairing concrete
surfaces. Its correct w/p ratio is 0.13. Its elastic modulus evaluated according to the standard EN
13412 [26] is 32.6 GPa.

the fourth cement mortar (M4) is a one-component fast setting and hardening cement mortar with
graded aggregates. It is suitable for smoothing, filling, and repairing concrete surfaces; for thickness
over 5 cm it is suitable for casting with 6/10 aggregates without segregation. Its correct w/p ratio is
0.125. Its elastic modulus evaluated according to the standard EN 13412 [26] is 32.6 GPa.
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e the fifth cement mortar (M5) is a thixotropic, non-shrink, fibre reinforced, fast setting and
hardening hydraulic mortar with graded aggregates. It is suitable for filling and repairing
concrete surfaces. Its correct w/p ratio is 0.22. Its elastic modulus evaluated according to the
standard EN 13412 [26] is 22 GPa.

Figure 4 compares the granulometry curves of M3 and M5.
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Figure 4. Granulometry curve of M3 and M5.

The cement mortars M3 and M5 have similar granulometric curve: both have over 33% percentage
passing at 63 um, and over 98% percentage passing at 4 mm. Nevertheless, M5 has more fine content
than M3, while it has less fine sand than M3: these differences explain the different w/p ratios
above listed.

Figure 5 compares the compressive strength of cement mortars M3, M4 and M5 whose time,
temperature, and procedures for laying are compliant with those adopted for ordinary cement concrete.
Compressive strength has been evaluated after maturity at 20 °C according to the standards: EN 12190 [27]
for M3 and M4, and UNI EN 1015-11 for M5 [28].
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Figure 5. Compressive strength evolution of M3, M4 and M5.
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Figure 6 compares the flexural strength of cement mortars M3, M4 and M5. Flexural strength has
been evaluated after maturity at 20 °C according to the standards: EN 196-1 [29] and EN 13813 [30] for
M3 and M4, and EN 1015-11 [28] for M5.
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Figure 6. Flexural strength evolution of M3, M4 and M5.

Four cold bituminous mixtures (see Table 1) have been considered. Time, temperature, and
procedures for their laying are compliant with those adopted for ordinary asphalt.

e Bl is a premixed cold bituminous mixture composed of fine aggregates and bitumen (6% by
volume). After its application, the pavement can be immediately re-opened to traffic. The traffic
itself settles the material, ensuring adhesion to the existing paving. This feature reduces time and
costs for compaction, which cannot be overlooked using ordinary asphalt mixes [31]. Table 3 lists
mechanical characteristics of Bl evaluated according to the standard ASTM D6927 (75 blows on
each side) [32].

e B2 is a one-component premixed asphalt: it permits to repair 20-70 mm thick potholes with
a single layer application. Table 4 lists technical characteristics of B2.

e B3 is a bicomponent premixed cold asphalt: it permits to repair bituminous and concrete
pavements with up to 7 cm thick layers. Water is its catalyst for the hardening process.

e  Bdisa premixed cold asphalt composed of bitumen (5.5% by weight of aggregates), vegetal oils,
plasticizer additives and aggregates. It permits to repair bituminous and concrete pavements
with layers not less than 2 cm and up to 6 cm thick.

Table 5 lists technical characteristics of B4.

Table 3. Mechanical characteristics of bituminous mixture B1.

Characteristic Value Unit of Measure
Marshall stability at 25 °C after 24 h >3 kN
Marshall stiffness at 25 °C after 24 h >1.5 kN/mm
Residual voids <10 %
Indirect tensile strength of Marshall specimen at 25 °C after 24 h >55 kPa
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Table 4. Technical characteristics of bituminous mixture B2.

Characteristic Value Unit of Measure
Volumetric mass density 2.3 g/cm?
Aggregate size 0-8 mm
Bitumen content 7.4-84 %
Voids content (after 75 blows Marshall) 7-9 %
Marshall stability after 24 h under water at 60 °C >4 kN
Marshall flow after 24 h under water at 60 °C 2-5 mm

Table 5. Technical characteristics of bituminous mixture B4.

Characteristic Value Unit of Measure
Volumetric mass density >2.10 g/cm?
Voids content (after 75 blows Marshall) <10 %

Figure 7 compares the granulometry curves of B1, B2, B3, and B4.
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Figure 7. Granulometry curve of B1, B2, B3, and B4.

Expanding resins are used for transport infrastructures when the bearing capacity of soil does not
satisfy the design requirements. Their expansion allows consolidation treatment by mean removal
of the interstitial water and/or the filling of voids. The consolidation treatment involves executing
injections through small metal cannulas placed on a regular mesh on the area to be treated.

In the study, a high-density bi-component polyurethane resin R (see Table 1) has been tested:
its starting time is 40 & 2 s and its expansion time is 85 £ 10 s. Table 6 lists its technical characteristics.

Table 6. Technical characteristics of the examined expanding resin.

Characteristic Value Unit of Measure
Compressive strength at 28 days 5.0 MPa
Shear strength at 28 days 5.0 MPa
Percentage closed cells 91.5+15 %
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In the first phase of the study, the presented 12 materials were tested in the Laboratory of the
Italian Air Force (2nd Department of Genio located in Ciampino-Rome) to verify:

e ease of mixing and laying;

percolability through a D40-70 grain size class (for emulsions and mortars);
self-levelling properties;

Marshall stability of cold conglomerates;

cubic compressive resistance of cement mortars and expanding resin.

According to the need for fast reopening of the airport, mechanical resistance tests were conducted
with the timing of 3h, 6 h, 12 h, 24 h, and 48 h, 3days, 7days, and 28 days to evaluate the maturity of
the products.

The texts performed were:

2.1. Percolation Tests with Bituminous Emulsions and Cement Mortars

The percolation test is a laboratory test designed by the 2nd Department of Genio of the Italian Air
Force to verify the performance of a granular material bounded by a percolated binder. The procedure
involved 7-12 mm granular materials with bituminous emulsions and 40-70 mm aggregates with
cementitious mortars. In all cases, the tests aimed to find the binder composition (i.e., content of
water for E1, content of cement for E2 and the mortars) which allows a percolation of about 20 cm
and therefore it is defined “optimum”; otherwise the binder consistency is “fluid” (if the percolation
thickness is more than 20 cm) or “plastic” (if the percolation thickness is lower than 20 cm).

2.2. Structural Strength of Concrete Obtained from Cement Mortars and Standard 32.5/42.5 Cement Concrete

Concrete made from cement mortars was obtained by percolating mortar inside 15 cm cubic moulds
where the aggregates were previously located. Specimens were tested according to the standard EN
12390-2 [33].

In this phase specimens with ordinary concrete mixed with cement 32.5 and 42.5 and water/cement
ratio equal to 0.500 were also tested. During the mixing process, the authors observed a rather aggressive
gripping phenomenon in cement concrete 42.5, which could lead to difficulties during works.

2.3. Marshall Stability of Cold Bituminous Mixtures

Different series of Marshall specimens [34] have been made to evaluate the increments of resistance
to time: for each time and cold bituminous mixture, 4 specimens have been tested.

2.4. On-Site Tests

On-site repairs were designed using the software FAARFIELD 1.41 (Federal Aviation Administration
Rigid and Flexible Iterative Elastic Layered Design) (Federal Aviation Administration, Washington, DC,
USA) [35]. It provides possible configurations of flexible and rigid pavement layers by simulating the
number of coverages of the traffic mix. In this study, the layers thickness was calculated considering
a reference aircraft, the C-130] (Lockheed Martin, Bethesda, MD, USA), typical for civil and military
operations of the Italian Air Force. For this aircraft, the load distribution at the time of landing is 5% on
the front gear and 95% on the rear one. 500 annual coverages during 20-year service life were considered:
this volume traffic permit to design a permanent repair, as defined by the NATO criteria [36]. The flexible
pavement model was used for bituminous materials, while the rigid pavement model was used for
cementitious materials and the expanding resin [37,38].

The on-site tests involved the best performing materials found during the laboratory experimentation.
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3. Results

3.1. Percolation Tests with Bituminous Emulsions and Cement Mortars

The results of percolation tests are listed in Table 7.
Figure 8 shows some percolation specimens obtained during the study.

Table 7. Results of percolation tests.

Product Condition and Results
Bl percentage of cement 0% 25% 50%
- fluid fluid optimum
E2 asitis optimum - -
water percentage 40% 45% 50%
M1 . . .
plastic optimum fluid
water percentage 40% 45% 50%
M2 . . .
plastic optimum fluid
water percentage 12% 13% 14%
M3 . . .
plastic optimum fluid
water percentage 12% 12.5% 13%
M4 . . .
plastic optimum fluid
water percentage 16% 20% 24%
M5 . . .
plastic plastic plastic

MS5 specimens M4 specimens

Figure 8. Example of percolation specimens.

3.2. Structural Strength of Concrete Obtained from Cement Mortars and Standard 32.5/42.5 Cement Concrete

The results of compression tests on cementitious mixes are listed in Table 8.

Figure 9 highlights M3 and M4 have mechanical features that can be used as solutions for RRR,
especially when percolation needs. M1 and M2 exhibited a high percentage of voids and, consequently,
lower mechanical characteristics than the ordinary concretes mixed with 32.5 and 42.5 cements (both
CEM I type). Ordinary concretes have mechanical characteristics that can be used as solutions for RRR,
especially for deep filling.
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Table 8. Compressive cubic strength of cementitious mixes.

Compressive Cubic Strength (MPa)

Product . Time (h)

Water/Cement Ratio 3 6 12 24 7 168 672
M1 0.450 0 0.5 1.8 35 134 186 272
M2 0.450 0 05 25 43 131 176 222
M3 0.130 329 375 410 448 526 574 658
M4 0.125 21.7 347 360 384 481 543 644

M5 - - - - - - - -
R - 459 460 472 474 477 545 542
Concrete with cement 32.5 0.500 013 1.8 115 192 302 335 485
Concrete with cement 42.5 0.500 031 23 126 204 329 384 540

® M1 OM2 A M3 BM4 @R Xordinary 32.5 concrete + ordinary 42.5 concrete
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Figure 9. Structural strength depending on time.

3.3. Marshall Stability of Cold Bituminous Mixtures

Table 9 shows the Marshall stability of the examined cold bituminous mixtures at different times.

Table 9. Marshall stability.

Marshall Stability (daN)

Product Time (h)
3 6 12 24 48 72
B1 222 238 241 240 266 270
B2 36 - - - - -
B3 599 850 1041 1232 1327 1213
B4 , - . - - -

Figure 10 shows that B1 had insufficient mechanical characteristics to allow the rapid repair of the
runways; B2 had only one specimen able to be tested; B4 did not have consistency: its specimen broke
even before being inserted into the press. Only B3 showed mechanical characteristics appropriate for
rapid repair.

53



Appl. Sci. 2017,7,1192

At the end of this laboratory experimentation, the more reliable products which could be used for
the runway rapid repair were: M4, B3, and M1. These materials and the expanding resin were used for
on-site tests.

A Bl +B2 ®B3

1,600
1,400
1,200
1,000
800
600 -
400
200 A=t * = * .

Marshall stability (daN}

0 24 48 72
Time (h)

Figure 10. Marshall stability depending on time.

3.4. On-Site Tests

The on-site experimentation involved four test fields to be repaired, arranged in a 12-m diameter
circle (Figure 11).

12.00
5.00
T : :
200! Test field 3 Test fisld 1
1

Figure 11. Diagrams of test fields (unit of measure: m).

The test fields were sized to avoid the disturbance effects due to the loads from the adjacent test
fields. Their characteristics were:

e  Test field 1: consisting of a D40-70 stone foundation and B3 wearing (flexible pavement);
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e  Test field 2: consisting of a D40-70 stone foundation and M1 wearing (rigid pavement);

o  Testfield 3: consisting of a D40-70 stone foundation up to 20 cm from the ground level, overlaid by
a geotextile and a further layer of crushed stone with M4 used by percolation, (rigid pavement);

o  Test field 4: consisting of an expanding resin injected into a stone foundation (40-70 mm) to
increase its bearing characteristics and to create a support for concrete slabs.

During the execution of the expanding resin injection into the layer of stone, there was a strong
expansion of the mixture, even up to 20 cm (Figure 12).

Figure 12. Expansion of expanded resin.

The on-site experimentation allowed the verification of the load bearing during time through
Light Weight Deflectometer (LWD) and Heavy Weight Deflectometer (HWD) tests. LWD was used to
evaluate the pavement Deformation Modulus My under the resin-treated area [39]. HWD technology
allowed to back calculate the elastic modules of the repair layers by mean the software Elmod® 6.1.75
(Dynatest: Seborg, Denmark) [40]. According to the measured site deflection data, the software gave
back an approximated deflection basin with decay curves according to the material under study.

Table 10 lists the results of LWD tests on three resin-treated points represented in Figure 13.

Figure 13. Resin-treated points of light weight deflectometer (LWD) tests.
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Table 10. Deformation modulus of the resin-treated area.

My (MPa)
0 3 6 24 48 72 168 672

Point 1 7.37 2.87 4.19 4.5 29 3.41 4.1 2.71
Point 2 13.38 6.9 9.58 10.3 10.9 8.66 74 7.83
Point 3 1499 1013  11.42 7.6 9.8 10.73 15.3 10.11

Time (h)

The results listed in Table 10 highlight high variable values of My, as confirmed by the statistical
results listed in Table 11. The set of values for conducting this analysis corresponds to the My values
of the different tested points at different times. For every testing time, the mean, standard deviation,
and coefficient of variation (CV, defined as the ratio of the standard deviation to the mean) were calculated.

Table 11. Statistical analysis of the M results of the resin-treated area.

Time (h) 0 3 6 24 48 72 168 672

Average (MPa) 11.91 6.63 8.40 7.47 7.87 7.60 8.93 6.88

Standard deviation (MPa)  4.02 3.64 3.76 2.90 4.34 3.77 5.76 3.79
Ccv 33.7% 548% 447% 389% 551% 49.6% 644% 55.1%

The high values of CV reveal that this technology is not reliable, as confirmed by the decreasing
trend of My in Figure 14.
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Figure 14. Deformation moduli after the resin injection.

The observed decreasing of My is caused by the viscous properties of the resin and its pronounced
expansion which mobilizes the granular material. Indeed, this process alters the lithic skeleton
because the resin replaces the stones instead of occupying the gaps between them. The mechanical
performances shown in Table 10 and Figure 14 prevent the use of the expanding resin as material
useful for RRR.

As done for LWD tests, the results of HWD tests and back calculation were performed for different
times. During the analysis of the data some inconsistencies were found in the evaluation of the elastic
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moduli. For a more accurate evaluation of the modul, filtering of data measured by the tenth geophone,
which was always on the extreme edge of the test fields, was carried out (Figure 15).

Figure 15. The HWD machine over the M4-treated area.

The filtering process gave more precise and realistic results in terms of elastic modulus E of the
pavement layers. In the first measurements (3 h), only the contribution of five geophones was filtered,
according to the Dynatest guidelines [41].

A layered elastic model has been modelled to compute stresses, strains and deflections caused
by surface load at any point in the pavement structure. According to the layered elastic theory [42],
the model assumed that each pavement structural layer was homogeneous, isotropic, and linearly

elastic. Table 12 lists the geometrical properties of the pavements modelled with the software Elmod®
6.1.75 [41].

Table 12. Geometrical properties of pavement models.

L Test Field 1 Test Field 2 Test Field 3
ayer
v Name Thickness (cm) Name Thickness (cm) Name Thickness (cm)
Top layer El,BS 10 El,Ml 20 E1,M4 20
Bottom
layer Eap3 90 =3Vl 80 Eoma 80
Subgrade Equb infinite Equb infinite Equb infinite

Top layers are composed of tested binders percolated into D40-70 granular bottom layers. The subgrade
is the natural material underneath the test fields.

Tables 13-15 list the elastic moduli obtained from back analysis respectively for test field with B3,
M1 and M4 materials.

Table 13. Elastic moduli of test field with B3.

Time (h) 3 6 24 72 168 672
Eyps (MPa) 1193 1398 2797 2070 2607 3336
Ey p3 (MPa) 450 450 450 450 450 450
Equ (MPa) 350 340 323 322 301 350
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Table 14. HWD test on test field with M1.

Time (h) 3 6 24 72 168 672
E1m1 (MPa) - - 14,783 21,724 28,193 38,609
Eom1 (MPa) - - 450 450 450 450
Egub (MPa) - - 350 324 336 350

Table 15. Elastic moduli of test field with M4.

Time (h) 3 6 24 72 168 672
Eyva (MPa) 15146 25614 27,000 27,000 27,150 28,461
Eppg (MPa) 350 384 405 450 407 427
Equp (MPa) 300 330 398 347 398 360

In the test fields 1 and 2, the values of the bottom layers elastic modulus (E; g3 and E; y11) were the
same, equal to 450 MPa. This value of E; has been calculated before laying the top materials B3 and M1,
and it has been assumed as constant during the subsequent analysis. This choice avoided anomalous
back calculation results due to the small tests areas (10 m? each). Indeed, under ordinary conditions,
the HWD tests are performed on areas larger than those prepared in this study, therefore the wave
transmission in the study differs from usual. The most important differences involve the lower layers,
whose elastic moduli are deduced from the responses of the geophones most distant from the loading
plate. In this case, the response of the most distant geophones is also the most affected by side effects.
On the other hand, this assumption has not been possible due to the technical characteristics of the
third test field. M4 is a percolated material, thus the thicknesses and mechanical properties of layers
are not defined and constant as those of test fields with materials B3 and M1.

Figure 16 shows the evolution of the elastic modulus of top layers paved with M1, M4 and B3.

Figure 16 highlights the mechanical performance of B3 are not comparable with those obtained
using the ordinary cement concrete (M1) and the cementitious mortar M4. M4 has the most rapid
rate of increase of elastic modulus: its E value is about constant after 1 day. On the contrary, for M1
the increase of the elastic modulus is slower, but its elastic modulus is comparable to that of M4 at
7 days and is growing until at least 28 days, when the difference is appreciable (38.6 GPa for M1 versus
28.4 GPa for M4).
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Figure 16. Elastic moduli of top layers.
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4. Discussion

At the end of HWD tests, the ACN/PCN method was used to evaluate the load bearing capacity
of the tested materials [43,44]. It is a system of rating airport pavements designated by the International
Civil Aviation Organization [45] to compare the airport pavement strength (Pavement Classification
Number, PCN) to the operation conditions of the traffic mix considering its gross weight and the
subgrade bearing capacity (Aircraft Classification Number, ACN). The ACN value is twice the
derived single-wheel load expressed in thousands of kilograms, with single-wheel tire pressure
standardized at 1.25 MPa, which requires the same pavement thickness required by the examined
aircraft. The calculation methods of ACN consider for flexible pavements 10,000 coverages and for
rigid pavements 2.75 MPa concrete working stress [44]. Both values are representative of typical
airport pavements.

Two criteria allow the evaluation of PCN: the “Using” aircraft or the “Technical” evaluation
methods [44]. The first one is based on the experience, the second one on analytical procedures. In this
study, the technical method proposed by the software Elmod® 6.1.75 has been used to calculate the PCN
value. It considers the elastic modulus of layers (evaluated by mean back calculation), the configuration of
the main gear of the design aircraft, and the number of coverages during the service life.

An airport pavement is verified when Equation (1) is satisfied:

PCN > ACN. 1)

Data obtained in the HWD tests allowed the calculation of the PCN, using the software Dynatest
Elmod® 6.1.75 [40]: different values were calculated for B3, M1, and M4 test fields at different maturity
ages and for three traffic levels. 100, 1000 and 10,000 coverages during the service life were considered
to simulate expedient, temporary, and permanent repairs according to the standard STANAG 7208 [36].

In the study, the subgrade under the test fields (Figure 11) was classified as “C” (low strength),
therefore the ACN of the reference aircraft is 35.

Tables 16-18 list PCN values obtained for test field respectively with B3, M1 and M4 materials:
the red cells indicate PCN<ACN, while green ones PCN > ACN.

Table 16. Pavement Classification Number (PCN) values test field with B3.

Time (h) 3 6 24 72 168 672
Allowable Coverages - - - - - -

100 42 57 63

1000 85) 42 52

10,000 33 44

Table 17. Pavement Classification Number (PCN) values test field with M1.

Time (h) 3 6 24 72 168 672
Allowable Coverages - - - - - -

100 43 50 50

1000 35 40 41

10,000 35 36

Table 18. Pavement Classification Number (PCN) values test field with M4.

Time (h) 3 6 24 72 168 672
Allowable Coverages - - - - - -
100 35 53 57 61 57 62

1000 44 47 50 47 51
10,000 37 39 42 3 43
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The results reveal M4 has the most rapid PCN evolution: after 6 h maturity time, the verification
ACN/PCN is satisfied. B3 and M1 ensure comparable results, but their reopening time (wWhen Equation (1)
is satisfied) is longer (7.5 days) than that of M4.

At the end of the study, an economic analysis has been carried out to estimate the unit costs for
repairing a runway discontinuity [46,47]. Unit costs derive from the official price list used by the Italian
Air Force (internal document) (Rome, Italy). Table 19 lists the results of the economic analysis.

Table 19. Unit cost of the examined rapid runway repair (RRR).

Material Cost (€/m?)
B3 180
M1 50
M4 75

According to the results listed in Table 19, M4 is the material that best suits needs for RRR:
its technical and economic characteristics balance the conflicting objectives of budget and performance.
Using M4, the airport could be reopened 3 h after the conclusion of the emergency repair (100 coverages
during the service life), while 6 h after the RRR works it is possible to achieve a permanent repair,
which allow 10,000 coverages during the service life.

5. Conclusions

The need for rapid repairing runway pavements has grown fast over the years, both for civil
purposes and for peacekeeping missions. Therefore, there is the need for a technology that could be
applied balancing conflicting objectives of resistance and rapidity. At this purpose, on-site repairs
are more versatile than modular repairs currently used in the military sector because they can be
adapted to different conditions. The specific sector of runway construction currently needs the
comparison of technical performances offered by the innovative materials used for on-site repairs.
In Italy, the Laboratory of the Italian Air Force (2nd Department of Genio) analysed technical and
economic performances of several types of rapid runway repairs having the C-130] aircraft was as
design aircraft. 12 materials currently used for pavement repair have been tested to evaluate their
laboratory and on-site performances at different times.

This paper presents the first experimental results obtained on the following materials:

e 2 bituminous emulsions,
e 5 cement mortars,

e 4 cold asphalt mixes,

e 1 expanding resin.

The experimental study involved two phases:
1. laboratory tests on all materials except resin to focus on:

e  ease of mixing and application;
e  percolability (for emulsions, mortars and concretes);
e Marshall stability (for cold asphalt mixes).

2. on-site experiments on the materials which performed the best for repairing. A cold asphalt mix,
a cement mortar, an ordinary cement concrete and the expanding resin were used to repair four 10 m?
widespread areas. All three tested mixes required time, temperature, and procedures compliant
with those used to lay ordinary cement and bituminous runway pavements. On the contrary,
the expanding resin required dedicated instruments to be injected. The bearing performances have
been evaluated using the ACN/PCN system (for the three mixes) or LWD (for the expanding resin).
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The on-site results highlighted that:

e itis not possible to repair runway pavement with expanding resin for two reasons: its strong
expansion, even up to 20 cm over the desired level, and its bearing performances. Indeed, the LWD
tests showed a decreasing value of deformation moduli over maturity time;

o the tested cement mortar M4 (one-component fast setting and hardening cement mortar with
graded aggregates) ensures the fastest runway reopening in presence of a permanent repair of
the damaged concrete pavement: 6 h after the work, the runway can be opened to traffic for
10,000 coverages of the design aircraft;

e surface filling (up to 6 cm) with the cold bituminous mixture B3 (bicomponent premixed cold
asphalt with water as catalyst) and deep filling repair with the concrete M1 (ordinary concrete
mixed with CEM I 32.5) have similar performances: both allow the reopening to traffic after 18 h
maturity time, but for only 1000 coverages of the C-130] aircraft. Indeed, M1 and B3 require
7.5 days-age to support 10,000 coverages. B3 and M1 are both suitable for repairing flexible and
rigid pavements.

Finally, it was also observed that the unit costs of the examined materials widely vary: B3 has
a higher economic impact than that of M1 and M4, mainly due to the material since the costs of
machines and works to have the rehabilitated pavement are comparable.

The results also provide a framework and a reference for any further study into specific cases
using additional materials. All test methodologies can be applied to simulate with the software
FAARFIELD (Version 1.41, Federal Aviation Administration, Washington, DC, USA) a fleet of almost
any civil aircraft, therefore the procedure could be replicated for further analysis. As observed in this
study, the contribution of each considered material to the overall repair work can be specialized to
maximize the performances:

e  percolated resin can be used in bottom layers as foundation and base,
e  cold bituminous mixtures and cement mortars can be used for top layers.
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Abstract: The skid-resisting performance of pavement is a critical factor in traffic safety. Recent
studies primarily analyze this behavior by examining the macro or micro texture of the pavement.
It is inevitable that skid-resistance declines with time because the texture of pavement deteriorates
throughout its service life. The primary objective of this paper is to evaluate the use of different
asphalt pavements, varying in resilience, to optimize braking performance on pavement. Based
on the systematic dynamics of tire-pavement contact, and analysis of the tire-road coupled friction
mechanism and the effect of enlarging the tire-pavement contact area, road skid resistance was
investigated by altering the elastic modulus of asphalt pavement. First, this research constructed
the kinetic contact model to simulate tire-pavement friction. Next, the following aspects of contact
behaviors were studied when braking: tread deformation in the tangential pavement interface, actual
tire-pavement contact in the course, and the frictional braking force transmitted from the pavement
to the tires. It was observed that with improvements in pavement elasticity, the actual tire-pavement
contact area increased, which gives us the ability to effectively strengthen the frictional adhesion of
the tire to the pavement. It should not be overlooked that the improvement in skid resistance was
caused by an increase in pavement elasticity. This research approach provides a theoretical basis and
design reference for the anti-skid research of asphalt pavements.

Keywords: skid-resistance; asphalt pavement; tire; friction; contact area; braking force coefficient

1. Introduction

Skid resisting performance is the primary factor affecting traffic safety, specifically during vehicle
braking where the anti-skid deficiencies found in pavement will prolong braking time and increase
braking distance [1]. Due to this concern, highway authorities and researchers have been exploring the
anti-skid properties of pavement through the frictional contact analyses of three key factors.

The first factor is water. In the early 1960s, Horne and Dreher 1963 [2] put forward the famous
National Aeronautics and Space Administration (NASA) hydroplaning equation, which is used to
calculate the hydroplaning speed of a tire. Later, Martin 1966, Eshel 1967, and Tsakonas et al. 1968 [3-5]
also simulated the hydroplaning of a tire, but in only two dimensions. In the following thirty years, both
the NASA equation and the two-dimensional contact model were promoted by Horne et al. 1986 [6]
on the applicable conditions and accuracy. In the 21st century, a three-dimensional frictional model of
inflated tire and rigid pavement contact, simulating moist conditions, was developed by G.P. Ong et al.
2007, 2008, 2010, 2012 [7-10]. With this model, the degradation mechanism of wet-pavement skid
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resistance and the subsequent effects of tire slip velocity on rigid pavement under different degrees of
wetness were examined.

The second factor is the frictional property of tire rubber. The friction between tire and pavement
is mainly determined by adhesive and hysteretic friction. Hysteric friction is enhanced with rise
in temperature. For this analysis, K.A. Grosch 2001 [11] chose to use the rubber friction model
based upon the tire rubber’s viscoelasticity. Coupling thermos-mechanics with the finite element
method, Srirangam and Anupam 2013 [12,13] estimated the variations in hysteretic friction during
tire-pavement contact due to differences in temperature. This estimation was calculated by simulating
a tire rolling on rigid pavement in CAPA-3D (developed and dated by the group of Mechanics of
Infrastructure Materials at Delft University of Technology, The Netherlands) Finite Element system.

The third final component in exploring the anti-skid properties of pavement is the surface texture
of the pavement. Both the macro-texture and micro-texture are typically used to represent the skid
resistance of pavement. The correlation between pavement texture and skid resisting ability are often
evaluated via various test methods (Forster, S. W. 1990, Burak Sengoz 2014, Malal Kane 2015 [14-16]).
For instance, Srirangam and Anupam 2013 [12,13] captured morphological data reflecting the surface
of asphalt pavement through X-ray tomography. Furthermore, they reconstructed the texture of the
pavement in CAPA-3D and analyzed their simulation of the kinetic contact of tires rolling on the rough,
rigid-pavement [17].

After analyzing the aforementioned literature, we found that research on skid resistance primarily
focuses on the macro or micro-texture of the pavement, by which the anti-skid property could be
achieved. In addition, there are two methods to model asphalt pavement in the finite element analysis.
One approach is modeling the pavement as a flat rigid surface, while the other one is an analytical
rigid body with a macro-texture surface. It is apparent that both means of modeling consider the
asphalt pavement as a rigid body, disregarding its elasticity.

In the field of terrain vehicle mechanics, the fundamental source of vehicle braking is the friction
between the tires and pavement. As illustrated in Figure 1a, the pedal force F is delivered to the
wheel brake the moment the driver steps on the pedal, forming the frictional moment T, opposite
the momentum of the tire. This moment could be regarded as the circumferential component F,
which is applied to the tire-pavement contact region to prohibit the rotation of the tire. Simultaneously,
the pavement generates a reactive force on the vehicle, namely, the ground braking force F;, which
ultimately slows down vehicles or even allows them come to a complete halt. In other words, Fj, is
equal to F;, which is also comparable to T, divided by the tire radius r. Nevertheless, restrained by
the upper limit of the adhesive force Fy (the maximum braking force Fymax is equal to Fyp), Fj, will
not rise as soon as it runs up to Fy (Figure 1b). Furthermore, from the aspect of tribology, it can be
concluded that physical properties of the interface, such as variations in material stiffness, will result
in the change in contact area, which will then have an influence on the frictional force (Chengtao Wang
2002 [18]). Eventually, the actual tire-pavement area will vary as a result of pavement characteristics
such as the diversification of recoverable resilient. Accordingly, the force of adhesion Fy will also
change, accounting for differentiation in the tire-oriented pavement braking function (Jide Zhuang
1986 [19], Liangxi Wang 2008 [20]).

Data produced from the uniaxial compressive strength testing of pavement with normally
structured the asphalt specimens is generally above 1000 MPa (You et al. 2009 [21]; Goh et al. 2011 [22]);
a value seemingly much higher than the longitudinal tire stiffness. Therefore, in consideration of
time expended in a simulated calculation, the deformation of asphalt pavements is usually ignored
in modeling (Srirangam 2013 [13], Hao Wang 2014 [23]). In other words, the pavement is defined
as a rigid body in simulations. Nonetheless, along with the diversification of paving materials,
the elastic modulus of asphalt mixtures also varies significantly. For instance, dry process crumb
rubber modified (CRM) asphalt mixtures, which plays an indispensable role in noise reduction and
the de-icing (Chunxiu Zhou 2006 [24], Xudong Wang 2008 [25]), is characterized by its remarkable
elasticity. In addition, a high content of crumb rubber, which is added to asphalt mixtures, usually
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reduces the mixture modulus to half of that of the original (Lili Yao 2012 [26]). Such elasticity has
the capacity to facilitate the resilience of CRM asphalt mixtures, which are characterized by a large
elastic deformation under external loading conditions and a dramatic return to its original shape
immediately after the removal of the load in comparison to that of ordinary asphalt mixtures (Miao Yu,
Guoxiong Wu 2014 [27-29]). In view of the distinctly narrowed gap of moduli between tires and
resilient pavements such as CRM asphalt pavement, the precision of the simulation will inevitably
decrease if the resilient pavement still needs to be modeled as a rigid body. Furthermore, according to
past literature, the actual stiffness of asphalt pavement is not used in tire-pavement coupled modeling,
meaning that the impact of pavement stiffness on tire-pavement friction has not been examined yet
(Hao Wang 2014 [23], Reginald B. Kogbara [30], Shahriar Najafi [31]).

W uﬂ' .

F bmax™ "

) .
7 3 ._._: Fp _
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Figure 1. Principles of braking force. (a) Principles of braking force; (b) Relationship of F;,, Fj, and Fy

during braking.

Based on the above background research, the primary objective of this paper is to evaluate the
effect of different asphalt pavements of variable resilience on braking performance on pavement. This
goal was initially achieved using a 3-D finite tire-asphalt pavement interaction model. By adjusting
parameters such as tire pressure and the elastic modulus, behaviors of the dynamic tire-pavement
contraction were studied by discussing the varying features of tire-pavement contact such as tread
deformation in the tangential interface, actual contact area between the tire and the pavement surface
course, and the braking force supplied by the pavement to the tires.

2. Establishment of Tire-Pavement Frictional Contact Simulation Model

To begin, the traffic load and vehicle braking were simulated by establishing 3D tire models.
Next, a road model was built by adopting the pavement structure of “asphalt surface layers + cement
stabilized macadam base + lime-ash cushion + subgrade.” Meanwhile, frictional contact laws were
defined in ABAQUS (a commercial program of Finite Element Analysis, produced by Dassault
Systémes® Johnston, RI, USA, founded in 1978) , and subsequently, the contrastive analysis of kinetic
friction between the tire and the flexible pavement surface was conducted on specimens created with
various combinations of paving material parameters.

The simulation model of the dynamic friction due to tire-pavement contact was created in a
three-step process shown in Figure 2. Specifically, a 3D model was built, then the steady state of the
kinetic contact was analyzed in ABAQUS/Standard solver based upon static contact.
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Figure 2. 3D Tire-road contact modeling steps in ABAQUS.

2.1. Establishment of 3D Model for Grooving Radial Tires

Referring to ‘Steady-state rolling analysis of a tire’ of ABAQUS 6.10 Example Problem Manual [32],
three steps were used to create the 3D models of grooving radial tires: (1) simplification before
modeling; (2) importing a 2D tire cross-sectional model into ABAQUS; and (3) 3D model generation of
pneumatic tires:

(1) Simplification before Modeling. In order to improve the computational efficiency, the total
cross section of a 2D model was drawn using CAD2014 software (developed by Autodesk corporation
in San Rafael, CA, USA, founded in 1982), which was simplified according to the following:

1.  Reduce the poor shape of the cross-sectional element;
Simplify the contact constraint between the bead chafer and the wheel hub (see Figure 3 for
details. Next, simplify the wheel hub as a rigid constraint element, which shares a node with the
tire bead);

3. Use the rebar elements to simulate the tire’s steel cord and inner liners.

Figure 3. Simplification of contact conditions between tire bead and wheel hub.
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(2) Importing a 2D Tire Cross-sectional Model into ABAQUS. To start, the simplifed 2D tire
cross-sectional model was imported into ABAQUS. Subsequently, the steel cord of the tire and inner
liners were defined as the primary tire materials.

1  Rubber materials

This study aims to establish a 3D model for a 1755R14 groove tire. The Neo-Hooken model
was selected to describe the constitutive relationship of the super elasticity (Yanfeng Zhu 2006 [33],
Yongguan Wang 2007 [34]). A Prony series is adopted to define the viscoelasticity of the rubber
in ABAQUS. Both the above parameters were calibrated to acquire deflection values close to
experimental measurements. Please see Table 1 for the relative tire rubber parameters (the simulated
and tested datum).

Table 1. Tire rubber material parameters.

. Neo-Hooken Model Parameters Tensile Tensile Elongation Permanent
Material in ABAQUS Modulus/MPa Strength/MPa Ratio/% Deformation/%
Parameters
Cio (kPa) Copq (kPa) D; (kPa)  M100 M300 Tb Eb Ps
Tread 835 0 0 2.5 9.9 19.1 544 15
Sidewall 1000 0 0 2.3 9.3 15.1 450 10

Note: In this table, M100 and M300, respectively, represent the tension the specimens bear under a 100% and 300%
tensile ratio per unit area.

2 Steel cord-rubber composite materials

Steel cord-rubber composite materials are usually composed of cords in different orientations.
The nonlinearity of rubber results in anisotropy and nonlinearity of the steel cord-rubber composite
material in tires. Therefore, a rebar layer was applied to simulate the composite materials layer. First,
the steel cord and inner liner were defined in ABAQUS and secondly, the membrane element that
represents the steel cord in the defined steel cord layer was embedded. Meanwhile, the membrane
element representing the inner liner in the inner rubber layer was also embedded to accomplish the
simulation of the steel cord and inner liner. The parameters of the steel cord (Belt-1, Belt-2) and inner
liner (Carcass) were defined successively (see Table 2).

Table 2. Description of material properties used in the model development.

Tire Section Young's Poisson’s Density Area per Spacing Orientation
Modulus (GPa)  Ratio (—) (g/cm®) Bar (mm?) (mm) Angle (°)
Tread 1.12
Sidewall From Lab test 0.45 115
Belt-1 70
Belt-2 172.2 0.3 5900 0.212 1.16 110
Carcass 9.9 0.3 1500 0.421 1.00 0

(3) 3D model generation of pneumatic tires.

Definitions the section unit type, mesh partition, and 2D tire inflation (tire pressure of 250 kPa)
were accomplished in this phase. Furthermore, the 2D tire section was used to generate a 3D tire
model. Therefore, The final step in tire modeling was to transform the 2D section property into a 3D
tire model.
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2.2. Pavement Structure Modeling

2.2.1. Pavement Structure Setting

The road asphalt pavement structure was adopted as 4 cm + 6 cm + 8 cm, as illustrated in Table 3,
which is commonly used in China’s major highways. The thickness of the base and the bed course
was 18 and 31 cm respectively. A displacement restriction is imposed on both longitudinal ends in
the x direction and transverse ends in the y direction of the pavement; the consolidation constraint
was applied to the bottom surface separately. Moreover, the entirety of the 3D pavement model was
divided according to the principle that meshing density should be cut from the region of tire-pavement
contact to the boundaries in every direction.

2.2.2. Design of Road Pavement Materials

In attempt to ameliorate the enhance of asphalt pavement, several authors found that adding
crumb rubber into the asphalt mixture by dry process can improve the overall elastic deformation
capacity, thus increasing the tire grip (Xudong Wang 2008 [25]) and strengthening braking performance
of the pavement (Chengtao Wang 2002 [18], Jide Zhuang 1986 [19], Liangxi Wang 2008 [20]). Therefore,
based on the research findings of Miao Yu and Guoxiong Wu 2014 [27-29], the asphalt specimens
with 0%, 4% and 5.5% crumb rubber content were fabricated (below, the corresponding pavements
are functionally named as low-E, med-E, and high-E in sequence). The crumb rubber content herein
represents the percentage of crumb rubber volume accounts for total aggregate volume of asphalt
specimens. Furthermore, the volumetric parameters were measured for the purpose of comparison
between the effects of different pavement properties on tire brake performance. Table 3 outlines the
pavement structure and relevant material parameters. Besides, data of elasticity modulus in this table
represents uniaxial compressive modulus of resilience, originating from uniaxial compression test
at 20 °C.

Table 3. Parameters of pavement structure modeling.

Pavement Structure Layer Thickness (cm) Elasticity Modulus (MPa) Poisson’s Ratio  Density (g/cm?)
1480 (without crumb rubber, low-E) 0.35 2474
Surface course 4 1265 (with 4% crumb rubber, med-E) 0.40 2420
886 (with 5.5% crumb rubber, high-E) 0.40 2.387
Leveling course 6 1100 0.35 2432
Asphalt base course 8 1000 0.35 2471

Cement-stabilized
Macadam Base Course 18 1500 0.25 2
Lime-fly ash Soil 31 750 0.25 1.924
Cushion

Subgrade 500 35 0.35 1.918

Note: In this paper, low-E, med-E and high-E respectively represent the elasticity of pavement with 0%, 4% and
5.5% crumb rubber.

2.3. Tire-Flexible Pavement Frictional Contact Simulation

2.3.1. Definition of the Tire-Pavement Frictional Contact in ABAQUS

The following parameters facilitating frictional contact and the subsequent tire-pavement
interaction analysis (Y Liu et al. 2015 [35]) were defined.
@ Slip ratio o (Equation (1)) is a representation of the slip status during the tire rolling phase,

Ug — T W
o = I 100% Q)

Ug

where
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wy—the rotational angular velocity of the wheel hub; rad/s
rer—the effective radius of the wheel; m

1;—the actual longitudinal velocity of the tire; m/s

@ The static friction coefficient i (Equation (2)) is defined as the friction between the tire and
pavement in the initial contact phase (the tire is about to slide), in which the tire velocity is zero

u = F/N 2)
where

F—the tangential force between tire and pavement contact
N—the normal force, perpendicular to the contact between tire and pavement

® The braking force coefficient ¢, (Equation (3)) describes the braking ability of asphalt
pavements. In addition, ¢y, is the Skid Number (SN), representing tires-pavement contact when
braking; a larger ¢, will account for a higher braking efficiency of the tires.

¢p =100 x Fy/F, (3)

where

Fy—the horizontal braking force of the pavement against the tire at the contact region
F,—the upper load borne by the tires

® In order to facilitate comparative analysis, the actual longitudinal velocity of the center of the
tire was set at 80 km/h, and the static friction coefficient  was 0.7 (Jide Zhuang 1986 [19], Judge, A. W.
2008 [36]).

(® Tire-asphalt pavement contact definition

Static contact between the tire and asphalt pavement could be modeled via two methods;
displacement control and load control. In comparison to the latter, the former usually decreases
calculation time and in comparison, produces more reliable results. Thus, the displacement control of
the tire and pavement contact was established by applying 2 cm displacement on the rigid reference
node of the tire. Secondly, the load control of the tire and pavement contact was set up, that is, causing
us to remove the pre-assigned displacement and apply vertical displacement on the tire reference
node with respect to the pavement. The tire-pavement static contact was determined via the two steps
above. Furthermore, the tire-pavement contact was set at “hard contact” of “finite sliding”. Meanwhile,
the method of combining isotropic Coulomb friction combined with the penalty function algorithm
was adopted to realize the tire-pavement frictional contact simulation model in Figure 4a.

2.3.2. Validation of the 3D Model of Pneumatic Tire-Asphalt Pavement Contact

The complicated nonlinear characteristic of the kinetic contact between tire and pavement will
have a major effect not only on the convergence of both the implicit and explicit analyses, but also on
the accuracy and computation time of the above analyses. Therefore, before carrying out the dynamic
analysis of the tire-pavement contact, it is necessary to successively validate the simulation of the
pneumatic tire and its static contact with the pavement.

@ Tire inflation

Figure 4b shows the Mises equivalent stress nephogram of the 2D tire cross section. It can be
seen that the steel cord bears the primary load of the inner tire after inflation. While the whole tire is
under tension, the maximum stress lies in the middle of the steel cord found in the tread. To facilitate
investigation of the stress-strain characteristics found in the tire rubber materials, the inner liner of the
tire was removed.
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(8)

Figure 4. Stress and strain nephogram of the 3D model of pneumatic tire-asphalt pavement contact.
(a) 3D Tire-pavement contact model; (b) Mises equivalent stress nephogram of the inflated tire; (c) Mises
equivalent stress nephogram of the inflated tire rubber materials; (d) Deformation nephogram of the
inflated tire rubber materials; (e) Deformation nephogram of the inflated tire; (f) Pressure distribution
of tire tread on the contact region; (g) Pressure distribution of Pavement surface on the contact region.

It can be observed in Figure 4c,d that both the maximum values of the Mises stress and the total
strain appeared near the hub constraints when assembled with a wheel hub and bearing inflation
pressure. In contrast, when the steel cord bore the maximum tensile stress, the tread rubber presented
relatively smaller stress without the self-weight load. As depicted in Figure 4d, it was found that
the consolidation constraints contributed to zero displacement around the wheel hub, whereas the
aligned regions showed higher stress. In addition, the tread showed lower Mises stress, accounting for
a larger deformation of the rubber materials near the wheel hub of the sidewall. Figure 4e depicts the
deformation nephogram of the inflated tire along its tread and sidewall directions. It is noted that the
deformation in 1 orientation (U1) was primarily created in the connecting region of the sidewall and
shoulder. On the other hand, the deformation in 2 directions (U2) was always concentrated on the
sidewall near the hub. It can be concluded that, from the above analysis of Figure 4c—e, the principle
deformation region lied in the sidewall of tires, in accordance with practical conditions.

(2) Static tire contact conditions

Under the tire-pavement contact conditions shown in Figure 4f,g, tire grooves accounted for the
concentration of the tire-pavement ground pressure, which lied mainly within the longitudinal pattern
rather than out of the grooves. Accordingly, the contact pressure on the pavement surface was also
gathered in the middle of the contact region.

A photograph of the tire’s static loaded test performed by UTTM Stiffness Tester (Testing Service
GmbH, Aachen, North Rhine-Westphalia, Germany), is presented in Figure 5a. Comparison of the
test data of load-tire vertical deformation, size of contact region as well as the actual contact area with
the relative numerically predicted results are shown in Figure 5b and Table 4. It can be seen that the
predicted results seem very close to the results of the lab experiments.

Table 4. Contact area comparison of the numerically simulated results and experiment measurements.

Tire Applied Experimentally Measured Data Numerically Simulated Results
ie

Pressure L(Fa% (N) Length(L) Width(W)  Area  Length (L) Width(W) Area

(icPa) (mm) (mm) (em?) (mm) (mm) (cm?)

200 2200 125.0 102.5 104.0 119.3 99.7 98.5

220 3200 147.6 106.1 135.0 142.1 103.6 128.6

Note: L and W is the relative maximum value of the length and width in the contact zone.
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Figure 5. Verification of simulation model against experimental data on tire static test. (a) Tire
static loaded test; (b) Load-tire vertical deformation comparison of numerically simulated results and
experiment measurements.

3. Simulation Analysis of Tire-Asphalt Pavement Frictional Contact

3.1. Simulation Conditions Design of the Tire-Asphalt Pavement Frictional Contact

It is well known that the braking force (coefficient) changes with variations in slip ratio. At the
early stage of the tire braking procedure, the adhesive force, Fy, is proportional to the slip ratio.
However, because the pavement braking force, Fy, is restrained by the adhesive force, Fy, Fj, will stop
rising upon reaching the maximum Fy value, and the slip ratio will continue to increase. Therefore, it is
relevant to note that if pavement could provide tires with a greater adhesive force, Fy, tires will receive
a greater braking force, Fj,, from the pavement, facilitating the vehicle braking efficiency. Thus, this
study analyzes elasticity’s contribute to tire braking efficiency on pavement using various slip ratios.
The three slip ratios listed in Table 5 were used to analyze the frictional contact of tire-pavement.

Table 5. Conditions of brake efficiency in different slip ratios.

Slip Ratio (%)

Pavement Types

7 10 14
low-E low-SR med-SR high-SR
med-E low-SR med-SR high-SR
high-E low-SR med-SR high-SR

Note: In this table, E represents pavement Elasticity with or without crumb rubber addition, namely, in accordance
with the pavement type in Table 3. Besides, SR is the abbreviation of Slip Ratio.

3.2. Tread Deformation

Tire braking behavior has a distinct impact on tangential tire deformation. Therefore,
the tangential deformation was examined to investigate tire-pavement frictional behaviors.

Figure 6 depicts tangential deformation of the tire tread along vehicle’s direction of motion. It can
be inferred from the nephogram that:

When the slip ratio is only 7%, the tread’s tangential deformation is insignificant. Nevertheless,
as the pavement’s elasticity is improved, the deformed area has become longer and wider, extending to
the marginal region of sidewall in the direction of the tire’s motion. These phenomena account for the
enlargement of the tire-pavement contact area; the effect tire adhesion on highly elastic pavement is a
superior braking agent in comparison to that of common pavement with no crumbed rubber additives.
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Secondly, under each of the nine conditions, the direction of tread deformation is opposite to the
tire’s motion path. Under conditions of high-E, the tread deformation area is significantly larger in
comparison to conditions of low-E and med-E. This pattern is also found in the slip direction of the tire
head’s mesh. The above findings explain that while stiffness decreased and elasticity improvements
were made in the paving materials, the deformity and braking force applied to the tires increases.
Therefore, the tire-pavement contact area enlarges with elasticity. This trend indicates that appropriate
decreases in pavement stiffness could facilitate enough tire-pavement contact to enhance tire adhesion,
improving brake efficiency.

By examining the tread deformation along the direction of tire movement under 10% and 14% slip
ratio, we see that when the slip ratio is 14%, the tread deformation slightly decreases, indicating that
tire adhesion does not always improve with the increased slip ratio. This change agree with the law
that as the slip ratio is between 10% and 15%, the tire braking force coefficient will reach the maximum
value [18].

low-E and low-SR low-E and med- SR low-E and high- SR

high-E and low-SR high-E and med- SR high-E and high- SR

Figure 6. Tangential deformation nephogram of tire tread under different slip ratios.
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3.3. Pavement Braking Effect

Tire slip ratio is directly correlated to the tangential deformation found in the tire-pavement
contact zone. Therefore, the tangential displacement of the pavement surface, along the direction of
tire movement (Figure 7), is primarily used to investigate pavement deformation under various slip
ratios. Figure 8 illustrates the pavement’s tangential deformation response under three types of tire slip
ratios. The comparison shows that pavement tangential deformation varies most significantly with the
alternation of slip ratios. For example, consider a 7% slip ratio; the tangential deformation is generally
no more than 0.1mm, whereas the deformation could reach 1mm as the slip ratio reaches 10% or higher.
The figure also depicts the impact of pavement modulus on tangential interaction, which should not
be ignored. It can be observed that in highly elastic pavement (high-E), the tangential resistance to tire
rolling is more significant than that of other pavements (low-E and med-E) under the same slip ratio.
Therefore, it can be concluded that changes in tire-pavement tangential behavior caused by slight
alterations in pavement resilience can be neglected due to their negligibility in comparison to slip ratio.

Figure 7. Vertical route of the tire movement.
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Figure 8. Tangential deformation of pavement surface layer under different slip ratios of tires.
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Figures 9 and 10 respectively present the correlation of contact area and pavement braking
force under different slip ratios. As the slip ratio increases from 7 to 10%, the contact area enlarged,
intensifying the tire-pavement friction, causing an upward trend in the braking force applied by the
pavement. When the slip ratio raised from 10 to 14%, the contact area began to reduce, accounting
for degradation of the tire adhesion effect. According to Figure 6, the braking force also declined
along with increasing slip ratio. The two figures illustrate that tire-pavement contact area is related to
pavement braking force. In other words, tire adhesion has a substantial impact on the braking force
applied by asphalt pavements.

115.0
Olow-E
Dmed-E
1050 1 phigh-E

110.0 A

Tire-pavement actural contact area
(mm?)

Slip Ratio (%)
Figure 9. Tire-pavement contact area under different slip ratios.

3600

3500 Olow-E
Omed-E
3400 Bhigh-E

Braking force (N)

10
Slip ratio (%)

Figure 10. Braking force of pavement under different slip ratios.

Figure 11 also shows that the braking force coefficient of pavement does not always enlarge with
increases in slip ratio; this coefficient will decrease after reaching its peak value. Using the tire modeled
in this research, it was found that pavement type has the most significant braking impact at a slip ratio
value near 10%. Furthermore, with reduction in contact area, the effect of pavement type on braking
diminished with slip ratios greater than 10%. However, it can be observed that for the most elastic
pavement (high-E), the corresponding braking force coefficient is greater than the other two types of
less elastic pavement. As the slip ratio was further improved, the braking effect of the high elastic
pavement began to degrade, nonetheless, this pavement’s braking effect is superior to that of the other
pavements. Therefore, it can be concluded that the enhancement of pavement elasticity will give rise
to the braking efficiency of the tires under different slip ratios.
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Figure 11. Pavement braking force coefficient under different slip ratios.

4. Conclusions and Discussion

To increase brake efficiency and enhance driving safety, the 3D dynamic frictional contact model
was created to conduct a reliable analysis of tire-pavement friction. Through this method, the following
conclusions were determined.

First: increasing pavement elasticity could enlarge the tire-pavement actual contact area, providing
tires with stronger grip.

Second: slip ratio has the most significant impact on frictional behaviors during tire-pavement
contact. However, under the same slip ratio, high elasticity significantly interferes with tire rolling in
comparison to pavements of ordinary elasticity.

Third: the braking force coefficient can be slightly raised by the distinct improvement of pavement
elasticity. However, braking distance is sensitive to tiny variations in this coefficient, allowing
anti-skidding improvements to be made in asphalt by remarkably increasing the pavement’s elasticity.

Pavement skid resistance, coupled with vehicle, tire and pavement surface layer, is a problem
that includes factors such as aggregate hardness, pavement surface texture and stiffening of paving
materials. Moreover, analyzed from the aspect of the tire, this issue also investigated the effect of
tire inflation pressure; tread pattern and the physical and mechanical properties of tread rubber
materials. In addition, investigated from the angle of tire-pavement coupling, it is a systemic problem
that incorporates tire slip ratio, tire-pavement contact behavior, and even the appropriate friction
law. Conventional methods focus upon macro and micro texture effects on the frictional properties
of the tire, to decrease the skid resistance of asphalt pavement. Investigating the changes in skid
resistance caused by altering the recoverable resilient deformation property of pavement is a new
approach to increasing driver safety. This method can be used to facilitate tire grip and enhance
braking performance. This paper investigates pavement skid resistance from the aspect of paving
materials’ moduli; tire-pavement friction coupled with pavement texture, heat transfer by coupled
frictional behaviors, stiffness modulus, and water film effects will be discussed in future research.
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Abstract: More and more recycled asphalt mixtures with high reclaimed asphalt pavement (RAP)
content are used in road pavement. Having determined and evaluated RAP composition (aged
bitumen content and aggregate gradation) and properties, a suitable recycling agent and virgin
materials are selected in the design process. The gradation of hot mix asphalt (HMA) mixture
that is recycled in an asphalt mixing plant (AMP) shall correspond to its optimal gradation set
out in its job-mix formula (JMF). When RAP is recycled in an AMP, inevitable systematic and
random errors of performed technological operations and inhomogeneity of virgin materials and
RAP have a significant influence. These factors influence the variation of components quantities of
recycled hot mix asphalt (RHMA) mixture and deviations from JMF. In this study, the principles of
asphalt pavement hot recycling are systematized, which allows analysis of the factors of components’
interaction influencing the results of the recycling process. The paper also presents and analyses
asphalt recycling technologies in AMP and their comparative analysis. During the season of asphalt
mixture production in 2014, statistical parameters were calculated according to the data obtained from
one of the companies, which collected and systematized RAP batch masses, when before batching
it was pre-dried and pre-heated in an additional dryer. These parameters of batch mass and RAP
content in RHMA position and variation were used when evaluating the accuracy and precision of
the recycling process in AMP. The obtained data showed that when RHMA mixtures are produced in
a modern batch-type AMP, RAP is batched accurately, but not precisely enough.

Keywords: asphalt pavement; recycling principles; asphalt mixing plant (AMP); reclaimed asphalt
pavement (RAP); batching errors

1. Introduction

Production of asphalt can incorporate reclaimed materials from the deconstruction of road
surfaces. This aids in reducing production costs and saves natural resources, bitumen, and aggregates.
However, recycling can only be justified if the performance and longevity of the produced pavement
is equal or better than that of traditional mixtures. Mixtures containing RAP have not always
demonstrated such performance. Premature cracking due to the aged bitumen is one of the
main reasons that agencies are reluctant to increase allowed RAP content in the mixtures [1,2].
Another reported problem is the variability of RAP material, which does not allow to securely
assume that the produced mixture properties will reflect laboratory design [3]. Finally, problems with
production technology have been reported, including excessive emissions and issues with consistency
of mixture that has resulted in poor pavement performance [4,5].
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These reported problems, however, can be accounted for and the desired performance for mixes
containing RAP can be ensured by taking comprehensive measures in three broad areas:

e Materials. It must be ensured that the reclaimed materials correspond to the requirements, they are
homogeneous, with a low moisture content, and without contamination.

e  Mix design should be performed according to best practices, depending on recycled asphalt
content and its properties to ensure the reduction of stiffness of the aged binder, as well as the
desired performance properties for the entire life-cycle of the pavement [6].

e The production technology must allow for incorporating the desired RAP content by heating it to
the necessary temperature and ensuring homogeneous blending with virgin materials without
creating emissions [7].

Most laboratory studies have demonstrated evidence that high RAP pavements can achieve
the desired pavement performance and longevity that are equal to conventional asphalt [8-10].
Adequate mix design procedures can even allow for creating mixtures containing 100% recycled
asphalt [11,12]. It has also been confirmed that adequate full-scale RAP management, production,
and mix design procedures can lead to excellent field results. The research by [13,14] provides evidence
that adequate management and processing of RAP can ensure homogeneity of RAP equal or better
than that of virgin aggregates. A comprehensive study by National Center for Asphalt Technology
(NCAT) [15] evaluated the long-term performance of 18 sites across North America with pavements
containing 30% RAP and concluded that the performance is similar to pavement constructed from
virgin materials with no RAP. Thus, it becomes evident that both adequate design procedures and
full-scale production technologies are currently available and allow for high RAP production [16].
So, why is it not being done routinely?

One of the reasons is that, although a lot of research is being done in laboratory, independent
scientific research on production technologies and other full-scale operations and the means to improve
them is scarce. This is likely because of the high research costs and many available (and constantly
changing) technologies. At the same time, as reported by [17], a large portion of the failures of mixtures
containing RAP have been caused by the “use of unprocessed RAP and hot-mix plants that were not
designed to handle high RAP contents.” Thus, a clear, full-scale research is necessary. The pavement
performance is equally dependent on design procedures and consistent production and only adequate
accounting for both of these factors can ensure satisfactory pavement performance [18].

This article aims to link different features of a full-scale production to allow for a theoretical
evaluation of the entire production process chain. Only a comprehensive approach like this can permit
analysing the “bottle necks”, which preclude increasing the reclaimed asphalt content in the mixture or
to find the defective link in the chain in the case of unsatisfactory performance of the pavement. Such an
approach is also necessary when aiming at a cleaner production. The entire chain of operations must
be analysed considering the long term consequences. This encompasses undertaking daily, weekly,
and yearly analyses. This article will present the theoretical basis of the asphalt production chain and
then focus on the asphalt production with regards to ensuring the desired mixture homogeneity.

The aim of the study is to present the analysis of mandatory actions of asphalt pavement hot
recycling based on scientific principles and to investigate the parameters of technological operations,
performed in batch AMP with additional RAP drying and heating.

2. Theoretical Formulation of the Problem

2.1. Principles of Asphalt Pavement Hot Recycling

When developing asphalt pavement recycling methods and technologies, the most important
principles of this relatively new and promising method of recycling road pavement by reusing its
asphalt materials shall be known and applied. We present these principles based on our personal
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theoretical knowledge and practical experience, as well the analysis of the findings of the investigations
conducted by other researchers. The scheme of twelve principles is presented in Figure 1.

THE PRINCIPLES OF ASPHALT PAVEMENT HOT RECYCLING

1. Necessity to break up an asphalt pavement course into lumps or slabs

— 2. Necessity to separate components of the composite physically

3. Decomposing of mechanically or thermo-mechanically impacted RAP through matrix, i.e. a

bitumen film and air voids

4. Not damaging the mineral components separable from each other and a bitumen binder

—| 5. Water content removal from the recycled material of asphalt pavement

6. Necessity to blend mechanically: free or/and forced movement of separate components in space

7. Formation of the largest possible surface of aged bitumen films to be coated with a rejuvenator

8. Capability of a rejuvenator to coat all particles uniformly and to diffuse into aged bitumen films

9. Retardation of bitumen oxidized ageing inthe technological process of recycling

10. Failure to remove aged bitumen and/or some of the aggregate fractions from the recycled asphalt

mixture

11. Compliance of the designed recycled hot mix asphalt (RHMA) quality indicators with the design

specification requirements

12. Compliance of in-plant or in-place (on the road) recycled asphalt mixture composition and

L properties with the job-mix formula (JMF)

Figure 1. The system of scientific principles of asphalt pavement hot recycling.

The first principle (necessity to break up an asphalt pavement course into lumps, or slabs).
The asphalt of the reclaimed pavement containing the matrix and inserts of the composite shall
be mechanically, thermally, or hydrothermally crushed (broken-up) into separate components.
This enables to improve its whole structure and properties by incorporating some materials, not only
those in the surface course of the road pavement [19,20]. It is rather complicated and ineffective to
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incorporate rejuvenating additives into a compacted and dense pavement through air voids from the
top. A ravelled aged asphalt course of the road pavement, which is not crushed into small particles,
would not be uniformly recycledthroughout the whole thickness of the course.

The second principle (necessity to separate physically the components of the composite). The asphalt
of the recycled pavement shall be downsized to its granular particles (RAP). Aggregate particles of
different sizes (solid phase) are separated by breaking-up the films of the bitumen bonding them
(liquid phase). As adhesion is stronger than cohesion, thermo-mechanically impacted RAP frequently
decompose not only at the border of bitumen and particles, but in the course of volumetric bitumen
and air voids. Particles are separated from each other in order that when they are changing their
position in space, they allow rejuvenating agents (binder or/and mineral aggregates) to permeate
through open gaps, which would distribute uniformly among the obtained particles of the recycled
asphalt mixture [21].

The third principle (decomposing of mechanically or thermo-mechanically impacted RAP through
matrix, i.e., a bitumen film and air voids). The RAP of aged pavement shall be broken up in order
that the material that binds asphalt (the variation system of a bitumen binder and mineral fillers or
volumetric bitumen films, which cement the composite material into a conglomerate) decomposed.
During its recycling process, surfaces may merge with microcracks occurring in the aged road
pavement and air voids. It would be desirable that the surfaces were formed in a matrix, not in
inserts (coarse and fine aggregate), when asphalt decomposes (is milled, broken-up or crushed).
In the contact zone of a milling machine cutter or a stone breaker (crusher) with reclaimed asphalt,
new uncoated surfaces form when stone and fine aggregate particles split, which increases the area of
all particles of the mixture and the necessary summative amount of the recycled bitumen. When asphalt
pavement is cold-milled or its broken lumps or slabs are crushed in a stonebreaker, some coarse and
fine aggregate particles inevitably split up (break up). When heated road pavement is milled with
a mobile recycler, the probability of particle splitting decreases. If the degree of aged mineral aggregate
fractioning is unknown and it is not taken into consideration when batching additional virgin mineral
aggregates or an asphalt mixture, RHMA with a higher content of fine particles is obtained.

The fourth principle (not damaging the mineral components separable from each other and
a bitumen binder). The methods and technologies of separating solidified and liquefied phases
of asphalt pavement from each other shall ensure that aged bitumen and mineral particles are suitable
for the use in a recycled asphalt mixture. Thermal weakening of the matrix (bitumen or asphalt binding
material) by reducing the viscosity of aged bitumen before decomposing to the strength that is lower
than that of inserts (particles of coarse and fine aggregate) decomposes reclaimed asphalt through
matrix, not inserts, due to decreasing adhesion and cohesion. Splitting and crumbling of aggregate
particles shall be avoided. When reclaimed asphalt is heated, the properties of aged bitumen should
not worsen due to overheating. Usually, RAP that has been heated in the RAP channel goes to a hot
RAP storage bin when it has reached its desired temperature (100-120 °C) at the end of circulation line.
When it is stored in the bin, it will maintain a warm temperature. Chemical solvents that are used for
bitumen recovery, but not for the improvement of its properties, are not suitable for separating the
components of RAP from each other.

The fifth principle (water content removal from the reclaimed material of asphalt pavement).
The RAP that was milled or crushed and sieved in a stonebreaker almost always contains a certain
amount of water. It is likely to become a wet hot-in-place recycled asphalt pavement. When stockpiled,
precipitation water increases the water content of this material. Therefore, it is recommended to
store RAP that is prepared for use in a stockhouse or in a shelter. This water shall be removed by
applying the laws of heat transfer in some equipment [22,23]. Wet and cold RAP, usually sized up
to 32 mm, can be dried and heated up in an AMP in the following two ways: first, cold RAP is
mixed with superheated virgin mineral materials, takes over part of their heat, dries and heats up;
second, RAP is heated up in a parallel additional dryer (in-dryer) using the heat that is radiated by
the burner. When the road pavement is recycled with a mobile recycling equipment (hot-in-place
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recycling), it is heated up by infrared burners from the top [24]. When water films are removed from
the surface of RAP particles and microcracks, the adhesion of the recycled summative (aged and virgin
bitumen) bituminous binder and mineral aggregates increases, which influences the strength of the
recycled asphalt.

The sixth principle (Necessity to blend mechanically: free or/and forced movement of separated
components in space). All or most of the particles of different sizes of the reclaimed asphalt shall
be separated from each other so that when mixed, they could change their position in relation to
each other and their location in a mix or a flow. When during initial decomposition road pavement
structure courses are cold-milled or flat asphalt lumps or their slabs (pieces) are crushed (pulverized),
and particles are obtained. When granular asphalt is heated up during the second decomposition,
viscosity, adhesion, and cohesion of the old bitumen are reduced. Therefore, when exposed to mixing
forces weaker than those of milling, particles partially break up and mineral particles redistribute
in space, thereby opening new unbound surfaces that could be exposed to rejuvenators (additives).
When the heated-up asphalt pavement is milled or broken, and when the films of the reclaimed old
liquefied bitumen binder melt sufficiently, adhesion (bonding of bitumen molecules with mineral
particles) and cohesion (interaction of bitumen molecules) are reduced. This makes the separation of
particles from each other easier and takes less mechanical power, but requires more heat.

The seventh principle (formation of the largest possible surface of aged bitumen films to be coated
with a rejuvenator). Particles of granular mixture obtained from the heated-up, and the mixed RAP is
coated with extremely viscous oriented inner bitumen films of a certain thickness with a higher content
of asphaltenes [25]. Due to adsorption into open voids of particles and microcracks (splits), and due to
stronger adhesion, they barely melt and decompose. These particles are also coated with outer bitumen
films, which weakly interact with the surface of particles as they do not directly contact with them.
Volumetric bitumen films make up an outer layer, in which the content of liquid tars and oils reduces
during the road use. At the temperature lower than that of the oriented bitumen they melt and become
a viscous liquid that can flow in separate drops and at the molecular level mix with the rejuvenators
recycling the old bitumen or virgin more liquefied bitumen [26,27]. Volumetric bitumen films oil
the surfaces of mobile particles and facilitate the mixing process of the recycled asphalt mixture.
When mixing the recycled asphalt mixture, more and more new surfaces of aged particles, which can
absorb the batched rejuvenators or a virgin liquefied bitumen, open [28,29]. It takes more energy for
finer particles to separate from each other. If they are not separated, rejuvenators, which improve aged
bitumen, cannot pass and part of the mixture remains unrecycled.

The eighth principle (capability of a rejuvenator to coat all particles uniformly and to diffuse into
aged bitumen films). The rejuvenators improving the properties of the aged bitumen in the recycled
asphalt mixture shall uniformly distribute on the surface of each mineral particle, coated with oriented
and volumetric bitumen films [7,30]. The thickness of a newly formed film of the rejuvenator shall
ensure that upon completion of its diffusion into the double coating of aged bitumen, the properties
of its summative bitumen are restored to the appropriate structure and properties of the recycled
asphalt mixture. The deeper that a rejuvenator or a virgin bitumen penetrates into the double-coating
system of reclaimed bitumen films due to diffusion after the technological process of recycling,
the more complete this process is and the less asphalt properties change in the beginning of its
exploitation [31-33]. The long duration of the diffusion of the rejuvenator into aged bitumen does not
allow the consideration of the process of asphalt recycling as complete [34]. The duration of diffusive
mixing of reclaimed old and virgin bitumen in films should be as short as possible, as only upon
completion of this process the new structure of the recycled asphalt structure forms and its required
(rated) resilience is obtained. Classically approach, Fick’s law and Arrhenius equation describes this
theory [33].

The ninth principle (retardation of bitumen oxidized ageing in the technological process of
recycling). When the aged structure decomposes at high temperature of asphalt recycling process,
unbound surfaces of aged volumetric bitumen contact with ambient air. The components of aged
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bitumen intensively oxidize and vapour even more due to ageing, thereby worsening the properties of
summative bitumen [35,36]. Therefore, the temperature of the recycled asphalt mixture should not
be too high and the duration of works should not be too long. When stored in a silo of an AMP and
transported in a truck for a considerable period of time, laid, and compacted slowly, the structure and
properties of the hot-recycled asphalt mixture deteriorate.

The tenth principle (failure to remove aged bitumen and/or some of the aggregate’s fractions
from the recycled asphalt mixture). The gradation of aggregates in an asphalt mixture complies with
a certain optimal content of bituminous binder, which ensures its best properties [37]. When reclaimed
asphalt is being recycled, the properties of aged bitumen are improved by admixing a rejuvenator or
virgin bitumen, which always increases the content of summative bitumen and makes it not optimal.
In order to optimize the content of summative bitumen, aggregates of appropriate fractions shall be
added [38]. It is practically impossible to remove aged bitumen and (or) some aggregate fraction from
recycled asphalt. It is possible only to add rejuvenators. Virgin mineral aggregates, which improve the
gradation absorb part of the aged volumetric bitumen, transferring from the surface of the granular
particles of reclaimed asphalt (during hot-in-plant recycling). When asphalt pavement is hot-in-place
recycled with a mobile Remixer, the particles of additional HMA mixture are coated with virgin
bitumen and transfer part of it to aged particles. It is likely that during the mass exchange process,
aged bitumen is transferred to new particles of an additional HMA mixture. This way, a reversible
double coating of new particles is obtained: exogenous coating of aged bitumen and indigenous
coating of new bitumen films. These two different hot recycling technologies impact on the different
formation of the structure of double-coating of a bitumen film, which coats aged and virgin particles,
the thickness of the coatings, diffusion processes, and the properties of the recycled asphalt.

The eleventh principle (compliance of the designed RHMA quality indicators with the design
specification requirements). RHMA is designed using the RAP, virgin mineral aggregates,
virgin bitumen, or any other rejuvenator, when their factual properties and composition are identified
and evaluated. The proportion of virgin bituminous binding materials and aggregates is selected taking
into account the composition of RAP, its homogeneity and the properties of aged bitumen [39-41].
The aim is to obtain such physical and mechanical properties of RHMA, which are not worse than
those of the mixtures made of purely virgin materials (for mixtures of the mix group) and the type of
bituminous mixture and which comply with the specifications set out in European Standart (norm) EN
13108-1, ..., EN 13108-7 and EN 13108-20. The lower the homogeneity of RAP is, the less amount of
it can be batched in the manufactured recycled HMA mixture [42]. RAP homogeneity is evaluated
according to EN 13108-20 and TRA ASFALTAS 08.

The twelfth principle (compliance of in-plant or in-place recycled asphalt mixture composition and
properties with the JMF). The recycled hot bituminous mixture manufactured from RAP and virgin
materials in an AMP or in a mobile Remixer shall meet Factory Production Control requirements,
as specified in EN 13108-21. Therefore, the errors of technological parameters are minimized during
the recycling process, which enables to deviate the factual composition of the recycled HMA mixture,
temperature, physical, and mechanical indicators from the JMF within permitted (tolerance) limits [43].

2.2. Model of Technologies of RAP Recycling

Such asphalt pavement recycling principles are entirely or partially applied in hot-mix recycling
process of RAP in an AMP. The recycling process may be divided into sequential technological
operations (Figure 2).

In conventional AMP constructed to recycle aged RAP, additional technological equipment to feed,
store, supply (transport), batch, dry, heat up, and mix RAP with virgin materials be used (Figure 3).
Recently, the increasing content of RAP has been observed. The structure of the equipment designed
to recycle RAP depends on the maximum permitted RAP percentage content, the methods of drying
and heating up, the place of batching in AMP, as well as mixing with virgin materials. When a small
percentage (up to 10% or 20% of RAP content from the total mass of recycled asphalt mixture) is used,
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a batch-type AMP without additional heating of RAP is the most suitable one (Figure 3D). AMP of
this type enables the delivery RAP into its four types of equipment: 1—hot elevator; 2—hot aggregate
bin (compartment of bypass); 3—hot aggregate scale bin; and, 4—mixer. To batch the increased RAP
percentage content (from 20% to 50%), it is dried and heated up in an additional cylinder dryer,
incorporated into a batch-type AMP (Figure 3C).

| Aged asphalt pavement destruction: milling or breaking |

l

| Production of reclaimed asphalt pavement (RAP) |

‘ RAP processing: homogenization, drying, heating up ‘

l

’ RAP feed into an asphalt mixing plant (AMP) and its proportioning (batching)

!

| Mixing RAP with virgin materials in AMP

Unloading of recycled hot-mix asphalt (RHMA) mixture
from AMP mixer, storage and transportation for user

Figure 2. Production operations of the in-plant recycling process of aged asphalt pavement.

RAP can also be recycled in a continuous AMP with integrated drum-mix (Figure 3A) or double
barrel dryers-mixers (Figure 3B). When using this equipment, 50% or more of wet and cold particles
of RAP could be batched. All of the asphalt recycling technologies presented in Figure 3 have both
advantages and disadvantages.

Recent theoretical and practical achievements enable the recycling of up to 100% of RAP, of course,
we need to evaluate that the studies were conducted in ideal and lab-controlled conditions [44,45].
RAP inhomogeneity has a huge impact on its maximum permitted percentage in a recycled RHMA.
It is only in rare cases that RAP is sieved into two or more different size fractions. A lack of an efficient
practical method, which enables to homogenize RAP prepared for use, does not allow the use of high
RAP content in a recycled hot-mix asphalt (RHMA) mixture. As a rule, according to the standards it is
allowed use less RAP content in a recycled asphalt mixture of the pavement surface course than in
a binder or a base course [42].

When RHMA mixture is produced in an AMP, cold and wet RAP is dried and heated up to break
them down into separate component particles, which could absorb thin films of a rejuvenator on their
surface. RAP may dry out and heat up in two technological ways of heat transfer: first, (Figure 3A,B,D
technologies) without preheating the reclaimed material [46], when RAP take over some of the heat
of aggregates (superheated virgin materials, superheating temperature) in contact with superheated
aggregates; second, (Figure 3C technology) the flow of RAP is dried and heated up (up to 100-110 °C)
in a separate parallel dryer, where a mixture of heated up gas and air is emanated from a burner [47].

The most important technological requirements for the production of RHMA mixtures are
as follows:

e the conformity of its gradation (content of mineral filler, fine aggregate and coarse aggregate and
bituminous binder content with JMF; and,
e the conformity of the RHMA mixture temperature to the type of used bituminous binder grade.
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Technical requirements TRA ASFALTAS 08 drafted in compliance with the above-mentioned
standards requires that the max allowed content of RAP K; should be calculated according to
Equations (1) and (2) taking into account the homogeneity of RAP. Such homogeneity is determined
by the range indicators for individual properties (a;). K; shall be computed by the general permissible
deviations N4, ; depending on the property of RAP and the type of recycled HMA mixture:

0.50N gy i
K; = 2 admi 100 1)

a;

o 0.33N,
K; = % x 100, @)

i

where g; is the range between the max x; 5, and the min x; ,,,;, values of RAP i-property indicator
estimated for the sample (min sample size 1 = 5).

With respect to all of the properties of base and surface-base course mixtures, Equation (1) shall
apply. It shall be also applied for the softening point of binder course and surface course mixtures.
With respect to all other properties, Equation (2) shall apply [42].

RAP is not only homogeneous, but it is also dosed with systemic and random errors of a certain
magnitude in the AMP that increase the deviations of the RHMA component content from JMF and
variation [38].

Derivation of the procedure for calculation of the maximum allowable RAP content is as follows.
ASTM D 4460 gives equations for calculating standard deviation values for quantities determined from
calculations involving two other values. From these equations, the following formula for calculating
the standard deviation of a blend of two materials can be derived:

o = \/azgg TR+ (R4 D), @)

where ¢;,,—standard deviation of the mixture; o,—standard deviation of component “a”; o,—standard
deviation of component “b”; a—proportion of component “a” in the mixture; YZ— mean value for
component “a”; Yﬁ—mean value for component “b”; and, o,—standard deviation of the proportions.

We can rewrite this for percent passing for a selected sieve for HMA mixtures consisting of a blend

of new HMA materials with RAP [48]:

= =
opm = \/w%UI%R + w03y + (PR + PN)O‘%\/, 4)

where op)—standard deviation of percent passing for a selected sieve for the mixture with RAP
(i.e., RHMA); wg—weight fraction of RAP in the mixture; opg—standard deviation of percent
passing for the selected sieve for the RAP; wy—weight fraction of new materials (new HMA) in
the mixture = (1 — wg); opy—standard deviation of percent passing for the selected sieve for the
new HMA; Pr—mean value for RAP% passing for the selected sieve; Py—mean value for new
HMAY% passing for the selected sieve; and, o;,—standard deviation of the weight fractions, also called
“batching variability”.

Equation (3) can be solved for the maximum amount of RAP that can be added to new material
without increasing the standard deviation for percent passing on the selected sieve above a selected
maximum value by application of the quadratic equation:

_ /B2 —
Max.RAP% — Wwo%, )
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where Max.RAP%—maximum amount of RAP that can be added to the mix, weight%; a = o3y + 03;
b= 72(7,2,,\]; c= UI%N + (% + P,%,)Uf, — ‘TIZ?M/Max" and, ‘TIZDM/Max is the maximum allowable standard
deviation for percent passing for the selected sieve.

Because asphalt is temperature sensitive, good preheating of RAP is helpful to eliminate the
agglomerates of RAP to promote the dispersion of RAP during the hot recycling process [49].
When applying the first heat transfer method, superheating temperature of virgin mineral materials
(aggregate) is calculated according to the following empirical formula applied in practice [50]:

T Trama — S Trap | 4-S-Wrap
v.a. 175 175

(637 — Trap), (6)

where T, , —superheating temperature of virgin mineral materials (aggregates), °C; Trpma—required
temperature of recycled hot mix asphalt, which depends on the grade of the bitumen binder, °C;
S—ratio of RAP batching mass in the recycled hot mix asphalt mixture, in units; Tg s p—temperature of
RAP, °C; and, Wg 4p—moisture (water content) of RAP, in units.

This formula (1) contains four variables, two of which (Tgrgpa, S) show the temperature of RAP
and component composition, whereas other two (Tg ap, Wgrap)—show RAP temperature and moisture.
Experimental investigations showed that RAP may absorb from 0.7 to 6.5% of moisture. The average
made up 3.40%. Therefore, it is recommended to store it in warehouses. It is likely that not all humidity
is removed from RAP in a parallel drum. The quantity and temperature of a batched.

RAP, which depends on its transfer type impacted by the production technology of RHMA in
AMP, allows to calculate the temperature at which virgin aggregates shall be heated. According to
formula (6), it was identified how the temperature required for heating virgin aggregates varies when
the moisture of RAP varies from 0 to 8%, and its quantity in RHMA varies from 5 to 50% (Figure 4).
When making calculations, it was assumed that the initial temperature of RAP is equal to ambient
temperature of 15 °C (Figure 4a). RAP was heated in a parallel drum to the working temperature of
100°C (Figure 4b), and it also contained some residual temperature.

= 0-100 = 100-200 =200-300 = 300-400 = 400-500 500-600

0 001

002 003 (o4 s =
Moisture of RAP W, 0006 507

(a)

Figure 4. Cont.
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Figure 4. Dependence of superheating temperature of virgin mineral materials on the ratio of RAP
weight and moisture of RAP when Tg4p is as follows: (a)—15 °C; (b)—100 °C.

It was estimated that if RAP content in RHMA mixture is 50% and RAP moisture is 2%, then the
temperature required to heat virgin aggregates when producing 160 °C RHMA with RAP heated in
a parallel drum is 262 °C, and with non-heated RAP-even 354 °C. The difference made up 92 °C.

3. RAP Batching Accuracy and Precision

RHMA mixture of different RAP content was produced in one asphalt producing company in
a batch-type asphalt mixing plant (AMP), Ammann Euro A 240, the highest capability of which was
Quuax = 240 t/h, and the highest mass of one mix batch was 3000 kg. RAP feeding, transporting, drying,
and heating, as well as batching devices were mounted in addition (Figure 5).

\=

'l

Figure 5. The technological scheme of RAP hot and cold recycling in batch AMP: 1—wheel loader;
2—RAP feeder; 3—Dbelt scale; 4—collecting conveyor; 5—RAP elevator; 6—parallel drum; 7—recycling
buffer silo with weighing appliance and recycling scale; 8—cold recycling addition via buffer silo and
belt scale; 9—mixer.
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3.1. Methods

The following mixture for a road pavement surface and base courses of two types was produced
in a batchAMP with preheated RAP: with 25% and 50% of RAP, AC 16 PD and AC 22 PS, respectively.
The grade of AC 16 DP according to the national standard TRA ASFALTAS 09 is asphalt concrete (AC);
maximum size of particles—16mm; purpose—for pavement single ply surface course (PD). The grade
of AC 22 PS is also asphalt concrete (AC); maximum size of particles—22 mm; purpose—for pavement
base course (P); also, purpose—for the heavy load (S). To investigate the accuracy and precision of
RAP batching, technological data about RHMA mixtures produced in 2014, which were stored in an
APM handling computer, were used. AMP handling software presents rated (target) and factual data
on the name and number of job-mix formula (JMF), weight, mixing time, and temperature of each
RHMA mix batch. Masses of all mineral materials, bitumen, additives, and RAP weighed batches are
presented as well.

For statistical purposes, only the data when most of RHMA mixture was produced were used:
10-day AC 16 PD mixture production data and 12-day AC 22 PS grade hot-mix asphalt (HMA) mixture
production data. Quite large sample sizes, presented in Table 1, allowed the study to obtain rather
dependable investigation data. RHMA mix batches of less than 2800 kg (outliers) were eliminated
from each sample size. Statistical investigation was conducted on the data of 3041 mix batches, for the
production of which approximately 3400 t of RAP was used and approximately 9000 t of RHMA
mixture were produced.

Table 1. Sample sizes of the data used in the investigation

Type of RHMA Days Total Sample Size Sample Size Without Outliers
AC16PD 10 1424 1324
AC22PS 12 1617 1569

Statistical data were calculated through the use of Statgraphics Centurion XVII software package
(Statpoint Technologies, Inc., Warrenton, VA, USA) for statistical processing, which allowed to identify
the accuracy and precision of RAP batching in a batch-type AMP. AMP handling computer data of each
working day’s lot were grouped and classified by days and grades of RHMA mixture. Total weight
Qpateni of RHMA mix batch and weighed RAP batch mass qrp; were calculated. RAP percentage
content in each asphalt mix batch was calculated according to this data:

xrapi = AL 5 100 )
Qbatchi
where xg4pi—RAP content in i RHMA mix batch, %; qrapi—RAP batch mass, kg, Qptc,i—RHMA
mix batch mass, kg; i—i RHMA mix batch (i =1, 2, ... N, N—RHMA mix batches’ number).
Statistical indices of the produced RHMA mixture of both grades RAP batch mass position and
variation were calculated, and diagrams and histograms were drawn (Figures 6 and 7).
The accuracy of RAP batching was identified by comparing average RAP content deviation from
JMF in the produced RHMA mixture:

qrAP — YRAP,JMF % 100, ®)

Aqrap =
1 qRAP,JMF

where g , p—average of RAP batches mass, kg; grap,jpr—target RAP batch mass according to JMF, kg.
Standard deviation was used to evaluate the precision of RAP batching (Figure 7).
Normal distribution of both sample sizes of RAP batch mass was tested, which enabled the
calculation of the average precision of RAP batching process. Normal distribution of experimental
data was investigated by applying skewness and kurtosis. The values of the coefficient of skewness sk
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and coefficient of kurtosis ku calculated from data of sample size were compared with their respective
standard deviations sg and sg,,:

_ 6n(n — 1)

Ssk = \/(n "2 + )(n + 3) ©)
B 24n(n — 1)

Sk"_\/(n—B)(n—Z)(n+3)(n+5)' (10)

where n—the sample size (number of measurements). When |[sk| < 3sg and |ku| < 5s,, it can
be considered that the normality hypothesis of empirical data is accepted. Otherwise, the raised
hypothesis is rejected or accepted as doubtful.

RAP batch weight, kg

RAP batch weight, kg
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Figure 6. Distribution of RAP separate batch masses. When its job mix formula (JMF) is as follows:
(a)—750 kg; (b)—1500 kg.

3.2. Materials

RHMA mixtures were produced according to various JMF’s. To produce AC 16 PD grade mixture,

imported fillers (IF), crushed gravel sifting, reclaimed dust (RD), natural sand, various fraction crushed
gravel, and 100/150 grade road bitumen were used. AC 22 PS grade RHMA mixture was produced
from 0/2 mm and 0/5 mm fraction natural sand, 5/8 mm, 8/11 mm and 11/22 mm fraction gravel,
and 50/70 grade road bitumen. Additives were not used for RHMA mixture production. The batch
masses of all materials’ finite batching in one recycled HMA mix batch, the mass of which according to
JMEF is 3000 kg, are presented in Table 2.
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Figure 7. Distribution histograms, theoretical curves of normal distribution and statistical parameters
of RAP batch masses in HMA batches of mixtures: (a)—AC 16 PD (750 kg); (b)—AC 22 PS (1500 kg).

Table 2. RAP composition, %.

Subsample Number
Particle Size, mm Average
I I 111 v \%

>11.2 6.3 7.5 8.4 8.7 7.5 7.7

>2 69.4 73.4 71.2 68.5 68.7 70.6
0.063-2 30.4 26.5 28.6 31.3 31.2 29.2
<0.125 0.5 0.3 0.2 0.3 0.3 0.3
<0.063 0.2 0.1 0.2 0.2 0.1 0.2
Bitumen 4.78 4.73 4.86 4.81 4.43 4.72

To produce RHMA mixture, crushed and sieved RAP, the size of which was not larger than 32 mm,
were used. RAP was prepared according to the third principle and technological scheme (Figure 3).
When designing the composition of RHMA mixture and determining JMF, RAP grading and hot
fraction were evaluated. Several sample units were taken from the adjacent places of the sheltered
stock of RAP and prepared for use. The material of several sample units was put into a subsample.
In total, five subsamples were taken this way, each of which was tested separately in a laboratory.
RAP investigation data are presented in Table 3.

Table 3. RHMA mixture batch composition according to JMF (finite batching materials’ batch mass in
kg in one RHMA mix batch of 3000 kg).

Hot Aggregate Fractions, mm

RHMA Mixture Group RAP IF RD Virgin Bitumen
0/2 2/5 5/8 8/11 11/16 11/32
AC 16 PD 750 99 99 612 219 411 384 306 - 120
AC 22 PS 1500 - - 141 87 297 144 - 780 51

The mean of five subsamples was taken as RAP average composition. RAP homogeneity was
estimated by standard deviation.
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4. Results and Discussion

The aim of the study was to identify how accurately and precisely RAP is batched when
producing an asphalt mixture. The experiment data show that when producing RHMA mixture
AC 16 PD (with 25% RAP) for pavement single ply surface course, the batched quantity of RAP
into an AMP mixer was on average gp,p = 738.63 kg. According to Equation (8), batching
accuracy Aqrap = w x 100 = —1.52%. RAP batch mass varied from 643 kg to 845 kg.
Range R = gax — Gmin = 202 kg (Figure 6a). Standard deviation showing batch mass variation was
Sqrap = 2746 kg and coefficient of variation was V; = 3.72%. The specifications do not regulate AMP
batching tolerances of bitumen, hot and cold mineral materials. They are specified in ASTM Standard
Specification for mixing plants for hot-mixed, hot-laid bituminous paving mixture. According to the
Specifications above, the automatic proportioning system shall be capable of consistently delivering
materials within the full range of a batch size of the following tolerances (Table 4).

Table 4. Tolerances of batch masses of AMP batchers” materials according to ASTM D 995-95b.

Materials Total Batch Mass of a Paving Mix, %
Batch aggregate component £15
Mineral filler +0.5
Bituminous material +0.1
Zero return (aggregate) +0.5
Zero return (bituminous material) +0.1

The electric circuits for the above delivery tolerances of each cut-off interlock shall be capable of
providing the total span for the full allowable tolerance for maximum batch size. Tolerance controls
shall be automatically or manually adjustable to provide spans that are suitable for less than full-size
batches. The automatic controls and interlock cut-off circuits shall be capable of being consistently
coordinated with the batching scale or meter within an accuracy of 0.2% of the nominal capacity of the
said scale or meter throughout the full range of the batch sizes according to ASTM D995-95b.

Having investigated all 1569 asphalt mix batches of grade AC 22 PS RHMA mixture (with 50%
RAP content) produced in 12 days for the base course, it was identified that RAP is batched rather
accurately. When the mean of RAP of all the batches is g ,p = 1483.27 kg, and grap,jmr = 1500 kg,
then according to the mean RAP is batched rather accurately: Aqrap = % x 100 = —1.11%
and error is less than 1.5%, i.e., lower than tolerances. The value of batching preciseness is standard
deviation sq;,,, = 27.40 kg, and variation coefficient V; = 1.85%.The maximum mass of a RAP batch is
1631 kg and the minimum mass is 1380 kg. Range R = §yax — qmin = 251 kg (Figure 6b).

Taking into consideration the specification that not only RAP batch mass mean is g, 4 p, but its
weighed batch mass gr 4 p differed from rated value qgap,jpr does not exceed the permitted tolerances
(£1.5%), when qrapjmr = 750 kg, the amount of weighed RAP shall be not less than 738.75 kg and
not more than 761.25 kg. When qrapjmr = 1500 kg, the minimum permitted batch mass of RAP
may be 1477.5 kg, and the maximum batch mass 1522.5 kg. In fact, the diagrams (Figure 7) above
show that the mass of quite a lot of RAP separate batches does not meet tolerance specifications.
Only 29% of them (392 out of 1324) are within the range of permitted tolerances, when the estimated
qrap,mr = 750 kg and 51% (803 out of 1569) when it was qrapymr = 1500 kg.

The normality of data distribution was verified according to skewness and kurtosis.
Empirical coefficient of skewness of RAP batch masses sk were 0.007 and 0.013, and the coefficient
of kurtosis ki were 0.122 and 0.488, respectively (Figure 7). They were compared to the critical
values which depend only on sample size n. When RAP batch sample sizes n were 1324 and 1569,
standard deviations of skewness and kurtosis were calculated as follows: s = 0.067, s5 = 0.062 and
Sk = 0.134, 55, = 0.123 (AC 16PD and AC 22PS mixtures, respectively). The estimated sz values
were multiplied by 3, which resulted in 3sy = 0.202 and 3sg = 0.185, respectively. Standard deviation
of kurtosis s, was multiplied by 5, which resulted in 5si, = 0.672 and 5sy,, =0.617, respectively.
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When |sk| < 3sg and |ku| < 5sy,, it could be stated that the hypothesis of normality of the empirical
data is confirmed. The normality of sample size data distribution can be verified using more complex
methods, such as Kolmogorov and Pearson. Null hypothesis can be verified according to the Bartlett
criterion, where the available data is close to normal distribution.

Thus, Bartlett’s criterion was used to compare the variances of various sample sizes according
to normal distribution. This criterion is convenient to compare two or more variances of the normal
distribution sample sizes when these sample sizes are unequal. If statistics B is less than x3 ,, RAP batch
mass variation is statistically equal. Therefore, the average calculated value of sample variance
s,;z =752.52 kg and general standard deviation s, = 27.43 kg. Statistics B = 0.0094 is less than critical
X2, = 3.84 with the selected & = 0.05 significance level and degrees of freedom v = I—1 (where |—the
number of comparable variances (samples). Therefore, it could be concluded that both (with 25%
and 50% RAP content) batch mass variation (standard deviation s; = 27.46 kg and s; = 27.40 kg) are
statistically equal.

The physical and mechanical properties of a recycled HMA mixture are influenced by RAP
percentage content in each mix batch of RHMA mixture. This parameter allows to determine the
proportion of RAP in the whole mix batch. When hot fractions, IF and RD batches are weighed in
AMP, their mass like that of RAP has a certain variation, which influences the variation of RHMA
mixture batch masses (Figure 8). Therefore, the mass of RHMA mixture batches always differs from
JMF, i.e., from 3000 kg and is of stochastic type.
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Figure 8. Normal distribution curves and statistical indices of histogram of RAP percentage content
in recycled hot mix asphalt (RHMA) mixture, when its content according to JMF had to be: (a)—25%;
(b)—50%.

Average values Xgap of RAP percentage Equation (7) of both sample sizes out of 1324
(with 25% RAP) and 1569 (with 50% RAP) were approximate to JMF (Figure 8). Xgrap, = 24.53%,
XRrAPs, = 49.45%. Standard deviation s, of RAP percentage content was rather low: in mix batches with
25% of RAP content—0.705%; in mix batches with 50% of RAP content—0.507%, and their variation
coefficients were vcyp5 = 2.87% and vcysg = 1.03%, respectively.

Average values Xg4p of RAP percentage content Equation (7) of both sample sizes out of 1324
(with RAP percentage content in RHMA mix batches were approximate to those designed in JMF;
however, histograms show that most of the data is grouped below the value of JMF (Figure 8).
There was a tendency of lack of RAP content in RHMA mixture.
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When asphalt pavement is hot-mix in-plant recycled, the sequence of technological operations
depends on the structure of an AMP and additional equipment for feeding, transporting,
and proportioning or batching of RAP. The model constructed by the authors contains two types of
technological operations. First, hot-mix recycling in a batch plant, when RAP is dried and heated up
due to the contact with superheated virgin mineral materials, i.e., conductive heat transfer occurs.
Second, when RAP is dried and heated up in an additional parallel dryer, i.e., convective heat transfer
occurs. These two recycling technologies are popular in the European Union countries. The model also
contains hot-mix recycling in drum-mix and double-barrel plant technologies, when RAP dry out and
heat up due to the heat exchange between them and superheated virgin mineral materials: conductive
heat transfer occurs. These technologies are more popular in the USA.

When up to 10% or 20% of RAP is used, such aged asphalt pavement material may be supplied to
four batch AMP places: the bottom part of a bucket hot elevator with aggregate, hot fractions’ unsieved
mineral materials bypass hot bin, hot mineral material fractions batcher’s weight hopper, forced mixing
two-shaft mixer. Such four RAP feeding places into AMP, which were selected in advance, have both
advantages and disadvantages.

The aim is to consume less heat energy (gas or liquid fuel), required to remove water content
in RAP and to reduce the pollution of ambient air. Ready-to-use RAP is stored in a closed
warehouse, which protects the material from precipitation water. When the conductive heat
transfer method is applied to vaporize the water content in RAP and to reduce the viscosity of
aged bitumen, the superheated temperature of virgin mineral materials mostly depends on RAP
moisture (water content) and its percentage in RHMA. When the value of these parameters increases,
the required temperature of heating and drying of virgin aggregates in a drum increases, which is
calculated according to the presented empirical formula.

The composition of HMA mixture with less than 100% of RAP developed in a laboratory
as accurately and precisely as possible shall be guaranteed when producing it in an AMP.
Inevitable systematic and random errors of batching RAP increase the deviations of RHMA mixture
component content from JMF and their variation. The size of errors depends on AMP structure,
technical condition, RAP percentage in RHMA and AMP operator’s actions when setting the
technological parameters of the recycling process and handling them.

5. Conclusions

The application of these twelve road asphalt pavement hot recycling principles allows us to
expect the best possible properties and pavement of the course with reclaimed asphalt pavement.
These principles may be used for asphalt pavement hot-in-place surface recycling and hot-mix
in-plant recycling.

According to JMF, RAP content was 25% (750 kg batch mass, 10 days, n = 1324 batches) and during
the investigation, it was 50% (1500 kg batch mass, 12 days, n = 1569 batches). The mean of 738.6 kg
of all the AMP batches with its required content of 25% mass was less than 750 kg, i.e., by 1.52%,
and with the required RAP content of 50%, the mean of 1483.3 kg was less than 1500 kg, i.e., by 1.1%.
The accuracy of RAP batching are almost met or completely met the tolerances of the mean specified
in ASTM D995-95b on the batch aggregate component (£1.5%) content. Due to the high variation of
the batch mass of separate RAP, the tolerance of +1.5% was met only by 29.6% and 51.5%, respectively,
of all RAP batches. The accuracy and compliance of batch masses with tolerances increases when
a higher percentage of RAP is batched.

The standard deviation mean calculated according to two standard deviations (s; = 27.46 kg and
sq = 27.40 kg) was 27.4 kg. The variation coefficient of RAP batch mass was 3.72% (when RAP batch
mass according to JMF was 750 kg) and approximately two times less (1.85%), when according to JMF
RAP batch mass was 1500 kg.

RAP batch mass deviations from JMF and their variation influence RAP percentage content in
a recycled HMA mixture. When the mass of an asphalt mix batch inevitably varies, the variation of
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RAP percentage in RHMA mixture increases even more. When RAP content according to JMF was
25% in RHMA, the mean of its percentage content was 24.53%, and when according to JMF it was 50%,
in fact, it was 49.45%. In both cases, RAP percentage content in RHMA mixture varies according to
normal distribution. Standard deviations of RAP percentage content in RHMA mixture were 0.705%
and 0.507%, and statistically did not diverge.
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Abstract: Tire-pavement friction is a key component in road safety. Adhesion and hysteresis
are the two main mechanisms that affect the friction between rubber tires and pavements.
This study experimentally examined the relationship between rubber-pavement adhesion and friction.
The adhesive bond energy between rubber and pavement surfaces was calculated by measuring the
surface energy components of rubber and aggregates. The friction was measured in the laboratory
using a dynamic friction tester. The results revealed that there is a fair correlation between the
adhesive bond energy and measured coefficient of friction. A rubber—pavement system with higher
adhesion provided higher friction at low speed. In addition, the results demonstrated that there is
a strong correlation between rubber-pavement friction and rubber properties. Softer rubber provided
higher friction and vice versa. The results of this study provide an experimental verification of the
relationship between adhesion and pavement surface friction. The adhesive bond energy and rubber
rheological properties could be incorporated in computational models to study tire-pavement friction
in different conditions (e.g., speed and temperature).

Keywords: adhesion friction; hysteresis friction; adhesive bond energy; hot mix asphalt

1. Introduction

Tire-pavement friction is one of the main factors that contribute to road safety. An adequate level
of friction between the vehicle tire and pavement surface reduces the number of crashes, especially
in wet pavement conditions [1]; therefore, an appropriate level of traction between rubber tires
and pavements is essential for safe driving. Rubber is the principal component of vehicle tires. It is
an elastomer that exhibits unique physical and chemical properties. It has low Young’s modulus and
high yield strain, as compared with other materials.

It is documented that rubber generates three different forms of friction: adhesion, deformation,
and wear. Previous studies have shown that the adhesion force is the most influential component in
rubber friction in dry conditions and low speed [2,3]. It is postulated that the adhesion between rubber
tires and pavements is highly influenced by the surface free energy, which depends on the chemical
composition of rubbers. Yet, to the best of the authors’” knowledge, no studies have been carried out to
investigate the effect of surface free energy of rubber on traction with pavements.

The theory of rubber friction recognizes three major friction forces: adhesion force, bulk deformations
(hysteresis), and cohesion losses due to the wearing of rubber [4]. The adhesion friction force is
formed due to rubber-pavement interaction at a microtexture level and highly dependent on the
true area of contact, and thus the adhesion friction is dominant for smooth contact at low speeds
and dry conditions [3]. The hysteresis component of friction is caused by the bulk deformation of
rubber material as it comes into contact with pavement asperities. Such deformation causes energy
losses as rubber slides over the pavement surface. These energy losses are caused by the hysteretic
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losses in the rubber material due to loading and unloading [3]. The third major component of friction
(cohesion losses) is caused by the wearing of rubber as it slides over the pavement surface. Pavement
texture has an important role in the friction components—a recent study showed that higher pavement
microtexture and macrotexture result in higher frictional properties [5]. The study also showed that
pavement surfaces initially had lower frictional properties due to the thin film of asphalt coating the
aggregates at the surface. The friction increased as the binder film was removed by traffic, exposing the
microtexture. Then, the friction deceased due to polishing and abrasion of the aggregates at the surface.

2. Objectives

The main goal of this study was to investigate the effect of adhesion between rubber and pavement
surface on friction at low speed. In addition, we evaluated the effect of rubber rheological properties
on friction with pavements. These objectives were achieved by conducting the following tasks:

1. Measure the surface energy components of different rubber and aggregate materials.

2. Calculate the adhesive bond energy between rubber materials and aggregates.

3. Measure the rheological properties of test rubber materials at different temperatures and
loading frequencies.

4. Measure the coefficient of friction between rubber and hot mix asphalt (HMA) substrates.

5. Investigate the correlation between the calculated adhesive bond energy and the measured
coefficient of friction between rubber and pavement surfaces.

6. Investigate the correlation between the rubber dynamic modulus and the coefficient of friction.

We measured the surface free energy of test rubber materials using a Sessile drop device, while the
surface energy components of aggregates were measured using a universal sorption device (USD).
The surface free energy of the rubber materials and aggregates were used to calculate the adhesion
between the rubber materials and aggregates used in preparing the HMA test substrates. The friction
between rubber sliders prepared using test rubber materials and HMA substrates was measured
using the dynamic friction tester (DFT) in dry conditions at low speed. In addition, we measured the
dynamic modulus of test rubber materials at different temperatures and loading frequencies using
a dynamic mechanical analyzer (DMA).

3. Theory of Surface Energy

There are two major components contributing to pavement friction: adhesion and hysteresis.
The adhesion component of pavement friction is dominant at low speeds in dry conditions, while the
hysteresis component is dominant at higher speeds in wet conditions [6]. The adhesion between any
materials is a function of their surface free energy components, where the adhesion force is developed
at the molecular level [7,8]. The atoms at surface have lower level of bond energy compared to the
atoms in bulk. As molecules in the material bulk are surrounded by other molecules from all sides,
an external work must be applied to create a new surface area [7]. This work is known as the total
surface free energy of the material and is denoted with Greek letter gamma (), the surface free energy
is measured in units of ergs/ cm? or mJ/m?. The two most recognized theories to explain the surface
free energy are: the two-component theory, and the acid-base theory. According to the two-component
theory, the total surface free energy is caused by dispersion forces (e.g., Lifshitz-van der Waals forces)
and specific forces (e.g., H-bonding). The total surface free energy is the sum of these two forces as
shown in the Equation (1) [9,10].
Dispersive

v=v + ySpeciﬁc 1)

According to the acid-base theory, the total surface free energy for any material has three
components; nonpolar component also known as Lifshitz-van der Waals (y"V), and two polar
components: Lewis acid (y"), and Lewis base (y~) [11,12]. The total surface energy can be calculated
from these three components as given in Equation (2).
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yTotal _ YLW 42 /Y+Y, (2)

Several theories explain the adhesion between two materials by studying the interfacial forces
between the materials [13]. The adhesion between rubber tires and pavement surface is one mechanism
leading to friction and is dominant at low speeds. The adhesion between rubber and aggregate can
be measured if the surface free energies of both materials are known. The adhesion between two
materials (A and B) is a function of the surface free energy components of these two materials, as given
in Equation (3) [7].

Wap = 2\/kav‘]§W + 2\/va§ +2\/v,§v§ 3)
The amount of work required to separate the two materials at the interface in vacuum is referred
as the adhesive bond energy (Wag). The adhesive bond energy between rubber sample (subscript A)

and an aggregate (subscript B) can be calculated using Equation (3), while the cohesive bond energy of
a single material (e.g., rubber) (W) can be calculated according to Equation (4) [7].

Waa =v3"+ 2¢/v{Mv 4)

3.1. Methods for Measuring Surface Energy

3.1.1. Sessile Drop Method

The Sessile drop method is commonly used to measure the surface free energy between a probe
liquid and solid surface by means of measuring the contact angle between a droplet of a selected probe
liquid and material surface [14]. The Sessile drop test measures the contact angle between a drop of
liquid of known surface energy and a solid material, to calculate the surface free energy (SFE) of solid
material surfaces. The Young’s equation (Equation (5)), defines the equilibrium at the three-phase
contact of solid-liquid and gas [15].

Ysv =7Ys1 + YLv cos (0) )

where 6 is the contact angle between a solid surface and a drop of probe liquid. The contact angle is
measured from a static image using a charged-coupled device (CCD) camera as shown in Figure 1.
The Young equation assumes that the surface is chemically homogeneous and topographically smooth.

[Angle = 101.06 degrees
Angle LeHt = 101,05 degrees
Angle Hight = 101.06 degrees
Base Width = 3.5596mm

Figure 1. Contact angle between liquid and solid surfaces.

In the Sessile drop technique, a droplet of probe liquid is placed on the test surface using
a micro-syringe. The Sessile drop device (Figure 2a) uses a CCD camera static image to measure
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the contact angle between the used probe liquid of known surface energy and the rubber surface.
The contact angle is the average value of the measured right and left contact angles (Figure 2b).

- Micro-syringe]

CCD Camera -

(a)

(b)

Figure 2. (a) Sessile drop device; (b) Sketch of Sessile drop contact angle measurement.

To determine the surface energy components of a material, three different probe liquids are
used in the test. However, in order to minimize experimental error in calculating the surface energy
components, Little and Bhsain [7] recommended using five different probe liquids (water, glycerol,
ethylene glycol, formamide, and diiodomethane) with known surface energy components. Table 1
summarizes the surface energy components of the five probe liquids used in this study.

Table 1. Surface free energy components for selected probe liquids (ergs/cm?).

Probe Liquid YW v* v~ yTotal
Water 21.80 25.50 25.50 72.80
Glycerol 34.00 3.92 57.40 64.00
Formamide 39.00 2.28 39.60 58.00
Methylene Iodide 50.80 0.00 0.00 50.80
Ethylene Glycol 29.00 1.92 47.00 47.99

3.1.2. Universal Sorption Device

The surface free energy components of aggregates are often measured using the universal sorption
device (USD). In this method, the aggregate particles are placed in a sealed cell under vacuum and
controlled temperature. The USD uses a magnetic suspension balance to measure the mass of the
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aggregate particle and probe vapor adsorbed on the aggregate surface when aggregates are subjected
to different pressures of probe vapor. The relationship between the amount of probe vapor adsorbed
on aggregate surface and the partial pressure is called the adsorption isotherm which is used to
determine the spreading pressure (7t.) [7]. The spreading pressure (1) is a function of the surface
energy components of aggregate particles (S) and probe vapor (V), as given in Equation (6).

e+ 275 = 20 YV 2y [ydyg 2y fye v ©

Several researchers used the USD to measure the surface free energy components of aggregates [16-18].
In this study, the USD test was used to determine the surface free energy of the gabbro and limestone
aggregates. The surface energy components of rubber and aggregates are used to calculate the adhesive
bond energy or work of adhesion (W a3), (Equation (3)) between rubber sliders and HMA surfaces.

4. Test Materials and Laboratory Experiments

In this study, six different rubber materials were used to investigate the frictional properties
between laboratory-prepared rubber sliders and HMA slabs prepared from limestone and gabbro
aggregates. The rubber materials used in this study included pure gum, Styrene Butadiene Rubber
(SBR), Nitrile, Ethylene Propylene Diene Monomer (EPDM), Neoprene, and Butyl. These materials
were selected in testing as they cover a wide range of rubber properties in terms of dynamic modulus,
elongation, and durability. Table 2 summarizes the rubber properties as provided by the manufacturer.

Table 2. Rubber properties as provided by the manufacturer.

Rubber Type  Tensile Strength (PSI)  Elongation (%) Composition Durometer
Pure Gum 3000 600 Organic Gum 40 A Nominal

SBR 800 250 Styrene Butadiene 65 Shore A
EPDM 800 400 Synthetic 60 A Nominal
Nitrile 950 250 Synthetic 50 A Nominal
Neoprene 1000 220 Synthetic 60 A Nominal

Butyl 1000 350 Isobutylene Isoprene 55 Shore A

Two sources of aggregates were evaluated in this study (gabbro and limestone). The gabbro
and limestone aggregates were used to prepare HMA slabs. The gabbro is an igneous rock
while the limestone is a sedimentary rock. Gabbro has rough surface compared to limestone [19].
These aggregates are used in road construction in the State of Qatar. Table 3 presents the aggregate
gradation used to prepare both gabbro and limestone substrates. It should be noted that the same
aggregate gradation and binder type (Pen 60-70) were used in preparing the asphalt mixture substrates.
The optimum binder content was found to be 4.3% for gabbro and 4.7% for limestone. The mixing and
compaction temperatures were 143 °C and 135 °C, respectively.

Table 3. Aggregate gradation used for asphalt mixture slabs.

Sieve Size % Passing
15" 100.0
1” 98.6
3/4" 88.2
12" 76.9
3/8" 68.9
N4 47.1
N8 26.5
N16 15.8
N30 10.5
N50 7.9
N100 6.1
N200 42
Pan 0.0
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The asphalt mixtures were prepared following the AASHTO T-312, and the test slabs were
compacted using a small vibratory compactor as shown in Figure 3.

Figure 3. Preparing hot mix asphalt (HMA) slabs.

5. Measuring Frictional Properties

We used a dynamic friction tester (DFT) to measure the coefficient of friction between rubber
sliders (Figure 4), prepared using the test rubber materials, and HMA substrate at low speed (20 km/h)
in dry conditions. The DFT uses three rubber sliders attached to a rotating desk (Figure 5). The rotating
desk is lowered on the surface once the specified speed is reached and the coefficient of friction is
measured with speed until the rotating desk comes to a complete stop.

-

Neoprene . Nitrile y 'SBR  Pure Gum

Figure 4. Prepared rubber sliders from test rubber materials.
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e

Figure 5. (a) Dynamic friction tester (DFT) device; (b) Bottom of the DFT with three rubber sliders.
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Figure 6. Three-wheel polisher.

For the prepared HMA substrates, the aggregates on the surface were coated with a thin asphalt
binder. We used a three-wheel polisher to remove this thin film of binder to ensure direct contact
between rubber sliders and aggregates. The surface energy components of asphalt binder are different
than those of aggregate samples and thus it may affect the adhesive bond energy between rubber and
surface aggregates. In the field, this thin layer of asphalt binder is removed under traffic in a short
period of time. The three-wheel polisher consists of pneumatic rubber wheels that rotate over the test
HMA substrate as shown in Figure 6. The DFT device was used to measure the coefficient of friction
between the prepared rubber sliders (Figure 4) and HMA substrates.

6. Measuring Rubber Properties

The dynamic mechanical analyzer (DMA) device was used to measure the dynamic modulus of
rubber samples tested in this study (Figure 7). The rubber test sample for the DMA testing was 50 mm
in length, 16.8 mm in width, and 6.4 mm thick. The test was performed at different test temperatures
(0 to 70 °C) and frequencies (0.1-70 Hz). The temperature was controlled during the test by placing
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the DMA inside an environmental chamber. The dynamic modulus is calculated by dividing the
maximum applied cyclic tensile stress by the resulting strain.

Figure 7. Testing rubber specimen in the dynamic mechanical analyzer (DMA) device inside
a temperature-control chamber.

7. Test Results and Discussion

7.1. Adhesion Friction

The average contact angle between rubber samples and the test probe liquids was recorded using
the Sessile drop device. Each measurement represents the average contact angle measured from right
and left. The results for the measured contact angles in degrees are presented in Table 4. Based on the
contact angle measurements, the surface energy components were calculated for each rubber material
using Equation (7), which is discussed in detail by Little and Bhasin [7].

Wis = v (1 + cos 0) = 2\/V§WV%,W+2\/Y;V\_/ +2\/VS_V¢ )

The surface free energy components are summarized in Table 5. The surface free energy
components of the aggregates were measured using a Universal Sorption Device (USD) from a previous
study [20]. The surface free energy components for the gabbro and limestone aggregates are shown in
Table 6. It was found that gabbro rock has the higher total surface free energy compared to limestone.

Table 4. Average contact angle between rubbers and probe liquids using Sessile drop device (degrees).

Probe Liquid Water Glycerol Ethylene Glycol Formamide Diidomethane

Contact Std.  Contact Std.  Contact Std. Contact Std.  Contact Std.
Angle Dev Angle Dev Angle Dev Angle Dev Angle Dev

Pure gum 89.47 0.69 120.18 0.86 87.14 0.74 83.03 1.21 67.43 0.76

Rubber Type

SBR 100.98 0.86 101.28 1.47 87.16 1.05 84.19 0.66 71.74 0.55
Nitrile 89.04 0.74 94.77 0.82 84.32 0.89 90.35 0.99 63.03 1.04
EPDM 108.36 0.74 112.45 0.67 89.61 0.75 93.29 0.87 72.22 13.12

Neoprene 124.58 0.89 112.02 0.74 90.23 0.95 87.54 1.75 69.63 1.64
Butyl 111.32 0.96 117.02 1.21 92.49 0.71 107.16 0.93 64.43 0.98
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Table 5. Measured surface energy of rubber materials using the Sessile drop device.

Rubb Surface Energy Components (ergs/cm?) Standard Deviation (ergs/cm?)
ubber

YLW Y+ v~ yTotal YLW y+ v~
Pure gum 21.21 0.00 2.26 21.21 0.44 0.00 0.42
SBR 22.11 0.00 2.24 22.11 0.46 0.00 0.40
Nitrile 17.08 0.00 10.33 17.08 0.54 0.00 0.67
EPDM 16.77 0.00 0.35 16.77 1.53 0.00 0.17
Neoprene 15.30 0.00 0.00 15.30 0.69 0.00 0.00
Butyl 18.79 0.00 0.00 18.79 0.51 0.00 0.00

Table 6. Measured surface energy of aggregates using universal sorption device (USD) device, (adapted

from [20]).
Surface Energy Components (ergs/cm?)
Material W ot
Y v* \ v
Limestone 69.35 0.28 1075.40 104.18
Gabbro 57.37 3.34 6277.96 346.85
90
g
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=
&3}
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Pure Gum EPDM Nitrile Neoprene Butyl
Rubber Type

® Gabbro ® Limestone

Figure 8. Adhesive bond energy between rubbers and aggregates materials.

The adhesive bond energy between different rubber and aggregate samples was calculated
from their surface free energy components according to Equation (3). Figure 8 shows the calculated
adhesive bond energies between the rubber and aggregates. The SBR and Pure Gum rubber materials
were found to provide the highest adhesion with test substrates made with gabbro and limestone.
The adhesive bond energy between limestone and SBR rubber was 79.91 ergs/cm?. The Neoprene
was found to provide the lowest adhesion with HMA substrates compared to other rubber materials.
Also, the limestone was found to provide higher adhesion with rubber materials compared to gabbro
in most cases.
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Figure 9. Measured coefficient of friction vs. the adhesive bond energy for (a) limestone and gabbro
slabs separately (b) both gabbro and limestone slabs.

The coefficient of friction between rubber sliders and HMA substrates was measured using the
DFT at low speed (20 km/h) in dry conditions. The adhesion component of the friction is dominant at
low speed. Figure 9a shows the relationship between the adhesive bond energy and the coefficient
of friction for gabbro and limestone separately, while Figure 9b shows the relationship between the
coefficient of friction versus the adhesive bond energy between test rubber materials and all the test
HMA substrates (both gabbro and limestone). It was found that there is a fair correlation between the
adhesive bond energy and measured coefficient of friction. This relationship demonstrates that higher
adhesion between rubber and pavement surface increases the coefficient of friction at low speed as
one expects; however, this study provided an experimental verification to such relationship. In the
meantime, we believe that this relationship is affected by two experimental limitations. First, the asphalt
binder film was not fully removed from the aggregates on the surface. We attempted to minimize this
effect be removing most of the film thickness by polishing the slab using the three-wheel polisher for
5000 cycles until the aggregate particles surface is exposed. The application of more cycles was found
to polish the aggregates which should be avoided since the surface energy components of aggregate
will change with change in the texture of the surface. Second, the surface energy components of
rubber were calculated based on the contact angle between smooth rubber samples and probe liquids.

109



Appl. Sci. 2017,7,1029

Meanwhile, we observed that the surface of rubber sliders, used in DFT, was not completely smooth
due to cutting the rubber sheet to prepare the sliders. These two limitations may contribute to this fair
correlation between adhesive bond energy and measured coefficient of friction at low speed.

7.2. Hysteresis Friction

The DMA results demonstrated that the dynamic modulus (E*) of rubber material increased with
the loading frequency and decreased with temperature as expected. Figure 10 shows the E* master
curves of the test rubber materials. The Pure Gum rubber provided the lowest E* value compared to
other rubber materials, while the Nitrile rubber had the highest E*. From Figure 10, it can be clearly
seen that the Pure Gum rubber is the softest followed by the SBR rubber while the Nitrile rubber is the
stiffest. The rubbers dynamic modulus at room temperature (20 °C) were correlated with the measured
coefficient of friction.

1 x 108
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Figure 10. E* Master curves of the test rubber materials.

Figure 11 shows the relationship between the dynamic modulus values of rubber samples and
the coefficient of friction between rubber sliders and HMA substrates. There is a strong correlation
between the complex modulus at room temperature (20 °C) and the coefficient of friction at 30 km/h.
The researchers observed that there was no significant change in the coefficient of friction measured
using DFT with speed after 30 km/h. Figure 11 demonstrates that softer rubbers provide higher
coefficient of friction while stiffer rubbers provided lower coefficient of friction regardless the

aggregate type.
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Figure 11. Relationship between the rubber dynamic modulus and the coefficient of friction.

8. Summary and Conclusions

This study experimentally examined the relationship between the rubber-pavement adhesion and
friction. We calculated the surface energy components for rubber materials by measuring the contact
angle between rubber materials and different probe liquids. The contact angle was measured using
a Sessile drop device. Similarly, the surface energy components of aggregate samples were measured
using a USD device. The adhesive bond energy between rubber and aggregates was calculated
based on the surface energy components of both materials. In addition, we measured the coefficient
of friction between different rubber materials and HMA substrates prepared using different rock
types. The results showed that there is a fair correlation between adhesive bond energy and friction
between rubber and pavement surfaces. In addition, the results demonstrated that there is a strong
relationship between friction and rubber elastic modulus. Softer rubber provided higher friction.
The results of this study provide an experimental verification of the relationship between adhesion and
friction of rubber and pavement surface. The adhesive bond energy and rubber rheological properties
could be incorporated in computational models to study tire-pavement friction in different conditions
(e.g., speed and temperature). We recommend testing more aggregate types and rubber materials to
evaluate the adhesion friction.
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Abstract: This paper focused on the design and performance characterization of a modified ultra-thin
wearing course mixture (M-UWM). A dense graded ultra-thin wearing course mixture with nominal
maximum aggregate size of 10 mm was designed and named as UWM10. A multi-chain polyolefin
modifier was used to modify the performance of UWMI10 to get M-UWM10. Based on different
laboratory performance tests including wheel tracking tests, low-temperature bending beam tests,
immersion Marshall tests and freeze-thaw splitting tests, the high temperature rutting resistance,
low-temperature cracking resistance and moisture resistance of the designed M-UWM10 were
evaluated. The texture depth tests and wheel tracking tests were combined to characterize the
degradation behaviour of the surface texture depth of M-UWM10. Based on test roads, the bonding
conditions between the wearing course layer that consisted of M-UWM10 and its sublayer were
evaluated by computed tomography (CT) scanning test and pull out test. Filed texture depth tests
were also conducted on the test roads. It is proved that the designed wearing course mixture
M-UWM10 shows excellent pavement performance as well as better wearing resistance and interlayer
bonding than the traditional wearing course mixture.

Keywords: ultra-thin wearing course; road performance; texture depth; interlayer bonding

1. Introduction

An ultra-thin paving technique, usually with 1.5 to 2.5 centimetres pavement thickness, namely
Novachip, originated from France in the late 1970s [1]. It has several advantages like short construction
time, good anti-skid performance and good water permeability [1-4]. These distinctive features have
been gradually gaining popularity, as ultra-thin wearing layers are being frequently applied in old
highway maintenance as well as serving as wearing layers in new constructed highways [2,3,5,6].
Apart from the excellent functional performance, the ultra-thin paving technique is also cost-effective,
environmental-friendly and a sustainable construction method [7-9], which is attracting more and
more attention from researchers.

Kandhal and Lockett [8] examined the road performance of two Novachip projects in Alabama,
USA. After 4.5 years of service, both two Novachip projects showed no significant ravelling, concluding
that the cohesion between the ultra-thin wearing layer and underlying asphalt layer is good. However,
the ultra-thin wearing layer presents more surface friction than the hot mixture asphalt (HMA)
wearing layer.

In order to identify appropriate evaluation indexes for ultra-thin wearing layers, Tan, Yao,
Wang, Bian and Yu-Xiang [5] conducted several experiments (thermal stress restrained sample tests,
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permeability tests, skid resistance tests, and indoor abrasion tests) on asphalt mixture with three
different surface layers—stone mastic asphalt mixture with a nominal maximum aggregate size of
10 mm (SMA10), ultra-thin asphalt concrete with a nominal maximum aggregate size of 10 mm
(UTAC10) and Novachip Type C. The result shows that frozen broken temperature and frozen broken
strength could be regarded as appropriate evaluation indexes for low temperature performance
of ultra-thin surface layers. Moreover, sliding attenuation degree and initial British Pendulum
Number (BPN) value are proposed to measure the anti-skid performance of the ultra-thin surface
layer. Furthermore, the author indicates that the freeze-thaw splitting strength ratio and freeze-thaw
splitting strength should be combined to evaluate resistance of water damage performance.

Zeng et al. [10] studied the anti-skid performance, permeability and texture depth of three
different asphalt mixtures—dense-graded asphalt mixture with a nominal maximum aggregate size of
13.2 mm (AC13), open graded friction course with a nominal maximum aggregate size of 13.2 mm
(OGFC13) and semi-open gradation Novachip Type C. Results show that Novachip Type C as an
ultra-thin wearing layer has better overall performance in terms of skid resistance, permeability and
texture depth. Furthermore, Novachip Type C was proven to have better shear capability than other
types of asphalt mixture, under the same tack coat material and dosage. Moreover, Yang, et al. [11]
investigated the moisture stability, high temperature stability and low temperature cracking resistance
of the same three types of asphalt mixture (AC-13, OGFC-13 and semi-open gradation Novachip
Type C). The result shows that Novachip Type C has better high temperature stability than the other
two types of asphalt mixture. However, the low temperature cracking resistance and moisture stability
performance of Novachip Type C is worse than the AC-13 asphalt mixture but better than the OGFC-13
asphalt mixture.

Yang, Shen and Gao [4] argue that the current design specification in China [12] does not take
temperature into consideration and the interlayer contact is presumed as completely continuous. The
actual environmental condition subjected to pavement structure is not sufficiently considered in the
specification. Thus, the author conducted an experiment to investigate the shear stress between the
ultra-thin wearing layer and the underlying asphalt layer under different temperatures and interlayer
contact situations. The result shows that maximum interlayer shear stress is negatively correlated with
temperature and interlayer sliding coefficient.

The cohesiveness between the thin surface layer and underlying asphalt layer is proven to be an
important factor that influences the performance and durability of the thin surface layer [13]. Thus,
Wau [14] proposed a modified pull test method to test cohesiveness between the ultra-thin wearing
layer and underlying asphalt layer. Three types of ultra-thin wearing layers (Epoxy modified bitumen,
Resin and Cement) were selected. The experiment was conducted under three different temperatures
(0, 10 and 20 °C) with a loading speed of 0.025 MPa/s. The result demonstrates the feasibility of
the proposed modified test method, provided that the interface of the two layers is the weakest area.
Moreover, the author also demonstrated that the Epoxy modified bitumen-based surface layer has
better cohesiveness than the other two types of layers.

Pavement performance decreases over time, and thus needs to be rehabilitated once the existing
pavement is unable to satisfy the traffic demand. Several researchers also focused on ultra-thin
wearing layer recycling since high quality materials are used in the ultra-thin wearing layer. Both
environment protection and cost reduction could be achieved by recycling high-quality used materials.
Rahaman et al. [15] conducted research to investigate if the reclaimed ultra-thin wearing layer material
could be used in the chip seal or Superpave mixtures. Sweep test based on the American Society for
Testing and Materials (ASTM) D7000-04 was conducted to observe the chip retention of ultra-thin
wearing layer millings. Different percentages (0%, 10%, and 20%) of ultra-thin wearing layer millings
were added to the Superpave mixture. Rutting, stripping and moisture sensitivity tests were conducted
to evaluate the performance of the Superpave mixture. The sweep test indicates that reclaimed
ultra-thin wearing layer millings do not contribute to chip retention. However, an ultra-thin wearing
layer milling addition was proven to have a positive effect on the performance of Superpave mixture.
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The ultra-thin paving technique has been extensively used in China [16], since its first adoption in
the 1990s [17]. However, several drawbacks of the ultra-thin paving technique occurred in engineering
practices such as low degree of compaction, moisture damage and rapid attenuation of sliding
resistance at a later stage. As to open-graded ultra-thin paving material, the situation could be
even worse. Because of the high void ratio of open-graded ultra-thin paving material, water could
easily permeate into the pavement structure. It would lower the bonding strength between pavement
layers, causing raveling and reducing the durability of ultra-thin paving materials.

In view of the existing problems of the current ultra-thin technique, a dense-graded ultra-thin
wearing mixture was designed and then further modified by a multi-chain polyolefin modifier to get
the modified ultra-thin wearing mixture in this study. Both laboratory and field tests were conducted
to fully evaluate the road performances, wearing resistance and bonding conditions with sub-layers of
the modified ultra-thin wearing mixture.

2. Experimental

2.1. Mix Design for Different Asphalt Mixtures

Styrene-butadiene-styrene (SBS) modified asphalt with penetration grade of PG-70, basalt
aggregate and limestone powders were used for all of the asphalt mixtures prepared in this study.
According to the recommendation by Chinese specification and previous studies, the polyester fibre
was used for SMA mixtures. To improve the rutting resistance and the anti-wearing performance of
ultra-thin wearing course mixture (UWM), a multi-chain polyolefin modifier was added to the SBS
modified asphalt to prepare modified ultrathin wearing course mixtures (M-UWM).

Five different asphalt mixtures were studied including an SMA mixture with nominal maximum
aggregate size of 13.2 mm (SMA13), dense-graded asphalt mixture with nominal maximum aggregate
size of 13.2 mm (AC13), SMA mixture with nominal maximum aggregate size of 9.5 mm (SMA10),
ultrathin wearing course mixture with nominal maximum aggregate size of 9.5 mm (UWM10), and
a modified ultrathin wearing course mixture with a nominal maximum aggregate size of 9.5 mm
(M-UWM10). The SMA13 and AC13 are commonly used in the pavement surface layer while SMA10,
UWMI10 and M-UWM10 are mainly used in the wearing course above the pavement surface layer [18].
While the SMA10 is a traditional wearing course mixture, the UWM10 and M-UWMI10 are newly
developed wearing course mixtures. Based on Marshall mix design, the gradations for different asphalt
mixtures are shown in Figure 1 and the Marshall design parameters for different asphalt mixtures are
listed in Table 1.
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Figure 1. The designed gradation for different asphalt mixtures: (a) SMA13; (b) AC13; (c) SMA10;
(d) UWM10 and M-UWM10.
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Table 1. Marshall design parameters for different asphalt mixtures.

Mixture Type C(ﬁlstre, ::l(f, %) VV (%)  VMA (%) VFA (%) S tl:/{)aili?g,a(lll(N) th.vlv Z:ll:;e
SMA13 6.0 43 18.28 76.7 8.9 26.8
AC13 5.1 4.8 19.90 759 8.52 274
SMA10 6.3 4.2 18.53 77.5 10.54 28.9
UWM10 52 5.1 16.0 68.0 9.83 26
M-UWM10 52 4.7 15.6 70.1 12.00 24

VV: percent air voids in bituminous mixtures; VMA: percent voids in mineral aggregate in bituminous mixtures;
VFA: percent voids in mineral aggregate that are filled with asphalt in bituminous mixtures.

Based on the designed asphalt mixtures, two test roads were paved. One was paved with AC13
used in the surface layer and M-UWMI10 used in the wearing course above the AC13 layer. The other
was paved with SMA13 used in the surface layer and SMA10 used in the wearing course above the
SMA13 layer.

2.2. Test Procedures

2.2.1. Road Performance Evaluation

Since the designed ultra-thin wearing course mixtures are mainly used in the top surface layer or
the wearing course layer of pavement to improve the surface functions instead of structure capacity of
asphalt pavement, they should have good road performance, especially excellent rutting resistance and
water stability to bear the environment conditioning and wheel loading. Thus, based on the standard
test specifications of China, the road performances including permeability, high-temperature rutting
resistance, low-temperature cracking resistance, moisture resistance were evaluated by permeability
tests, wheel tracking tests, low-temperature bending beam tests, immersion Marshall tests and
freeze-thaw splitting tests [19,20]. The wheel tracking test was conducted at 60 °C to get the dynamic
stability to describe and compare the high-temperature rutting resistance of different asphalt mixtures.
The low-temperature bending beam test was conducted at —10 °C to get the failure strain to describe
and compare the low-temperature cracking resistance of different asphalt mixtures. Both immersion
Marshall tests and freeze-thaw splitting tests were conducted to get the Marshall strength ratio and
tensile strength ratio, separately, in order to describe and compare the moisture resistance of different
asphalt mixtures.

2.2.2. Texture Depth Evaluation

To guarantee the driving safety, high-quality skidding resistance is an important characteristic
for asphalt mixtures used in the top surface layer or the wearing course layer of pavement. Thus, the
surface texture depth (TD) of asphalt mixture and pavement is usually used to describe the skidding
resistance. However, the texture depth (TD) test that followed the standard protocol of Chinese
specification cannot reveal the wearing resistance of asphalt mixtures, which is another important
characteristic for asphalt mixtures used in the top surface layer or the wearing course layer of pavement.
Thus, to reveal the degradation behaviour of surface texture of different asphalt mixtures that can
represent their wearing resistance, the texture depth test was combined with the wheel tracking test in
this study. The designed test processes were summarized as follows:

1. After the rectangular specimen with dimensions of 300 x 300 x 50 mm was prepared for the wheel
tracking test, its original texture depth (TD) named Ky was measured, as shown in Figure 2a.

2. After the silica sands on the specimen surface were washed away, the specimen was submitted to
the wheel tracking test for 180 minutes.

3. After the wheel tracking test, the rutting area right underneath the wheel loading positions was
cut from the tested specimen and then weighed to get its mass 11, as shown in Figure 2b.
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4. According to the texture depth test, sands were laid on the surface of the cut strip specimen, as
shown in Figure 2c, and then the total mass m? for the sands and strip specimen was weighed, as
shown in Figure 2d.

5. The texture depth K; for the cut strip specimen, which represents the rutting area under the
wheel loading positions after the wheel tracking test, was determined by Equation (1):

K, = (ma—m) 1)
PGS
where s is the top surface area of the cut strip specimen, and pg is the density of the silica sands.

6. By comparing Kj and Kj, the degradation degree of the surface texture depth caused by wheel

loading can be obtained.

(0) (d

Figure 2. Test processes for combined texture depth test and wheel loading test: (a) measuring Ky for
the specimen of wheel loading test; (b) measuring m; for the cut strip specimen; (c) laying sands on the
top surface of the strip specimen; (d) measuring m, for the strip specimen with sands.

2.2.3. Interlay Bonding Evaluation

The interlayer bonding between the wearing course layer and its sublayer has important influences
on its long-term durability. Thus, both the CT scanning test and the pull-out test were used to evaluate
the interlayer bonding conditions.

The CT scanning test was conducted to evaluate the air voids within the wearing course mixture
and between the wearing course layer and its sublayer. The basic principle for the 3D CT scanning
technique was explained in Figure 3a and the basic parameters were shown in Table 2. Firstly, the
specimen was scanned by transmitted X-rays from multiple directions, and then attenuated X-rays
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after transmission were gathered by the detector to rebuild 2D or 3D grey level images. The scanned
specimen was a standard cylindrical sample cored from pavement and was cut flat at each side by the

cutting machine. The test conditions were: voltage 200 kV, current 0.43 mA, and integration time of
300 ms.

detector
X-ray source mechanical stage
I control signal ‘ received signal
computer ®)

Figure 3. The basic principle and equipment for a computed tomography (CT) scanning test.

Table 2. Basic parameters of the computed tomography (CT) technique.

Type x-axis (mm) y-axis (mm) z-axis (mm) 3D-xy-Pixel Size,
3D-z-Pixel Size (mm)
Specification 200 420 630 0.113

As shown in Figure 4, the pull-out tests were conducted on the field pavements with M-UWM10
wearing course and SMA10 wearing course. The bonding strength between the wearing course layer
and its sublayer can be measured.

(b)

Figure 4. Field pull out test.

3. Result and Discussions

3.1. Road Performance Evaluation

Road performance evaluation were conducted for all of the five designed asphalt mixtures
including M-UWM10, UWM10, SMA10, SMA13 and AC13. The test results of dynamic stability from
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the wheel tracking test, failure strain from the low-temperature bending beam test, the Marshall
stability ratio from the immersion Marshall test and the tensile strength ratio from a freeze-thaw
splitting test were shown in Figure 5, respectively. The requirements for a different road performance
index from the Chinese specifications [21,22] were shown in Table 3.
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Figure 5. Test results for road performance evaluation: (a) dynamic stability; (b) failure strain;
(c) Marshall stability ratio; (d) tensile strength ratio.

Table 3. Pavement performance verification for the M-UWM10 mixture

Performance Dynamic Stability Failure Strain Marshall Stability Tensile Strength
Index (cycles/mm) (ue) Ratio (%) Ratio (%)

Requirements >3000 >2500 >85 >80

Test method T0719-2011 T0715-2011 T0709-2011 T0729-2000

First of all, from Figure 5 and Table 3, it can be seen that all of the designed asphalt mixtures
can well meet the basic specification requirements. Based on Figure 5a, it can be seen that the
M-UWMI10 has much higher dynamic stability than the other asphalt mixtures. It proves that the
multi-chain polyolefin modifier can well improve the high-temperature rutting resistance of the
wearing course. From Figure 5b, it can be seen that the M-UWMIO0 has a similar failure strain to the
other asphalt mixtures. It indicates that the multi-chain polyolefin modifier shows few influences on
the low-temperature cracking resistance of the wearing course. From Figure 5¢,d, it is clearly seen that
the M-UWMI10 has the highest Marshall stability ratio and tensile strength ratio. It means that the
multi-chain polyolefin modifier can well improve the moisture resistance of the wearing course. Thus,
the M-UWMI10 has a better high-temperature rutting resistance and moisture resistance than other
asphalt mixtures, which are beneficial for the wearing course to bear heavy traffic loading.

3.2. Texture Depth Evaluation

According to the previous test plan, all of the designed asphalt mixtures including M-UWM10,
UWM10, SMA10, SMA13, and AC13 were submitted to the combination of the texture depth test and
the wheel tracking test. The measured texture depth for different asphalt mixtures before and after
the wheel tracking test are shown in Figure 6a, and the loss ratios defined as the texture depth after
the wheel tracking test compared to the texture depth before the wheel tracking test are shown in
Figure 6b. The rutting depth, for all of the five asphalt mixtures after the wheel tracking test are also
shown in Figure 6b, and the correlation between the reduced ratio of texture depth and the rutting
depth after the wheel tracking test is shown in Figure 6¢c. As shown in Figure 7, field texture depth tests
were also conducted for the two test roads. Table 4 shows the field measured values of the original
texture depth and the texture depth after one year of traffic loading for the two test roads with the
M-UWM10 wearing course and the SMA10 wearing course, respectively.

121



O
LIS
KRS

AC13

KR TRTRKTTR
DT
RERASRRRRRS

2

£ =

2 b

<

= Z

o) -

Q

<

w =

=

= e

S RREEERHRERA =

S, RO 2

Re e 5

[ I Rl M_
< 8~ ® 9o % o o
— - S o S o

urwy yydop a1mxa T,

Appl. Sci. 2017, 7,800

@

N
v o<+ <

ww;/ yydop Sumny

\n \n \n \n

B Reduced ratio of texture depth

O Rutting depth

v O n O wn O n
— —

v O
< < 0 N AN AN

04,/ OTJBI POONPY

SMA10 SMA13 ACI3

UWMI10 UWMIO

M

)

b

(

y=4.6289x +21.723

22

0.8767 ."q

40

vy
o~

i

wy
Lo

20

o

0%/ 1dap 21n)xa) JO onel paonpay

Rutting depth /mm

(c)

Figure 6. Test results from the combination of the texture depth test and the wheel tracking test:

(a) texture depth before and after wheel tracking test; (b) loss ratio of texture depth after wheel

loading; (c) correlation between the reduced ratio of texture depth and the rutting depth after the wheel

tracking test.
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Figure 7. Field texture depth test.

Table 4. Field test results of texture depth test on different test roads.

Type of Wearing Course  Original Texture Depth Texture Depth after Reduced Ratio (%)

Mixtures (mm) One Year (mm)
M-UWM10 0.85 0.78 8.2
SMA10 0.92 0.8 13.0

From Figure 6a, it can be seen that the SMA mixtures have higher texture depth than the other
three asphalt mixtures, which have similar texture depth. It is mainly because the SMA mixtures
use gap gradation while the other three asphalt mixtures use dense gradation. From the data after
the wheel tracking test shown in Figure 6a, it can be seen that, due to its original high texture depth,
SMA13 still have the highest texture depth, the M-UWM10 and SMA10 have similar texture depth, and
the UWMI10 and AC13 show a similar texture depth, which are the lowest. From Figure 6b, it can be
further seen that the UWMI10 has the biggest reduced ratio of texture depth, SMA10 and AC13 show
a similar reduced ratio, which are lower than that of UMW10, while M-UWM10 and SMA13 have a
similar reduced ratio, which are lower than the other three mixtures. Furthermore, the M-UWM10
shows a lower reduced ratio than SMA13.

From Figure 6c, it could be observed that the reduced ratio of texture depth increases with the
growing of rutting depth. It indicates that the degradation behaviour of texture depth has a good
correlation with the rutting resistance of asphalt mixture, and higher rutting resistance leads to less
degradation of texture depth during the wheel tracking test.

The field test results confirm well with the laboratory test analysis. From Table 4, it can be
seen that, although the SMA10 has a bigger texture depth than the M-UWM10 before traffic loading,
after one year of traffic loading, the SMA10 shows a higher reduced ratio of texture depth than the
M-UWMI10, and the texture depth of the two mixtures becomes similar to each other.

Thus, the M- UWMIO0 has similar skidding resistance with other dense graded asphalt mixtures
such as AC13 but better wearing resistance than other asphalt mixtures including both the dense
graded asphalt mixture and the gap graded asphalt mixture.

3.3. Interlay Bonding Evaluation

Samples consisted of the wearing course mixture and the top surface layer mixture was cored
from the two test roads and submitted to CT scanning tests. Examples of the cored samples and the 3D
rebuilt images for the two wearing course mixtures including M-UWM10 and SMA10 based on the CT
scanning were shown in Figure 8. The CT scanning results for the M-UWM10 sample and the SMA10
sample are shown in Figures 9 and 10, respectively.
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Figure 8. Examples of the cored samples from test roads and the restructuring graphs of wearing
course mixtures: (a) cored samples; (b) restructuring graphs for M-UWM10 and SMA10.

M-UWM10

(a)

Figure 9. The scanning images for cored sample from M-UWM10 pavement: (a) front view for cored
sample; (b) the interface between wearing course with M-UWM10 and sub-layer with AC13.

@

Figure 10. The scanning images for the cored sample from SMA10 pavement: (a) front view for cored
sample; (b) the interface between wearing course with SMA10 and sub-layer with SMA13.
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Based on the CT scanning images of the cored samples, grey processing of the images was
conducted and Origin software (version, Manufacturer, City, US State abbrev. if applicable, Country)
was used to calculate the air void ratios. The grey level versus probability density distribution curve
was depicted in Figure 11. Since the grey level value for air voids was usually less than 30, the air
void ratio was calculated by integrating from 0 to 30. The distribution of the air void ratios along
the scanning height of the cored samples for the two different wearing course mixtures are shown in
Figure 12. The average air void ratio within the wearing course mixture and the average air void ration
on the interface between the wearing course mixture and the sub-layer mixture were also calculated.
The calculate results for the two different cored samples were shown in Figure 13.
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Figure 11. Grey level- probability density distribution curves: (a) M-UWMI10; (b) SMA10.
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Figure 12. Distribution of air void ratios along the scanning height of the cored samples.
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Figure 13. Average air void ratios and interface air void ratios for different cored asphalt mixtures.

From Figures 12 and 13, it can be seen that, no matter for the air void at the same height or for the
average air void, the air void ratios of the M-UWM10 are lower than that of the SMA10. It could be
attributed to better construction workability of M-UWM10 than SMA10. Meanwhile, it can be seen
from Figure 13 that the interface air void ratio of M-UWM10 pavement is lower than that of the SMA10
pavement. Both the smaller average air void ratio and interface air void ratio are helpful to improve
the bonding effect between the wearing course and the sub-layer. It is well confirmed by the test results
from the field pull out test. Figure 14 shows the pull-out samples from field pavements for M-UWM10
and SMA10. The pull-out force and pull-out stress for the two wearing course mixtures are shown in
Figure 15. It can be seen, that the bonding strength between M-UWM10 and its sublayer is much better
than that between SMA10 and its sublayer. Thus, the wearing course consisted of M-UWM10 shows

better structural integrity with the underneath pavement surface than the wearing course consisted
of SMA10.

Figure 14. Field pull out test samples: (a) M-UWM10; (b) SMA10.
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Figure 15. Pull out test results: (a) pull out force; (b) pull out stress.

4. Conclusions

Based on the laboratory and field tests, the following conclusions can be drawn:

1. A dense-graded ultra-thin wearing course mixture with multi-chain polyolefin modifier and SBS
modified asphalt was prepared in this paper. It is proved that the designed asphalt mixture has
satisfied high-temperature rutting resistance, low-temperature cracking resistance and moisture
resistance to bear the traffic loading and environment effects.

2. The test results from combined tests of the wheel tracking test and the texture depth test proved
that the designed wearing course mixture shows satisfied skidding resistance and wearing
resistance. Field texture depth test results confirmed that the designed wearing course mixture is
promising to keep long-term skidding resistance during traffic loading.

3. Laboratory and field tests based on the test road indicated that the wearing course paved with
the designed ultra-thin wearing course mixture can provide satisfied water-proof and interlayer
bonding effects, which are helpful to improve the pavement durability.

4. Future work will focus on the fatigue resistance of the ultra-thin wearing course mixture.
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Featured Application: This work deals with the partial substitution of asphalt binder with
waste motor oil and elastomer modifiers in order to obtain improved mixtures for pavement
application purposes, which is also compared to an alternative mixture using bio-oil. The
featured application of this solution is the production of new asphalt binders and mixtures for
paving works in general.

Abstract: The environmental concern about waste generation and the gradual decrease of oil reserves
has led the way to finding new waste materials that may partially replace the bitumens used in
the road paving industry. Used motor oil from vehicles is a waste product that could answer that
demand, but it can also drastically reduce the viscosity, increasing the asphalt mixture’s rutting
potential. Therefore, polymer modification should be used in order to avoid compromising the
required performance of asphalt mixtures when higher amounts of waste motor oil are used. Thus,
this study was aimed at assessing the performance of an asphalt binder/mixture obtained by replacing
part of a paving grade bitumen (35/50) with 10% waste motor oil and 5% styrene-butadiene-styrene
(SBS) as an elastomer modifier. A comparison was also made with the results of a previous study
using a blend of bio-oil from fast pyrolysis and ground tire rubber modifier as a partial substitute for
usual PG64-22 bitumen. The asphalt binders were tested by means of Fourier infrared spectra and
dynamic shear rheology, namely by assessing their continuous high-performance grade. Later, the
water sensitivity, fatigue cracking resistance, dynamic modulus and rut resistance performance of the
resulting asphalt mixtures was evaluated. It was concluded that the new binder studied in this work
improves the asphalt mixture’s performance, making it an excellent solution for paving works.

Keywords: waste motor oil; styrene-butadiene-styrene; bitumen modification; bio-binder; asphalt
mixtures; performance

1. Introduction

Currently, there is a growing concern to reuse waste materials and to conserve or minimize the
use of natural resources in road paving. Thus, many studies have recently emerged in which these
issues, or part of them, are discussed [1-3]. Under this assumption, the study of new asphalt binders
that partially incorporate wastes is essential to reduce the use of bitumen directly obtained from oil
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sources, which is important for the sustainable development of road paving construction. Some studies
related to this matter refer to non-petroleum binders [4] and synthetic binders made up of used oils,
resins and polymers [5].

One example of a bitumen substitute or asphalt rejuvenator that has been studied lately is bio-oil,
mainly produced from fast pyrolysis of biomass materials [6,7]; i.e., renewable organic matter, namely
from agriculture, forestry or urban wastes. Bio-oil behavior at intermediate and high temperatures is
similar to that of a conventional bitumen [8], but it is too stiff, and is quite brittle at low temperatures.
However, that problem could be solved by adding ground rubber from used tires (GTR) in order to
obtain a bio-binder with a very good performance [9].

The incorporation of waste motor oil in asphalt mixtures is also being tested to prevent aging, or as
a bitumen rejuvenator [10,11], due to its lower viscosity, which results in lower mixing and compaction
temperatures [12,13]. This solution is also environmentally friendly, because waste motor oil is not
totally recyclable [14]. However, the addition of waste motor oil could bring some disadvantages
for asphalt mixture performance, namely a reduced elastic recovery and rutting resistance [15].
Thus, polymer modification should be used to minimize some of these problems, and the elastomer
styrene-butadiene-styrene (SBS) could be considered the most suitable modifier [16] of bitumen after
addition of waste motor oil. In fact, SBS increases the asphalt mixtures rutting resistance at high
temperatures and cracking resistance at low temperatures, and it also improves the tensile strength
and elastic recovery properties of bitumen [17].

Taking into account that bio-oil from fast pyrolysis was not available in the necessary amounts for
road paving works in several countries because this technology is not used globally at an industrial
scale, this work focused on studying an alternative solution using waste motor oil to partially replace
the amount of bitumen used in asphalt mixtures. Therefore, an asphalt mixture was produced with a
bitumen modified with waste motor oil and SBS, and its performance was evaluated and compared
with a conventional control mixture produced with 35/50 bitumen, and with the mixture previously
studied by Peralta et al. [6] with bio-o0il and ground rubber.

This new binder can be seen as a sustainable solution for road paving works, because both the
economic and environmental criteria are being considered, as suggested by other authors [18,19].
In fact, by reducing the amount of bitumen used in asphalt mixtures, a high amount of waste materials
can be used, with a consequent reduction in the global cost of the mixtures. However, the asphalt
mixture produced with this new binder must perform as well as a conventional mixture produced
with a current bitumen in order to ensure real advantages in a comprehensive way, and this factor is
assessed in this work.

2. Materials and Methods

The materials and methods used in this study were selected to compare the results with those
previously obtained by Peralta et al. [6] using bio-oil and ground rubber, with the necessary adjustments
for the European region.

2.1. Materials

The materials used for production of the new asphalt binder in this study are those
presented below:

e  Conventional bitumen (B35/50) supplied by Cepsa Portugal (located in Matosinhos, Portugal);

e  Styrene-butadiene-styrene (SBS) elastomer, supplied by Inddustrias Invicta S.A. (located in Porto,
Portugal), with a maximum size of 4 mm; and

e Waste motor oil (MotorQil) from heavy vehicles supplied by Correia & Correia (located in Serta,
Portugal), without any kind of treatment.
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Additionally, the following aggregate fractions were selected from Bezzeras quarries (located in
Guimaraes, Portugal), in order to obtain an asphalt concrete mixture (AC 14 surf) for surface layers of
road pavements:

Fraction 0/4 of crushed granite with a nominal maximum aggregate size (NMAS) of 4.0 mm;
Fraction 4/6 of crushed granite with a NMAS of 6.3 mm;

Fraction 6/14 of crushed granite with a NMAS of 14.0 mm; and

e  Limestone filler with a NMAS of 0.125 mm.

It should be noted that the final aggregate gradation of the AC 14 surf mixture is quite similar to
that used by Peralta et al. [6] (with 9.5 mm NMAS), which allows their direct comparison. Primarily,
they had been used as the main type of mixtures applied in surface layers in both regions where the
studies were developed.

2.2. Experimental Procedure

The experimental work developed in this study was divided into two main phases of production
and characterization:

e The initial phase of production and testing of the asphalt binders (conventional bitumen B35/50
and new binder with waste motor oil and SBS), and

e  The final phase of production and testing of the asphalt mixtures (conventional mixture with
B35/50 bitumen and asphalt mixture with the new binder).

2.2.1. Production and Testing of Asphalt Binders

The production of the binder partially replaced with waste motor oil and SBS was carried out
by adding 10 wt % waste motor oil and 5 wt % SBS to the base bitumen (B35/50), as concluded in
a previous work [20]. A low shear mixer (IKA RW 20 equipment, IKA®-Werke GmbH & Co. KG,
Staufen, Germany) was used to obtain an initial blend of the materials at a temperature of 180 °C. Then,
the binder was placed in a high shear mixer (IKA T 65 D ULTRA-TURRAX equipment, IKA®-Werke
GmbH & Co. KG, Staufen, Germany), at a speed of 7200 rpm for 20 min at 180 °C in order to obtain a
homogeneous blend.

After production, Fourier transform infrared (FTIR) spectroscopy tests were performed to assess
the differences and the interaction between the materials used to produce the new binder developed in
this work. FTIR spectra can be a very useful tool for the analysis of the macromolecules of the studied
materials, because various organic chemical components [15] can be identified. The equipment used
was a Jasco FT/IR-6600 (Jasco, Easton, MD, USA) with a range of wave numbers from 4000 em~! to
400 cm ! with 32 scans.

Then, rheology tests were performed in a dynamic shear rheometer (DSR) model 81-PV6002
(Controls, Milan, Italy), according to EN 14770 [21], in order to obtain the stiffness master curve and
the high temperature performance grade of the new binder, which was compared to the conventional
bitumen B35/50 applied in road paving.

Finally, the viscosity of the binders at very high production temperatures was evaluated with a
Brookfield viscometer model DV-II+ (AMETEK Brookfield, Middleboro, MA, USA), according to EN
13302 [22], in order to define the mixing and compaction temperatures to be used in the production of
asphalt mixtures in the following phase of this work.

It should be noted that the binder properties obtained in these tests will also be compared to
those obtained in the previous study using the asphalt binder with bio-oil and ground tire rubber
(GTR) from cryogenic milling (Lehigh Technologies, Tucker, GA, USA) [6]. To produce this material,
the bio-oil was initially blended with 15 wt % cryogenic GTR at a speed of 3000 rpm for 1 h at 110 °C,
resulting in a cryogenic rubber modified bio-oil (cryoMBO). This blend (20 wt %) was later added to
a PG64-22 bitumen (Seneca Petroleum, Des Moines, IA, USA), at a speed of 3000 rpm for 20 min at
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120 °C, so as to obtain the modified asphalt binder. The low temperatures used in these processes were
due to the sensitivity of bio-oil to higher production temperatures.

Some additional basic characteristics of the bitumen modified with waste motor oil and SBS, like
the penetration and ring and ball values, can also be found in a previous study [20].

2.2.2. Production and Testing of Asphalt Mixtures

Concerning the asphalt mixtures studied in this work, with conventional B35/50 bitumen and
with the new binder (combining motor oil and SBS), the same optimum binder content of 5.0% resulted
from using the European Marshall mix design method [23,24]. These mixtures were designed for a
heavy traffic level, higher than 10 million equivalent standard axle loads (ESAL), and thus Marshall
specimens were compacted with 75 blows per side.

As previously mentioned, the production and compaction temperatures of both asphalt mixtures
were based on Brookfield viscosity results (as discussed in Section 3.1). Specimens prepared for
performance tests were produced to meet the target value of 4.0% air voids.

However, each mixture was designed according to the current practice of each country where the
studies were developed. Thus, the asphalt mixture with bio-oil and GTR described in the previous
study [6], which will be used for comparison purposes, was manufactured with a binder content
of 5.5%, using the US SuperPave mix design methodology [25]. The production and compaction
temperatures of that mixture with bio-oil and GTR were 150 °C and 140 °C, respectively, in order to
meet the same air void target value of 4.0% for that mixture.

After producing the asphalt mixtures, their performance was assessed with the following tests,
selected to allow a direct comparison between all materials studied:

e  Water/moisture sensitivity according to the standard AASHTO T 283-07 [26];
e  Fatigue cracking resistance according to the standard AASHTO T 321-07 [27]; and
e  Stiffness modulus in accordance with the standard AASHTO TP 79-10 [28].

Finally, the rutting resistance of the asphalt mixtures studied in this work was evaluated with the
wheel tracking test, according to EN 12697-22 [29] standard. The triaxial repeated loading test [28]
was used in the previous study of the asphalt mixture with bio-oil and GTR [6] in order to assess its
rutting resistance, namely by assessing the accumulated strain values. Despite the different standards
used, which do not allow a direct comparison, they evaluate the same property and have the same
base concepts. Thus, an indirect comparison will be carried out concerning this property.

3. Results and Discussion

3.1. Asphalt Binder Test Results

First, the differences between the binder materials were analyzed by using FTIR tests, and the
corresponding results can be observed in Figure 1.

The FTIR spectra show the chemical transformations/interactions that may or may not have
occurred during asphalt binder production. The main absorbance peaks of the spectra of all asphalt
binder materials occur in the same wavenumber ranges (700-1800 cm~! and 2800-3050 cm ™) because
the results are mainly controlled by the conventional base bitumens. This means that the main
functional groups of the conventional base bitumens (B35/50 and PG 64-22) are also present in the
modified binders with waste motor oil and SBS (B35/50 & MotorQil & SBS) and with bio-oil and
ground rubber (PG64-22 & cryoMBO).

The spectrum of rubber modified bio-oil (cryoMBO) is slightly different from those of asphalt
binder materials, mainly due to the presence of some moisture in the bio-oil [6].

Nevertheless, it was concluded that the new modified binders can be a good alternative to
conventional bitumens, because they are chemically similar and/or compatible.
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Figure 1. Fourier transform infrared (FTIR) spectra results of: (a) styrene-butadiene-styrene (SBS)
elastomer, conventional bitumen (B35/50) and modified asphalt binder B35/50 & MotorQil & SBS;
(b) Rubber modified bio-oil (cryoMBO), bitumen PG64-22 and modified asphalt binder PG64-22 &
cryoMBO (adapted from Peralta et al. [6], @ AAPT, 2014).

The rheology of the asphalt binder materials was then evaluated with a dynamic shear rheometer
(DSR), by carrying out frequency sweep tests at different temperatures. The stiffness master curves
obtained with those tests are presented in Figure 2.

The master curve of the modified binder with motor oil and SBS (B35/50 & MotorQOil & SBS)
shows a lower slope than that of conventional bitumen (B35/50), which may be associated with a low
susceptibility of this binder to frequency and temperature changes. On the other hand, the rheological
behavior obtained in the previous study with bio-binder (CryoMBO) [6] showed that it is comparable
to conventional bitumen (PG64-22) and the modified binder (PG64-22 & cryoMBO), because all these
materials present master curves with very similar shapes. The different behavior of the new binder
developed in this study (B35/50 & MotorOil & SBS) may be related to the higher amount of elastomer
(SBS) used, in comparison with the ground rubber amount (3%) used in the bio-oil study.

The rheological results were also used to calculate the high temperature continuous performance
grades of all asphalt binders, which are presented in Table 1. The addition of 10% waste motor
oil and 5% SBS clearly increased the performance grade of the base bitumen B35/50, mainly due
to the high amount of elastomer used. In turn, in the past study with bio-oil [6], 20% bio-binder
(cryoMBO) was added to the base bitumen (PG 64-22), almost without changing its high temperature

133



Appl. Sci. 2017,7,79%

performance grade. Thus, the rheological results indicate that the new binder developed in this work
(B35/50 & MotorQil & SBS) is rheologically or mechanically superior to the conventional bitumens
and the modified binder PG64-22 & cryoMBO, particularly at high service temperatures, indicating its
suitability for asphalt road pavements applied in hot climate zones.
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Figure 2. Stiffness master curves (T, = 20 °C) results of: (a) bitumen B35/50 and modified asphalt
binder B35/50 & MotorOil & SBS; (b) CryoMBO, bitumen PG64-22 and modified asphalt binder
PG64-22 & cryoMBO (adapted from Peralta et al. [6], @ AAPT, 2014).

Table 1. High temperature continuous performance grade of conventional bitumens (B35/50 and
PG 64-22), rubber modified bio-o0il (CryoMBO) and modified asphalt binders (B35/50 & MotorOil &
SBS and PG64-22 & cryoMBO).

Materials High Temperature Continuous Performance Grade (°C)
Conventional bitumen (B35/50) 65.1
Modified asphalt binder (B35/50 & MotorOil & SBS) 76.8
Conventional bitumen (PG 64-22) 66.6
Rubber modified bio-oil (CryoMBO) 61.3
Modified asphalt binder (PG64-22 & cryoMBO) 65.5
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Finally, taking the ideal viscosity values for mixing and compaction [30] into account, it was
possible to define the optimum temperatures for asphalt mixture production in the next phase of
the work. In the case of the asphalt binder with motor oil and SBS, the mixing and compaction
temperatures for asphalt mixture production were determined to be 180 °C and 160 °C, respectively,
while those temperatures were 160 °C and 140 °C for the conventional asphalt mixture with B35/50
bitumen. The new binder presented mixing and compaction temperatures higher than expected. This
may be caused by the SBS particle effect, which greatly increases the viscosity of this binder, although
waste motor oil has decreased the viscosity before interaction with SBS modifier.

3.2. Asphalt Mixtures Tests Results

In relation to the water or moisture sensitivity of the studied asphalt mixtures, both in Europe
and the US, a minimum tensile strength ratio (TSR) of 70% is recommended [31], although some
conservative agencies refer to a TSR value of 80% [32-34]. The novel asphalt mixture studied in
this work, with waste motor oil and SBS, showed a TSR value of 80%, which narrowly meets the
recommended values to assure the needed durability of this mixture. In the previous study with bio-oil
and ground rubber [6], the asphalt mixture presented a TSR value of 84%, which is also greater than
80%, and thus that mixture also fulfilled the requirements.

Subsequently, the results of the fatigue cracking resistance test are summarized in Figure 3,
namely for the new asphalt mixture with waste motor oil and SBS (B35/50 & MotorQil & SBS), the
conventional mixture with B35/50 bitumen, and also for the asphalt mixture with bio-oil and ground
rubber (PG64-22 & cryoMBO). Those results show the variation in the number of loading cycles (Nf)
before fatigue failure of each mixture (defined through the reduction of the stiffness to half of its initial
value) as a function of the tensile micro strain (je) applied in the fatigue test.
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Figure 3. Variation in the number of loading cycles (N¢) before fatigue failure with the tensile micro
strain (ue) applied in the fatigue test for the studied mixtures.

Those results demonstrate that the new asphalt mixture with waste motor oil and SBS (B35/50 &
MotorQil & SBS) is more resistant to fatigue than the conventional asphalt mixture (B35/50), at least in
the range of the tensile strain values used in this test. The low viscosity of the waste motor oil and the
high amount of SBS elastomer used may justify the very good fatigue cracking resistance of this new
mixture. The asphalt mixture with bio-oil and ground rubber from the previous study [6] presented a
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lower fatigue resistance, probably due to the higher stiffness of the bio-binder or the lower amount of
ground rubber used.

One of the main models used to predict the fatigue life of an asphalt mixture in road pavements
was that proposed by Shell [35]. The fatigue laws obtained for both modified asphalt mixtures (with
waste motor oil and SBS or with bio-binder and GTR) indicate a fatigue life higher than that computed
by the Shell model for an asphalt mixture with 4000 MPa and an asphalt volume content of 12%,
which confirms the suitable fatigue performance of those mixtures. Moreover, the experimental fatigue
coefficients K; and K, mentioned by other authors [36] were determined to be 5 x 1014 and 5.171 for
the conventional asphalt mixture with B35/50 bitumen. The new mixture with 10% motor oil and 5%
SBS presented fatigue coefficients of Ky = 1 x 107!* and K, = 5.508, while the mixture with bio-binder
and GTR presented fatigue coefficients of K; =1 x 107! and K; = 4.368. In conclusion, both mixtures
with modified binders (B35/50 & MotorQil & SBS and PG64-22 & cryoMBO) showed an adequate
fatigue performance, at least similar to that that of the conventional asphalt mixture.

The stiffness modulus of asphalt mixtures is a very important parameter for road pavement
design, and it also influences the mixture fatigue performance. Figure 4 shows the master curves of
the dynamic stiffness modulus of the several asphalt mixtures studied in this work for a reference
temperature of 21 °C. In order to obtain these master curves, the conventional mixture with B35/50
bitumen and the asphalt mixture with waste motor oil and SBS were tested at 0, 10, 20 and 30 °C,
according to the current practice [3], while the asphalt mixture with bio-oil and ground rubber was
tested at 4, 21 and 37 °C, following another procedure [37].
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Figure 4. Master curves of the shifted dynamic stiffness modulus for the different asphalt mixtures
(Tyef = 21 °C) studied in this work (the insert represents the quadratic fitting of the shift factors obtained
using the Arrhenius time-temperature superposition principle).

The analysis of the dynamic modulus master curves shows that the asphalt mixture with the
waste motor oil and SBS (B35/50 & MotorQil & SBS) is softer than that with bio-oil and ground
rubber (PG64-22 & cryoMBO). This result can partially explain the very good fatigue performance
previously observed for the new asphalt mixture with waste motor oil and SBS. Furthermore, the
stiffness of that mixture (B35/50 & MotorQil & SBS) is similar to that of the conventional mixture with
B35/50 bitumen, being slightly higher at very low frequencies and high temperatures. Based on these
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results, it can be assumed that the asphalt mixture with bio-oil and GTR should perform better at high
temperatures, followed by the mixture with waste motor oil and SBS. The high stiffness modulus at
high temperatures (or low frequencies) points towards a high rutting resistance of the asphalt mixtures
with modified binders, which is in agreement with the results obtained by other authors [38,39].

Finally, different rutting resistance tests were applied to evaluate the performance of the asphalt
mixtures with modified binders, as previously mentioned in Section 2.2.2. In this particular study,
the rutting resistance was obtained by measuring the rut depth formed by successive passages of a
wheel, at a temperature of 50 °C. This test ends after 10,000 load cycles. The wheel-tracking slope in
air (WTSar) is the main result of this test used to rank the rutting resistance performance of asphalt
mixtures, which is calculated based on the evolution of the permanent deformation of the asphalt
mixture with the number of cycles during the last 5000 load cycles in the wheel-tracking test. The
results of this test demonstrated a higher rutting resistance for the asphalt mixture with waste motor
oil and SBS (B35/50 & MotorQil & SBS) in comparison to the conventional asphalt mixture (B35/50),
as observed from their final rut values (2.4 mm and 5.0 mm, respectively). Moreover, the new asphalt
mixture with waste motor oil and SBS exhibited a very low WTSar value (0.05 mm/ 10%), which
confirms the good rutting resistance performance of this mixture in comparison to the conventional
asphalt mixture (WTSur value of 0.20 mm/ 10%). The rutting resistance of the asphalt mixture with
bio-oil and ground rubber (PG64-22 & cryoMBO), obtained in the previous study [6], was evaluated
through the accumulated strain values of the asphalt mixture in a triaxial repeated loading test. The
accumulated strain values obtained in that test at 37 °C and 54 °C were 0.14% and 1.00%, respectively.
When compared to the conventional asphalt mixture (PG64-22), the results obtained for this mixture
with bio-binder are exceptionally good at both temperatures, demonstrating its excellent rutting
resistance performance. In conclusion, the very high rutting resistance performance of the asphalt
mixtures with modified binders, which is not impaired by the low viscosity of the waste motor oil,
confirms the conclusions drawn from the dynamic modulus results.

4. Conclusions

The new asphalt binder and mixture evaluated in this work showed that the blend of bitumen,
waste motor oil and SBS has better properties than those of conventional bitumen (B35/50), and results
in an asphalt mixture with improved performance in comparison to the conventional asphalt mixture.

Actually, the asphalt mixtures with the new modified binders, namely with waste motor oil and
SBS (B35/50 & MotorQil & SBS) and with bio-oil and ground rubber (PG64-22 & cryoMBO), showed
very good performance in all tests carried out during this study. Thus, a good rutting and fatigue
cracking resistance can be expected from these mixtures. In addition, these mixtures are not sensitive
to moisture, and their durability can be assured. In particular, the asphalt mixture with waste motor
oil and SBS showed a higher fatigue cracking resistance, while the mixture with bio-oil and ground
rubber presented higher stiffness and rutting resistance, but both mixtures generally performed well
during the laboratorial study. It also becomes clear that the new mixture with waste motor oil and SBS
performs better than the conventional mixture B35/50.

The very good performance of the new binders and mixtures with waste-derived oils and
elastomer modifiers made the potential of these economical and environmentally friendly solutions
to be used in real road pavements even more evident. It should be noted that these solutions should
now be applied and evaluated in a real pavement trial, in order to have these alternative binders and
mixtures validated by road administrations and ready to be applied by the paving industry.
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Abstract: Due to the wide variation in geographic and climatic conditions, the search for
high-performance bituminous materials is becoming more and more urgent to increase the useful life
of pavements and reduce the enormous cost of road maintenance. Extensive research has been done
by testing various bitumen modifiers, although most of them are petroleum-derived additives, such
as polymers, rubbers and plastic, which in turn do not prevent oxidative aging of the binder. Thus, as
an alternative to the most common polymeric rheological modifiers, selected binder additives falling
in the categories of organosilane (P2KA), polyphosphoric acid (PPA) and food grade phospholipids
(LCS) were homogeneously mixed to a base bitumen. The goal was to analyse the micro-morphology
of the bitumens (neat and modified) subjected to different cooling rates and to find the corresponding
correlations in the mechanical response domain. Therefore, microstructural investigations carried out
by Atomic Force Microscopy (AFM) and fundamental rheological tests based on oscillatory dynamic
rheology, were used to evaluate the effect of additives on the bitumen structure and compared with
pristine binder as a reference. The tested bitumen additives have been shown to elicit different
mechanical behaviours by varying the cooling rate. By comparing rheological data, analysed in the
framework of the “weak gel” model, and AFM images, it was found that both P2KA and PPA altered
the material structure in a different manner whereas LCS revealed superior performances, acting as
“mechanical buffer” in the whole explored range of cooling rates.

Keywords: modified bitumen; Atomic Force Microscopy; Dynamic Oscillatory Rheology; complex
modulus; “weak gel” model

1. Introduction

In today’s road construction technology, the demand for bitumen characterised by high mechanical
properties becomes increasingly insistent, even if it represents only a minor component of asphalt
(5-8% by weight of binder) [1].
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Bitumen, which is a complex solid or semisolid colloidal dispersion of asphaltenes into
a continuous oily phase constituted by saturated paraffins, aromatics and resins [2-4], is a viscoelastic
material whose mechanical response is both time and temperature dependent [5]. However, because of
the wide variation in geographical and climatic conditions, a careful selection of bituminous materials
is required to increase the useful life of the pavement and reduce the huge cost of road maintenance.
For instance, for a good road performance, it would be highly desirable that the deformation properties
of bitumen remain unchanged under the effect of different cooling rates, and mitigate the susceptibility
of asphalt concrete to several drawbacks such as thermal cracking and thermal stress accumulation [6].
Indeed, depending on the geographical areas, the bitumen used in hot-mix asphalt concretes for
road construction may suffer severe thermal shocks during placement of the asphalt top layer onto
pavements, characterised by a wide range of surface temperatures [7,8]. Therefore, to facilitate the
evaluation of cooling rate sensitivity in controlled lab-scale conditions, the temperature of both pristine
bitumen and bitumen modified with three additives was varied from 105 °C to 25 °C using cooling
rates of 1, 5 and 10 °C/min, respectively. Being aware that the selected cooling rates might not exactly
reproduce the realistic pavement conditions met in a field study, the purpose of this analysis was
to gain a preliminary understanding of the impact that additives distinct from the most common
polymers [9-11] may have on the bitumen rheological response to changes in the cooling rate. Therefore,
a rheological investigation was performed to compare the mechanical behaviour manifested by a
base bitumen modified with three additives, namely, organosilane (P2KA), polyphosphoric acid (PPA)
and food grade phospholipids (LCS), whose properties as rheological /adhesion bitumen modifiers
have been widely investigated [12-15]. Specifically, oscillatory rheological tests were carried out to
monitor the dependence of complex mechanical modulus on the type of additive at various cooling
rates. According to the present research project, we seek the most efficient additive that would make
the mechanical modulus of the correspondent modified bitumen less temperature-sensitive in the
explored cooling ramp range. A parallel structural investigation by using Atomic Force Microscopy
(AFM) has been also undertaken at 25 °C to monitor changes in the micro-morphology of both virgin
and modified bitumens once subjected to different cooling rates. Indeed, previous AFM investigations
were found successful in studying the bitumen microstructure at nanoscale level, including its surface
morphology dependence on various physico-chemical parameters [16-18]. Therefore, the results
illustrated in the present study and obtained from a combination of oscillatory rheology and AFM
measurements have been found very useful in the identification of the best additive able to leave the
bituminous structure nearly unaffected by the action of different cooling rates applied in range of
1-10 °C/min.

2. Materials and Methods

2.1. Materials

The asphalt binder was kindly supplied by Loprete Costruzioni Stradali (Terranova Sappo
Minulio, Calabria, Italy) and was used as base bitumen. It was produced in Italy and the crude oil
was from Saudi Arabia. The neat bitumen was modified by adding commercial additives, namely,
(a) phospholipids in the form of light yellow powder (hereafter LCS) provided by Somercom srl
(Catania, Italy); (b) organosilane P2KA provided by KimiCal s.r.l. (Rende, Italy) and (c) polyphosphoric
acid (PPA) provided by Sigma Aldrich (Milano, Italy).

2.2. Sample Preparations and Setup of Cooling Ramps

The additives were mixed separately to hot bitumen (140-160 °C) at fixed content of 2% wt/wt [12-14]
by using a mechanical stirrer (IKA RW20, Kénigswinter, Germany). First, 100 g of bitumen was heated
up to 140-160 °C until it flowed fully, then a given amount of additive was added to the melted
bitumen under a high-speed shear mixer at 500-700 rpm. Furthermore, the mixtures were stirred again
at 140-160 °C for 30 min. After mixing, three different cooling ramp rates were applied to bitumen

141



Appl. Sci. 2017,7,779

samples modified with P2KA, PPA and LCS, respectively. Parallel temperature ramp tests were carried
out on unmodified bitumen as a reference system. The experimental conditions were isothermal
annealing for 10 min at 160 °C then cooling at 1, 5 and 10 °C/min until room temperature was reached.

2.3. SARA Determination

The Iatroscan MK 5 Thin Layer Chromatography (TLC) was used for the chemical characterisation
of bitumen by separating it into four fractions: Saturates, Aromatics, Resins and Asphaltenes
(SARA) [19]. During the measurement, the separation took place on the surface of silica-coated
rods. The detection of the amount of different groups was according to the flame ionisation. The
sample was dissolved in peroxide-free tetrahydrofurane solvent to reach a 2% (w/v) solution. Saturated
components of the sample were developed in n-heptane solvent while the aromatics were developed in
a 4:1 mixture of toluene and n-heptane. Afterwards, the rods had to be dipped into a third tank, which
was a 95 to 5% mixture of dichloromethane and methanol. That organic medium proved suitable to
develop the resin fraction whereas the asphaltene fraction was left on the lower end of the rods. Details
of bitumen composition are listed in Table 1.

Table 1. Group composition of the tested neat bitumen.

SAMPLE SARA Fraction in Weight % (=£0.1)
Saturated 4.2
Aromatics 51.6
Resins 21.3
Asphaltenes 22.9

2.4. Empirical Characterisation

Penetration tests for bitumens were performed according to the standard procedure (ASTM
D946) [20]. The bitumen consistency was evaluated by measuring the penetration depth (531/2-T101,
Tecnotest, Castelfranco, Treviso, Italy) of a stainless steel needle of standard dimensions under
determinate charge conditions (100 g), time (5 s) and temperature (25 °C).

2.5. AFM Microstructure Analysis

Atomic Force Microscopy equipment (Multimode VIII with a Nanoscope V controller, Bruker,
Karlsruhe, Germany) was used to analyse the samples. The AFM was used in tapping mode, where the
cantilever oscillates up and down close to its resonance frequency so that the tip contacts the sample
surface intermittently. When the tip is brought close to the surface, the vibration of the cantilever is
influenced by the tip—sample interaction. In particular, shifts in the phase angle of vibration of the
cantilever are due to the energy dissipation in the tip—sample ensemble. The phase shift provides
information on surface properties such as stiffness, viscoelasticity and adhesion. For measurements,
Antimony-doped silicon probes (TAP150A, Bruker) with resonance frequency 150 kHz and nominal
tip radius of curvature 10 nm were used. All the measurements were performed at room temperature.
Phase images were acquired simultaneously with the topographic mode. Materials with different
viscoelasticity were clearly distinguishable. The softer domains appeared dark while the stiffer ones
appeared bright in the phase images (see Figure 1A-H).

2.6. Isothermal Rheological Tests after Different Cooling Ramps

After each cooling ramp, samples were subjected to oscillatory rheological tests at constant
temperature t = 25 °C, controlled by a Peltier element (£0.1 °C), using a dynamic stress-controlled
rheometer (SR5, Rheometric Scientific, Piscataway, NJ, USA) equipped with a parallel plate geometry
(gap 2.0 £ 0.1 mm, diameter 25 mm). The linear viscoelastic regime of both neat and modified
bitumens was checked through the determination of the complex shear modulus G*(w) in the regime
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of small-amplitude oscillatory shear [21,22]. G*(w) can be considered the sample’s total resistance
to deformation when repeatedly sheared. For viscoelastic materials, G*(w) is split into a real and an
imaginary part, respectively, [23]:

G*(w) =G (w) +i G (w) (1)

The frequency-dependent functions G'(w) and G”(w) define the in-phase (storage) and the
out-of-phase (loss) moduli, respectively, i being the imaginary unit of the complex number. G'(w) is
a measure of the reversible, elastic energy, while G”(w) represents the irreversible viscous dissipation
of the mechanical energy [24]. Both the storage and loss moduli are related to each other through the
phase angle & defined by:

tand = G”(w) /G (w) )

Aimed at investigating the material structure, frequency sweep tests were performed at 25 °C
and proper stress values were applied to guarantee linear viscoelastic conditions.

3. Results and Discussion

Bitumen was characterised by the SARA method and four different groups were individuated:
Saturates, Aromatics, Resins and Asphaltenes (SARA). We recall here that according to the current
accepted colloidal model for bitumen, asphaltene molecules rich in resins as peptizing agents
self-assembly into micellar-like structures dispersed into the continuous phase composed mainly
by the saturated and aromatic oil fractions (maltene) [25-27]. The SARA content of the pristine
bitumen was determined (see Section 2) and the results are shown in Table 1.

3.1. AFM Results

Both neat and modified bitumens have been studied in micro-scale at room temperature (RT)
after being subjected to different cooling rates. Figure 1 collects AFM phase images acquired after
the tested specimens had been slowly cooled at 1 °C/min from 105 °C to RT (Figure 1A,C,E,G) and
compared to an analogous series of images from the same samples subjected to a faster cooling ramp at
10 °C/min (Figure 1B,D,EH). A first effect of cooling rate can be observed on the unmodified bitumen
where coarse and isolated aggregates (which form the catana-phase [16,28]), with irregular or ellipsoid
shaped domains dispersed into maltene matrix, are replaced by smaller oblong shaped structures
with a rippled interior (1A vs. 1B). The occurrence of those discrete domains has been attributed
to the crystallisation process of the paraffin wax fraction [16-18,29] where the formation of small
crystalline nuclei may be kinetically favoured with respect to the particle growth process if bitumen
undergoes too fast cooling rates [30]. A more dramatic micro-morphology change can be observed
when the organosilane additive (P2KA) is added to the base bitumen (1C vs. 1D). After a slow cooling
ramp temperature (1 °C/min, 1C), a rough surface morphology has been imaged at RT, constituted
by irregular often-interlocking domains. As the sample is cooled at a faster rate (10 °C/min, 1D),
the phase-contrast images reveal several small submicrometer crystalline structures resembling the
‘ant-like” spots observed by Ramm et al. [31], considered as metastable aggregates subjected to a kinetic
rather than thermodynamic control.
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COOLING RATE Slow (1°C/min)

SAMPLE

Neat bitumen

Bitumen + 2%
P2KA

Bitumen + 2%
PPA

Bitumen + 2% LCS

Figure 1. Atomic Force Microscopy (AFM) phase images at room temperature (RT) of both neat bitumen
and bitumens modified by addition of 2% P2KA, PPA and LCS, respectively. The microphotographs
were acquired after different thermal treatments: slowly cooled at 1 °C/min to RT (A,C,E,G) and

quickly cooled at 10 °C/min to RT (B,D,F,H).

Addition of polyphosphoric acid (PPA) gives rise to surface structuring very similar to pristine
bitumen. Indeed, after a slow cooling rate, large pseudo-spherical or lenticular domains have been
imaged (1E) characterised by catana-phase with transverse stripes of high and low surface height
surrounded by peri-phase regions; likewise, it has been observed in analogous AFM studies [18,32].
However, after subjecting the bitumen to rapid cooling treatments, smaller crystallites with irregular
or ellipsoidal shapes are formed, yet retaining the same inner rippled microstructure (1F).
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A completely different scenario has been found for bitumen modified with 2 wt % of
phospholipids (LCS). Indeed, irregular domains with low phase contrast coexist with fractal-like
and more defined particles with similar average dimensions. Those micro-morphological features have
been found unaffected by the different cooling ramps applied to LCS-modified bitumen, as can be
easily verified by comparing the AFM phase images acquired after slow cooling (1G) and fast cooling
(1H) rates, respectively. During the investigation of LCS samples, the contact between the tip and the
sample was unstable, due to the large attractive forces caused by the probable presence of LCS even
on the sample surface, and this led to difficulties in imaging large areas. The measurements were, then,
performed on small areas in order to visualise the single domain’s size.

It is worth noting that the apparent aggregates’ invariance detected at microstructural level
regardless of the chosen ramp is reflected also by a correspondent mechanical resilience manifested by
LCS-modified bitumen, as will be described in more details in the next paragraph.

3.2. Oscillatory Shear Experiments

The viscoelastic properties of bitumens were analysed by oscillatory experiments
(frequency-sweeps and temperature sweeps) at 25 °C. Preliminary stress-sweep tests were also
performed by applying small strain amplitudes in order to define linear viscoelastic conditions.
The frequency dependence of the experimental complex modulus | G*| measured at 25 °C for both
unmodified and modified bitumens is illustrated in Figure 2 in correspondence to different thermal
cooling gradients of, respectively, 1 °C/min (A), 5 °C/min (B) and 10 °C/min (C).

Clear evidence can first be observed at low rates (1°/min) and fast (10° /min), showing substantial

differences of |G*| among the various samples, attributable to the presence of the additives (see
Figure 2A,C). An exception can be found for P2KA and PPA modified bitumens, characterised by
IG*| data, which are almost overlapped for 1 °C/min (Figure 2A). However, the effect of the additives
seems to be cancelled out at the intermediate cooling rate of 5 °C/min, where the respective rheological
behaviours are hardly distinguishable from those of neat bitumen (see Figure 2B). As observed from
AFM images, the development of amorphous/crystalline polydomains in the bitumens is controlled by
nucleation and growth rates of disperse catana/peri-phase induced by different cooling rates, which
in turn are affected also by the presence of additives. It should be expected that upon rapid cooling
small aggregates would engender the formation of a network stabilised by physical interactions with a
consequent increase of complex modulus | G*I. To understand whether the added compounds are
somewhat engaged in the formation of noncovalent interactions between asphaltene aggregates able
to stabilise or even destabilise supramolecular networks upon cooling, the rheological data have been
analysed in the framework of the colloidal gel model.

10 cooling rate: 1°C/min cooling rate: 5°C/min cooling rate: 10°C/min

(edN) 14O

0.014 | | |

1
Hz (1/s) Hz (1/s) Hz (1/s)

Figure 2. Complex modulus |G*| vs frequency determined at 25 °C for neat bitumen (diamonds), and
bitumens modified by addition of 2% P2KA (circles), LCS (squares) and PPA (triangles), respectively,
after the specimens were subjected to different thermal treatment: (A) 1 °C/min, (B) 5 °C/min and (C)
10 °C/min. Solid lines represent the best non-linear fits according to the power law of Equation (3),
whose fitting parameters z and A have been listed in Tables 2 and 3, respectively.
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According to the theory of Bohlin [33] and Winter [34], which has been applied to several colloidal
complex systems [35-37] and widely reported in literature as the “weak-gel model” [38], a weak-gel
material is defined as a complex system characterised by a cooperative arrangement of flow units
connected by weak physical interactions that cooperatively ensure the stability of the structure. Thus,
the weak-gel model provides a direct link between the microstructure of the material and its rheological
properties. The most important parameter is the “coordination number”, z, which is the number of flow
units interacting with each other to give the observed flow response. It was shown in reference [33]
that, above the Newtonian region, there exists a regime characterised by the following flow equation:

N

IG* ()| = \/ GNw)*+G" (w)?= Aw ®)
where A is a proper constant related to the overall stiffness or resistance to deformation of the material
within the linear viscoelastic region at an angular frequency of 1 rad/s. Clearly, a log-log plots of |G*|
vs. frequency should yield a straight line with slope 1/z and intercept A.

In Tables 2 and 3, the parameters z and A, calculated from non-linear fitting of viscoelastic data to
Equation (1), are listed for all investigated samples subjected to different cooling rates. Three systems
out of four, namely, neat bitumen and bitumens modified with P2KA and LCS, share a similar z
variability in the narrow range 1.12-1.22, confirming the presence of interacting asphaltenes that form
lightly entangled networks. On the contrary, PPA shows a slightly higher flow coordination number,
especially in the range 5-10 °C/min, evidencing its network-promoting effect, according to previous
investigations [39,40]. In any case, the calculated z values indicate that the coordination numbers are
slightly affected by the thermal history as evidenced by the upper plot in Figure 3. A more useful
parameter is represented by the constant prefactor of Equation (1) characterising the “interaction
strength” of the three-dimensional structure of a gel, which is very sensitive to the cooling rates.
Interestingly, an initial decrement of A is observed for all the tested specimens in correspondence of the
increment 1 °C/min — 5 °C/min in the cooling rate. Upon further increase to 10 °C/min, both neat
and PPA-modified bitumen show an upturn in A whereas P2KA and LCS give rise to a minor change
of A (see the lower plot in Figure 3). What is worthy to remark here is that addition of LCS to bitumen
provides the smallest A-variation within the explored range of cooling rates and this indicates that
overall LCS is able to mitigate the effects provoked by a wide range of thermal gradients. The addition
of LCS, whose adhesion efficiency has been recently ascertained [41], precludes the growth of nuclei
formed during the nucleation stage, thus making the bulk bitumen structure almost unperturbed by
drastic temperature variations.

Table 2. Dependence of the coordination number z on the cooling rate, calculated as a fitting parameter
in Equation (1) adapted to experimental oscillatory rheological data, | G*| vs. frequency, for neat
bitumen and bitumens modified with additives.

Cooling Rate (°C/min) 1 5 10

Sample z z z
Bitumen 1.22 £0.01 1.15+0.01 1.13 £ 0.03
Bitumen + P2KA 2% 1.19 £ 0.01 1.13 £ 0.01 1.12 £0.01
Bitumen + LCS 2% 1.13 £ 0.01 1.18 £ 0.01 1.15 £ 0.01
Bitumen + PPA 2% 1.25 £ 0.02 1.36 £ 0.01 1.46 £ 0.06
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Table 3. Dependence of the “interaction strength” A on the cooling rate, calculated as a fitting parameter
in Equation (1) adapted to experimental oscillatory rheological data, |G*| vs. frequency, for neat
bitumen and bitumens modified with additives.

Cooling Rate (°C/min) 1 5 10
Sample Ax 107 Ax107° A x107°
Bitumen 0.68 + 0.01 0558 =1 x 103 1.14 +0.01
Bitumen + P2KA 2% 1.22 + 0.01 0.563 £ 3 x 1073 0518 £2 x 1073
Bitumen + LCS 2% 0.530 +3 x 1073 0479 +2 x 1073 0.675+2x 1073
Bitumen + PPA 2% 1.06 + 0.01 0511+1x1073 1.42 4+ 0.03
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Figure 3. Dependence on the cooling rate of both z coordination number (upper plot) and interaction
strength A (lower plot) for neat bitumen (diamonds) and bitumens modified by addition of 2% P2KA
(circles), LCS (squares) and PPA (triangles), respectively.

4. Conclusions

A comparative investigation of the mechanical responses manifested by bitumen modified with
three non-polymeric additives was performed at 25 °C, after the corresponding specimens were
subjected to different cooling rates in the range 1-10 °C/min. The selected range of cooling ramps
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represented a good compromise between suitable experimental conditions performed at lab-scale and
hypothetical cooling events that might occur in realistic environmental conditions.

Aimed at searching for microstructural differences between various types of modified bitumens
when they have undergone the action of several thermal ramps, a parallel morphological investigation
was also carried out by using Atomic Force Microscopy (AFM). The correspondent rheological response
was interpreted under the framework of the “weak gel” model whose analysis revealed the presence of
lightly entangled networks with the exception of PPA-modified bitumen. A striking result was recorded
from bitumen incorporating a raw mixture of natural phospholipids (2% LCS additive), which was able
to leave the asphaltene aggregates fairly unaltered after the hot material was either slowly (1 °C/min)
or rapidly (10 °C/min) cooled to the final reference temperature of 25 °C. The complex modulus of
the correspondent LCS-modified bitumen was found almost independent of the cooling rate as well.
The addition of LCS to bitumen should prove extremely fruitful in increasing the mechanical resistance
of bitumen to thermal shocks and provide an attempt to substitute polymer-based rheology modifiers
with additives derived from renewable bio-resources.
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Abstract: Recent research shows that macro-scale cracking in asphalt binder may originate from
its intrinsic defects at the nano-scale. In this paper, a molecular dynamics (MD) simulation was
conducted to evaluate the nucleation of natural defects in asphalt. The asphalt microstructure
was modeled using an ensemble of three different types of molecules to represent a constituent
species: asphaltenes, naphthene aromatics and saturates, where the weight proportion of 20:60:20
was used to create an asphalt-like ensemble of molecules. Tension force was then applied on the
molecular boundaries to study the crack initiation and propagation. It was discovered that the natural
distribution of atoms at microscale would affect the intrinsic defects in asphalt and further influence
crack initiation and propagation in asphalt.

Keywords: MD simulation; asphalt; nano-cracking; low temperature

1. Background and Introduction

Asphalt pavement is one of the main highway forms throughout the world. With the continuous
development of the world economy, there have been tremendous numbers of vehicles passing on the
pavements every day, causing significant irreversible damage to pavement. It is therefore necessary to
study asphalt material performance, since it is directly relevant to its service life, where structure is
one of the most important factors that affects its mechanical performance. Recent studies show that
the asphalt material microstructure may affect its properties at the macro-scale [1,2].

There have been many experimental approaches on the asphalt material microstructure due to the
development of modern testing instruments. Mikhailenko et al. [3], used scanning electron microscopy
(SEM) to observe the microstructure of asphalt materials. Fourier transform infrared spectroscopy
(FTIR) can be used to study the distribution and contents of asphalt components [4-6]. Gel permeation
chromatography (GPC) can determine the molecular weight and distribution of asphalt rapidly and
reliably [7]. Differential scanning calorimetry (DSC) can be used to analyze the difference of the thermal
stability of asphalt [8,9]. Atomic force microscope (AFM) can be used to observe three-dimensional
(8D) spatial images of asphalt [10-12]. These new experimental methods can be used to further
investigate the effect of modifiers on the modification of asphalt materials at nanometer scales [13,14].
For example, SEM can be used to observe and compare the microstructures of different nanometer
modified asphalts [15], and AFM, FTIR, GPC and DSC can be used to further analyze the modify
mechanism of nano-modifier materials.
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There also have been many studies on asphalt material properties using the simulation, where
molecular dynamics (MD) simulation is one of the effective methods to investigate the microstructure
and micro-properties of asphalt materials [16-18]. In the aspect of asphalt oxidation aging, MD
simulation can be employed to investigate internal chemical and molecular mechanical property
changes [19]. Molecular Dynamics simulation can also be used to determine the thermodynamic
properties of asphaltene before and after oxidative aging [20]. In other aspects, molecular dynamics
simulation can also be used to study molecular movements and microstructure changes of epoxy
modified asphalt in the process of healing [21]. Xu et al. [22], conducted AFM experiments and MD
simulation to study the adhesion between asphalt and aggregate. The mechanical properties of asphalt
and aggregate can be further investigated by MD simulation at the nano-scale [23], and by investigating
mechanical properties of the asphalt-aggregate interface [24].

Although there has been significant progress in asphalt material microstructure and micro-properties,
research on the fundamental mechanism of asphalt microstructure cracking using simulations and
experiment approaches are very few. In this study, MD simulation was conducted to study micro-crack
initiation, and propagation of typical asphalt molecular structures. The ultimate goal was to try to
understand the fundamental mechanism of asphalt molecular structure cracking.

2. Molecular Dynamics Simulations

In this study, the MD simulation was employed to investigate the mechanical behavior of
asphalt molecules.

2.1. Asphalt Molecular Structure Construction

Asphalt is often characterized chemically by its hydrocarbon class composition, e.g., three main
constituent species including asphaltene, naphthene aromatics and saturates. The three-fraction
asphalt model was employed to establish the molecular structure following Zhang and Greenfield [25],
where three different types of molecules are used to represent the corresponding constituent species,
and the three are then formed together to create an asphalt-like ensemble of molecules. In this
model, 1,7-dimethylnapthalene was used to represent naphthene aromatics, and n-Cp; (n-doccosane)
molecules were used to represent saturates, with the mass fraction of asphaltenes, naphthene aromatics,
and saturates being approximately 20:60:20, respectively.

The condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS)
force field was used for our simulation, considering that this force field could accurately describe
the inorganic material properties. The initial molecular structure was constructed by using the
commercial molecular computation software Material Studio 7.0 (BIOVIA Company, San Diego, CA,
USA). The construction function in amorphous cell tools of Material Studio was used to construct the
representative volume element in asphalt binder. The target density of the final configurations was
set to 1 g/cm?3. Table 1 shows the detailed configuration of the asphalt-like ensemble. Figure 1 shows
the constructed molecular structure, where the edge length (A) of the lattice is 50.9 x 50.9 x 50.9.
The atoms in each molecule in the asphalt-like amorphous cell were then subjected to conjugate
gradient energy minimization within 10,000 fs.

Table 1. Configuration of the asphalt-like ensemble.

Molecular Components Asphaltene 1,7-Dimethylnapthalene n-Doccosane
Number 18 306 49
Approximate Mass ratio 20 60 20
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Figure 1. Constructed asphalt in amorphous cell.

Our molecular dynamics simulation was split into two parts: constructing the model in Materials
Studio due to convenience, and applying the loading conditions in the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software. After construction of the asphalt molecular model
in Material Studio, it was exported in a PDB-format file and imported into the VMD (Visual Molecular
Dynamics) software (University of Illinois at Urbana-Champaign, Urbana-Champaign, IL, USA).
By using the “Topo writelammpsdata asphalt.data full” command, the asphalt data file can be read by
the LAMMPS software.

The following potential function was used in our LAMMPS simulation for convenience:

E=ef2(%) =3()"] r<n ®

where E is the potential, ¢ is the depth of a potential well that reflects the attraction between two atoms,
o is the distance between atoms when the action potential is equal to 0, r is the distance between
two atoms, and . is the cutoff.

2.2. Simulation Results

The relaxation process of asphalt molecules is shown in Figure 2. The relaxation was used
to reach the energy minimization state of the asphalt molecular structure. It can be seen that the
relaxation process would influence the structure of asphalt molecules, where agglomeration and
densification occurred.
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(a) Asphalt molecules (before relaxation)
VMD 1.9.1 OpenGL Displa — O *
P play

(b) Asphalt molecules (after relaxation)

Figure 2. The relaxation process of asphalt molecules.

154



Appl. Sci. 2017,7,770

In the study, molecular dynamics simulation were exerted on the asphalt layer, where “region”
and “group” commands were applied to set different regions in the asphalt molecule ensemble.
The velocity command was used to set the velocities of different groups at 0.3 A/fs along the y axis
to simulate the state of tension. The ensemble temperature was set to room temperature, which is
298.15 K. For every 100 time steps, the simulation temperature was adjusted. For asphalt molecular
ensemble, the energy minimization process was firstly conducted to achieve the stability of the system,
and then the simulation of the stretching process was conducted. The time step was set to 0.003 fs, and
a total operation time with 6000 steps was conducted. In the OVITO (Open Visualization Tool) software,
asphalt molecules were sliced (Figure 3), where the internal development of asphalt molecules under
tension could be observed. Figure 3a shows the complete whole microstructure and Figure 3b shows
the half-sliced part. It was found that, along with the applying of continuous tension loading, obvious
gaps could be found in the internal asphalt molecule structure (Figure 4), where these locations may
be the weak regions and prone to easily crack.

(b)

Figure 3. Slicing of the asphalt molecules.

(a) 0 frame (b) 50 frame

Figure 4. Development of gap under tension loading.

The radial distribution function (RDF) is an important parameter to describe molecular structure.
The essence of the radial distribution function g, (¥) is the atomic ratio of local density and average
density in the system [26]. When A and B atoms are distributed uniformly in the spherical shell,
the probability is calculated as follows:
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Py = 4pAr2(5r “4)
Pg = 4mppr?or (5)

where V is the total volume of the simulation system, 14 and np are the number of A and B atoms,
04 and pp are the average density of atoms in the simulation system, and P4 and Py are the uniform
distribution probabilities of A and B atoms.

By calculating the radial distribution function between different atoms, the local distribution
of different atoms could be studied, as shown in Figure 5. It is observed that there existed a small
difference in RDF before and after tension loading. For the asphalt microstructure before tension
loading, when the distance was 2.375 A, a maximum value of 16.5250 occurred; for the asphalt
microstructure after the tension loading, when the distance was 2.375 A, maximum value of 17.039
occurred. The trends of the curves of the two curves were completely consistent, indicating that most
of the atoms in the asphalt microstructure did not significantly change their locations while a small
portion changed the locations. It was further concluded that the applied tension loading would not
only result in the whole asphalt microstructure change, but also in some of the specific locations.
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Figure 5. Radial distribution function (RDF) of asphalt molecule before and after tension loading.

The application of tension loadings on the asphalt molecular structure was done by setting a
constant speed in its i direction (vertical direction) of different regions, resulting in the stretching of
the asphalt microstructure. Figure 6 shows the morphological changes of asphalt microstructures.
Note that different color represents different atom types on the top and three different divisions on the
bottoms. It was noticed that by applying the tension force, the original “perfect” structure generally
stretched, and a “hole”, i.e., natural defect, occurred in the microstructure, which could be seen as the
initiation of the microcrack. It was expected that with an increase in the tension loading, the inside
small hole propagated and finally resulted in the failure of the asphalt microstructure [27].

In order to analyze the temperature effects on the asphalt molecular, four kinds of different
temperatures were chosen, including —40, 0, 25 and 60 °C, to analyze the temperature influence on the
morphology and properties of the asphalt molecules during tension. The time step was 0.003 fs, with a
total of 5000 steps. The asphalt molecular morphology with different temperture at 5000 timesteps
are shown in Figure 7. It was seen that temperature seemed do not have a significant influence on
the asphalt microstructure evolution. It might be caused by the small molecule amount in the model.
Compared with the internal molecular component distribution, temperature does not have a significant
effect on the molecular structure for this computation scale. To further study the temperature effects
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on asphalt microstructure evolution quantitatively and in more detail, future studies will be conducted
on a supercomputer.

(c) Asphalt position at 3000 timesteps (d) Asphalt position at 5000 timesteps

Figure 6. Morphological changes of asphalt molecules under uniaxial tension.

(a) -40 °C (b)0°C () 25°C (d) 60 °C

Figure 7. Morphological changes of asphalt molecules at different temperature.

Through the analysis, it was found that there were “holes” in the asphalt molecules by stretching,
with these holes existing due to the distribution of molecules, creating the original defects. The results
showed that the original defects naturally existed in the asphalt molecules, resulting in different
cracking performance. Note that since this was a preliminary study on the nucleation of natural defects
in asphalt, we did not study this phenomenon quantitatively. In future studies, a parameter such
as “total distance moved” by the atoms from some reference points may be proposed to describe
this phenomenon.
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The strain and stress developments over time for the asphalt microstructure subject to external
loading at 25 °C are shown in Figure 8. Figure 8a shows that the strain increased almost linearly, as we
applied a constant strain deformation rate. Figure 8b shows that the stress gradually decreased and
remained almost constant after 1300 timesteps, indicating that due to the occurrence of the “internal
hole”, the asphalt microstructure bore less stress, and when the final structure was stabilized, the stress
became stable.
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Figure 8. Strain and stress developments.

It should be mentioned that our current research results seem to be a bit different from the
observations in previous studies: 1. Menapace et al. (2016) discovered that temperature will significantly
affect the “Bumble-bee” structure in asphalt samples at microscale [28]; 2. Jahangir et al. (2015) claimed
that the tension loading would result in the change in asphalt microstructure [11]. There might be
two reasons for the differences: 1. We currently only apply a very small tension loading. Therefore,
compared with the internal molecule component distribution, the latter will have a larger effect on
the molecular structure; 2. The current molecular model is established with relatively small molecule
amount due to the limitation of our computer ability. It is expected that a much larger molecular model
with millions of molecules may resemble the results by the previous research.

3. Conclusions

In this study, the MD simulation was conducted to model the asphalt molecular structure.
The following conclusions were made:

1. It was discovered that by applying the tension force, the original “perfect” structure generally
stretched and a “hole”, i.e., natural defect, occurred in the microstructure, which can be seen
as the initiation of the microcrack. It was expected that with an increase of tension loading, the
inside small hole would propagate and finally result in the failure of the asphalt microstructure.

2. It was observed that there existed a difference in RDF before and after tension loading. For the
asphalt microstructure before the tension loading, when the distance was 2.375 A, a maximum
value of 16.5250 occurred; for the asphalt microstructure after the tension loading, when the
distance was 2.375 A, maximum value of 17.039 occurred. The trends of the curves for the two
curves were completely consistent, indicating that many of the atoms in the asphalt microstructure
did not change their locations, while a small portions changed.
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Abstract: With an expanding world, the demand for extensive road networks is increasing. As natural
resources become scarce, the necessity of finding alternative resources has led to the idea of applying
recycled material to pavement construction including asphalt pavements. Amongst all asphalt
components, aggregate constitutes the largest part of asphalt mixtures. Therefore, the utilization of
recycled material for aggregate will represent an important opportunity to save virgin material and
divert material away from landfills. Because of the large amount of construction waste generation
around the world, using recycled construction aggregate (RCA) in asphalt mixtures appears to be an
effective utilization of RCA. However, as aggregate plays an important role in the final performance
of the asphalt mixture, an understanding of their properties is essential in designing an asphalt
mixture. Therefore, in this research, the properties of RCA have been evaluated through laboratory
investigations. Based on the test results, it is required that combination of RCA with some other
targeted waste materials be considered in asphalt mixture. This paper presents the results of an
experimental study to evaluate the RCA properties as an alternative for virgin aggregate in asphalt
mixture under different percentages and combination with other aggregates, such as reclaimed
asphalt pavement (RAP) and basalt.

Keywords: asphalt; basalt; reclaimed asphalt pavement; recycled construction aggregate; recycled
aggregate; pavement

1. Introduction

The increasing amount of waste all over the world has shown that effective measures have
to be implemented to reduce their negative environmental impact. Landfilling of waste is not a
solution, due to danger of leaching and soil impregnation with potential subsequent contamination of
underground water.

On the other hand, there are important sustainability benefits associated with the use of recycled
material in pavement industry. Recycling helps the environment by reducing resource extraction and
the use of virgin material, thereby reducing energy and water use, reducing harmful gas emissions
and helping reduce waste to landfills. Buying recycled products also in some cases can reduce cost.

Therefore, the idea of using recycled material in pavement construction has attracted the attention
of many researchers (e.g., Karlsson and Isacsson, 2006; Huang et al., 2007, Widyatmoko, 2008;
Ahmedzade and Sengoz, 2009; Rafi et al., 2011; Khan and Gundaliya, 2012; Menaria and Sankhla, 2015;
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Chandh and Akhila, 2016) in the pavement industry to investigate feasibility of the application of
some of waste materials as alternative material in pavement construction [1-8].

Among different layers of flexible pavements, asphalt surface layer plays a fundamental role
in flexible pavement structure systems as it should withstand varying traffic loads and constantly
changing environmental conditions. Moreover, the asphalt surface layer is critical for safe and
comfortable driving. Due to the composition nature of asphalt surface layer, application of solid
waste in asphalt layer reduces not only environmental issues associated with waste disposal but
also the demand for virgin aggregate which will subsequently result in cost savings and economic
advantages, representing a value add application for waste material.

However, the selection of waste material to be used for pavement construction, particularly
asphalt surface layer, is of high importance as the application of waste should not adversely influence
the structural and functional aspects of the pavements [9-12].

Among different asphalt components, coarse aggregate properties are identified by the researchers
(e.g., Vavrik, 2009; Zaniewski and Srinivasan, 2004; Husain, 2014; Al-Mosawe et al., 2015) as the
second most important parameter after gradation for the performance of hot-mix asphalt (HMA)
because coarse aggregate often forms the skeleton of the asphalt structure and transfers traffic and
environmental loads to the underlying base, subbase, and subgrade layers [13-16]. Therefore, the
behaviour and performance of asphalt mixture and eventually the asphalt surface layer are directly
affected by the material properties and composition of this aggregate skeleton. In fact, the low stiffness
of the asphalt mixtures and the excessive rutting in hot-mix asphalt (HMA) pavement surfaces are
often attributed to the poor asphalt mixture designs which is primarily controlled by the asphalt binder
and aggregate properties [17]. Therefore, except for the fine mixes, the selection of coarse aggregate
greatly influences the asphalt layer behaviour.

In addition, since the aggregate represents the major portion of the asphalt mix, from the viewpoint
of environmental preservation and effective use of resources, a comprehensive understanding of the
engineering properties of the recycled aggregate can provide enormous benefits. Recognizing this fact,
the reported studies and research on the utilization of recycled aggregate such as reclaimed asphalt
pavement (RAP), recycled construction aggregate (RCA), recycled glass, etc. have increased all over
the world over the past two decades [18-29]. Among the recycled aggregates that can be utilized
in asphalt mixture, RCA obtained from construction and demolition waste constitute a major part
of generated solid waste as a result of renovation and construction projects. Referring to literature
survey (e.g., Arulrajah, 2012; Bennert et al., 2000; Blankenagel, 2005; Conceicao et al., 2011; Jayakody et
al., 2014; Jimenez et al., 2012; Papp et al., 1998; Nataatmadja and Tan, 2001), although RCA has been
used effectively as a base course and subbase course material [30-37], but, few research studies (e.g.,
Celaura et al., 2010; Hossain et al., 1993; Pereira et al., 2004; Rebbechi and Green, 2005; Berthelot et al.,
2010; Wu et al., 2013) have reported the use of RCA in hot-mix asphalt [38-42]. Accordingly, in this
research, the properties of RCA have been thoroughly evaluated through the laboratory investigation
and tests. The results of these tests have showed that RCA has some shortcomings in satisfying
design requirements as asphalt mixtures aggregate, in terms of some properties such as absorption
and wet/dry strength variation. Therefore, utilization of RCA in asphalt mixture on its own, can
result in less efficient asphalt mixtures and it is, hence, required that combination of RCA with some
other targeted and acceptable waste materials and aggregates in certain percentages be considered in
designing the asphalt mixture. Accordingly, RCA, RAP, and basalt have been considered as coarse
aggregate in this research, and various tests have been conducted on each individual component and
in combination. The paper will demonstrate the results of the conducted tests leading to the selection
of most acceptable combination of aggregates for designing asphalt mixtures.

It should be noted that because of the diversity in quality and composition of the recycled
construction aggregates, this research has been performed on aggregate samples which are collected
from a recycling unit in Sydney over a period of one year.

162



Appl. Sci. 2017,7,763

2. Aggregate Properties and Their Relationship to Asphalt Performance

The high proportion of aggregate materials in volumetric design of asphalt mixes inherently
links aggregate properties to the strength, stiffness, and generally the performance of the asphalt
surface layer.

Because of the important impact of aggregate on the properties of asphalt mixture, a better
understanding of the aggregates characteristics is essential in selecting the appropriate materials to
optimize the asphalt mixture for strength and durability, and subsequently design a pavement with
enough resistance to permanent deformation and cracking.

The most important physical and mechanical characteristics of aggregates include size and
gradation, shape and angularity, surface texture, absorption, particle density, durability, toughness
and hardness, resistance to polishing, soundness, cleanliness and the deleterious materials contained.
Many research studies (e.g., Dahir, 1979; Brown et al., 1989; Brown and Bassett, 1990; Button et al., 1990;
Elliot et al., 1991; Krutz and Sebaaly, 1993; Oduroh et al., 2000; Chen and Liao, 2002; Sengoz et al., 2014;
Masad et al., 2009; Wu and King, 2011) have been conducted to link the properties of the aggregates to
the performance of asphalt concrete pavement [43-53].

The results of these studies have shown that the physical and mechanical properties of the
aggregates significantly affect the performance of the asphalt pavements.

Referring to the literature and the research conducted to relate aggregate properties and HMA
performance, Figure 1 is generated to illustrate a generalized pattern and a summary of the effects
of aggregate properties on the asphalt performance. The figure is the result of extensive literature
review during the course of this research study and could be used by the practicing engineers as
well as researchers to further improve their understanding of the effects of aggregate constituents on
asphalt system performance. The reported relations and correlations shown in Figure 1 exemplify
the complexities of mix design issues and considerations involved. This is certainly not unexpected
considering the heterogeneity of the asphalt mixes. For example, as shown in this figure, different
aggregate properties affect different aspects of asphalt mixture performance, which consequently
define pavement service life. Accordingly, in order to design asphalt mixtures with longer service lives
and lower production and maintenance costs, the aggregate must have appropriate characteristics.
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Figure 1. A Summary of the Effects of Aggregate Properties on the Asphalt Performance.
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Therefore, the following section describes the experimental work carried out on selected coarse
aggregates in order to evaluate the feasibility of using RCA as a part of coarse aggregates in asphalt
mixture, and to produce an economical and sustainable asphalt mixture with adequate strength and
good workability.

3. Experimental Work

3.1. Materials

In the present study, RCA, RAP, and basalt passing through 20 mm and retained on 4.75 mm LS
sieve have been used throughout the experiments. RAP material used in this research was stockpiled
RAP collected from Boral Asphalt Plant (Prospect, NSW, Australia) which is generated from milling
and being used in their asphalt projects. It was plant-screened material retained on 19 mm sieve size.
The crushed virgin basalt aggregate was obtained from a local supplier. These virgin aggregates were
transported from a local quarry (Nepean Quarries) in the vicinity of Sydney. In addition, RCA was
collected from a local recycling centre called Revesby Recycling Centre (Revesby, NSW, Australia),
a licensed waste facility and transfer station which accepts all construction and demolition waste from
both the residential and commercial waste streams. In this centre, RCA is produced through the first
sorting process for removing of contaminants such as wood, plastic, metal and glass, then crushing of
construction wastes, and finally screening for removal of contaminants such as reinforcement, wood,
plastics and gypsum.

3.2. Laboratory Tests

This section reports the laboratory investigation on RCA, RAP and basalt, in order to obtain
comprehensive information and data of their properties and to compare these properties with the
requirements specified in the standards as well as with the properties of the virgin aggregate. The key
properties investigated in this experimental study are presented in Table 1.

Table 1. The Key Properties Investigated in the Experimental Study.

Property Test Method Test Name
Gradation and particle size distribution AS1141.11.1 Particle Size Distribution (Sieving
Method)
Flakiness index of aggregate AS 1141.15 Flakiness Index
Proportion of misshapen particles AS1141.14 Particle Shape by proportional calliper
Water absorption of aggregate AS1141.6.1 Particle Density and Water Absorption of

coarse aggregate

Variation in strength of aggregate in

wet/dry condition AS1141.22 Wet/Dry Strength Variation

Particle Density and Water Absorption of

Particle density of aggregate AS1141.6.1 coarse aggregate

Strength and crushing value of aggregate AS1141.21 Aggregate Crushing Value

Percentage of weak particles in coarse Weak particles (including clay lumps, soft
AS 1141.32 : . .

aggregate and friable particles) in coarse aggregates

In addition, based on the test results on the individual aggregates, necessary tests were conducted
on different combinations of these aggregates. The results of these tests are shown in the following
sections. It should be noted that three samples were performed for each test and the average of the
three samples was reported as the test result.
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3.2.1. Particle Size Distribution Test

The gradation of aggregate to be used in asphalt mixtures are evaluated through Particle Size
Distribution Test (Figure 2).

Figure 2. Aggregate Gradation by Particle Size Distribution Test.

This test is conducted in accordance with AS 1141.11.1 (2009) and the gradation curves obtained
from this test for different coarse aggregates considered in this research, including RCA, RAP and
basalt, are shown in Figure 3.
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Figure 3. The Results of Particle Size Distribution Test for Coarse Aggregate; RCA: recycled construction
aggregate; RAP: reclaimed asphalt pavement.
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3.2.2. Particle Shape Test

The results of the studies on aggregate have shown that the aggregate physical shape properties
significantly affect both the strength and stability of asphalt mixes [54]. Therefore, in order to design
asphalt mixtures with long service lives, the aggregate must have the proper gradation and shape.
The particle shape of aggregate substantially influences the mechanical stability of asphalt mix. The
presence of excessive flaky and elongated particles is undesirable in asphalt mixtures as they tend to
break down during the production and construction, and thus affect the durability of HMAs. Therefore,
it is preferable to have rough and angular aggregates rather than smooth and round aggregates.

In this study, the proportion of misshapen aggregates, including the flat particles, elongated
particles and, flat and elongated particles found in coarse aggregate is evaluated through the Particle
Shape Test (Figure 4). The particle shape test is carried out by proportional caliper, using a 2:1 calliper
ratio and based on AS 1141.14 (2007). The results of this test on three samples for each aggregate type
(i.e., RCA, RAP and basalt) and the average value are given in Table 2.

Figure 4. Classification of Aggregate Based on Particle Shape Test.

Table 2. The Results of Particle Shape Test for Coarse Aggregates and Misshapen Percentage Limits for
Dense Graded Asphalt Based on Australian Standards.

Misshapen Particles (%) Australian Standards Misshapen
Sample Number . .
RCA RAP Basalt Percentage Limits (%)
Sample 1 5.3 12.0 194
Sample 2 6.2 7.7 18.3 35% (max)
Sample 3 7.0 8.7 17.3 For heavy and very heavy traffic
Average Misshapen 62 9.5 183

Particles Percentage (%)

As presented in Table 2, basalt materials show more of misshapen particles than RAP and RCA
while still below the 35% limit of the Australian standard.

3.2.3. Flakiness Index Test

Some aggregates, on account of their shape, would be unsuitable for asphalt mixture as they
would have low potential for developing inter-particle interlock. The percentage by mass of this type
of aggregates, namely flaky aggregates is determined by the most commonly used test, called Flakiness
Index Test (Figure 5). In this test, the flakiness index is determined by direct measurement using a
special slotted sieve, from the ratio of the mass of material passing the slotted sieve to the total mass of
the size fraction.
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Figure 5. Conducting Flakiness Index Test for Coarse Aggregate.

The flakiness index test is performed based on AS 1141.15 (1999) and the results of this test on
three samples for each aggregate type (i.e., RCA, RAP and basalt) and the average flakiness index for
each aggregate type are given in Table 3.

Table 3. The Results of Flakiness Index Test for Coarse Aggregates and Flakiness Index Limits for
Dense Graded Asphalt Based on Australian Standards.

Sample Number Flakiness Index (%) Australian Standards
RCA RAP Basalt Flakiness Index Limits (%)
Sample 1 5.6 12.8 21.3
Sample 2 8.1 10.1 21.1 25% (max)
Sample 3 7.1 8.4 14.7 For heavy and very heavy traffic
Average Flakiness Index (%) 6.9 10.4 19.0

The results of flakiness index test shows that RCA has less flakiness index than basalt and RAP
which can positively affect the inter-particle interlock in asphalt mixture.

3.2.4. Particle Density and Water Absorption Test

The absorption is an indication of porosity in aggregate which demonstrates the pore structure
of the aggregate. In asphalt mixtures, a porous aggregate increases the binder absorption, resulting
in a dry and less cohesive asphalt mixture. In addition, the particle density of the aggregate is an
essential property of the aggregate which plays an important role in the whole procedure of asphalt
mix design. Therefore, in this research, the particle density and water absorption test is conducted on
coarse aggregates (i.e., RCA, RAP and coarse basalt) based on the procedure described in AS 1141.6.1
(2000), as presented in Figure 6.

In this test, the amount of water which a dried sample will absorb is measured. This test is
performed on three trials and the related test results on RCA, RAP and basalt are given in Table 4,
under apparent, dry, and saturated surface dry (SSD) conditions.
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Figure 6. Evaluation of Particle Density of Coarse Aggregate.

Table 4. The Results of Particle Density and Water Absorption Test on Coarse Aggregates and Water
Absorption Limits for Dense Graded Asphalt Based on Australian Standards.

Apparent Particle Density ~ Particle Density Water Australian Standards
Sample Name Particle Density on a Dry Basis on aSSD Basis  Absorption Limits for Water
(g/em®) (g/cm®) (g/cm?®) (%) Absorption (%)
RCA1 2375 2211 2.352 6.39
RCA 2 2375 2211 2.352 6.39
RCA3 2.361 2.214 2.349 6.12
Average Values 2.370 2212 2351 6.30
for RCA 2% (max)
RAP 1 2.539 2422 2468 1.89 For hea‘:/ i
RAP 2 2.544 2437 2479 172 noan trat
RAP 3 2.540 2.433 2.475 1.73 y
Average Values
for RAP 2.541 2.431 2.474 1.78
Basalt 1 2.635 2.528 2.568 1.60
Basalt 2 2.630 2521 2.562 1.64
Basalt 3 2.654 2.542 2.584 1.67
Average Values 2.640 2,530 2571 1.64

for Basalt

The results of the particle density and water absorption test on different coarse aggregates
(i.e., RCA, RAP and basalt) and their average value, as presented in Table 4, indicate the high absorption
of RCA in comparison with RAP and basalt. The RCA water absorption exceeds the limit set by the
Australian Standard.

As this research aims to investigate the feasibility of the application of RCA as a recycled material
for potential partial replacement of coarse virgin aggregate (basalt) in asphalt mixtures, the particle
density and water absorption test is also conducted on the mix of coarse aggregates (i.e., RCA,
RAP and coarse basalt) considering different percentages of these materials. Such undertaking was
needed in order to get a better understanding of an acceptable range of mix proportions in terms of
water absorption.

The results of Particle Density and Water Absorption test on six different mixes of RCA, RAP and
basalt and the average water absorption and particle density for each mix are given in Table 5. Despite
the fact that above mixes (except when there is no RCA) have water absorption of more than 2%, the
use of RCA is still a viable option as discussed in Section 3.3.
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Table 5. The Results of Particle Density and Water Absorption Test for the Mix of Coarse Aggregates.

Apparent Particle Density ~ Particle Density Water
Sample Name Particle Density on a Dry Basis onaSSD Basis  Absorption

(g/cm3) (g/cm®) (g/em3) (%)
1 2.579 2.394 2.466 2.98
75% Basalt and 25% RCA 2 2.589 2.406 2476 2.94
3 2.601 2420 2.489 2.88

Average Values for 75%
Basalt and 25% RCA 2.590 2.407 2.477 2.93
1 2.520 2.296 2.385 3.86
50% Basalt and 50% RCA 2 2.535 2322 2.406 3.62
3 2527 2313 2397 3.65

Average Values for 50%
Basalt and 50% RCA 2.527 2.310 2.396 3.71
1 2.477 2224 2.326 457
25% Basalt and 75% RCA 2 2471 2.207 2313 4.84
3 2.480 2234 2333 4.44

Average Values for 25%
Basalt and 75% RCA 2476 2222 2.324 4.62
1 2.727 2.607 2.651 1.68
80% Basalt and 20% RAP 2 2.719 2.600 2.644 1.68
3 2724 2.596 2.643 1.80

Average Values for 80%
Basalt and 20% RAP 2.723 2.601 2.646 1.72
1 2.579 2411 2.476 2.70
25% Basalt and 25% RCA and 50% > 2581 2.401 2471 2.89
RAP 3 2585 2412 2479 278

Average Values for 25%
Basalt and 25% RCA and 50% RAP 2.582 2.408 2475 279
1 2.606 2.380 2.466 3.63
2% Basaltzagd o KA and 2 259 2356 2447 3.85
S 3 2.5% 2355 2.447 394

o

Average Values for 25% 2.598 2.364 2453 3.81

Basalt and 50% RCA and 25% RAP

3.2.5. Crushing Value Test

Aggregates used in road construction should be strong enough to resist crushing under traffic
wheel loads [55]. The strength of the coarse aggregates can be evaluated by the Aggregate Crushing
Value Test. In this test, the aggregate were crushed by a compression testing machine with a load rate of
40 kN /min to reach the peak load of 400 kN. The percentage of particles produced when the aggregate
is crushed under this load and which pass a 2.36 mm sieve is called Aggregate Crushing Value.

The aggregate crushing value provides a relative measure of resistance to crushing under a
gradually applied compressive load. To achieve a high quality pavement, it is preferred to utilize the
aggregate possessing low crushing value.

In this research, the crushing value of RCA, RAP and basalt is assessed through the Aggregate
Crushing Value Test in accordance with AS 1141.21 (1997), as presented in Figure 7. This test was
performed in two trials, as required in the standard, and the related test results on RCA, RAP and
basalt and the average crushing values for each aggregate type are given in Table 6.

Table 6. The Results of Aggregate Crushing Value Test for Coarse Aggregates and Crushing Value
Limits for Dense Graded Asphalt Based on Australian Standards.

Crushing Value (%) Australian Standards Aggregate
Sample Number . . e
RCA RAP Basalt Crushing Value Limits (%)
Sample 1 29.53 7.04 9.32 o
Sample 2 28.88 776 851 For heavy jri:l/ov(g};)}?eavy traffic
Average Crushing Value (%) 29.21 7.40 8.91
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Figure 7. Crushing Value Test for Coarse Aggregates. (a) apparatus to crush aggregate; (b) compression

machine ; (c) aggregates after crushing and sieving.

3.2.6. Weak Particle Test

The aggregate cleanliness refers to the presence of foreign or deleterious substances such as
soft particles, weak and weathered materials, friable particles, clay lumps, and organic matters.
The presence of these materials in the used aggregate can lead to stripping and ravelling in HMAs,
as these materials adversely affect the bond between the aggregate and asphalt, and subsequently the
stability of the pavement structure. Moreover, these substances disintegrate under traffic loading and
wetting and drying cycles.

The cleanliness of aggregate can be evaluated based on the Weak Particles Test. In this test,
the percentage of weak particles in coarse aggregate is determined. These particles will deform under
finger pressures when wet. In this study, the percentage of weak particles in RCA, RAP and basalt are
determined through the Weak Particle Test in accordance with AS 1141.32 (2008).

The weak particle test is conducted on two samples, as specified in the related standard, and the
results of this test on RCA, RAP and basalt and the average weak particle percentage for each type of
aggregate are presented in Table 7. The test results show that RCA and basalt have higher percentage
of weak particles. However, all aggregates still meet the Standard’s requirements.

Table 7. The Results of Weak Particle Test for Coarse Aggregates and Weak Particles Percentage Limits
for Dense Graded Asphalt Based on Australian Standards.

Weak Particles (%) Australian Standards Aggregate
Sample Number . -
RCA RAP Basalt Crushing Value Limits (%)
Sample 1 0.21 0.05 0.29 o
Sample 2 025 0.03 0.16 1% (max)

Average Weak Particles For heavy and very heavy traffic

Percentage (%) 0.23 0.04 0.23

3.2.7. Wet/Dry Strength Variation Test

Strength is an important aggregate property which is related to the satisfactory resistance to
crushing under the roller during construction, and adequate resistance to surface abrasion under
traffic [56]. Therefore, aggregates used in pavement construction should be strong enough to resist
crushing during mixing, laying process, compaction, consolidation and during its service life period
when they are subjected to various loads applied by traffic [57].

In this research, the variation in strength of aggregate is evaluated by conducting the Wet-Dry
Strength Variation Test on RCA, RAP and basalt in accordance with AS 1141.22 (2008), as shown in
Figure 8.
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@ (b)

Figure 8. Conducting the Wet/Dry Strength Variation Test on Coarse Aggregate. (a) apparatus to crush
aggregate; (b) compression machine.

This test determines the variation in strength of the aggregates tested after drying in an oven
and then saturated yet with a dry surface. Based on the available standards, the wet/dry strength
variation of less than 35% indicate a durable material but values as high as 60% could be used in
undemanding circumstances.

In this research, the wet/dry strength variation test was conducted on the RCA, RAP and basalt
fraction passed through 13.2 mm and retained on 9.5 mm LS sieve. Different loading was used in order
to adjust the applied load for providing the fines within the range of 7.5% and 12.5%. The results of
these tests for coarse aggregates are illustrated in Figures 9 and 10 under dry condition and saturated
surface dry condition (SSD), respectively. The wet and dry strengths can be inferred from the test
results shown in these figures. Based on the obtained data, the wet/dry strength variation was

calculated as follows:
D-W

Wet/dry strength variation = x 100 1

where D is the dry strength in kilonewtons, and W is the wet strength in kilonewtons.
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Figure 9. Results of Wet/Dry Strength Test for Coarse Aggregate (Dry Strength).
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Figure 10. Results of Wet/Dry Strength Test for Coarse Aggregate (Wet Strength).

The results of the calculations for wet strength, dry strength, and wet/dry strength variation for
basalt, RAP and RCA are presented in Table 8.

Table 8. The Results of Wet/Dry Strength Variation Test for Aggregates and Strength Limits for Dense
Graded Asphalt Based on Australian Standards.

Material Dry Strength, Wet Strength, =~ Wet/Dry Strength Australian Standards Wet/Dry
D (kN) W (kN) Variation (%) Strength Limits (%)
RCA 163.1 119.7 26.6 o
RAP 4298 3982 74 For heav a?jritl/ov(:r‘l a)geav traffic
Basalt 3929 359.4 8.5 Y Y

As the results of wet/dry strength test shows, the wet/dry strength variation of RCA is substantially
more than the corresponding values for RAP and basalt. Therefore, as mentioned previously, it appears
plausible to further investigate the feasibility of the application of RCA for the replacement of part of
basalt in asphalt mixtures.

Accordingly, the wet/dry strength variation test was also conducted on different mix of coarse
aggregates (i.e.,, RCA, RAP and coarse basalt) considering different percentages of these materials.
Figures 11 and 12 illustrate the results of the wet/dry strength test for several mixes of RCA, RAP and
basalt in dry condition and saturated surface dry condition respectively.

Based on the obtained results from these graphs, the wet strength (W) and the dry strength (D) can
be determined and subsequently the wet/dry strength variation can be calculated as shown previously.
The results of the calculations for wet strength, dry strength, and wet/dry strength variation on
different mix of RAP, basalt and RCA are presented in Table 9. The results indicate that all mixes satisfy
the maximum 35% limit set by the Australian Standards.
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Figure 11. Results of Wet/Dry Strength Test for Mix of Coarse Aggregates (Dry Strength).
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Figure 12. Results of Wet/Dry Strength Test for Mix of Coarse Aggregates (Wet Strength).

Table 9. The Results of Wet/Dry Strength Variation Test for Different Mix of Coarse Aggregates.

. Dry Wet Wet/Dry Australian Standards
Material Strength,  Strength, Strength Wet/Dry Strength Limits (%)
D(k&N)  W(kN) Variation (%) Rl °
Basalt (75%) and RCA (25%) 291.4 250.4 14.1
Basalt (50%) and RCA (50%) 247.6 204.1 17.6 ,
Basalt (25%) and RCA (75%) 2104 167.2 205 35% (max)
Basalt (80%) and RAP (20%) 398.9 366.9 8.0 For heavy and very heavy
Basalt (25%), RCA (25%) and RAP (50%) 337.8 296.4 12.3 traffic
Basalt (25%), RCA (50%) and RAP (25%) 2326 192 17.5
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3.3. Results and Discussions

As presented in the previous sections, in this research, the properties of RCA, RAP, basalt and mix
of these aggregates were evaluated by conducting a series of tests. The test results are summarized in
Table 10.

Table 10. Summary of the Test Results for the Evaluation of Coarse Aggregate Properties.

Test Test Method Aggregate Typical I?imit Based on
RCA RAP Basalt Australian Standards
Particle Distribution Test AS1141.11.1 As presented in relevant Figures and Tables -

Flakiness Index Test AS 1141.15 6.91 10.42 19.03 25% (max)
Particle Shape Test AS1141.14 6.16 9.47 18.34 35% (max)
Water Absorption AS1141.6.1 6.30 1.78 1.64 2% (max)

Particle Density AS 1141.6.1 2.370 2.541 2.640 -
Particle Density on Dry Basis AS1141.6.1 2212 2431 2.530 -
Particle Density on SSD Basis AS1141.6.1 2.351 2474 2.571 -

Aggregate Crushing Value AS1141.21 29.21 7.40 8.91 35% (max)
Weak Particles AS 1141.32 0.23 0.04 0.23 1% (max)
Wet/Dry Strength Test AS 1141.22 26.6 7.4 8.5 35% (max)
Wet Strength AS1141.22 119.7 398.2 359.2 150 kN (min)
Dry Strength AS1141.22 163.1 429.8 392.9 -

In addition, to have better comparisons between the aggregate properties, the test results on
different aggregates as well as the standard limits are also illustrated in Figure 13.
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Tests Results
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Figure 13. Comparison of Different Aggregate Properties with Standard Limits.

As shown in Figure 13, the results of preliminary tests on coarse aggregates indicate that all
properties of RCA, except for water absorption and wet strength (which are shown in bold in Table 10),
are within the limits specified by relevant Australian Standards and hence deemed appropriate for
use as aggregate in the asphalt mixture. However, for some parameters such as Flakiness Index and
Particle Shape which are two dominant characteristics having significant impact on asphalt mixture
strength and stability; RCA displays smaller value in comparison with basalt and RAP. This can be one
of the strong points of RCA as flakiness index and particle shape are the two important properties for
proper compaction, deformation resistance, and workability of asphalt mixture [58].
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In addition, as can be observed in Table 10 and Figure 13, the water absorption of RCA is higher
than the corresponding value of RAP and basalt and the Australian Standards limit, because it is well
known that water absorption requires linked and open cracks in the structure of aggregate and RCA
contains cracks due to the crushing processes. Moreover, the great amounts of impurities in RCA can
increase the water absorption of RCA. The high water absorption of RCA may result in high bitumen
absorption in asphalt mixtures, and hence plays an important role in asphalt mixture design.

Accordingly, since this research aims to investigate the feasibility of the application of RCA for
the partial replacement of coarse virgin aggregate (basalt) and in combination with other recycled
aggregate (RAP) in asphalt mixtures, the particle density and water absorption tests were conducted
on different mix of coarse aggregates while considering different percentages of these materials.
The results of these tests are presented in Figure 14.
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Water Absorption Particle Density Density on Dry Density on SSD
(%) (griem3) Basis (gricm3) Basis (gricm3)
m 75% Basalt - 25% RCA m 50% Basalt - 50% RCA
w 25% Basalt - 75% RCA m 50% RAP - 25% RCA - 25% Basalt
= 25% RAP - 50% RCA - 25% Basalt w 80% Basalt- 20% RAP

» Standards Limits

Figure 14. Comparison of Water Absorption and Particle Density of Different Mixes of Coarse Aggregates.

As can be observed in Figure 14, increasing RCA in the mix does not make any substantial change
in mix density in comparison with water absorption. In other words, by increasing RCA from 0% to
100% in the mix, the density decreases by 7%, whereas water absorption increases by 74%.

In addition, although wet/dry strength variation of RCA meets the requirements of Australian
standards, the test results show that this value is higher than the corresponding value of RAP and
basalt. As the wet/dry strength variation is related to the principal mechanical properties which are
required for asphalt aggregate, it is of high importance in asphalt mixture design. Therefore, wet/dry
strength variation test was also conducted on different mixes of coarse aggregate. Figure 15 shows
the comparison of wet strength, dry strength, and wet/dry variation in different mixes of RCA, RAP
and basalt.

As illustrated in this figure, the wet/dry strength variation of mix of RCA /basalt increases by
increase of the percentage of RCA in the mix, so that the increase of RCA from 0% to 100% will result
in 20% increase in wet/dry strength variation. The results of these two tests (i.e., water absorption and
particle density test, and wet/dry strength variation test) on mix of coarse aggregates are summarized
in Table 11.
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Figure 15. Comparison of the Wet Strength and Dry Strength of Different Mixes of Coarse Aggregates.

Table 11. Summary of Tests Results for Evaluation of Mix of Coarse Aggregates Properties.

. Water Particle Wet/Dry Strength
Mix Test Method Absorption Density Va?i,ation ¢
Basalt (75%), RCA (25%) AS1141.15 2.93 2.590 14.1
Basalt (50%), RCA (50%) AS1141.14 3.71 2.527 17.6
Basalt (25%), RCA (75%) AS1141.6.1 4.62 2.476 20.5
Basalt (80%), RAP (20%) AS1141.6.1 1.72 2.723 8.0
Basalt (25%), RCA (25%), RAP (50%)  AS1141.21 2.79 2.582 12.3
Basalt (25%), RCA (50%), RAP (25%)  AS 1141.32 3.81 2.598 17.5

The results of tests on mix of coarse aggregate showed that in all cases of RCA ratios, RCA increase
causes a decrease in wet and dry strength and an increase in water absorption. This will necessitate
the proper selection and optimum combination of RCA and other aggregates.

The coefficient of variation is used as an indication to measure the heterogeniety of test results.
The results of calculation of standard deviation (SD) and coefficient of variation (CV) for each set of
aggregate mixes are presented in Table 12.

Table 12. Coefficient of Variation and Standard Deviation for Mix of Coarse Aggregates.

Mix Coefficient of Variation Standard Deviation
Basalt (100%) + RCA (0%) 2.14 0.035
Basalt (75%) + RCA (25%) 1.71 0.050
Basalt (50%) + RCA (50%) 3.52 0.131
Basalt (25%) + RCA (75%) 442 0.204
Basalt (0%) + RCA (100%) 2.47 0.156

As can be observed in Table 12, the coefficient of variation for each data set reveals that the test
results dispersion is low and the tests are conducted consistently.

Furthermore, regression analysis is typically applied to the water absorption test results for
different combination of RCA and basalt, to show the typical amount of RCA and basalt in a blend
to give 2% water absorption which is the standard limit of water absorption based on Australian
standards (Figures 16 and 17).
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Figure 16. Regression Analysis for Determination of Optimum Basalt Amount.
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Figure 17. Regression Analysis for Determination of Optimum recycled construction aggregate (RCA)
Amount.

As illustrated in Figures 16 and 17, the standard water absorption limit of 2% can be achieved
by mixing of almost 8% and 92% of RCA and basalt, respectively. However, based on the available
references [59], typically, the amount of binder absorbed by aggregate is 0.3 to 0.7 times the water
absorption of the aggregate. In addition, according to this standard, if the sample absorbs between 2%
and 4% of its mass, it should be carefully examined by other tests. If the sample absorbs in excess of
4% of its mass, it will rarely prove to be an adequate aggregate for asphalt production. Based on the
water absorption results, it can be observed that the combination of 25% RCA and 75% basalt would
provide water absorption of 2.93%, and also water absorption of the combination of 50% RCA and
50% basalt would be 3.71%, which are still in the range of aggregate water absorption that suggest
further research.
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4. Conclusions

Since the coarse aggregate properties are identified by current research as the second most
important parameter after gradation for the performance of HMA [49], therefore, in this research,
attempts were made to assess the properties of RCA for use in asphalt mixture as coarse aggregate,
and this paper presented the summary results of a comprehensive set of preliminary tests on RCA,
RAP and basalt as well as different mixes of these aggregates to evaluate their basic mechanical
and physical properties. It was argued that information on these fundamental properties were
paramount in designing a durable and sustainable asphalt mixtures. To this end, different aggregate
and aggregate mixes containing different percentages of RCA, RAP, and basalt were investigated in
this research to assess its suitability as coarse aggregate in asphalt. This paper presented the results
of this experimental work conducted as a component of a broader research project for designing an
asphalt mixture. Based on this research, it was concluded that:

(1) RCA has lower value of flaky and misshapen particles in comparison with RAP and basalt.
This implies that asphalt mixtures containing a certain amount of RCA can have better workability,
deformation resistance and compaction.

(2) RCA exhibits comparatively more absorption and wet/dry strength variation than conventional
aggregate and RAP, while the results of other tests show that RCA still meets the requirements for
aggregate in asphalt mixtures. Cracks and adhering mortar and cement paste can be significant
reasons for the high water absorbtion of RCA which needs to be compensated for during
mix design.

(3) The results of water absorption and particle density test on different mix of coarse aggregates
revealed that RCA increase will increase water absorption of the mixture. Therefore, the
selection of optimum combination of RCA and other aggregates is required to satisfy the relevant
standards requirements.

(4) Regression analysis applied to the results of water absorption test on different combination of
RCA and basalt, as illustrated in Figures 16 and 17, indicates that mixing of almost 8% of RCA
with natural aggregates will provide the standard water absorption limit of 2%.

(5) Since, according to Austroads (2014), the aggregates with water absorption of between 2% and
4% of their mass should be carefully examined by other tests [59]. This standard limit will allow
further investigation of the application of up to 50% of RCA in mixtures because based on the
water absorption results, it can be observed that the combination of 25% RCA and 75% basalt
would provide water absorption of 2.93%, and the combination of 50% RCA and 50% basalt
would provide water absorption of 3.71%, which are still in the range of aggregates that require
further research for their water absorption properties.
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Abstract: Warm Mix Asphalt (WMA), manufactured at a lower temperature than the traditional Hot
Mix Asphalt (HMA), allows for important economic and environmental benefits when considered
for application in roads. Nonetheless, despite the benefits, its application in pavement for roads
is not as widespread as desired from an environmental point of view; more in-depth studies to
investigate its development and wider applicability are required. Thus, the present paper aims to
contribute to the implementation of this cleaner technology to produce WMA (based on chemical
additives) for its application in pavement for roads, including from the stage of the design of
the material in the laboratory (by selecting the most appropriate manufacturing temperature and
additive type and dosage) to its production in a conventional industrial plant for its use in a trial
section. Results demonstrate that it is possible to reduce the manufacturing temperature of asphalt
mixtures by using chemical additives, recording similar mechanical behaviour (or even superior) to
conventional hot mixtures when specific studies are developed for the optimal design of the WMA.
It was also shown that these mixtures could be produced in a conventional asphalt plant without
implementing important changes in equipment, which implies a cost-effective solution that can
readily be incorporated into traditional plant procedures.

Keywords: warm mix asphalt; additives; sustainability; water sensitivity; stiffness;
plastic deformation

1. Introduction

Asphalt mixtures are the most widely used material in the construction of pavements for roads
and highways around the world [1]. However, their use is associated with significant environmental
pollution that is generated during manufacturing, placing and maintenance—namely the release of a
large volume of greenhouse gases caused by the high manufacturing temperature (around 160 °C).
This also leads to high levels of energy consumption, and hence, construction costs [2,3]. Thus, in order
to limit these problems [4], a cleaner production of bituminous mixtures is required to decrease the
manufacturing temperature without reducing their mechanical behaviour.

One possible alternative is the use of Warm Mix Asphalt (WMA), which is manufactured at
2040 °C lower than the conventional Hot Mix Asphalt (HMA) [5]. These mixtures were developed to
significantly reduce harmful emissions and energy consumption without compromising the mechanical
performance of the material [6-8]. In particular, a number of studies [9-11] have demonstrated that
the use of WMA in pavements for roads allows for lower emissions, fumes and odors; a reduction of
ageing of the bitumen; a decrease in fuel consumption in plant; a more rapid turnover of traffic; and
an increase in haulage distances among other economic and environmental advantages, due to the
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reduction in manufacturing and paving temperature. As a result of these potential benefits, WMA has
attracted a considerable amount of attention in the USA as well as in various European countries in
recent years [1,9].

The reduction in WMA temperature is the consequence of recent technologies that can be divided
into different categories depending on the agent used, and includes organic additives, chemical
additives, and foaming (water-based or water-containing) [5]. Despite this qualification, all of these
technologies share the same objective—an improvement in mixture workability and aggregate coating
at lower temperatures by reducing bitumen viscosity or modifying its surface tension for better
aggregate wetting [12]. Among these technologies, the use of chemical additives (which are liquid
surfactants that act at the microscopic aggregate /binder interface to reduce internal friction during
manufacturing) is one of the most common solutions, since these additives require minimal changes
to the manufacturing process. Further, they act as anti-stripping agents that increase the adhesion
between aggregates and bitumen, thereby reducing problems associated with WMA such as stripping
and raveling [13]. Moreover, in contrast to other techniques such as the use of foam bitumen, their
use does not require special investment or modifications in the manufacturing plant. As a result, new
WMA surfactant additives that require further investigation have been emerging, and the choice of
these materials is often a subjective decision based on the skill of the engineer. Therefore, in-depth
studies are required to provide useful knowledge about the suitability of these additives for application
in pavement construction as well as their capacity to improve the mechanical performance of asphalt
mixtures manufactured at low temperatures [3]. Moreover, most of the work on WMA with chemical
additives has focused on laboratory analysis, with relatively few studies conducted in a real life field
setting [14-17]. The latter type of study is essential to demonstrate the effectiveness of reproducing
these WMAs in real asphalt plants for their application in pavements for roads.

Given this lack of knowledge and its potential to reduce environmental issues associated with
asphalt mixtures, the current paper set out to examine the effectiveness of various additives in
improving the behaviour of WMA at a range of manufacturing temperatures (145 °C and 120 °C).
To do this, the performance of each WMA was compared with that of conventional hot mix asphalt
(manufactured at 165 °C) without additives, which was used as a control. Further, the present study
evaluates the impact of the dosage of the additive in order to define the optimal design of WMA for its
use in pavement for roads. Finally, a study of the reproducibility of the laboratory-designed WMA
in a real plant was conducted, along with its application in a trial section, evaluating its mechanical
performance in comparison with conventional HMA.

2. Methodology

Materials

For this study, the same type of asphalt mixture was used as that used in the production of both the
HMA (used as a reference) and the various WMAs with different chemical additives (applied during
manufacturing in order to reduce the temperature of mixing). Such a mixture has a dense-graded mix
type AC 22 35/50 S (EN 13108-1) whose mineral skeleton is composed of limestone aggregates (which
allows for sufficient contact with the bitumen to achieve a bond between binder and aggregates) [18] for
the different fractions (0/6, 6/12,12/18, and 18/25 mm) with a maximum particle size equal to 22 mm.
The main properties of these aggregates are displayed in Table 1, where it is clear that this material
presents appropriate characteristics for its application in the manufacturing of asphalt mixtures.
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Table 1. Aggregates properties.

Properties 18/25 12/18 6/12 0/6
Sieves (mm) % passing % passing % passing % passing
25 100 100 100 100
22 90 100 100 100
. . 16 4 38 100 100
Particle size (UNE-EN 933-1) 3 0 0 23 100
2 0 0 0 62
0.5 0 0 0 28
0.25 0 0 0 16
0.063 0.1 0.2 0.1 3.0
Coarse aggregate shape. Flakiness index (UNE-EN 933-3) 5.25 5.82 12.01 -
Percentage of fractured face (UNE-EN 933-5) 95.8 95.2 97.1 -
Resistance to fragmentation (UNE-EN 1097-2) 247 24.7 247 -
Cleaning (organic impurity content) (UNE-EN 146130) 0.26 0.99 227 -
Sand equivalent (UNE-EN 933-8) - - - 83.02
Apparent density (Mg/m?%) 2.73 2.75 2.71 2.80
Relative density and absorption ADSS (Mg/m®) 2.68 2.69 2.64 2.72
(UNE-EN 1097-6) Density after drying (Mg/m3) 2.70 2.71 2.66 2.75
Water absorption (%) 0.64 0.81 0.93 1.03

Filler was recovered from the crushing of limestone rocks, which provides fine particles with
alkaline properties that facilitate the adhesion with bitumen. This material was less than 0.063 mm in
size for more than 96% of the particles, with a density equal to 0.6 Mg/m?3 (EN 1097-3). The binder
employed was type B35/50 whose penetration was equal to 44 dmm (EN 1426) with a softening point
of approximately 52 °C (EN 1427).

With all of these materials, the asphalt mixture was manufactured using a bitumen dosage equal
to 4% over the total mass. The mixture used as a reference to evaluate the influence of the different
additives was manufactured at 165 °C, which is a common temperature for this type of mixture. Table 2
lists the main physical and mechanical properties for this material, where it is possible to see that the
mixture presents appropriate properties for its application in asphalt pavements for roads.

Table 2. Main properties of the asphalt mixture.

Property Standard HMA
Apparent density (g/cm?) EN 12697-6 2.477
Mix air void content (%) EN 12697-8 4.1

Aggregates air void (%) EN 12697-8 13.7
Marshall stability (kN) EN 12697-34 17.79
Marshall deformation (mm) EN 12697-34 41

In order to be able to decrease the manufacturing temperature for the WMA, three types of
surfactant additives were used, which are referred to in this study as Al (a traditional surfactant
additive with amine composition), A2 (a nano-additive that modifies the alkalinity of the aggregate
surface) and A3 (a vegetable additive with active surface properties). Before the manufacturing of
the various WMA, the additives were blended with the bitumen by using a rotational blender at
300 revolutions per minute for 10 min. The temperature of blending was around 160 °C, and after
this process the bitumen was incorporated directly into the mixer over the aggregates at various
temperatures (145 °C or 120 °C, depending on the case studied). The mixing time was similar to
that used for the HMA, and the compaction temperature was almost 10 °C lower than the mixing
temperature (as was the case for the conventional hot mix asphalt).
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3. Testing Plan and Methods

By using the conventional AC 22 S mixture (manufactured at around 165 °C) as a reference, the
testing plan developed in this study included three different steps (Table 3) in order to design and
apply an asphalt mixture at a lower temperature with appropriate mechanical performance: (i) analysis
of the effect of various additives to reduce the manufacturing temperature (evaluating its effectiveness
under different manufacturing temperatures); (ii) optimisation of the mixture design (definition of
the most appropriate manufacturing temperature and additive dosage) by using the additive selected
in the previous stage; and (iii) reproducibility of the WMA in a real asphalt plant, and study of its
mechanical behaviour in the laboratory. In addition, the effect of different manufacturing temperatures
(145 °C and 120 °C) was analysed in the first two steps, while in the third step an optimal temperature
was chosen on the basis of the results obtained in the previous steps.

Table 3. Testing plan.

. Additive
Study Step Asphalt Mix Temperature °C Tests
Type %
HMA165 - - 165
WMA-1-0.5-145 Al .
Effect of different ~ WMA-2-0.5-145 A2 05 145 Workability
. I. tensile strength
additiveson WMA ~ WMA-3-0.5-145 A3 itivi
behaviour Water sensitivity
WMA-1-0.5-120 Al Stiffness Triaxial
WMA-2-0.5-120 A2 0.5 120
WMA-3-0.5-120 A3
HMA165 B - 165
Workability
Optimisation of WMA-5-0.5-145 05 145 L tensile strength
WMA design WMA-5-0.05-145 Selected 0.05 Water sensitivity
WMA-8-0.5-120 05 120 Stiffness Triaxial
WMA-S-0.05-120 0.05
Production of WMA HMAT65 - - 165 Density
i Wat itivit
in asphalt plant WMA-S-S-S  Selected Selected Selected der SEnsILvity

Stiffness Triaxial

In the first step, the behaviour of 7 asphalt mixes was analysed: the conventional mix used
as a reference and manufactured at 165 °C without additives (known as HMA165); and six mixes
manufactured at 145 °C and 120 °C, including the three different chemical agents with a dosage of
0.5% over the mass of the bitumen (known as WMA-X-Y-Z, where X refers to type of additive, Y to the
dosage, and Z to the manufacturing temperature). This percentage was selected since it is the usual
value employed when using chemical additives in the production of WMA [19,20], whilst this quantity
was maintained at a constant value for the three additives in order to compare their effect on the mix
behaviour. Moreover, the temperature values were selected according to the range commonly used
for WMA, which allows for determining the effect of this parameter by using both extreme values of
temperatures used in the production of WMA.

To analyse the effect of the different additives on the behaviour of the WMA, the workability
and compactibility of the various mixes was studied using a gyratory compactor. In addition, for the
different specimens (4 for each mix) obtained from the workability study, its indirect tensile strength
was evaluated to analyse the influence of each additive on the coating of the mix at low temperatures.
The stiffness modulus test [21], water sensitivity test [22], and triaxial test [23] were also conducted
for the different mixes in order to evaluate the impact of the additives on the behaviour of the mixes
under the main mechanical properties (bearing capacity, water susceptibility, and resistance to plastic
deformations) for their application in pavements for roads.
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The second step of the testing plan consisted of studying the effect of the dosage of additive used
(for the additive selected as the most appropriate in the previous step) while evaluating the impact of
manufacturing temperature. This step was carried out with the aim of both optimising the design of the
WMA, and obtaining a mechanical performance that is comparable with the conventional HMA. To do
so, the behaviour of the asphalt mix was examined when manufactured at 145 °C and 120 °C by using
0.5% of additive (quantity employed in the previous step) and 0.05%. The percentage was considerably
reduced in order to clearly identify the effect of the quantity of this component on the behaviour of
the mixture, analysing whether this reduction in additive plays an essential role. Further, the choice
of dosage was guided by the manufacturer’s suggestion for finding the optimal solution to reduce
production costs associated with using the chemical agent. On the other hand, in addition to the WMA
mixtures, the performance of a conventional HMA was evaluated for use as a reference for analysing
the influence of the additive. The properties evaluated were the workability and compactibility of the
different solutions (which included determining the tensile strength), stiffness modulus [21], water
sensitivity [22], and triaxial test [23].

The third study step involved the production of the laboratory-designed WMA in a conventional
asphalt plant, in accord with the results obtained in the previous stages. In addition, a trial section
was paved with both the WMA and the conventional HMA (used as a control) in order to study the
long-term behaviour of these mixtures in further studies. During the spreading process, samples of
both types of asphalt mix were collected in order to study their behaviour in laboratory, and to then
assess the viability of manufacturing this kind of material in conventional asphalt plants. The tests
developed to evaluate the response of both mixtures were density [24], stiffness modulus [21], water
sensitivity [22], and triaxial test [23].

The workability test was developed by using a gyratory compactor that allows for observing the
relationship between the energy transmitted to the specimen and the level of compaction obtained, by
analysing the aptitude of the material to be compacted at low temperatures. The total number of cycles
applied was 210 gyros, in order to evaluate the evolution of the density of the material. In addition,
after manufacturing 4 specimens for each mix, the indirect tensile strength was measured at 20° by
using the method developed in [25].

The water sensitivity test [22] involves the manufacture of cylindrical specimens that are
compacted with 35 blows on each side by a Marshall hammer in order to reproduce low compaction
energy, thereby simulating more unfavorable conditions against water action. The specimens were
divided into two sets of three specimens: a dry set and a wet set. The set of dry specimens was stored
at room temperature in the laboratory (15 £ 5 °C), whereas a vacuum process was applied to the
wet set for 30 & 5 min until a pressure of 6.7 & 0.3 kPa was obtained. The wet specimens were then
immersed in water at a temperature of 40 °C for a period of 72 h. The next step was to carry out an
indirect traction resistance test [25] on each of the cylinders (in both the dry set and the wet set) at a
temperature of 15 °C, and to compare their indirect tensile strength through the ITSR (Indirect Tensile
Strength Ratio, which is obtained by dividing the strength of the wet set by the strength of the dry set
in terms of percentage).

The stiffness modulus was measured according to [21], which consists of manufacturing
cylindrical specimens compacted with 75 blows on each side. After conditioning the specimens
at 20 °C for at least 2 h, they were placed and secured in a vertical position of one of its diameters,
applying 10 load pulses to adjust the magnitude of the load and its duration. In order to measure the
deformation of the diameter, 5 additional load pulses were applied to measure and record the load
variation and deformation in the time period of each pulse. At the same time, the surface load factor
was also determined. As a final result, the stiffness modulus was obtained for two diameters of the
specimen (forming an angle of 90 £ 10°).

The triaxial test [23] entails the combination of a confining load of 120 kPa and another cyclic
sinusoidal out-of-phase axial loading of 300 kPa at a frequency of 3 Hz for 12,000 load cycles. The creep
and permanent deformation parameters for each specimen (cylinders with a diameter of 101.6 mm
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and a sawn-off height of 60 mm) are calculated, and the results obtained in the test are shown as the
mean of the values obtained for three test specimens. During the current study, the triaxial test was
carried out at 60 °C in order to assess the resistance of the material to plastic deformation under severe
climate conditions.

4. Results

Effect of Different Additives on WMA Behaviour

Figure 1 shows the curves of densification (reduction in air void content) of the asphalt mixtures
manufactured at 145 °C (Figure 1a) and 120 °C (Figure 1b) with 0.5% of various additives, as well as
the curve measured for the conventional HMA. From the results, it is clear that the use of additives
during the manufacturing of mixtures at 145 °C allows for workability that is comparable to that
obtained for the conventional HMA, since quite similar air void content (near 4.5-5.5%) was recorded,
highlighting the case of the additive A2. In addition, the workability study showed that the use of
these chemical additives to reduce the manufacturing temperature to around 20 °C allows for values
of density higher than 98%, in reference to the conventional HMA (2.44 Mg/m?), which indicates its
suitability for application in pavements for roads, avoiding the problems often associated with the low
level of compaction for this material [26].

For the mixtures manufactured at a lower temperature (around 120 °C), the results revealed that
in this case the effectiveness of the additives is slightly lower than in the previous case (manufactured
at 145 °C), since higher values of air void content were recorded, indicating lower compaction of the
asphalt mixture associated with lower workability due to the increase in bitumen viscosity when
the temperature is reduced. Nonetheless, the additives Al and A2 led to decrease in densification
in reference to that presented by the HMA, which allows for density values close to 98%, which
was measured for the conventional hot mix asphalt. This shows that the use of these two additives
could be appropriate for manufacturing WMA at 120 °C whilst adequate workability and compaction
characteristics are obtained in reference to traditional HMA, which is in accord with other studies
examining the use of additives for WMA [27,28]. Therefore, these results suggest that the use of these
two additives reduces susceptibility to manufacturing temperature with respect to the additive A3,
which led to a significant decrease in density when the temperature was reduced from 145 °C to 120 °C.
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Figure 1. Densification curves of the mixtures with various additives and different manufacturing
temperatures. (a) 145 °C vs. 165°C; (b) 120°C vs. 165°C.
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In order to obtain a more in-depth study of the influence of the different additives, Figure 2
displays the values of Indirect Tensile Strength (ITS measured in kPa) measured for the specimens
from the workability study (with gyratory compactor) for the different mixtures at low temperatures
with the additives A1, A2 and A3, as well as the results obtained for the HMA. In addition, the Indirect
Tensile Strength Ratio (ITSR) values obtained in the water sensitivity test [22] are shown in order to
evaluate the moisture susceptibility of the various mixtures analysed.

According to the results, it appears that the use of the different additives to manufacture WMA
at 145 °C leads to quite similar values of ITS to those measured for the HMA, thereby avoiding the
failure of the mixture associated with the reduction in adhesion and cohesion due to the decrease in
manufacturing temperature, which could in turn lead to coating problems. Similarly, application of
the additives generally improved the ITSR values, which reflects an important reduction in water
sensitivity for the WMA manufactured at 145 °C when using the additives analysed. These findings
are also in agreement with other studies that employed chemical additives to act as anti-stripping
agents [29,30]. However, when the reduction in manufacturing temperature is higher (near 45 °C),
it is important to note that a significant decrease in tensile strength could occur, despite the fact that
the ITSR are quite similar to those presented by the HMA (with the exception of the additive A3,
which showed an important increase in water sensitivity for the mixture manufactured at 120 °C), and
therefore, the durability of the material could also be reduced.

With respect to the effectiveness of each of the chemical additives, the present results show that
A1l and A2 lead to quite similar WMA performance, obtaining even higher tensile strength (in the case
of A2) and lower water sensitivity than the HMA. In reference to the additive A3, this appeared to be
less effective in avoiding the reduction in tensile strength and resistance to water due to the decrease
in manufacturing temperature, which is probably a consequence of the lower capacity of this chemical
additive to improve the adhesiveness between bitumen-aggregates by reducing the surface tension
and increasing the wetting of aggregates [13].
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Figure 2. Indirect Tensile Strength (ITS) and Indirect Tensile Strength Ratio (ITSR) results for the
mixtures with various additives.

Figure 3 shows the influence of the different additives on the stiffness modulus (at 20 °C) of
the asphalt mixture manufactured at low temperatures. The results show that, in general, the WMA
presented lower stiffness modulus than the HMA, regardless of the type of additive. In addition,
it is clear that the lower the manufacturing temperature, the lower the stiffness modulus. Whilst this
could be associated with lower compaction of the specimens (particularly in the case of the mixtures
manufactured at 120 °C), the decrease in modulus could also be due to lower ageing of the bitumen
during the manufacturing process, since the temperature is reduced by 20-45 °C in reference to the case
of the HMA, and therefore, the short-term stiffening of the bitumen is lower [14,19]. Thus, the mixtures
manufactured at 120 °C showed higher reduction in stiffness modulus, obtaining quite similar values
for the different additives, while in the case of the mixtures manufactured at 145 °C, the additive A2
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led to a slight increase in bearing capacity, which could also be influenced by higher density values,
according to the results described previously.
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Figure 3. Stiffness modulus at 20 °C for the mixtures with different additives.

As the decrease in stiffness modulus in the WMA could be due to lower stiffening of the bitumen,
lower resistance to rutting could be also obtained [14]. Figure 4 displays the resistance to permanent
deformation for each mixture in order to show the effectiveness of these chemical additives in reducing
the stiffening of the asphalt mixture whilst avoiding higher rutting deformations. In particular, Figure 4
presents the results obtained on the triaxial test, showing the final permanent deformation and the
ratio of creep during the last loading cycles. The results indicate that the reduction in manufacturing
temperature to 120 °C led to an important increase in plastic deformations, which could be associated
with a decreased stiffness of the bitumen along with the lack of compaction. This effect was more
marked for additives Al and A3.

However, in the case of the mixtures manufactured at 145 °C, the decrease in binder stiffening
due to the reduction in temperature was balanced with density values close to those shown by
the conventional HMA (Figure 1), obtaining fewer permanent deformations, even in the case of
additives A2 and A3. This indicates the ability of these chemical additives to reduce the manufacturing
temperature of asphalt mixtures, which decreases stiffening whilst allowing the WMA to maintain a
bearing capacity and resistance to permanent deformations that is comparable to conventional HMA.
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Figure 4. Triaxial results for the Hot Mix Asphalt (HMA) and Warm Mix Asphalt (WMA) with
different additives.

5. Optimization of the WMA Design

Based on the previous results, the A2 additive appears be appropriate for use in manufacturing
low energy asphalt mixtures, since it shows mechanical performance that is comparable to conventional
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HMA, obtaining higher tensile strength, water resistance, bearing capacity, and resistance to plastic
deformations than the case of the WMA used with other additives. The additive A2 was therefore
selected as the most appropriate for studying the optimization of the WMA design, with a view to
its later use in a real asphalt plant. Figure 5 compares the workability of WMA with 0.5% of additive
(the quantity commonly used) and 0.05% (the quantity defined to assess the possibility of reducing the
amount of additive used), taking the conventional HMA as a reference.

The results show that for both manufacturing temperatures (145 °C and 120 °C, in Figure 5a,b,
respectively), the quantity of additive exerts little influence, since both dosages generated rather
similar curves of the evolution of the air void content in the asphalt mixtures. Regarding the effect of
temperature, it appears that it is possible to obtain similar values of air void content to those measured
for the HMA at the manufacturing temperature of 145 °C, which indicates the ability of this additive
to improve the workability of the material despite the decrease in temperature. Moreover, despite the
reduction in additive effectiveness at lower temperatures (around 120 °C), the air void content for such
mixtures was lower than around 6%, obtaining density values higher than 98% over the conventional
HMA. Thus, these results indicate that the use of this additive allows for appropriate workability and
compaction of the asphalt mixture at low temperatures (within 120-145 °C), presenting little effect of
the dosage of additive utilized (between 0.05% and 0.5% in this study).
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Figure 5. Densification curves for the HMA and WMA with different quantities of additives and
manufacturing temperatures. (a) 145 °C vs. 165 °C; (b) 120 °C vs. 165 °C.

In addition, Figure 6 shows that although the decrease in additive dosage could lead to a slight
increase in water sensitivity of the mixture, using a low quantity of this chemical agent (around 0.05%
over the bitumen mass) allows for comparable (or even higher) indirect tensile strength to both the
conventional HMA and the WMA with a higher amount of additive (0.5%). This fact indicates that
despite the lower value of ITSR that is measured in WMA [14], the values of tensile strength under wet
conditions make it acceptable for application when compared with the mixtures used as a reference in
this study.

In addition, the decrease in additive dosage was shown to be more effective in reducing the effect
of manufacturing temperature (within 120-145 °C) on the behaviour of the asphalt mixture under
tensile effort and water action, since quite similar values of ITS and ITSR were recorded for both
temperatures when 0.05% of additive was used. In contrast, applying a higher amount of additive
(0.5%) led to a decrease in tensile strength of the asphalt mixture when the manufacturing temperature
was reduced to 120 °C. This fact could be associated with the nano-composition of this additive (A2),
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which acts at the microscopic aggregate /bitumen interface [13], thereby improving performance when
low quantities are used since it is possible to avoid the formation of agglomerations [14].
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Figure 6. ITS (Indirect Tensile Strength) and water sensitivity results for the HMA and WMA with
different quantities of additive under various manufacturing temperatures.

Similarly, Figure 7 shows that reducing the quantity of additive seems to be more effective
in yielding a higher stiffness modulus (compared with using 0.5% additive) under the same
manufacturing temperatures (producing a similar reduction in bitumen ageing). This is particularly
important for a temperature of 120 °C, where a significant increase in bearing capacity was recorded
when the dosage of additive was reduced. This could be related to a lower modification of the bitumen
properties when the additive percentage is reduced, and thus a lower reduction in stiffness modulus
is presented despite the fact that in both cases (0.5% and 0.05% additive) similar density values
were recorded.
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Figure 7. Effect of the quantity of additive and manufacturing temperature on the stiffness modulus
of WMA.

Figure 8 displays the results obtained on the triaxial test for the WMA with different quantities
of A2 as well as for the conventional HMA, used as a reference. Based on these results, it appears
that the use of 0.05% of this additive improves resistance to plastic deformations of the asphalt
mixture compared with the HMA (which could be due to improved workability and compaction when
the additive is used), showing a similar performance at both of the low temperatures (120-145 °C).
However, it should be noted that the increase in additive content could lead to the behaviour of the
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mixture being more susceptible to the manufacturing temperature, since in the case of using 0.5%
additive, the mixture manufactured at 120 °C presented an increase in plastic deformations (both
final deformation and ratio of creep), which could lead to the appearance of rutting deformation
during its application in pavements for roads in comparison with the other WMA solutions and the
conventional HMA.
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Figure 8. Effect of additive quantity and manufacturing temperature on the resistance to plastic
deformations of WMA.

6. Production of WMA in Plant, and Evaluation in Laboratory

In accord with the previous findings, it was observed that the use of 0.05% additive (A2) could
lead to appropriate mechanical performance of asphalt mixtures (with adequate workability, bearing
capacity, and higher resistance to water action and to permanent deformations than the other dosage
analysed) in comparison with HMA. In addition, it appears that the manufacturing temperature
(ranging between 120-145 °C) has a relatively lower impact on WMA performance. Therefore, in order
to analyse the performance of WMA in the field, an asphalt mixture manufactured at 130 °C including
0.05% of Additive type 2 was produced in a conventional discontinuous plant in order to study its
reproducibility without the need to modify plant equipment, evaluating its mechanical performance
in reference to HMA manufactured in the same plant at around 165 °C.

As shown in Figure 9A, firstly the additive was mixed directly with the hot bitumen (around
160 °C) for 20 min using a blender in order to obtain a homogenous mix of additive and bitumen.
After this, the modified bitumen was mixed with warm aggregates (at 130 °C as shown in
Figure 9B), applying a similar mixing time to that used for HMA before starting the spreading
and compaction process.

To determine the abilities of WMA manufactured in a conventional discontinuous plant,
Table 4 shows the mechanical performance of both WMA and HMA during the spreading process
(Figure 9C,D). The results indicate that despite a slight reduction in density of the WMA, both asphalt
mixtures showed comparable density and air void content, implying the workability and compactibility
of WMA. In addition, these values were quite similar to those measured for the mixtures manufactured
in laboratory, which indicates good reproducibility of the WMA in a real asphalt plant.

Regarding the mechanical response of the mixtures, Table 4 shows that the WMA presented an
even higher indirect tensile strength ratio under the water action while the tensile strength was quite
similar to that measured for the conventional HMA. This could be associated with appropriate coating
of aggregates in the WMA despite the decrease in manufacturing temperature, obtaining a good
cohesiveness of the mixture as a result of using the chemical additive. Nonetheless, it is important
to note that a slight reduction in stiffness and resistance to plastic deformations was recorded for the
WMA in reference to the conventional HMA. This effect could be due to lower ageing of the bitumen
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during the manufacturing process, and therefore less stiffening of the asphalt mixture was observed,
which is in accord with other studies [14,19].

Figure 9. Visual appearance of the process for manufacturing the WMA with the chemical additive. (A)
incorporation of additive to bitumen; (B) aggregates temperature; (C) WMA temperature; (D) spreading
and compaction of the WMA.

Table 4. Results recorded for the HMA and WMA manufactured in a real asphalt plant.

Mi Density  Air Void Water Susceptibility Stiffness Modulus Triaxial
1X 0

(Mg/m®) Content (%)  ITS Dry (kPa)  ITSR (%) at 20 °C (MPa) P.def. (%) Creep Ratio
WMA 2451 57 1530.2 9.0 66263 276 11
HMA 2471 5.0 1569.6 91.4 7371.2 171 0.7

7. Conclusions

The present paper aims to analyse the effectiveness of various chemical additives used to
manufacture asphalt mixtures at lower temperatures, to determine whether a cleaner technology
can be employed for the production of asphalt mixtures with appropriate mechanical behaviour for
application in pavements for roads. To this end, this study focused on determining the optimal design
parameters of a WMA by examining its use in a real asphalt plant and applying the mixture in a trial
section, as well as assessing its mechanical properties through the use of laboratory tests. On the basis
of the results obtained in this study, the following conclusions can be drawn:

1.  The manufacturing and compaction temperature has a strong impact on the behaviour of
the mixture, obtaining better results when the manufacturing temperature is around 145 °C.
Nonetheless, the behaviour of mixtures with the Al and A2 additives appeared to be less
susceptible to the effects of temperature than the material produced with A3 additives.

2. For mixtures manufactured at 145 °C, the results showed that the use of certain additives even
allowed for an improvement in mixture workability, tensile strength, and water susceptibility in
comparison with conventional HMA.

3. The results reveal that the use of certain chemical additives in WMA leads to lower stiffness
modulus, without reducing the resistance to plastic deformations in reference to HMA. This
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indicates the possibility of obtaining more flexible mixtures without reducing strength, which
could result in greater longevity of the mixtures. Nonetheless, there is a need for more in-depth
studies on this topic.

4. The A2 additive was identified as the most appropriate in this study on the basis of the laboratory
results, and it was shown that using a lower dosage (0.05% over the bitumen mass, instead
of 0.5% that is commonly used with chemical additives) allowed for lower susceptibility to
the manufacturing temperature, whilst better mechanical performance was recorded. This fact
could be associated with the nano-composition of this additive, which acts at the microscopic
aggregate /bitumen interface.

5. This study indicates that WMA can be produced in a conventional discontinuous plant without
incorporating any significant changes to the equipment and manufacturing process.

6.  Moreover, the WMA presented appropriate density and air void values when compared to the
HMA, whilst comparable tensile strength and water sensitivity was also recorded. Nonetheless,
in this case, the reduction in stiffness modulus of the WMA produced a decrease in resistance to
plastic deformations, which should be considered in further studies focusing on its application in
bituminous pavements.

Taken together, the results obtained in this study suggest that, at least when using tensoactive
additives, it is possible to manufacture cleaner asphalt mixtures at lower temperatures (WMA), with the
material showing comparable mechanical behaviours to that recorded for conventional hot mixtures.
In addition, it was also shown that this type of mixture could be manufactured in a conventional
asphalt plant without the need to modify the equipment.
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