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Abstract: This Special Issue “Recent Advances and Future Trends in Pavement Engineering” has
been proposed and organized to present recent developments in the field of innovative pavement
materials and engineering. For this reason, the articles and state-of-the-art reviews highlighted in
this editorial relate to different aspects of pavement engineering, from recycled asphalt pavements to
alkali-activated materials, from hot mix asphalt concrete to porous asphalt concrete, from interface
bonding to modal analysis, from destructive testing to non-destructive pavement monitoring by
using fiber optics sensors.

Keywords: interface bonding; moisture damage; alkali-activated materials; RAP gradation; hot mix
asphalt dynamic modulus; porous asphalt concrete; FOS; FBG; flow number; rutting; modal analysis

The twelve articles and state-of-the-art reviews of this Special Issue, “Recent Advances and Future
Trends in Pavement Engineering”, partly provided an overview of current innovative pavement
engineering ideas, which have the potential to be implemented in industry in the future, covering
some recent developments.

The interface bond between layers plays an important role in the behavior of pavement structure,
especially in asphalt pavements. However, this aspect has not yet been adequately considered in the
pavement analysis process due to the lack of advanced characterizations of actual conditions. Recently,
it became one of the most important research topics in the field of pavements. RILEM TC 206-ATB,
TC 237-SIB, TC 241-MCD and TC 272-PIM are among the most important international research
activities considering this topic. Le et al. [1] suggested an interesting methodology for considering the
interaction between pavement layers represented by a horizontal shear reaction modulus. Using this
methodology, the field condition of the interface bond between the asphalt layers of experimental
pavements in a full-scale test can be assessed using back-calculation from non-destructive testing.
This study is a very good example providing a better understanding of the structural behavior of
asphalt pavements and can contribute to a better evaluation of their long-term performance.

Moisture susceptibility is still one of the primary causes of distress in flexible pavements,
reducing the pavements’ durability. A very large number of tests are available to evaluate the
susceptibility of a binder aggregate combination. Tests can be conducted on the asphalt mixture,
either in a loose or compacted form, or on the individual components of an asphalt pavement.
Apart from various mechanisms and models, fundamental concepts have been proposed to calculate
the thermodynamic tendency of a binder aggregate combination to adhere and/or debond under wet
conditions. Soenen et al. [2] summarized literature findings on the applied test methods, the obtained
results, and the validation or predictability of these fundamental approaches.

The need to differentiate the pavements according to the final intended use has created different
paving solutions, in terms of construction technology and materials. From the traditional bituminous
pavements, the new design solutions encompass the application of special asphalt concretes (porous
or colored asphalt mixtures), paving blocks, cobble stone pavements or a special ultra-thin surface
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layer. Paving blocks represent a suitable alternative to cobblestone or bituminous sidewalks, bike or
pedestrian lanes and to historic pavements, especially in old city centers. These are commonly employed
as paving solutions due to the relatively low production and laying costs. Tataranni [3] suggested
the use of a waste basalt powder to produce alternative paving blocks through the alkali-activation
process. The production of paving blocks through the alkali-activation of waste basalt powder seemed
to be a viable alternative for interlocking modular elements.

Utilizing recycled asphalt pavements (RAP) in pavement construction is known as a sustainable
approach with significant economic and environmental benefits. RILEM TC 264-RAP experts conduct
scholarly international research and knowledge dissemination with a focus on asphalt material
recycling. While studying the effect of high RAP contents on the performance of hot mix asphalt (HMA)
mixtures has been the focus of several research projects, limited work has been done on studying the
effect of RAP fraction and particle size on the overall performance of high RAP mixtures produced
solely with either coarse or fine RAP particles. It was concluded by Saliani et al. [4] that the RAP
particle size has a considerable effect on its contribution to the total binder content, the aggregate
skeleton of the mixture, ultimately the performance of the mixture and that the black curve gradation
assumption is not representative of the actual RAP particles contribution in a high RAP mixture.

The dynamic modulus of hot mix asphalt (HMA) is a fundamental material property that defines
the stress-strain relationship based on viscoelastic principles and is a function of HMA properties,
loading rate, and temperature. Because of the large number of efficacious predictors (factors) and
their nonlinear interrelationships, developing predictive models for dynamic modulus can be a
challenging task. In the research of Ghasemi et al. [5], results obtained from a series of laboratory
tests including mixture dynamic modulus, aggregate gradation, dynamic shear rheometer (on asphalt
binder), and mixture volumetric were used to create a database which was used to develop a model
for estimating the dynamic modulus.

One of the most remarkable effects on the urban environment is the increase in impermeable
surfaces which leads to problems related to water infiltration into the ground and the increase in
wash-off volumes. The use of permeable and porous layers in urban applications for cycle lanes,
footpaths and parking areas is growing in interest, considering their potential to tackle issues such as the
urban runoff and the urban heat island effect. Tataranni and Sangiorgi [6] suggested the production of
a low impact semi-porous concrete with a transparent polymeric binder and pale limestone aggregates.
The application of synthetic aggregates seems to be a viable solution for the production of innovative
and eco-friendly mixtures, allowing the recycling of waste materials.

Pavement design is essentially and usually a structural long-term evaluation process. It is very
hard to devise an efficient method to determine realistic in situ mechanical properties of pavements,
where the determination of strain at the bottom of asphalt pavement layers through non-destructive
tests is of great interest. As it is known, fiber Bragg grating (FBG) sensors are the most promising
candidates to effectively replace conventional strain gauges for a long-term monitoring application in
a harsh environment. Kara De Maeijer et al. [7] summarized an overview of the recent developments
worldwide in the application of fiber optics sensors (FOS) in asphalt pavement monitoring systems;
to find out if those systems provide repeatable and suitable results for a long-term monitoring; if there
are certain solutions to validate an inverse modelling approach based on the results of a falling weight
deflectometer and FOS.

In the design of pavement infrastructure, the flow number is used to determine the suitability of a
hot-mix asphalt mixture (HMA) to resist permanent deformation when used in a flexible pavement.
Islam et al. [8] investigated the sensitivity of the flow numbers to the mix factors of eleven categories of
HMAs used in flexible pavements. The flow number increased with increasing effective binder content,
air voids, voids in mineral aggregates, voids filled with asphalt, and asphalt content.

Rutting is one of the most common distresses in asphalt pavements. The problem is particularly
prevalent at intersections, bus stops, railway crossings, police check points, climbing lanes and other
heavily loaded sections, where there is deceleration, slow moving or static loading. The most widely
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used methods to identify the source of rutting among flexible pavement layers are destructive methods;
field trenching and coring methods. Chilukwa and Lungu [9] used the Transverse Profile Analysis
method (TPAM), which is a non-destructive method to determine the layers of pavement responsible
for rutting on sections. It was established that the TPAM was a simpler, faster and less costly method
of determining the source of rutting failure compared to the traditional methods used in Zambia.

Rutting resistance can be improved by adding a small amount of RAP in asphalt mixes without
significantly changing properties such as stiffness and low-temperature cracking resistance. However,
there is no clear understanding of how RAP gradation and bitumen properties impact the mixture
properties. Saliani et al. [10] indicated that the recovered bitumen from coarse RAP did not have
the same characteristics as the fine RAP bitumen, and the interaction of RAP bitumen with virgin
bitumen significantly depended on RAP particle size. The amount of active RAP bitumen in coarse
RAP particles was higher than in fine RAP particles.

Kara De Maeijer et al. [11] investigated a feasibility of a natural peat fiber and finely ground peat
powder as a modifier for bitumen. The rheological data showed stiffening effects of the powder fraction
and the presence of a fiber network, which was strain-dependent and showed elastic effects. It was
indicated that the fibers should improve the rutting resistance. The data revealed that the amount
of added peat fibers and powder should be limited to avoid difficulties in the compaction of these
asphalt mixtures.

Non-destructive testing (NDT) is an important part of optimizing any pavement management
system. In the recent years, laser Doppler vibrometer (LDV) has been introduced to conduct non-contact
measurements in road engineering. Hasheminejad et al. [12] investigated the quality of two types
of commercially available LDV systems—helium–neon (He–Ne)-based vibrometers and recently
developed infrared vibrometers. It was shown that the noise floor of the He–Ne LDV was higher when
dealing with a non-cooperative dark surface, such as asphalt concrete, and it could be improved by
improving the surface quality or by using an infrared LDV, which consequently improved the modal
analysis experiments performed on pavement materials.

Acknowledgments: I would like to thank the authors who supported and contributed to my first Special Issue,
the reviewers who dedicated their time to review the papers and MDPI Infrastructures Editorial Team.
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Abstract: The interface bond between layers plays an important role in the behavior of pavement
structure. However, this aspect has not yet been adequately considered in the pavement analysis
process due to the lack of advanced characterizations of actual condition. In many pavement design
procedures, only completely bonded or unbounded interfaces between the layers are considered.
For the purpose of the better evaluation of the asphalt pavement behavior, this work focused on its
investigation taking into account the actual interface bonding condition between the asphalt layers.
Based on the layered theory developed by Burmister (1943), the actual interaction between pavement
layers was taken into account by introducing a horizontal shear reaction modulus which represents
the interface bonding condition for a given state. The analytical solution was then implemented in a
numerical program before doing forward calculations for sensitivity analysis which highlights the
influence of the interface bonding conditions on the structural behaviors of asphalt pavement under a
static load. Furthermore, the numerical program was applied through an original experimental case
study where falling weight deflectometer (FWD) tests were carried out on two full-scale pavement
structures with or without a geogrid at the interface between the asphalt layers. Backcalculations
of the FWD measurements allowed determining field condition of the interface bond between the
asphalt layers. The obtained values of the interface shear modulus in pavement structure with a
geogrid are smaller than the ones in pavement structure without geogrid. Moreover, all of these
values representing field performance are at the same order of magnitude as those from dynamic
interlayer shear testing.

Keywords: asphalt pavement; interface bonding; shear reaction modulus; numerical analysis; falling
weight deflectometer

1. Introduction

Asphalt pavement is generally considered as being a multilayered structure comprising of
successive material layers. The kinematics of the disorders in this type of structure are related to
the nature of the materials used, to the conditions of the construction and more particularly to the
layers properties as well as the bonding conditions between layers. Among these conditions, a good
interface bond between the asphalt layers ensures the estimated performance of the designed pavement
structure. Moreover, the majority of current works for the rehabilitation of existing road network as
well as for new pavement structures use thinner and thinner overlayers, which require an effective
bonding. However, conventional design methods consider that the interface between two pavement
layers is perfectly bonded, or unbonded, depending on the nature of the layers involved. In situ
inspections revealed that lack of bonding or damage to the bonding layer (interface) leads to rapid and

Infrastructures 2020, 5, 21; doi:10.3390/infrastructures5020021 www.mdpi.com/journal/infrastructures5
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considerable structural damage. The principle of dimensioning is based on the fact that the layers
deformed by bending depend on their own characteristics (thickness, Young modulus and Poisson
ratio), but also on the other layers on which they are glued. When there is an absence or failure of
bonding at the interfaces (on the top or at the bottom of the layers), each layer works independently.
Deformations and constraints on both sides of the interface are then more important than when the
layers are glued.

Burmister [1] first derived the analytical solutions for a two-layered elastic system and subsequently
extended them to a three-layered system [2–4]. Over the years, the theory has been extended to
an arbitrary number of layers [5]. However, the interface bonding condition still has not been well
considered in most of the modelling processes. Since the 1970s, many experimental methods have
been applied to assess the capability of tack coats as well as the internal cohesion of the two involved
pavement layers. Experimental methods can be divided into two main groups according to the
situation of testing, in laboratory or in situ. In laboratory, direct shear tests with or without normal
stress are most commonly used in the assessment of adhesion properties between two asphalt layers.
Shear tests with normal stress allow the consideration of the presence of a wheel load on the road by
not only its horizontal force but also its vertical influence [6,7]. However, the application of normal
stress makes the experiment much more complicated. Therefore, the direct shear test method without
normal stress is the most utilized one [8–11]. Most of these tests are inspired from the Leutner shear
test [12]. With monotonic loading, they allow us to rapidly evaluate the influence of different factors on
bond strength at the interfaces between pavement layers [13,14]. In parallel to these quasi-static tests,
several dynamic shear tests developed recently [15,16] should lead to more reliable field performance
characteristics. In field evaluation, until now there have been very few methods. Some pull-off test
methods can be found in the literature, but are rare or only in development. In France, the destructive
ovalization test has been developed since 1970s, aiming to evaluate bond conditions at the interface
between pavement layers under moving wheel loads [17,18]. However, it is not often used due to the
complex interpretation of the measurements. Recently, the non-destructive method of using a Falling
Weight Deflectometer (FWD) [19] device has been applied quite commonly for pavement assessment
through measured pavement surface deflections. Several researches using this method were performed
with the same objective of investigating pavement layers interface bonding, but without relating the
measured pavement deflections with interface bonding characteristics.

This present paper focuses on numerical and experimental investigations of asphalt pavement
behaviour taking into account actual bonding condition at the interface between the asphalt layers.
For that purpose, a theoretical background on the analytical solution of multilayered pavement
structure is firstly presented. It is then improved by introducing a shear reaction modulus to take
into account the bonding condition of the interface between the pavement layers. Next, the improved
solution is implemented in a numerical program, which is used to perform a parametric study to
investigate the sensitivity of pavement responses to the interface bonding conditions. Finally, the
developed solution is applied through an original experimental case study where falling weight
deflectometer (FWD) tests were carried out on two full-scale pavement structures to investigate field
condition of the interface bond between the asphalt layers.

This paper is an expanded version of the conference paper [20] from the same authors. All parts
of the work have been developed with more completed and self-supported elements, in particular,
the analytical solution and the experimental case study. New elements have also been added in
this expanded version to support both the model developed in the analytical solution and the result
obtained in the original experimental study. They are the sensitivity analysis part and the characteristics
of materials and structures of a full-scale pavement in the experimental part.
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2. Analytical Solution Background and Improvement

2.1. Analytical Solution Background

Asphalt pavement is typically modelled using a multilayered structure based on the layered
theory of Burmister. Each layer is considered as linear elastic isotropic (having an elastic modulus
and a Poisson ratio) and infinite in the horizontal plan. The thickness of each layer is finite, except the
bottom layer which is infinite. The interface bonding conditions between the layers are only bonded or
unbonded. Figure 1 presents the multilayered pavement structure in cylindrical coordinates with r
and z are the coordinates in the radial and vertical directions, respectively. The load applied on the
surface of the pavement is a uniform vertical pressure of magnitude q and has a circular form of radius
a. The analytical results to the problem described above are the stress, strain and displacement fields in
the pavement structure. As discussed in the objectives of the work, for further improvement purpose
in the paper and especially with the numerical implementation developed by the authors, the main
steps and equations of the analytical solution to the problem described above, to which improvements
will be made in the next paragraph, are presented here. Other details for this analytical solution can be
found in the literature [5].

ν
ν

n nν

Bonding condition to be considered 
for improvement in the next part

r

aa

Figure 1. Multi-layered pavement structure.

Equation (1) presents the axisymmetric layered elastic responses (stresses and displacements)
under a concentrated load.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(σ∗zz)i
(τ∗rz)i
(u∗)i
(w∗) i

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−mJ0(mρ){1 1 −(1− 2νi −mλ) (1− 2νi + mλ)
}

mJ1(mρ){1 −1 (2νi + mλ) (2νi −mλ)
}

1+νi
E J1(mρ)H{1 −1 (1 + mλ) (1−mλ)

}
− 1+νi

Ei
J0(mρ)H{1 1 −(2− 4νi −mλ) (2− 4νi + mλ)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

e−m(λi−λ)Ai
e−m(λ−λi−1)Bi
e−m(λi−λ)Ci

e−m(λ−λi−1)Di

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(1)

where (σ∗zz)i and (τ∗rz)i are the vertical and shear stresses, (u∗)i and (w∗) i are the horizontal and vertical
displacements of layer i; H is the distance from the pavement surface to the upper boundary of the
bottom layer ρ = r/H and λ = z/H; J0 and J1 are Bessel functions of the first kind and order 0 and
1 respectively; Ai, Bi, Ci and Di are constants of integration to be determined from boundary and
continuity conditions; m is a parameter. The superscript i varies from 1 to n and refers to the quantities
corresponding to the ith layer. A star super is placed on these stresses and displacement due to a
concentrated vertical load −mJ0(mρ), not the actual stresses and displacements due to a uniform
pressure q distributed over a circular are of radius a.

The stresses and displacements as a result of the uniform pressure q distributed over the circular
load of radius a are obtained by using the Hankel transform (Equation (2)):

R = qα

∞∫
0

R∗
m

J1(mα)dm (2)
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where α = a/H; R∗ is the stress or displacement as a result of concentrated load −mJ0(mρ); R is the
stress or displacement as a result of load uniform q. So, the boundary and continuity of the multilayered
pavement structure by the load −mJ0(mρ) and uniform q distributed are the same.

2.1.1. At the Surface, z = 0

At this position, i = 1 and λ = z/H = 0, the surface stresses conditions are:

(σ∗zz)1 = −mJ0(mρ) with 0 ≤ r ≤ a (3)

(σ∗zz)1 = 0 with r > a (4)

τ∗rz = 0 (5)

2.1.2. Between the Layers i and i + 1, 0 < z < H

(a) Fully bonded

The layers are fully bonded with the same vertical stress, shear stress, vertical displacement and
radial displacement at every point along the interface. Therefore λ = λi. The continuity conditions are:

(σ∗zz)i = (σ∗zz)i+1 (6)

(τ∗rz)i = (τ∗rz)i+1 (7)

(u∗)i = (u∗)i+1 (8)

(w∗)i = (w∗)i+1 (9)

(b) Unbonded

At the interface, the vertical stress and vertical displacement remain the same, but the shear
stresses are equal to zero on both sides of the interface. Equation (7) is replaced by:

(τ∗rz)i+1 = (τ∗rz)i = 0 (10)

2.1.3. At the Lowest Layer, i = n, z ≥ H

The bottom layer is semi-infinite (z→∞ ) and all responses (stresses, displacements) approach
zero as z approaches∞, so λ approaches infinity. From Equation (1) for the lowest layer with i = n
and λ approaches infinity, we have (e−m(λn−λ)→∞) and (e−m(λ−λn−1)→0), to all responses (stresses,
displacements and strains) approach zero, coefficients An and Cn will become zero.

2.2. Improvement Taking into Account Actual Bonding Condition

In a general case, the layers interface bonding condition can be considered as partially bonded.
The layers interface behavior can be described according to Goodman’s constitutive law [21] (Figure 2)
in which the interface shear stress can be expressed as follows:

τ = Ks Δu (11)

where Δu is the relative horizontal displacement of the two layers at the interface; Ks is the horizontal
shear reaction modulus at the interface.
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Figure 2. Modeling of the bonding between two faces at the interface.

The continuity conditions for this general case are:

(σ∗zz)i = (σ∗zz)i+1 (12)

(τ∗rz)i = (τ∗rz)i+1 (13)

(τ∗rz)i = Ks
[
(u∗)i+1 − (u∗)i

]
(14)

(w∗)i = (w∗)i+1 (15)

Substituting Equation (1) by these above conditions, one obtains:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 Fi −(1− 2νi −mλi) (1− 2νi + mλi)Fi
1 −Fi 2νi + mλi (2νi −mλi)Fi

mEi
(1+νi)Ks

+ 1
(
1− mEi

(1+νi)Ks

)
Fi 1 + mλi +

(2νi+mλi)mEi
(1+νi)Ks

(
(2νi−mλi)mEi

(1+νi)Ks
− 1 + mνi

)
Fi

1 −Fi −(2− 4νi −mλi). −(2− 4νi + mλi)Fi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ai
Bi
Ci
Di

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Fi+1 1 −(1− 2νi+1 −mλi)Fi+1 1− 2νi+1 + mλi
Fi+1 −1 (2νi+1 + mλi)Fi+1 2νi+1 −mλi

RiFi+1 Ri (1 + mλi)RiFi+1 −(1−mλi)Ri
RiFi+1 −Ri −(2− 4νi+1 −mλi)RiFi+1 −(2− 4νi+1 + mλi)Ri

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ai+1

Bi+1

Ci+1

Di+1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)

with Fi = e−m(λi−λi−1); Ri =
Ei

Ei+1

1+νi+1
1+νi

.
In Equation (2), the stress or displacement function for each layer has four coefficients of

integration: Ai, Bi, Ci and Di. All responses (stresses, displacements) can be calculated by these
coefficients and integrations.

For n-layers system, the total number of unknown coefficients is 4n, which must be evaluated
by the boundary and continuity conditions. With the lowest layer An = Cn = 0, there are only (4n-2)
unknown coefficients.

All of these above conditions result in four equations for each of (n-1) interfaces and two equations
at the surface, there are so (4n-2) independent equations. Thus, the (4n-2) unknown constants can
be solved.

2.3. Numerical Implementation and Backcalculation Principle

The analytical solution including its improvement was implemented in a numerical program using
Matlab [22]. This implementation is very important for research studies of the authors because it, with
regard of specific or new features of pavement materials and structures, allows evaluating pavement
responses under different loading configurations without depending on existing commercial software.

The developed numerical program can be used to determine pavement responses by forward
calculation or to evaluate pavement properties by backcalculation. In forward calculation, based on
given properties of pavement materials and structures, pavement responses in terms of stress, strain
or deflection can be calculated directly. In backcalculation, which is frequently applied for FWD
measurements, pavement properties can be evaluated by adjusting their seed values until getting
the least squares differences between the calculated and measured pavement deflections. These
investigations where the bonding condition at the interface of the asphalt layers were taken into
account are presented in the following paragraphs 3 and 4, respectively.

9



Infrastructures 2020, 5, 21

3. Sensitivity Analysis

Sensitivity analysis using the developed numerical program is presented in this paragraph. The
variation of some most important pavement responses under the loading of an FWD (with a circular
plate of 0.3 m in diameter and a vertical static pressure of 0.92 MPa) in function of the interface
bonding condition were evaluated. The main characteristics (with nominal values of the asphalt layers
thickness) of the pavement structure used for this analysis are presented in Table 1.

Table 1. Pavement structure characteristics.

Layer E (MPa) Poisson’s Ratio Nominal 1 Thickness (cm) Actual 2 Thickness S-I (cm) Actual 2 Thickness S-II (cm)

1 Asphalt surface 9000 0.35 6.5 6.6 6.3
Interface - - - - -

2 Asphalt base 9000 0.35 4.5 4.6 3.9
3 Subgrade 184 0.35 290 290 290
4 Concrete raft 55000 0.25 - - -

1 Values used for sensitivity analysis; 2 Values measured in actual pavement structures in paragraph 4.

3.1. Strain Sensitivity to the Interface Bonding Conditions

In an asphalt pavement, the horizontal strain at the bottom of the asphalt layer is among the most
important parameters because its magnitude will directly affect the pavement performance. Generally,
the higher this magnitude is, the lower the pavement performance is. Figure 3 presents the horizontal
strain at the bottom of each of the two asphalt layers of the investigated pavement structure in function
of the bonding condition at the interface between the asphalt layers. As can be seen in this figure, when
the bond modulus Ks decreases from infinite to nil, the horizontal strain at the bottom of the asphalt
surface layer (EpsilonT_bottom_AC1) increases from 47 to 360 microstrains. The horizontal strain at
the bottom of the asphalt base layer (EpsilonT_bottom_AC2) increases from 243 to a maximum value of
251 before decreasing down to 233 microstrains when Ks decreases from infinite to about 10 MPa/mm
then continues to decrease to nil, respectively. Compared to the first strain, the shape of the second
strain is different. This can be explained by the fact that in this case, the interface between the two
asphalt layers is below their neutral axis. The position of the last one is a result from a combination of
the pavement layers thicknesses and moduli. For the considered pavement structure, while the first
strain is smaller than the second one when Ks > 2 MPa/mm, opposite result is obtained when Ks < 2
MPa/mm. The first strain is even much higher than the second one when Ks is close to nil, i.e., close
to the unbonded condition of the interface. Based on these evaluations, it is possible to classify the
interface bonding condition as follows:

• Ks ≤ 0.1 MPa/mm: Poor bond to unbonded.
• 0.1 MPa/mm < Ks < 100 MPa/mm: Partially bonded
• Ks ≥ 100 MPa/mm: Good bond to fully bonded.
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Figure 3. Impact of the interface bonding conditions between the asphalt layers on the horizontal
strains at the bottom of the asphalt layers.
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Moreover, the pavement responses are more sensible for Ks between 0.1 and 100 MPa/mm than
when Ks ≥ 100 MPa/mm or Ks ≤ 0.1 MPa/mm. Among the two horizontal strains, the one at the bottom
of the surface layer is more sensible with variation of Ks than the other one of the base layer. That
means that the influence of the interface bonding condition is higher on the bottom of the surface layer
than in the bottom of the base layer. This result can be explained by the fact that the interface is much
closer to the bottom of the surface layer than the base layer.

3.2. Deflection Sensitivity to the Interface Bonding Conditions

In this parametrical study, five different deflection bowls of the pavement surface were calculated
for five different bonding levels at the interface between the asphalt layers. The results are presented in
Figure 4. It can be observed that when Ks = 100 MPa/mm, the pavement response is very close to the
one where the interface is fully bonded. Similarly, when Ks = 0.1 MPa/mm, the pavement response is
very close to that where the interface is fully debonded. For Ks = 5 MPa/mm, this bonding level gives a
deflection bowl near to the middle position between the two previous cases. These observations affirm
once more the classification in the previous paragraph.
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Figure 4. Deflections surface with varying values of interface bonding condition.

4. Evaluation of Pavement Interface Bonding Condition in an Experimental Case Study

The developed solution is applied in this part to evaluate field conditions of the interface bond
between the asphalt layers of full-scale pavement structures in an experimental case study.

4.1. Pavement Structures and Materials Characteristics

In order to evaluate the field interface bonding conditions, two specific full-scale pavement
structures at the accelerated pavement testing (APT) facility of IFSTTAR were chosen. They have
the same design, which is composed of two asphalt concrete layers built on a homogenous and
well-controlled subgrade of 2.9-m-thick unbound granular material and sand. The subgrade has a
mean value of stiffness modulus of 184 MPa. All pavement layers were built above a concrete raft
inside a watertight concrete lining. The same asphalt concrete material was used for both asphalt
layers in both structures. The asphalt material is a hot mix whose formulation is a standard semi-coarse
asphalt concrete of class 3 (according to the standard EN 13108-1). The unique difference between
the two structures is the bonding condition at the interface between the asphalt layers. In the first
structure, noted S-I, the asphalt surface layer was laid directly above the asphalt base layer. In the
second one, noted S-II, there is a geogrid at the interface between the asphalt layers. One can notice
that the surface layer is thicker than the base layer. The reason is that in order to get advantage of
geogrid-based reinforcement in new pavement, the geogrid must be installed below the apparent
neutral axis of the asphalt layers. For rehabilitated pavement, the overlay above the geogrid is often
thinner than the existing base layer. A same tack coat material made of a classical cationic rapid setting
bitumen emulsion (classified as C69B3 according to EN 13808) was applied at the interface between
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the asphalt layers with an application rate of 350 g/m2 and 700 g/m2 in the case without and with
geogrid, respectively.

Asphalt concrete material was extracted during the construction of the full-scale pavement.
The loose mix was then used for fabrication in the laboratory by a roller compacter of slab with the
same air voids content as targeted in the field. The complex modulus of the obtained asphalt material
was measured using two points bending test (according to EN 12697-26). The results obtained at five
different frequencies (3, 6, 10, 25 and 40 Hz) and six different temperatures (−10, 0, 10, 15, 20 and 30 ◦C)
are plotted in Figure 5 in isotherm curves.
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Figure 5. Isotherms of complex modulus of the tested asphalt concrete material.

4.2. Evaluation of Bonding Condition at the Interface of the Asphalt Layers

For this evaluation, a dedicated FWD tests campaign was carried out. Measurements were
performed at three different locations on each pavement structure with the same load level of 65 kN.
The circular load plate of the FWD used for these measurements has 0.3 m in diameter. The distances
of the geophone sensors are 0, 0.3, 0.45, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1 m from the load plate, respectively. The
temperature measured by thermocouple sensors in the middle depth of the asphalt surface and base
layers during these FWD measurements were close to 23 ◦C and 21.5 ◦C, respectively.

The actual thicknesses (Table 1) of the pavement layers were obtained from levelling measurement
during the construction. The stiffness modulus of each asphalt layer (the same as in Table 1) was taken
from the complex modulus measured in the laboratory. They were determined taking into account
the temperature and frequency variations in function of the asphalt layer depth according to [23].
The Poisson’s ratio of each pavement layer material was assumed to be equal to 0.35 for asphalt and
unbound granular materials and 0.25 for concrete raft.

The backcalculation process was applied here to determine the shear reaction modulus Ks at the
interface between the asphalt layers. In this case, all the pavement layers moduli were known, only the
interface bonding condition was the unknown parameter.

Figure 6 presents the measured and calculated deflections associated with a value of shear reaction
modulus for each point of FWD measurement. Good results of calculated deflections can be observed.
They fit well with the measured values. These obtained values of Ks are in accordance with the initial
assumption of the interface bonding condition between the asphalt layers of the two investigated
pavement structures: structure S-I has good interface bond condition at points 1, 2, 3 with Ks equal to
531, 109 and 131 MPa/mm (>100 MPa/mm), respectively; intermediate interface bond conditions were
obtained in structure S-II at points 4, 5, 6 with Ks equal to 74, 76 and 69 MPa/mm (0.01 MPa/mm < Ks <

100 MPa/mm), respectively.
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Figure 6. Measured and calculated deflections in structures S-I (points 1, 2, 3) and S-II (points 4, 5, 6)
and the associated interface shear reaction moduli.

One can note some differences in the Ks values obtained for structure S-I, which vary between 109
and 531 MPa/mm. However, as analyzed in paragraph 3, when Ks is higher than 100 MPa/mm (good
bond), pavement responses (strains and deflections) are much closer to the case with fully bonded
condition. In that case, even though the difference in terms of Ks value is high, the difference in terms
of pavement deflection is little. This experimental result confirms those observed in paragraph 3.2
of the sensitivity analysis. For structure S-II, the three Ks values are very similar, which means that
the interface bonding condition is quite homogeneous, at least within the investigated pavement
section, and is at the same intermediate bonding level. Moreover, Ks values in structure S-II with
geogrid at the interface between the asphalt layers are smaller than the ones in structure S-I without
geogrid. It confirms the literature review made in [24] that the use of a geogrid reduces the interlayer
bond and hence reduces the instantaneous structural response of the pavement. However, as the
geogrid could delay the reflective cracking, if properly installed, it can contribute to the long-term
performance of the pavement. Furthermore, one can note that the experimental Ks values obtained for
both pavement structures in this case study are at the same order of magnitude as those from dynamic
shear tests [15,16] than from quasi-static shear tests [6,14]. This result confirms the position, as stated
in [25] that dynamic tests represent better the field condition of interface bonding than static tests and
hence are more suitable for characterization, modelling and design studies of the structural behaviors
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of pavements. It joints also the point of view of the Task Group 3 of the actual RILEM Technical
Committee 272-PIM [26] working on dynamic interlayer shear testing.

5. Conclusions

The work presented in this paper focused on a better evaluation of structural behavior of asphalt
pavement. The analytical solution based on the layered theory was improved by introducing a shear
reaction modulus (Ks) to take into account the interface bonding condition between the asphalt layers.
It was implemented in a numerical program using Matlab and then applied in the following parts of
the research study:

• The numerical sensitivity analysis showed clearly the influence of interface bonding condition
on pavement responses under the loading of an FWD. It allows classifying the interface
bonding condition depending on the shear reaction modulus: poor bond to unbonded for
Ks ≤ 0.1 MPa/mm; partially bonded for 0.1 MPa/mm < Ks < 100 MPa/mm; good bond to fully
bonded for Ks ≥ 100 MPa/mm.

• In the experimental case study on two full-scale pavement structures, the presented original
procedure made it possible to determine an actual value of Ks for each evaluated pavement position
and to differentiate the interface bonding level of the two investigated pavement structures.

With the procedure presented in this paper, the field condition of the interface bonding between
asphalt layers can be assessed for better evaluation of pavement behaviors and for further performance
assessment. Future works will focus on improving this procedure without possessing pavement layers
modulus as among input parameters. For the experimental full-scale pavement structures, the interface
bonding condition between the asphalt layers of the investigated pavement structures can be evaluated
at different temperatures under different load levels together with the evolution of pavement damage
during the accelerated test.
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Abstract: Moisture susceptibility is still one of the primary causes of distress in flexible pavements,
reducing the pavements’ durability. A very large number of tests are available to evaluate the
susceptibility of a binder aggregate combination. Tests can be conducted on the asphalt mixture,
either in a loose or compacted form, or on the individual components of an asphalt pavement. Apart
from various mechanisms and models, fundamental concepts have been proposed to calculate the
thermodynamic tendency of a binder aggregate combination to adhere and/or debond under wet
conditions. The aim of this review is to summarize literature findings and conclusions, regarding
these concepts as carried out in the CEDR project FunDBits. The applied test methods, the obtained
results, and the validation or predictability of these fundamental approaches are discussed.

Keywords: moisture damage; surface free energy components; cohesion; binder–aggregate adhesion

1. Introduction

Moisture in asphalt pavement structures can lead to phenomena such as stripping, raveling, and
pothole formation, limiting the lifetime and durability of the pavement. Moisture sensitivity has been
studied extensively in the literature, resulting in an enormous number of possible test procedures,
which have been classified into various levels [1]. The first level consists of tests, conducted on the
individual components, traditionally comprising of the binder, the aggregate, and possible additives.
Nowadays this level will also include renewable, as well as secondary (waste) materials [2–4]. The next
level includes tests conducted on loose asphalt mixture, while subsequent levels consider tests involving
compacted asphalt mixtures, and finally compacted mixture in a pavement under field conditions.
It is obvious that the number of parameters and the test complexity increase as tests move from the
individual components to the pavement level.

Commonly, in the literature, the occurrence of moisture damage is divided into adhesive or
cohesive failure. Adhesive failure being a loss of adhesion between the aggregate and the binder
interface. This will result in clean aggregate surfaces after failure [5,6]. Cohesive failure occurs if
moisture weakens the binder or mastic phase leading to a failure inside this binder or mastic film.
In this case, the aggregates will still be covered with bitumen after failure. In addition to this, a third
possibility has been identified where damage is caused by the fracture of aggregates, particularly when
the mixture is subjected to freezing [5,7,8]. The actions by which damage occurs can be further divided
into at least five different mechanisms, detachment, displacement, spontaneous emulsification, pore
pressure, and hydraulic scour. An overview is given by Little et al. [9].

Moreover, also, various mechanisms have been proposed to explain adhesion between bitumen
and aggregates [6,10]; including a chemical reaction [11], a thermodynamic approach based on surface
energies [8], molecular orientation [12], molecular dynamics [13], and mechanical adhesion [14].

Infrastructures 2020, 5, 20; doi:10.3390/infrastructures5020020 www.mdpi.com/journal/infrastructures17



Infrastructures 2020, 5, 20

In asphalt pavements, moisture damage is most likely related to a combination of mechanisms, which
depend on the pavement materials, the mix design, the traffic loading, and the climatic conditions.
Due to this complexity, a large number of possible parameters have been identified, but it is not clear
which of these are decisive and determine the behavior [15].

In the literature, two fundamental concepts have been proposed to calculate thermodynamic work
of adhesion and debonding in the presence of moisture between a binder and an aggregate. The first
one is the surface energy component concept which was first applied by Texas A&M researchers to
bitumen and aggregates and who developed also the methodologies for the measurement of surface
energies for bitumen, respectively aggregates [8]. Another concept is based on the Hamaker equation,
which was developed for materials having only Lifshitz–Vander Waals interactions [16]. This concept
has also been applied to bitumen aggregate adhesion.

The aim of this paper is to summarize literature findings and conclusions, regarding the test
methods, results, and the validation or predictability of these fundamental approaches. The current
paper is based on activities conducted for the Project FunDBitS (Functional Durability-related Bitumen
Specification, CEDR Transnational Road Research programme Call 2013: Energy Efficiency—Materials
and Technology) [17], updated with recent literature.

2. Concepts to Calculate the Bitumen–Aggregate Adhesion

2.1. Calculation of Adhesive Bond Strength and Debonding by Water from Surface Energy Components

Researchers at Texas A&M University have applied the methodology of measuring surface energy
components as a base to calculate the adhesion of bitumen to an aggregate surface [8]. They also
developed and evaluated the most suitable test methods to determine surface energy components for
bitumen and for aggregates. In this concept, surface energy components of bitumen and aggregates
are derived separately, and the data allow calculating the interfacial work of adhesion in dry, as well as
in wet conditions. The concept is based on the Van Oss–Chaudhury–Good (VCG) theory of wettability
and is very well explained in for example, [16,18–23].

The surface free energy (SFE) of a material is defined as the amount of work required to create a
unit area of a new surface of that specific material in a vacuum [20,24–26]. This surface energy can be
divided into different parts (Equation (1)); a first part, relating to Liftshitz–van der Waals interactions
and referred to as γLW and a second part referring to asymmetrical polar interactions, described
as acid–base interactions γAB or electron acceptor, respectively donor parts. The Lifshitz–van der
Waals component of the surface energy comprises the following interactions: Keesom (dipole–dipole
interactions), Debye (dipole-induced–dipole interactions), and London dispersion forces (induced
dipole–induced dipole interactions). In literature, it was shown later that the LW part should only
include the London dispersive interactions, while Keesom and Debye interactions should be included
in the acid–base part [27]. In this paper, the notation LW part is kept, although it refers to the dispersive
part only.

γ = γLW + γAB = γLW + 2
√
γ+γ− (1)

γ—total surface energy;
γLW—dispersive part of the surface energy;
γAB—acid base part of the surface energy;
γ+—Lewis acid component or electron acceptor of surface energy;
γ−—Lewis base or electron donor component of surface energy.

The interaction of two materials in vacuum or the free energy change of adhesion (ΔG12) between
two materials 1 and 2 can be formulated as a function of their respective surface energy components as
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shown in Equation (2). The free energy change is equal in magnitude but has the opposite sign as the
work of adhesion, W12.

ΔG12 = −W12 = −
(
2
√
γLW

1 γLW
2 + 2

√
γ+1 γ−2 + 2

√
γ−1 γ

+
2

)
(2)

The subscripts 1 and 2 refer to the respective surface energy components of the two substances
1 and 2. Equation (2) shows that the interaction of two materials in vacuum is always negative, meaning
there is always an attraction. Equation (2) cannot be zero since for all materials γLW is a finite and
positive number. Based on Equation (2), it is possible to calculate the surface energy components
for an unknown substance by measuring the surface energy of the unknown versus at least three
probe compounds of known surface energy components. From these three liquids at least two need to
have (known) polar parts. Different options are available to test this experimentally and they will be
discussed briefly in the experimental part.

Once the surface components for bitumen and aggregates are determined, their interfacial work
of adhesion, the dry bond strength, can be calculated using Equation (2), where the subscripts 1 and 2
refer to the two substances tested, in this case, aggregate and bitumen. If in this equation, material 1
and 2 would be the same substance it becomes equal to two times the surface energy of this material
(2γ in Equation (1)). Therefore, twice the surface energy of bitumen is related to the cohesive strength
or bond energy of bitumen. The cohesive bond energy of a material is defined as the amount of
work required to fracture the material to create two new surfaces of a unit area each, in a vacuum.
Numerically this is equal to twice the total surface free energy of the material (Equation (3)). A higher
magnitude of cohesive bond energy implies that more energy is required for a crack to propagate due
to fracture.

ΔGii = −2γi (3)

Finally, consider a three-phase system comprising of bitumen, aggregate, and water represented
by material 1 and 2 in medium 3, respectively (Equation (4)). If the medium water displaces bitumen
from the bitumen–aggregate interface several processes occur. The interface bitumen–aggregate is
lost, and this is associated with external work, −γ12. At the same time, during this process, two new
interfaces are created: between bitumen and water and between aggregate and water. The work
needed for the formation of these two new interfaces is γ13 + γ23. Therefore, the total work needed for
water to displace bitumen from the surface of the aggregate is γ13 + γ23 − γ12 (Equation (5)). In terms of
free energy, the resulting free energy of adhesion of component 1 and 2 in medium 3 can be expressed
using the same relations but with opposite signs.

W132 = γ13 + γ23 − γ12 (4)

ΔGa
132 = γ12 − γ13 − γ23 (5)

In order to take both the LW and polar part into account, Equation 5 must be calculated as follows
in Equation (6):

ΔGa
132 = 2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
γLW

1 γLW
3 +

√
γLW

2 γLW
3 −

√
γLW

1 γLW
2 − γLW

3 +√
γ+3

(√
γ−1 +

√
γ−2 −

√
γ−3
)
+
√
γ−3
(√

γ+1 +
√
γ+2 −

√
γ+3

)

−
√
γ+1 γ−2 −

√
γ−1 γ

+
2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(6)

When ΔGa
132 < 0 it indicates that there is an attraction between component 1 and 2 also when

immersed in medium 3, and in this case, a displacement will not happen for a system in thermodynamic
equilibrium. For ΔGa

132 > 0 the interaction between 1 and 2 becomes repulsive. The magnitude of
work of debonding can differ significantly depending on the surface energy components of bitumen
and aggregates. Similarly, for describing the interaction between molecules or particles of material
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1 suspended in liquid 3 one can write (Equation (7)). The latter is the driving force for phase
separation of adhesives in aqueous media (Equation (8)). A large negative value would indicate a
good resistance to debonding while a large positive value indicates easier stripping due to water, for
systems in thermodynamic equilibrium. For practically all bitumen–aggregate systems the work of
debonding W132 is negative or ΔGa

132 is positive indicating that debonding in the presence of water is
thermodynamically favorable.

ΔGa
132 = −2γ13 = −2

(√
γLW

1 −
√
γLW

3

)2
− 4
(√

γ+1 γ−1 +
√
γ+3 γ−3 −

√
γ+1 γ−3 −

√
γ−1 γ

+
3

)
(7)

If the polar surface free energy components of a hydrophobic material (or two similar hydrophobic

materials) are negligibly small, then the most important parameter in Equation (7) is −4
√
γ+3 γ−3 . This

parameter represents the polar contribution to the cohesive energy of water. The value is −102 mJ/m2

and is present in all types of interactions when immersed in water. In fact, this term is the main
contributor to the interfacial attractions between nonpolar materials immersed in an H-bonding
material such as water.

Based on three parameters: the dry adhesion, the cohesive strength of bitumen, and the free
energy of adhesion in the water, two related energy ratios have been proposed: ER1 and ER2 according
to Equations (8) and (9), respectively. In literature, the ratio between the adhesive bond energy values
in the dry condition and in the presence of water, ER1, can be used to predict the moisture sensitivity of
asphalt mixtures [16]. Another ratio ER2 can be used; in this parameter the adhesive bond energy in the
dry state is diminished with the bitumen cohesion, and this value is divided by the bitumen aggregate
adhesion in the presence of water. In order to accommodate the effects of aggregate micro-texture on
the bitumen–aggregate bond strength in the presence of moisture both bond parameters can also be
multiplied by the specific surface area (SSA) of the aggregates. The procedure on how to calculate
these parameters is very well described in the literature [9,19,20,28–30], but is it not fully clear which
of these parameters is best suited to predict moisture damage. The term ΔGa

12 in Equations (8) and (9)
refers to the interfacial free energy of adhesion between bitumen and aggregate in a vacuum (or air),
while ΔGa

132 refers to the wet adhesion.

ER1 =
ΔGa

12

ΔGa
132

(8)

ER2 =

∣∣∣∣∣ΔGa
12 − ΔG11

ΔGa
132

∣∣∣∣∣ (9)

In the paper by Bhasin et al. [19], the free energy ratios calculated separately for the acid–base
components, as shown in Equation (10), were used. The authors observed that the portion of the bond
energy that results from the interaction of the acid component of asphalt and the base component of
aggregate contributes the most to the total adhesive bond strength of the mixture [19]. Still, other
combinations have been proposed by Hamedi and Moghadas Nejad [31].

RAB =

∣∣∣∣∣∣∣
ΔGAB

12

ΔGAB
132

∣∣∣∣∣∣∣ (10)

In addition to the VCG method, other methods to calculate adhesion are also often used, such as
for example, the Owens–Wendt (OW) method, also known as the Kaelble method. In the OW method,
SFE is a sum of two components: a dispersive (D) and a polar (P) part, where the dispersive part
reflects only dispersive interactions, and the polar part is a sum of polar, hydrogen, inductive, and
acid–base interactions. In the OW method, a minimum of two known solvents or media are needed to
calculate the SFE components.
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2.2. Calculation of Adhesive Bond Strengths in Various Media Based on the Hamaker Equation

Researchers at KTH (Royal Institute of Technology in Stockholm, Sweden) have used the Hamaker
equation to estimate the interaction of bitumen and aggregate/mineral components having air or water
as an intervening medium [32]. The Hamaker equation is used to estimate the van der Waals interaction,
including dispersive, Keesom, and Debye interactions. The Hamaker’s equation (Equation (11)) is
composed of two parts: a first part describes the polar contribution and a second part—the dispersive
contribution. In this Equation (11), subscripts 1 and 2 refer in this case to bitumen and aggregate while
subscript 3 refers to the medium, either air or water. Calculations of Hamaker’s polar part require
accurate dielectric data, in particular, dielectric constants and for the dispersive part the refractive
index of the interacting materials and the intervening medium.

A132 =
3
4

kT
(
ε1 − ε3

ε1 + ε3

)(
ε2 − ε3

ε2 + ε3

)
+

3hυ

8
√

2

(
n1

2 − n3
2
)(

n2
2 − n3

2
)

√
n1

2 + n32
√

n22 + n32
(√

n1
2 + n32 +

√
n22 + n32

) (11)

εi—the static dielectric constant for material/medium I (in vacuum ε3 = 1);
ni—the refractive index of the material/medium I, in the visible region (in vacuum n3 = 1);
h—Planck’s constant (= 6.6261 × 10−34 Js);
k—Boltzmann constant (= 1.3807 × 10−23 J/K);
T—the absolute temperature;
υ—the main electronic absorption frequency (typically ± 3 × 1015 s−1).

If Hamaker’s equation equals zero, there is no net force and the bodies are neither pulled together
nor pushed apart. If the net force is positive then the bodies will adhere, if the net force is negative
repulsion will occur. For most material combinations, the Hamaker equation is positive and the van
der Waals force is attractive. The van der Waals force is always attractive between two surfaces of
the same material and always attractive in a vacuum. The Hamaker’s equation can be negative and
repulsive for two different material surfaces interacting through a liquid medium (A123). Relations
between the Hamaker constant and the dispersive part of the surface energy have been proposed:
For example, Israelachvili [33] has calculated the Hamaker constants of different liquids from their
refractive indices and the surface tensions of these liquids using the following Equation (12):

Aii = 24πr2
iiγ

LW
i (12)

rii—the separation distance between interacting atoms or molecules;
γLW—the dispersive part of the surface energy.

Israelachvili [33] found a very good agreement between the calculated surface tension of saturated
hydrocarbons and the corresponding experimental values using Equation (12) and r = 0.2054 nm.
However, this was not true for polar substances. Israelachvili [33] concluded that Equation (12) may
not be used to calculate the surface free energies of highly polar liquids, where short-range forces other
than dispersion forces (e.g., hydrogen bonds) are involved. Later, the value for r was corrected (by the
same author) to a value of 0.165 nm.

3. Summary of Experimental Studies Based on SFE Approach

3.1. Overview of Test Procedures to Determine Surface Energies

An overview of experimental methods, as was observed in the literature survey, to determine
SFE or SFE components of bitumen and aggregates is presented in Table 1. The calculation method,
if applicable is indicated. In the Owens–Wendt (OW) concept, SFE is a sum of two components:
a dispersion (D) and a polar (P) part, while in the Van Oss–Chaudhury–Good (VCG) theory, SFE
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is calculated based on three components; a disperse, an acid, and a base component. The most
popular test methods include the Wilhemy plate test (WP) and the universal sorption device (USD)
for respectively, bitumen and aggregates. Due to its simplicity and because it can be used for both
bitumen and aggregates, the sessile drop test is also used a lot. These three tests are briefly explained
in the next paragraphs.

Table 1. Literature overview indicating the test methods used to determine surface energies of bitumen
and aggregate.

Reference(s)
Method to determine surface energies

of bituminous binders

[18,20,21,23,24,26,28–30,34–47] Wilhelmy plate tests in probe liquids (VCG), ambient

[20,39,48–51] Sessile drops of probe liquids on bitumen surface
(VCG) ambient

[18,20,35] Inverse gas chromatography (CVS)

[46,52] Pending drop (100–140 ◦C) combined with sessile drop on
PTFE (OW)

[53] Sessile drops on a microtome-cut bitumen surface 20 ◦C (OW)

[39,54] Sessile drops of probe liquids on bitumen surface
(OW) ambient

[55] Dynamic sessile drop measurements of probe liquids on a
bitumen surface (VCG)

[56] Pending drops of bitumen (100–130 ◦C) (γ total)
[53] Pending drops at equiviscous temperatures (γ total)
[57] Pending drops of bitumen at a fixed G* 209 Pa (γ total)
[39] Wilhelmy plate tests in probe liquids (OW) ambient
[20] Atomic force microscopy (dispersive component)

Reference(s)
Method to determine surface energies of aggregates used in
asphalt applications

[18,19,21,23,24,26,28–30,35,36,38,40,41,45,46,58–60] Universal sorption device (VCG)
[49–51,55] Sessile drops of probe liquids on flat aggregate (VCG)
[53,57,61] Sessile drops of probe liquids on flat aggregate (OW)
[20,28] Micro calorimeter (VCG)
[20] Inverse gas chromatography (VCG)

Legend: OW—Owens–Wendt theory resulting in two surface free energy (SFE) components: Dispersive and polar;
VCG—Van Oss–Chaudhury–Good theory resulting in three SFE components: Dispersive, acid, and base.

The Wilhelmy plate method also referred to as plate method, was proposed by researchers from
Texas A&M University to investigate bitumen [18,35]. Later, this test was applied by other researchers
as referred to in Table 1. In this test, a thin bitumen coated glass plate is immersed or withdrawn from
probe liquid at a slow and constant speed. The dynamic contact angles that develop between the
bitumen film and the liquid are obtained, by comparing the weight of the sample slide in air to its
weight in the liquid after correcting for buoyancy. The basic principle is schematically illustrated in
Figure 1. The dynamic contact angle measured during the immersion process is called the advancing
contact angle (a wetting process), while the dynamic contact angle measured during the withdrawal
process is called the receding contact angle (a de-wetting process). Theoretically, for a surface that
does not undergo any permanent change by meeting the probe liquid, the advancing and receding
contact angles should be the same. However, in most cases, differences are observed [20] and they have
been attributed to chemical and morphological heterogeneities of the surface, or also to roughness,
swelling, rearrangement, inter-diffusion, and/or surface deformation. In the case of bitumen, it has
been attributed to surface heterogeneities, and in bitumen, the advancing contact angles are used to
determine surface energy components [20]. In the latter study, the effect of the choice of probe liquids
on the precision of the SFE determination was investigated. In principle, for the OW method it would
be enough to determine the contact angles with two known probe liquids and for VCG calculation
with three probe liquids. However, if two or more of the probe liquids have similar surface free energy

22



Infrastructures 2020, 5, 20

components, the calculated surface free energy components of bitumen will be very sensitive to small
errors in the measurement of contact angles. It was advised by Texas A&M to use five probe liquids.

Figure 1. Schematic illustration of Wilhelmy plate technique [35].

The sessile drop method is based on a direct measurement of the contact angle of a known liquid
on the surface of the material being tested [18]. This approach is very well described in other references
such as [52]. While the plate technique measures a dynamic contact angle in a quasi-equilibrium
state, the sessile drop approach usually measures a static contact angle although it can also be used
in a dynamic mode. As in the case of Wilhelmy plate method, the three unknown surface energy
components of a solid under investigation can be calculated once the contact angles of at least three
known liquids on this substrate are measured. In this test, a drop (about 2 to 3 mm in diameter) of a
probe liquid is dispensed on a horizontal, flat surface of the material being tested (this can be a bitumen
film or a flat stone surface), and the contact angle is measured. In Figure 2, different contact angles are
shown as a function of the degree of wetting. For a complete wetting, the contact angle is zero, while
for two materials that have no wetting the contact angle is 180 ◦C. In that case, the drop will roll on
the surface. Instead of working with known probe liquids, it is also possible to use solid substrates
with known surface energy characteristics and use sessile drop measurements to determine the SFE
components of an unknown liquid.

Figure 2. Overview of contact angles as a function of the wetting behavior [52].

Bitumen and aggregate can be tested using this method. In both cases, the sample needs to be flat
and smooth, and aggregates are very often polished. Therefore, the surface does not represent a natural
crushed state. In addition, since each measurement is made using a single drop that covers only an
area of about 2 to 3 mm in diameter, the application of this test on heterogeneous aggregate surfaces
will require a lot of repeats on different locations, in order to get a reasonable average representative of
the whole surface area. Additionally, it has also been reported that nonpolar liquids cannot be used
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on high-energy aggregates surfaces since complete wetting occurs, resulting in a zero-contact angle.
The quality of the drop pictures is also very important as stated in [56]. A summary of possible errors
related with this technique is provided by Rudawska et al. [62].

The universal sorption device (USD) is a gravimetric sorption technique, used to measure the
sorption characteristics of selected vapors on aggregate surfaces. According to literature it can be used
in a static or dynamic way. Again, the sorption tests need to be conducted with at least three vapors
with known surface energy components in order to be able to calculate the three SFE components
of an unknown aggregate. Sorption methods are particularly suitable since they can accommodate
different sample sizes, irregular shapes, mineralogy’s, and surface textures associated with aggregates.
In the method used by Texas A&M University, an aggregate fraction passing a 4.75 mm sieve and
retained on a 2.36 mm sieve is tested. The chamber, including the suspended aggregate fraction,
is vacuumed and the solute is injected into the system. A highly sensitive magnetic suspension balance
is used to measure the amount of solute adsorbed on the surface of the aggregate at predetermined
increasing levels of relative pressure. Little and Bhasin [20] noted that the specific surface area (SSA)
of the aggregates is a required input to be able to compute SFE components. The methodology of
using the universal sorption device is applicable only when the probe vapor molecules are adsorbed
due to physical adsorption and not chemisorption [20]. Experiments by Texas A&M University have
confirmed that the adsorption of the selected probe vapors on typical aggregate surfaces such as
granite, limestone, and gravel is mostly due to physical adsorption. However, if aggregates are coated
with chemically active materials and are used for testing, it must be ensured that the probe vapors
do not react with the coating. Little and Bhasin [20] also show that clean aggregates are needed and
physically adsorbed impurities such as water vapor, etc., need to be removed, as they will influence
the SFE components. Water molecules and other impurities when adsorbed to the clean aggregate
surface will lower its surface energy.

3.1.1. SFE Measurement Results on Bituminous Binders

In Table 2, values obtained for surface energy measurements on unmodified bitumen are shown.
All these data are based on the Wilhelmy plate method combined with the VCG calculation procedure.
Only data on unmodified binders are summarized, and the data are first grouped by the laboratory
where they have been tested, and secondly by the reported publication date.

There seems to be a good agreement in the total surface energy levels found, although the levels
found by Bahramian [39], and Zhang et al. [22] are slightly higher. Bahramian [39] also showed
in his project slightly higher levels in the polar parts as compared to other references. In general,
for bituminous binders, the polar parts are much smaller compared to the dispersive parts.

Standard deviations on the surface energy components have been reported for example in [18]
and [39]. These standard deviations are small compared to the measured levels for the total and
dispersive parts, but they are large for polar, acid, and base parts, indicating that these parts cannot be
measured very accurately. Especially the small acid and base parts have sometimes very large standard
deviations. In the paper by Luo et al. [42], the obtained levels are lower as compared to the other
references because these authors added a correction to the Wilhelmy plate method. This correction
takes into account the slight curvature of the liquid surface next to the plate. For some of the samples,
this correction resulted in a change of more than 10% in the cohesive energy components.
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Table 2. Overview of typical values of surface energies for unmodified bituminous binders, using the
Wilhelmy plate test.

γTotal γLW γAB γ+ γ−
Reference(s) Notes

mJ/m2 mJ/m2 mJ/m2 mJ/m2 mJ/m2

14–32 13–32 0–3 0–1.5 0–3 [18,20,24,28–
30,35,36]

12.1–12.5 10.6–11.2 1.3–1.5 0.7–0.8 0.6–0.7 [55]

15.6 13.7 1.9 1.5 0.7 [21]

19.1–30.6 18.8–30.6 0–0.4 0–0.34 0–5.08 [15,26,41,46]

33.6–38.1 32.9–37.5 – 0.0–0.01 2.1–3.5 [22] Two binders

14.0–15.6 12.5–13.5 1.5–1.9 1.4–1.5 0.4–0.7 [31] Two binders

14.2–15.9 11.8–13.7 2.2–2.4 2.6–3.0 0.5–0.5 [45] Two binders

10.45 6.85 3.60 3.47 0.93 [42]
Revised calculation

method; one
unmodified binder

20.2 19.3 0.9 1.2 0.2 [43] One unmodified
binder

26–39 18–33 6–8 4.9–6.7 1.7–2.4 [39] Six pen grade
70/100 binders

20.5 17.8 2.5 1.5 1.2 [47] One unmodified
binder

γTotal—total SFE; γLW—the nonpolar Lifshitz–van der Waals component; γAB—acid–base part of SFE; γ+—the polar
Lewis acid component; γ−—the polar Lewis base component.

Comparisons of different tests methods, using the same sample set, were reported
in [18,20,32,35,39]. For example, for the comparison between the sessile drop method and the
Wilhelmy plate tests, Little and Bhasin [20] reported that both test methods produce results for the
LW component with adequate precision. There was a trend between LW parts of both methods
(R2 = 0.59), but sessile drop measurements systematically resulted in larger dispersive parts, attributed
to differences in the test methodologies. Differences were also reported in the acid components; a
larger value was obtained using the Wilhelmy plate method. In the paper by Bahramian [39], a similar
comparison was conducted, in this case, almost no differences were observed between both methods.

In the paper by Hirsch and Friemel-Göttlich [53], sessile drop measurements of probe liquids on a
bitumen surface were used to determine SFE components of bitumen (OW calculation), in this study
the author reported that especially for soft binders, very small polar components were obtained. This
was related to separation effects at the bitumen surface. Normally bitumen is heated, covered on a
glass plate, and afterward allowed to cool to room temperature. During this cooling, the surface will
optimize its surface energy by selectively placing compounds with small surface energy at the surface.
Especially, the accumulation of smaller more mobile paraffin at the surface can reduce the surface
energy. The authors in [53] could avoid this phenomenon by using a freshly microtome-cut bitumen
surface instead of an air-cooled surface. Unfortunately, in the paper the comparison of both surfaces
is not included, only measured data on microtome-cut surfaces are reported. These indicate rather
larger polar SFE components as compared to other references. The author also expected these effects in
polymer modified binders.

Interesting results were also obtained by Khan et al. [54], he used the sessile drop method to
determine the three SFE components. Additionally, for three binders, he compared several preparation
methods of the bitumen surfaces. In method A, he first mixed the additives with the binders, this was
either an adhesion improver or an emulsifier, and used the standard method to prepare a sample. This
is heating a binder, preparing a hot surface, and leaving it in air to cool down. In addition to this,
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in method B, he prepared bitumen surfaces without additives in the standard way, and placed these
surfaces underwater, in which the additives were mixed. After removing this surface from the water,
the SFE components were determined. The data clearly showed that the effect of a surfactant or an
emulsifier was only observed in method B. Only those surfaces that had been into contact with the
water, had developed a clear polar part in their surface energy components.

The effects of testing time and temperature on SFE component determination is discussed in the
papers [35,52,53,56]. A linear decrease in total surface energy with temperature has been reported, and
all binders seem to vary in a very similar way, for 30 ◦C increase, the total surface energy decreases
between 2 and 2.5 mN/m2.

In many studies, different bituminous binders show differences in the total and dispersive parts of
the surface energy and also small differences in acid or base parts as reported in the papers [18,20,35].
However, at this moment, it is not clear how these differences relate to other bitumen parameters,
and/or to the bitumen chemistry. Korn [52] has reported that paraffinic binders have larger total
surface energies compared to naphthenic bitumen, but paraffinic binders have a lower polar part.
In the papers [53,57] only very little variation was observed in the total surface energies of various
commercial binders, while in the paper [53], it was noted that more differences could be observed
when comparing polar and dispersive parts, but the author also indicated that the errors bars on these
parts are rather large. The influences of bitumen modification, antistrip additives and ageing on the
surface energy, and its components are summarized in Table 3. In conclusion, it seems that the effect of
additives such as antistrip agents is very hard to detect in SFE measurements. Moreover, polymer or
wax modification does not result in large changes, and for aging different trends are reported.

Table 3. Overview of effect of bitumen type and bitumen modification including use of additives on
surface energy and SFE components.

Effect Studied Finding(s)—Conclusion(s) Reference(s) *

Type of bitumen
• γtotal parafinic -> γtotal naphthenic; γAB
napthenic -> γAB paraffinic; [52]
• γAB napthenic -> γAB paraffinic;
• SHRP library binders, differences between the
binders were observed but this did not relate to
another bitumen parameter;

[18,20,28,34,35]

• Very little difference between binders in γtotal. [53,57]

Antistrip agent
(0.4%–1% addition) Slight increase in γtotal but decrease in γAB; [52]

No clear trend on surface energy and SFE
components; [18,20,28,35]

γtotal and γ− increase slightly, only for the
harder binder; [41]

γtotal, γLW, and γ− increase slightly; [48]
γtotal, γLW, and γ− increase; [31,45,60]
Method A (see text) γLW ≈ 40, γAB ≈ 0; [54]
Method B (see text) γLW ≈ 20–25,

γAB ≈ 10–40.

Hydrated lime • No effect. [20,49]

Wax addition
3% wax addition • Slight increase in γtotal and γAB due to wax; [52]
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Table 3. Cont.

Effect Studied Finding(s)—Conclusion(s) Reference(s) *

sasobit (2%–8%), paraffin wax (8%)
• Sasobit decreases γtotal, γ+ is increased no
effect on γ− similar effect of paraffin wax, no
effect of aspha-min;

[37,55]

sasobit (0.5%–8.0%), evotherm
(0.5%–1.5%) • γtotal, γLW, and γ− increase slightly; [48]

sasobit (3%), and RH (3%) (RH is a
type of organic wax)

• For sasobit: for one binder γtotal decreases, for
the second binder γtotal increases, basic part
increases, acidic part decreases. For RH: For
both binders γtotal decreases, basic part
increases acidic part decreases.

[50]

Polymer modification
[46,52,53]: SBS

No effect on γtotal; [52]
γtotal increases; [53]

[49]: SBS (3%), SBR (3%)
SBS results in an increase in γLW, decrease in

γAB, SBR almost no effect; [49]

γtotal increases slightly for Wilhelmy plate
tests at 23 ◦C, no effect for pendant drop tests at
120 ◦C.

[46]

Ageing
(RTFOT + PAV)

• γ− increases slightly; [20]
• No clear effect on γtotal; [18]
• γtotal increases, γLW increases, γ+ decreases,
γ− varies, γAB decreases; [49]

• Increase after RTFOR, reduction after PAV in
γtotal, similar trend for LW and basic
component, the acidic component increases
after each aging step.

[47]

Nanomaterials
carbon nanotubes 3%, nano-SiO2

(6%), diatomite (6%)
These additives have almost no influence. [49]

WMA additive
Aspha-min (1%–6%) • No effect; [37]

Cecabase RT® (0.2%–0.4%) • γtotal increases; [47]
Zycotherm (NZ) • γtotal and all components increase. [43]

* For each reference the respective test method can be found in Table 1.

3.1.2. SFE Measurement Results on Aggregates

Aggregates consist of an assemblage of one or more minerals, while minerals have a definite
chemical composition and an ordered atomic arrangement as described in [18]. Consequently, it is
expected that the surface of aggregates is rather heterogeneous. In the papers [52,53,63], aggregate
types are divided into acid and basic types; acid aggregates consist mainly of quartz (silica dioxide or
SiO2) and are generally considered as water sensitive aggregates. The reason is that SiO2 can form
strong hydrogen bonds with water resulting in strong interactions. The author also reports that on
these surfaces even after heating it is very likely that a monomolecular layer of water will remain.
On the other hand, basic aggregates consist mainly of calcite and are considered as good adhering
aggregates. Therefore, in general terms, bad adhering aggregates may include quartz, quartzite,
hornblende, biotite, orthoclase, while good adhering aggregates comprise, e.g., basalt, augite, and
olivine. Hirsch and Friemel-Göttlich [53] note that the chemical components at the stone surface with a
high affinity for bitumen are in general elements such as Al, Fe, Mg, and Ca, while elements with a
low affinity are Na and K. The reason given is that Ca2+ and Mg2+ ions form water-insoluble salts,
while K+ and Na+ form water-soluble salts, with a negative effect on the bitumen stone adhesion. A
similar observation was in [64], where it was shown that alkali feldspars induced a weak interface
with bitumen. Lyne et al. [65,66] has given a literature overview on the effect of specific elements
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on the moisture sensitivity of bitumen—aggregate adhesion. Minerals containing alkali metals are
prone to stripping and iron compounds are considered beneficial. Magnesium and calcium are also
considered advantageous. The total picture of the effect of aluminum and silica is less clear. Hefer [18]
has noted that carbonates may result in weak boundaries if the pH of the water drops below 6, since
then, the carbonates may dissolve leading to failure.

Surface energy measurements on aggregates indicate much more variation between the surface
energy components compared to the values observed for various bituminous binders. Little and
Bhasin [20] have reported that the total surface energy is typically in the range of 50 up to 400 mJ/m2 for
aggregates. The magnitude of the LW component is smaller (30 to 60 mJ/m2) compared to the magnitude
of the base component (200 to 1000 mJ/m2). Most aggregates have a small magnitude of the acid
component ranging from 0 up to100 mJ/m2, so the total polar part of the surface energy is not necessarily
high and can still be small depending on the acid component. Hirsch and Friemel-Göttlich [52] noted
that differences in the total surface energy and the distribution between dispersive and polar parts
can be larger between aggregates belonging to the same class of aggregates compared to aggregates
belonging to different classes. In the particular case in [53], when two quartzite aggregate types showed
larger differences than what is observed between quartzite and granite types.

In the collected papers, large variations between aggregates were observed, even for aggregates
that differ only slightly in their mineralogical composition. For example, in the papers [26,41], two
limestone type of aggregates, consisting both for 96% of the mineral calcite, still showed a very large
difference between the surface energy components. Regarding standard deviations, these are reported,
for example, by Bhasin [28] and they are low compared to the measured values, except if an SFE
component is very small.

Different test methods are available and have been used to evaluate the SFE of aggregates. From a
comparison of different methods, the following conclusions were obtained:

• Inverse gas chromatography is not very successful for aggregates as stated by Hefer [18] as the
retention time measured may correspond to only the high-energy functional groups present on
the surface of the material and not to an average value as reported in the papers [20,28];

• The use of contact angle methods such as the sessile drop method are limited as they require a flat
stone surface; and a large number of repeats are needed [53];

• Static and dynamic vapor sorption measurements are very suited for aggregates with irregular
shapes as concluded in the papers [34,35];

• Atomic force microscopy (AFM) also requires a very flat surface and moreover, only a very small
area is scanned at a given time as reported in the papers [34,35];

• Micro calorimetry characterizes only the enthalpy change and could only be used if entropy
would turn out to be negligible as stated in the papers [34,35].

In several references the effects of polishing have been discussed. Hirsch and Friemel-Göttlich [53]
have investigated the surface roughness after polishing and concluded that even after polishing
differences in surface flatness still exists between different aggregates. In this case, slight variations
in the surface hardness could, after polishing result in very small imperfections on the surface.
The researchers tried to avoid the influence of surface irregularities by using the same sample
preparation for all the aggregates, and by performing a larger number of contact angle measurements
on different locations on the stone surface. The author also investigated the difference between cutting,
scrubbing and polishing, when measuring contact angles with water. The polished stones gave the
lowest contact angles. The author concluded that irregularities, which may be larger after cutting and
scrubbing, hinder the wetting of liquids on the surface. This study also compared static and dynamic
contact angles between probe liquids on stone surfaces. For some surface types differences between
both contact angles were seen, while for others these were very similar. If differences were observed
these could be attributed to the surface roughness. In this study, the author decided to determine the
SFE components of the aggregates (polar and dispersive only) using dynamic contact angles. There is
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still a lot of discussion on the validity of methods that measure liquid contact angles for solids which
are not easily prepared into a flat plane as stated by Miller [58].

In some references, the effect of using “freshly-cut” or “aged” aggregates is discussed. Korn [52]
noted that after crushing, there is a reorganization of polar substances at the surface, and by adsorption
of substances from the air (water molecules and dust) the surface energy of the aggregate decreases
until after a few months a stable situation has been installed. Schellenberger [67] noted that freshly cut
aggregates have a worse moisture sensitivity behavior compared to aggregates that have been stored
for some time. Hefer [18] noted that possible reactions at the stone surface when water is absorbed are
presented. Little and Bhasin [20] noted that for two aggregate types no differences due to aggregate
storage could be observed. This was explained by the fact that crushed aggregates may within a few
seconds after crushing accumulate surface contamination from the environment.

Miller et al. [58,59] evaluated the possibility to catalogue mineral properties, with the aim to
relate the mineralogy to the surface energy components and also to check if it is possible to assign
surface energy values to aggregates coming from a specific quarry. This last objective can only be
possible if the surface energies of aggregates are not dependent upon the moment and at which point
in the quarry they are taken. This last condition was however not met. Additionally, a simple relation
between mineralogical composition and surface energy could not be developed because it was not
always possible to draw clear correlations between surface chemistry and surface energy. The reasons
for this observation are not so clear. Hirsch and Friemel-Göttlich [53] reported that determining the
chemical and functional groups as active sites is useful to understand interfacial reactions but does
not explain the magnitude or strength of these sites. Additionally, measured values of organic and
inorganic coatings seemed to play an important role and also the influence of varying surface roughness
was unclear.

Regarding aggregate modifications, in the paper by Arabani et al. [21] the influence of a
polyethylene (PE) precoating of three types of aggregates was evaluated. The data clearly show
that PE treatment decreases the polar components of the aggregates and increases the dispersive
part. However, the base component was for all aggregates higher after modification. There was no
explanation for this last observation. In the literature, numerous papers have evaluated the effect of
hydrated lime. In the papers [18,53], it was postulated that hydrated lime ties up carboxylic acids and
2-quinolones in the bitumen, with the formation of insoluble calcium organic salts, which prevent
these functionalities from reacting with a siliceous surface to form water-sensitive bonds. This leaves
important active sites on the siliceous surface to form strong water-resistant bonds with nitrogen
groups in bitumen (amines) resulting in a reduction of the water sensitivity of asphalt mixtures. In the
paper by Moghadas Nejad et al. [40] the SFE components of the aggregates with and without hydrate
lime treatment were determined, and the authors showed that hydrated lime treatment reduces the
acid SFE and increases the base SFE of the two types of aggregates. However, Little and Bhasin [20]
reported that the methodology of using the universal sorption device is applicable only when the
probe vapor molecules are adsorbed due to physical adsorption and not due to chemisorption. It is
unclear if this condition is met in the case of hydrated lime.

3.1.3. Dry and Wet Adhesion

Once the SFE components of bitumen and aggregate are determined, the dry and wet bond
strengths can be calculated. In literature, normally dry bond strengths are positive and wet bond
strengths become negative as stated by Hefer [18] indicating an attraction between bitumen and
aggregate when dry that becomes a repulsion when wet. Miller et al. [59] investigated a large range
of minerals and for some of these, free energies of adhesion between bitumen and these minerals
were still negative even in the presence of water. These were typically minerals with a low acid and
a low base component. Therefore, the latter minerals do not have a thermodynamically drive for
an adhesive debonding. The fact that this was not observed for any of the aggregates studied was
explained by the fact that aggregates are combinations of different minerals, resulting in average values.
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Grenfell et al. [26] reported that a limestone aggregate, which had small acid and base components,
also showed a negative free energy of adhesion with bitumen. A similar observation was made by
Porot et al. [61]. In this case, all investigated aggregates showed negative free energies of adhesion in
the presence of water, which may also be related to difficulties in the exact determination of acid and
base components.

3.2. Sessile Drop Measurements in Dry and Wet Conditions

In some studies [49,52,53,56,57,67–70], the bitumen–aggregate affinity is derived from contact
angle measurements, between bitumen drops in direct contact with a (flat) aggregate surface. In such
tests, surface energy components are not determined, however, later tests allow a direct measurement
of bitumen–aggregate interaction, which can be measured both in air, as well as in water. Therefore, a
short summary of these types of tests is included.

Korn [52] has developed a procedure to measure contact angles of bitumen drops on substrates in
air and in water. In this proposal, the temperatures for wetting and respectively, de-wetting by water
are determined by the bitumen softening points. In the first step, a procedure to bring equally sized
drops of bitumen on a substrate is described. For this purpose, the bitumen was heated, in this case,
up to 150 ◦C, while the substrate was kept at room temperature. Several drops of bitumen were placed
on the substrate using a needle. Afterwards, the covered substrates were heated to a temperature,
25 to 30 ◦C above the softening point. The contact angle data of bitumen to the substrate in air were
recorded after 10 min at 70 ◦C. Subsequently, the substrate with the wetted bitumen drop was placed
underwater at a temperature which is 5 ◦C below the R&B softening point, in this example at 40 ◦C.
The drop contact angle was measured again after 2 h of storage underwater. The difference in contact
angle before and after water storage is then calculated. Threshold values for the change after 2 h
respectively 24 h water storage have been set and used as a measure of the resistance to stripping.

Several references have applied this type of tests as described in the papers [52,56,68], while
Schellenberger [66] is using a similar approach, measuring contact angle underwater while adapting
slightly the procedure. Korn [52] observed clear differences between stone types and between various
bitumen types, especially in case of bitumen modified with antistrip additives, waxes, or polymers.
However, it should be noted that for polymer and wax modified bitumen the wetting temperatures
needed to be considerably higher, because of the increased viscosity. The authors also noted that
differences in surface texture influenced the contact angles, and finally, that there is no relation between
the total surface energy of a binder and the wetting of this binder on a particular stone.

Schellenberger [67] mentioned that the procedure was adapted, and, in this test, all unmodified
binders gave rather low contact angles, so a good wetting was not achieved. The test could clearly
show the effect of additives, which was also aggregate type dependent. Furthermore, the author noted
that this test cannot be used to investigate PmB’s, as it does not allow preparing small drops when the
bitumen is polymer modified. In the paper, the effect of additives was confirmed in rolling bottle tests
and in boiling water tests. Nehrings [68] used the same procedure as Korn [52] to evaluate the effect
of adhesion improvers, however, no effect was observed when measuring contact angles in the dry
situation, only the water conditioning step allowed to distinguish the binders. Wistuba [56] conducted
very similar tests as Korn [52], the authors report the need for minimum standards for image quality,
in order to improve the repeatability and reproducibility of the test method.

In the papers [49,52,57,69,70], contact angles were only evaluated in the dry situation. Some
studies described in the papers [49,53,69] indicate that effects of additives such as adhesion promotors
can be observed even when testing dry contact angles, while other papers [57,70] indicate that these
tests cannot differentiate binders with and without adhesion promotors.

In summary, it seems that contact angle measurements in the dry and wet state may be a successful
way to estimate the water sensitivity. However, at this moment the validation is mainly limited to
comparing binders with and without adhesion improvers, or other modifications. There are still a lot
of open questions with regard to this test such as: should binders be compared at an equal viscosity
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state or at an equal temperature, what is the effect of using a polished or a flat aggregate surface and
what about the accuracy, how large is the effect of a minor unevenness or a scratch on the spreading of
bitumen drops.

3.3. Correlations between SFE Measurements and Water Sensitivity Observations

3.3.1. Correlations between Calculated Bond Strengths and Laboratory Tests Indicative of Moisture
Damage

Table 4, is a selection of research papers, investigating the validation of surface energy predictions
based on laboratory tests. The number of test samples from each study, as well as the water conditioning
and test procedures are included in Table 4, while the findings are summarized in the next paragraphs.

Apeagyei et al. [71] evaluated six combinations and determined compressive strength ratios,
between wet and dry conditioned tests. In this paper, possible correlations between predicted and
tested ratios were not presented. Instead, from the surface energies of binder and aggregate, and from
the measured compressive strength ratios, a new parameter, the percentage of the surface area of
aggregate exposed to water was calculated. According to the authors, this percentage is a significant
index to quantify the level of adhesive fracture. In this study, the water conditioning took place prior
to testing the asphalt mixture samples, but the authors concluded that the introduction of moisture in
either a liquid or vapor state during cyclic loading may well be more damaging than simply moisture
conditioning an asphalt concrete sample prior to testing. The authors also noted a filler effect: This
essentially occurs when a filler is intimately mixed or dispersed with the binder. In fact, hydrated lime
intimately mixed with the bitumen may provide a filler effect that not only stiffens the mixture at high
temperatures but also provides a toughening effect that leads to increased fatigue life and increased
low-temperature fracture resistance.

In the papers [20,28,30], 12 binder–aggregate combinations were investigated, the authors came to
the following conclusions: the SSA, the specific surface are of the aggregates, is a parameter that should
be added to the surface energy parameters to predict the moisture sensitivity. When including SSA,
correlations improved, and residual errors decreased. Moreover, in general, the correlation between
the SFE parameters and the ratio of dry versus wet fatigue life was better than the correlation with the
ratio of dynamic modulus in tension. The best correlations of 0.84, 0.83 were obtained between the
fatigue ratio (wet/dry) versus log (ER1*SSA) and versus log (ER2*SSA), respectively.

Howson et al. [24] investigated six binder–aggregate combinations, based on uniaxial pull-off
tests using a DSR. For each test, the total work of fracture was derived. The latter was higher for
limestone as compared to andesite (for each binder and at each conditioning level). The change in the
total work of fracture compared to the dry sample was calculated (in limestone this tended to increase
with conditioning time, in andesite this tended to decrease). The average of this change related well
to the values given by the energy parameter (ER2), R2 = 0.89. A lot more conclusions were obtained
in this paper: for example, the authors noted an effect of the aggregate type, even if the failure was
purely cohesive. They also noted changes in the patterns of (cohesively) fractured surfaces after water
conditioning, and proposed a mechanism based on an increased ability of the binders to flow, as well
as cavitation and fibril formation due to the action of water. The authors also noted that an increase in
film thickness resulted in increases in total work of fracture, as it allowed more energy to be dissipated
in the bulk of the viscoelastic asphalt binder.

Hirsch and Friemel-Göttlich [53] compared surface energies and rolling bottle tests on 25
binder–aggregate. Two criteria for the assessment were used; stone coverage should be larger
if γ stone is large and γ binder is low. Additionally, the bond between aggregate and binder is stronger
if the distribution of polar to dispersive parts is more equal. In this study, these assumptions could not
be confirmed, and no correlations were obtained. The reasons for this are not clear but the fact that
SSA was not included in the predictions was stated as a reason, a second reason could be related to the
possibility that the binder forms a good adhering, but brittle film which could break during the rolling
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bottle test; or a strong cohesive binder film is formed, which is not well adhering, but not breaking
during rolling action.

Arabani et al. [21] used three aggregate–binder combinations and each aggregate was tested
in three states; without treatment, after coating it with low density poly(ethylene), and again after
coating with high density poly(ethylene). Therefore, in fact, a total of nine combinations was tested.
Unfortunately, in the paper no direct comparison of bond strength ratios to predicted levels based
on the surface energies was shown. Clear effects of the coating with polyethylene were observed
and discussed.

Wasiuddin [55] compared results of a modified pull-off test (PATTI) to SFE free energy calculations
for several aggregate binder combinations and binders modified with sasobit and liquid anti strip.
The results did not correlate well. In this study, a new moisture conditioning procedure was proposed,
able to produce adhesive failure which can be quantified by the modified pull-off test. For this purpose,
plain glass plates, coated with bitumen, were placed overnight in an oven at 64 ◦C in submerged
condition. This conditioning resulted in most cases in an adhesive failure, but for some of the modified
samples the failure was still either a mixed-mode (between cohesive and adhesive failure) or a fully
cohesive failure. The authors also noted that in the submerged condition, water can develop randomly
distributed, micro and macro scale cylindrical holes in the bitumen film. These holes penetrate up
to the asphalt–substrate interface and start replacing asphalt film from the substrate surface, causing
adhesive failure or stripping. Maybe this observation is related to the high temperature of 64 ◦C,
at which sample conditioning took place.

Liu et al. [41] tested three limestone types and three granite types of aggregates with various
binders. Differences in moisture sensitivity of the mixtures were observed based on the test method
used: the boiling water test (BWT) and the rolling bottle test (RBT) were the most discriminative tests
while the static immersion and the ultrasonic test were the least sensitive. The results for the total
water immersion test had mixed success. The BWT and RBT ranked limestone combinations better
compared to the granite combinations. The correspondence between SFE calculated and measured
water-sensitivity was partially correct, the mixtures that performed worst or best in RBT and BWT were
identified. Furthermore, the authors concluded that the magnitude of the work of debonding in the
presence of water was found to be aggregate type dependent which suggests that the physicochemical
properties of aggregates may play a more significant role in the generation of moisture damage, than
bitumen properties.

Grenfell et al. [26] evaluated two aggregates, limestone and granite, using three binders. In this
study the rolling bottle tests were well predicted by SFE calculations. All four aggregate–bitumen bond
energy parameters (ER1, ER2, ER1*SSA, and ER2*SSA) could be used to predict moisture sensitivity
of asphalt mixtures. Threshold values of (0.75 for ER1, 0.50 for ER2, 0.50 for ER1*SSA, and 0.35 for
ER2*SSA) were defined to separate ‘good’ from ‘poor’ moisture damage performing aggregate–bitumen
combinations. The authors concluded that surface energy properties of the materials combined with
the parameters obtained by conventional moisture sensitivity assessment techniques can contribute
towards the development of a material screening protocol for determining the best combinations of
bitumen and aggregates for the local road material providing better bitumen–aggregate adhesion and
less susceptibility to moisture damage/stripping.

Apeagyei et al. [71] followed the indirect stiffness versus conditioning time; generally, stiffness
decreased with conditioning time (and consequently water content) except at low exposure times
where low water content was associated with a slight but repeatable increase in stiffness. In this
paper, the reversibility of moisture damage was investigated, this is the stiffness degradation in wet
specimens being fully recovered upon specimen drying. The effect of moisture exposure on durability
was found to be reversible as moisture conditioned asphalt mixtures that had lost up to 80% of the
initial stiffness upon drying fully recovered. This was associated with a plasticization process, softening
the bulk mastic, and moving the critical stress concentration location from the interfacial region of the
aggregate-mastic bond into the bulk mastic. Micro-CT scans of the asphalt mixtures internal structure
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suggest moisture diffusion was mainly restricted to the bulk mastic and not the aggregate–mastic
interface. The results suggest that cohesive rather than adhesive failure dominate the durability of
asphalt mixtures under the long-term moisture exposure used in this study. In another paper by
Apeagyei et al. [15] the worse moisture resistance of the granite mastics compared with the limestone
mastic bonds could be explained, in part, by the dominant mineral phases in the granite. The three
dominant minerals in granite, namely albite, feldspar, and quartz have been associated with poor
adhesion and interfacial failure. A good correlation was found between the thermodynamic work
of adhesion and debonding, and the practical work of adhesion of the aggregate–mastic bonds. This
suggests that physical adsorption controls the moisture damage in aggregate–mastic bonds. In this
paper the authors also noted an increase in cohesive strength with moisture exposure, which was
related to a plasticization effect.

Zhang et al. [22] noted that differences in the water sensitivity tests could be explained by the
water absorption and mineral compositions of the aggregates. They concluded that based on the peel
test, the moisture absorption and mineralogical compositions of aggregate were considered as two
important factors to moisture sensitivity. This phenomenon suggests that in a susceptible asphalt
mixture, the effect of aggregate may be more influential than the effect of bitumen. The SATS test
and the peel test showed similar moisture sensitivity results demonstrating the good correlation
between these two mechanical tests. However, the surface energy tests, and the mechanical tests
cannot correlate in terms of moisture sensitivity evaluation. For the aggregates considered in this
research, the surface-energy-based method did not correlate well with the peel test for moisture
sensitivity evaluation.

Hamedi and Moghadas Nejad [31] tested combinations of eight aggregates and four binders. Four
SFE calculated parameters were used, of which two showed a good correlation with the laboratory
tests: EP1 defined as the difference between the surface energy of adhesion of asphalt–aggregate and
water–aggregate divided by the surface energy of adhesion of asphalt–aggregate. Additionally, EP2,
which is the ratio between the surface energy of adhesion of asphalt–aggregate (in dry conditions) to
the difference between surface energy of adhesion in dry and wet conditions. Both parameters showed
a good correlation with the tensile strength ratio. The R squares for these parameters were 0.82 and
0.81, respectively. The authors observed that these relations worsened slightly when including SSA,
which they related to difficulties in the measurement of SSA. The authors also noted that the biggest
shortcoming of thermodynamics is that it does not dictate rate; it shows in which direction things will
go, when in equilibrium conditions. In the papers [45,60], 24 combinations were investigated. In this
study, apart from the SSA of the aggregates, the authors also tested the AFT (asphalt film thickness)
and the permeability of the asphalt mixtures. A multiple regression model was applied to predict the
moisture susceptibility of asphalt mixtures based on thermodynamic parameters and the three other
parameters (permeability, SSA, and AFT). A good model was obtained, showing that the combination
of these parameters can predict the occurrence of moisture damage in asphalt mixtures, measured by
the modified Lottman indirect tension test. The results of the coefficients also showed that the highest
positive impact on asphalt mixture strength against moisture is caused by SSA, indicating that this
parameter is certainly an important one [45]. In the paper by Azarion et al. [60], the authors noted that
a comparison between variables based on the coefficients is not possible since the variables all had
different sizes. The model showed that all parameters were significant.

Porot el al. [46] found that according to SFE calculations all combinations should have been well
resistant to moisture damage, which did not correspond to the experimental test results. In this project,
four aggregates and three binders were tested using various test methods.
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Table 4. Overview of papers investigating relations between laboratory tests and predicted performance
based on surface energy calculations (the findings are summarized in the text).

Materials Lab Tests Ref. nr.

Four binder–aggregate combinations; two
binders (AAD-1 and AAM-1); two aggregates
(a Texas limestone and a river gravel), the
gravel aggregate was tested with and without
hydrated lime. Mixtures with 4% air voids.

- Repeated compressive loading, in
controlled stress mode, at 40 ◦C, 1 Hz
haversine loading;
- Water conditioning prior to the testing.

[71]

Twelve binder–aggregate combinations: Four
binders (AAB, AAD, ABD, AAE), and three
aggregates (granite, basalt, gravel). Mixtures
with 4% air voids.

- Dynamic modulus in compression and in
tension; dynamic creep; fatigue: Number of
cycles to reach 1% permanent μ strain;
- Water conditioning prior to testing;
submerging in deionized water for 24 h at
50 ◦C, followed by air drying for 24 h.

[20,28,30]

Six binder aggregate combinations: Three
binders (AAB, AAD, and ABD).Two
aggregates: Limestone (good field
performance in terms of resistance to
moisture damage) + andesite (poor observed
field performance).

- Uniaxial binder pull-off; samples were all
prepared with a film thickness of 30 μm and
tested at 23 ◦C, at a loading rate of 0.01
mm/s (aggregates surface slightly polished);
- Binder–aggregate samples were
submerged in distilled water for time
periods of 0, 12, 24, and 48 h.

[24]

Twenty-five binder–aggregate combinations:
Five stones, five binders.

Rolling bottle test (EN 12697-11 clause 5
[72]). [53]

Three binder–aggregate combinations: One
binder (60/70 pen grade) + three aggregates
(limestone, granite, and quartzite), each
aggregate was tested in three forms;
unmodified and coated with two types of
polyethylene (HDPE, LDPE), 0.43% by dry
weight of aggregate. Mixtures with
4% air voids.

- Repeated unconfined, compressive
loading, in controlled stress mode at 25 ◦C
and at 1 Hz under haversine loading;
- Preconditioning: AASHTO T283 [73].

[21]

Four binder–aggregate combinations, an
unmodified PG 64-22, and a PmB PG 76-22.
Binders were also tested after adding Sasobit
and an amine-based liquid antistrip additive
at 1% and 2%. Two aggregates: Limestone +
novaculite.

- A modified PATTI test, pull-off tensile
strength;
- Plain glass plates, coated with bitumen,
placed overnight in an oven at 64 ◦C in
submerged condition.

[55]

Two unmodified binders (40/60 +160/220);
40/60 binder was modified with liquid
antistripping agents (0.5 wt%)and four
amine-based and one non-amine
antistripping agent;three limestone + three
granite aggregates.

- Static immersion test (ASTM D1664 [74]);
- Rolling bottle test (EN 12697-11 [72]);
- Boiling water test (ASTM D3625-96 [75]);
- A total water immersion test;
- An ultrasonic method.

[41]

Four aggregates: Two limestone + two
granite; three binders: 15, 50 + 100 pen
grades; aggregates similar to [41].

- Rolling bottle test (EN 12697-11 [72]);
- Saturated ageing tensile stiffness (SATS)
(combined ageing and water damage).

[26]

One limestone aggregate, two mineral fillers
(granite and limestone), a 40/60 pen binder
compaction to three nominal air void levels
(4%, 6%, and 8%).

- Indirect tensile stiffness (20 ◦C);
- Indirect tensile strength (ITS) tests (20 ◦C);
- Water immersion at 60 ◦C, up to 70 days.

[71]

- Limestone and granite fine aggregate:
Passing the 1 mm sieve and retained on 0.125
mm sieve.
- Limestone and granite mineral fillers
satisfying EN 1097-7-2008 [76].
- A 40/60 pen grade.

- Mineralogy;
- Aggregate and mastic moisture absorption;
- Mastic adhesion strength and mastic
cohesion;
- Water conditioning, depended on the test
method.

[15]
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Table 4. Cont.

Materials Lab Tests Ref. nr.

Two binders (40/60, 70/100); five aggregates
(two limestones + three granite).

- Tensile force during a binder peel-off test;
- SATS tests [26];
- Whole specimens were submersed in
water at 20 ◦C for 7 and 14 days.

[22]

Four binders (AC 60-70); eight aggregates;
(three limestones, two granite, two sandstones
and quartzite) one liquid antistrip additive.

Modified Lottman indirect tension test;
procedure (AASHTO T283 [73]). [31]

Twenty-four combinations: Three aggregates
(limestone, granite and quartzite, each with
and without nano CaCO3) and two binders
(AC 60-70 and 85-100; with and without nano
ZnO and Wetfix BE).Mixtures with
air void 7%.

- Modified Lottman indirect tension test
procedure (AASHTO T283 [73]) [45];
- Number of cycles to failure wet/dry [60].

[45,60]

Four aggregates, various empirical degrees of
stripping (limestone, basal, greywacke, and
granite) and three binders, two unmodified,
and one polymer modified.

- Rolling bottle test (EN 12697-11
clause 5 [72]);
- Boiling water test (EN 12697-11
clause 7 [72]);
- Bitumen bond strength (ASTM D
4541 [77]).

[46]

In conclusion, Table 4 demonstrates that a large number of laboratory test procedures have
been used to validate SFE component calculations, including binder pull-off and peeling tests, mastic
cohesion strength and adhesion tests, asphalt mixture tensile tests, stiffness, dynamic modulus and
fatigue tests, rolling bottle and boiling water tests. In some cases, very good relations between
predicted water sensitivity levels, based on the SFE concept and measured performances were
obtained, [15,20,26,28–30,40,51], while in other cases relations were less good or even nonexistent
as reported in [22,41,46,53,55]. It is clear that SFE parameters are important, but the overview of
findings suggests that very often other properties need to be included when estimating the moisture
susceptibility in laboratory tests or in practice. An important property of the aggregate, indicated by
many papers [9,19,20,29–31,44,45,78], is the SSA, which is related to the aggregate roughness or texture.
Of course, this property will be of less importance in tests where the aggregate surface is polished.
Other parameters that have been considered include the binder film thickness and asphalt mixture
porosity [24,45]. Again, in tests where the binder film thickness is constant, this parameter will not show
up. Similar observations can be made for the water conditioning step, if the water needs to penetrate a
large aggregate substrate before reaching the aggregate binder bond, probably the water permeability
and water uptake of the aggregate will start to become important. In addition, the temperature at
which the water conditioning is conducted will also have an influence on the results. Temperatures
as high as 64 ◦C have been used, and due to the high temperature susceptibility of bitumen, one can
expect a different behavior at high temperatures as compared to a conditioning conducted at 20 ◦C.
For example, Wasiuddin [55] noted that where 64 ◦C was used during the water conditioning, binder
flow, and cavitation were observed, which is probably related to this high temperature conditioning.
Correlations between SFE and rolling bottle tests have been found to be weak [46,55]. The obvious
reason for this, is the presence of a mechanical action in the rolling bottle test, which is not covered by
SFE calculations. In addition, most likely in the rolling bottle test the mechanical action dominates
over the SFE driven equilibrium conditions. Hirsch and Friemel-Göttlich [53] explained the lack of
correlation by the formation of a good adhering but brittle film breaking under the rolling action and
the formation of a strong cohesive, but less good adhering film. Furthermore, a number of papers also
showed the importance of the filler type, which may need to be included. Finally, a reversibility of
moisture damage has also been demonstrated.
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The overview indicates that the set of properties, needed to obtain good relations between
predicted and tested performances, depends very much on the experimental test setup, including the
water conditioning regime.

As explained in several papers [15,46,51,55,79], water may cause a change in the damage location;
in the dry state, the damage typically occurs in the binder or mastic phase, being the weakest bond,
referred to as cohesive failure, while under wet conditions, the damage occurs in the aggregate–binder
interface, referred to as adhesive failure. Depending on the time given, and the degree of water
penetration, mixed behavior is also possible. Apeagyei et al. [15] observed a weakening of the mastic
due to the presence of water. In their paper, it was postulated that the damage in the presence of water
would still be cohesive and take place in the weakened mastic phase. If the failure location changes
between wet and dry states, the use of a wet versus dry ratio becomes questionable. This ratio can be
high because of a high moisture resistance, or because the water did not reach the aggregate–binder
interface, or because already in the dry state the cohesive properties had a low value. In fact, the
percentual area of the binder aggregate bond exposed to water may be a better indicator, as explained
by Kim et al. [25].

To validate the SFE concept, in a first step it is legitimate to remove as much as possible other
parameters, so that the significance of SFE parameters can be demonstrated. In further steps other
parameters such as SSA, binder film thickness, and porosity could be included, to further evaluate
their importance. Studies evaluating all or at least a large number of parameters are needed to further
clarify the relationships between each of these properties, and to possibly rank them according to their
importance. In the study of Hamedi and Moghadas Nejad [45], where indirect tensile tests on asphalt
cores were conducted, it seems that the SSA of the aggregate is certainly one of the decisive parameters.

3.3.2. Correlations between Calculated Bond Strengths and Field Experience

When evaluating field behavior, external parameters come into play; which examine the conditions
outside of the asphalt mixture system, such as traffic and weather fluctuations.

In the papers [19,20,28,36], bond strength calculations and the various energy ratios were compared
for eight mixtures with known field performance. The comparison of field performance with the bond
energy parameters, ER1 and ER2, and the energy ratios multiplied with the SSA shows that all ratios
can distinguish good from poor performing field mixtures. For each ratio, threshold values of the
bond energy parameter could be derived. The authors concluded that bond energy parameters can be
used to segregate mixtures based on their moisture sensitivity, but that these data cannot be used for
qualitative comparisons between various parameters. Since, unlike laboratory tests, it is difficult to
control and quantify the moisture sensitivity of field mixtures on a uniform scale due to the differences
in environmental and field conditions that influence these mixtures. Masad et al. [36] combined the
use of surface energy components with DMA data on mastics are described to predict fatigue and
healing in further detail. This approach is not discussed in this report. Bhasin et al. [19] used the same
data but, in this case, they were ranked according to the ratio of the total free energy ratios and the
free energy ratios calculated separately for the polar components. In this paper [19], for both energy
ratios threshold values to identify moisture susceptible binder aggregate combinations were proposed.
The authors concluded that the portion of the bond energy that results from the interaction of the acid
component of binder and the base component of aggregate contributes the most to the total adhesive
bond strength of the mixture.

4. Summary of Experimental Studies Based on the Hamaker Approach

The Hamaker equation is applicable to nonpolar materials and materials which have polar but no
directional bonds, as for example hydrogen bonds. Three papers have been published that evaluate
the adhesion between bitumen and aggregate both in the dry and wet state.

Lyne et al. [32] calculated Hamaker constants of a typical bitumen with several aggregates, based
on dielectric and refractive index data, which were obtained from the literature. These Hamaker
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constants were calculated, for the intervening medium air and also for the medium water. When
changing the intervening medium from air to water, the part of the Hamaker constant related to polar
interactions increased, while the part related to dispersive interactions decreased a lot. It is expected
that molecular forces related to dipoles increase with polar liquids such as water, while dispersive
interactions decrease. For air as an intervening medium, the polar part contributed 1% of the total
Hamaker value. For water as an intervening medium, the polar part contributed 9% to 25 % of the total
interaction. The calculation showed that if water comes in between the aggregate and the bitumen, the
interaction forces between bitumen and aggregate decrease by 80%–90%. This reduction is the main
reason for stripping. The authors also showed that the dispersive part, derived from refractive index
data is dominant in the bitumen stone interaction, in air, and also in water. As the dispersive terms are
dominating, the data also imply that adhesion increases (dry as well as in water) as the refractive index
of the aggregate and the bitumen are larger. In this paper [32], the ranking of the field performance
of several aggregates, derived from literature data [80], corresponded to the ranking based on the
calculation of the Hamaker constant.

Lyne et al. [65,66] focused on the variation in the dispersive component of minerals via their
refractive indices, which were found in the literature. In this study, it was assumed that the
bitumen–air–aggregate and the bitumen–water–aggregate adhesive interaction can be represented by
the dispersive component of the Hamaker’s constant. The data indicated that aggregates and minerals
that have a refractive index, higher than a cutoff value of around 1.6 are expected to be less susceptible
to stripping. This is represented in Figure 3.

 

Figure 3. High refractive index value for aggregates and minerals classified according to their degree
of resistance to stripping (P—poor, F—fair, and G—good) [65,80].

In this paper [66], the authors also related stripping and refractive index values to the elemental
composition of the minerals. Some relations were found: (1) alkali metals tend to lower the refractive
index and (2) alkali earth metals and transition metals tend to maintain the refractive index above
1.6. The authors concluded that the elemental composition of minerals has a clear influence on the
refractive index and therefore also on the dispersive interaction ability with bitumen. However, it was
also indicated that other mechanisms that are not dependent on an interaction may still occur, such as
alkali metals, which form water-soluble salts, and which will contribute to stripping when present in
higher concentrations.

Lyne et al. [65,66] evaluated several bitumen aggregate combinations. In this study, the refractive
indexes were measured using ellipsometry, which allowed calculating the dispersive component of
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the Hamaker constant. Three aggregates and seven binders were included in the study. Regarding
the binders, the refractive indices varied only in the second decimal place, between n = 1.550 and
n = 1.598, while the spread in refractive index among the three aggregate samples was much larger. This
observation corresponds to the observation that the stone surface determines the adhesion behavior
more compared to the bituminous binders. From the refractive index data on bitumen, the cohesive
energy of the binders was estimated as the dispersive component of the Hamaker equation in the
medium air and water. In the paper, adhesive and cohesive energies were compared, based on the
refractive index of the aggregate. If the aggregate had a refractive index that is higher than the binder,
the link bitumen–aggregate would be stronger compared to bitumen–bitumen, and cohesive failure of
the bitumen will be more likely. If the aggregate has a refractive index of the same magnitude as the
bituminous binder, then an adhesive failure will be as likely as a cohesive failure. The critical refractive
index value, discriminating good from fair aggregates was reported previously to be 1.6. This value
is very close to the refractive index measured on bitumen and is, therefore, a threshold for cohesive
versus adhesive failure. This observation indicates that stripping is related to a bitumen–aggregate
adhesion and happens when the bitumen–aggregate adhesion is weaker than the bitumen cohesion.

5. Conclusions

When summarizing the test results of the SFE components of bitumen, typically the SFE is
composed of a large dispersive part, sometimes accompanied by a small acid and/or base component.
There is some variation between different binders, but it is small, and it is not clear how this relates to
other properties. Softer binders tend to have lower polar components and slight differences between
naphthenic and paraffinic bitumen have been observed. The effect of bitumen modifications is very
small. Regarding test precision, it seems to be very difficult to measure the small parts, acid and
base accurately. When comparing the different methods to determine the surface energy components,
rather large differences between different test methods have been noted. It was also reported that the
sample state has an effect a microtome-cut surface of bitumen is different compared to an air-cooled
bitumen surface [53], and [54] showed differences between water-treated and air-cooled samples.
These observations indicate that for a multicomponent material such as bitumen, care is needed when
properties are derived from measurements made on the samples’ surface. As bitumen consists of a
very large numbers of different molecules, it could very well be that an air-cooled surface, and this
is the one that is investigated in most studies, is different from the surface composition that adheres
to the aggregate. Indications of chemical and microstructural differences between air-cooled and
fractured bitumen surfaces have been noted [81,82] and recently microscopy studies have demonstrated
differences in bitumen surfaces depending on the type of contact liquid [83]. In addition, also for
polymers variations in surface energies depending upon the contact medium have been observed by
Awaja et al. [84]. This seems to point out that SFE measurements on air-cooled surfaces are different
from the state of the binder as it is when against a stone surface.

With respect to aggregates, it was observed that there is a much larger variation between the SFE
components of aggregates compared to the variation seen for bitumen. Aggregates typically have
large base components, although when looking at minerals there are specific minerals that have only
small acid and base components. There are basically two test methods commonly used for aggregates,
the universal sorption test and the sessile drop method. In both cases, the sample preparation of the
aggregates is critical. For example, there is still a question if possible absorbed water layers or other
impurities on the aggregate surface have been removed or need to be removed, which has not yet
been fully answered. In turn, the time after cutting or heating the aggregates may also have an effect.
For the sessile drop test, the flatness or the absence of sufficient flatness has been reported to influence
the test result. In this test, only a very small area of the aggregate is tested. As aggregates are known to
be nonuniform, and can also differ between the individual stone particles, a lot of repeats are needed
to obtain a full view of the variation. In the universal sorption device, a larger amount of aggregates is
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tested, averaging internal variations. Regarding the test precision, it seems, as for bitumen, difficult to
measure the smallest SFE parts accurately.

Regarding the calculation of bond strengths, small differences in acid and base components of
the bitumen can have a large effect on the adhesive bond strengths in dry and in wet conditions,
especially for aggregates with a large mostly base component. Consequently, small errors in the acid
base determination of the bitumen can have a large effect.

Regarding the validation, a number of studies have shown good correlations between laboratory
tests and the predicted behavior, while there are also papers where correlations were less good. It is
clear that, in addition to SFE based calculations, other parameters need to be taken into account in order
to make good predictions. Other parameters such as the SSA, the binder film thickness, the asphalt
permeability have been proposed. In this respect, it is not clear how important and which role SFE
based properties can play, within the mixture of all possible influences.

In another approach, the change in bitumen drops after they have obtained good adhesion were
followed while being submerged in water. This approach seems promising, but also in this case
questions about the effect of binder viscosity, temperature, and the influence of aggregate flatness
need to be addressed. Finally, the Hamaker approach, which is mainly relating bitumen–aggregate
adhesion to dispersive interactions [32,65,66], seems to be able to establish a ranking between different
aggregate types. Nevertheless, for this approach, a laboratory validation including various bitumens is
not yet available. Moreover, also in this case, possible sample and/or more suitable surface preparation
effects have not been studied in detail. Additionally, again, also the Hamaker approach relates only to
equilibrium conditions.

In general, fundamental questions with regard to moisture damage mechanisms as they take place
in asphalt mixtures remain. It is still not fully clear which mechanism, or combination of mechanisms
induce moisture damage, and how these depend on conditions such as temperature, the particular mix
design, binder aging, the traffic, the water exposure time, and possibly the presence of other pavement
failures. The use of SFE based properties can be regarded as a promising element, in this complex
interplay of properties.
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Abstract: Paving blocks are today a popular paving solution for urban surfaces. Considering the
wide variety of products currently on the market, it is possible to build pavements that differ in
terms of functionality, bearing capacity, skid resistance, visual impact, and aesthetic integration with
the surrounding landscape. Interlocking concrete paving block is the most common construction
technology considering its low cost and its easy installation. Different wastes and second-hand
materials have recently been tested in order to completely or partially replace the raw materials used
for the production of paving blocks. In this paper, a waste basalt powder is used for the production
of alternative paving blocks through the alkali-activation process. Two different synthetic blocks
were produced, with and without aggregates. Taking into account the EN 1338 standard for concrete
paving blocks, a complete laboratory characterization is proposed for the two experimental blocks.
Tests highlighted positive results and downsides that need to be optimized in order to convert the
laboratory production to an industrial scale.

Keywords: paving blocks; alkali-activated materials; urban pavements; waste powders;
recycled materials

1. Introduction

Recent studies have highlighted the dramatic development of the urban land cover phenomenon,
given by the actual era of unprecedented global urbanization [1,2]. The growth in the size of cities has
completely changed the original concept of urbanization, making the modern urban area a complex
system of paved surfaces [3,4]. Everyday people spend countless hours of their lives in the road
network and considering the multitude of activities carried out on urban pavements, these can no
longer be treated as simple infrastructures [5,6]. The intricacy of the modern urbanization has led to a
differentiation in the urban pavement network, which is currently composed by lanes for powered
vehicles, special lanes, bike, and pedestrian lanes, parking areas, sidewalks and squares [7]. Studies
revealed that around the 95% of road users wish to have a clear and instant visual identification of the
different paths, which compose the urban roads network [8].

The need to differentiate the pavements according to the final intended use has created different
paving solutions, in terms of construction technology and materials [9]. From the traditional bituminous
pavements, the new design solutions encompass the application of special asphalt concretes (porous or
colored asphalt mixtures), paving blocks, cobblestone pavements or special ultrathin surface layers [10].

Paving blocks represent a suitable alternative to cobblestone or bituminous sidewalks, bike or
pedestrian lanes and to historic pavements, especially in old cities centers [11,12]. These are commonly
employed as paving solution due to the relatively low production and laying costs [13]. Furthermore,
considering the possible use of a wide range of materials and craft different shapes, paving blocks
have a large applicability in civil constructions [14]. The most common paving blocks are produced in

Infrastructures 2019, 4, 73; doi:10.3390/infrastructures4040073 www.mdpi.com/journal/infrastructures45



Infrastructures 2019, 4, 73

cement concrete, where the mix design is a function of the final performance required for the block.
Lightweight concrete is often used for pedestrian and outdoor pavements. Porous concrete is generally
required for permeable pavements (i.e., parking areas) and high-performance cement concrete is
suitable for heavy load traffic pavements or heavy load storage areas [15–18].

According to the latest estimates, the constructions sector is responsible for 36% of global energy
use and around 40% of CO2 emissions [19]. Taking into account the growing interest for environmental
issues such as the limitation of non-renewable resources and the emission of greenhouse gasses related
to human activities, the construction’s sector has been strongly affected by eco-friendly policies. In the
last years, an increasing demand for alternative and sustainable materials has been registered to
promote and to develop the so-called novel “green constructions” [20–23]. The recycling of waste
materials seems to be a viable solution for the production of new construction materials. The re-uses
of wastes, industrial byproducts and second-hand materials can couple the advantages given by
the conservation of resources to the inclusion of materials destined for landfills in the production
cycle of a new product [24]. This approach is perfectly in line with the circular economy concept,
where the objective is the reduction of the environmental footprint, also related to the construction’s
sector. Furthermore, when scientifically proven, the re-use of waste materials does not compromise the
construction standards [25,26]. Thus, researchers from all over the world are focusing on experimental
applications of wastes as construction materials, being the recycling the new frontier of the civil
engineering [27].

The paving blocks market is not further from this phenomenon. The cement concrete is the most
common constitutive material for modular elements, and the Portland cement production is today
under investigation from an environmental point of view [28]. Andrew calculated the CO2 emission
from cement production in 2017 as 1.48 Gt, corresponding to about 8% of the carbon dioxide globally
produced [29]. These emissions derived from the combined action of the chemical reaction involved
in the Portland cement production (formation of clinker) and the power needed to heat the raw
materials over 1000 ◦C. Over the years, attempts have been made to partially or completely substitute
the Portland cement with sustainable materials in order to reduce the environmental footprint of
the concrete production [30,31]. The literature shows several applications of alternative materials,
as paving block constituents. Most of the studies concentrated on the substitution of natural aggregates
with recycled materials [32]. Different researches evaluated the possible addition of Construction and
Demolition Wastes (CDW) within concrete paving blocks [33] and positive outcomes were verified
for the replacement of fine aggregates with recycled materials (i.e., dragged sediments, waste marble,
ceramic tiles, etc.) [34–36]. However, a relatively low number of studies focused on the use of
byproducts or waste cementitious materials as binding agents, in order to reduce the cement content of
the final product [37–39]. The advantage given by the replacement or the reduction of Portland cement
with alternative materials would be remarkable, considering the impact of the cement production and
the waste disposal on the environment.

Thus, in the case presented here, alternative paving blocks were produced through the
alkali-activation process of a waste basalt powder, without the addition of Portland cement. Starting
from the laboratory characterization of the alkali-activated paste, two different versions of modular
elements were cast: with and without aggregates. The evaluation of the physical, mechanical,
and functional properties of the paving blocks was based on laboratory tests suggested by the EN 1338
standard, which specifies the requirements and test methods for concrete modular elements.

2. Materials and Methods

Two different experimental paving blocks were tested: one (labelled PBP) entirely produced with
alkali-activated waste basalt powder and a second one (labelled PBA) with the same synthetic paste
but with the addition of aggregates according to a specific grading distribution.

The alkali-activation process is a synthesis between two groups of materials: precursors and
activators. The result of this process is a cementitious-like material with final properties and performance
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related to the chemical composition of its constituents [40]. Thus, the properties of activators and
precursors are fundamental for the quality of the final alkali-activated material (AAM). Well-established
literature verified suitable mechanical performance for AAMs produced with precursors rich in silica
and alumina, in strong alkaline conditions generated by specific activators [41,42]. AAMs are today
considered a sustainable alternative to Portland cement, considering the relatively low environmental
footprint of the production process [43]. Furthermore, if properly designed, the chemical and mechanical
property of the material, as well as its durability, are considerably higher if compared to traditional
cement concrete.

2.1. Precursors

In this experimental application, a waste basalt powder (B) and metakaolin (M) were used as
precursors according to a specific mix design.

B is a material completely passing the 0.005 mm sieve and it is a waste from the basalt extraction
process in quarries. Today, this material is landfilled and its re-use can represent an eco-friendly solution
to its disposal. Furthermore, the use of basalt in the alkali-activation process has been scientifically
proven by several studies [44,45].

M is obtained by the thermal treatment of kaolin and its adoption for the synthetic process dates
back to the first AA applications. Considering the chemical composition of M, it is widely used in
order to improve the mechanical and durability properties of the final product [46].

The chemical properties of both precursors are summarized in Table 1.

Table 1. Chemical properties of basalt and metakaolin.

Compound Unit Basalt Metakaolin

SiO2 % p/p 45.3 55.2
CaO % p/p 8.8 0.2

Na2O % p/p 1.7 0.6
Al2O3 % p/p 21.6 40.3
Fe2O3 % p/p 8.5 1.4
SO3 % p/p <0.1 0.2

MgO % p/p 2.0 0.1
P2O5 % p/p 0.7 <0.1
TiO2 % p/p 0.2 1.5
ZnO % p/p <0.1 <0.1
K2O % p/p 9.7 0.2

2.2. Activators

The activators are needed in order to create the strong alkaline environment suitable for the chemical
reaction. Taking as a reference, the well-established literature review and previous experimental
studies, the liquid mix used as an activator was a blend of Sodium Silicate (SS) and Sodium Hydroxide
(SH). SS is a commercial product with SiO2/Na2O ratio equal to 1.99, while SH was prepared with a
molarity fixed at 10.

Being the chemical properties crucial for the performance of the final material, different activator
blends were produced in terms of ratio between SS and SH.

2.3. Research Plan

The research plan can be divided into two steps: the first is related to the characterization of
the alkali-activated paste, while the second phase is about the laboratory characterization of the
experimental paving blocks.

The evaluation of the quality of the alkali-activated paste was based on mechanical tests. It is
worth noting, that there are no specific test methods or standardized procedures for the characterization
of AAMs. Thus, the mechanical analysis was carried out in terms of compressive strength on cubic
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samples, in compliance with the EN 1015-1 standard, which is traditionally taken as a reference for
hardened mortar.

Once the correct mix design for the AAM was defined, two different mixes for paving blocks were
prepared, with and without aggregates. The material was casted in plastic rectangular, specific for
the production of interlocking modular elements. The following physical, mechanical and functional
characterization was based on tests specified in the EN 1338 standard. This European Standard
identifies the material requirements and the test protocols and methods for concrete paving blocks.
Considering the wide range of applications of modular elements, their performance requirements are
defined by the standard in terms of classes and associated marking designations.

Therefore, according to the reference classes, a concrete paving block is considered suitable for its
specific application (i.e., road pavement, pedestrian use, parking areas, etc.).

The following tests were carried out on the experimental samples:

• Shape and dimensions;
• Weathering resistance in terms of water absorption;
• Tensile splitting strength;
• Abrasion resistance;
• Slip/skid resistance.

Based on data and on the resulting classification, the experimental paving blocks could be suitable
for specific real applications.

3. Alkali-Activated Material Characterization

As previously stated, the characterization of AAMs is generally based on mechanical tests
performed in compliance with reference standards for common construction materials, due to the lack
of specific tests methods.

In the case under study, the evaluation of the quality of the AA pastes was based on the compressive
strength of 40 × 40 mm cubic samples. The reference standard is the EN 1015-1, which is commonly
used for hardened mortars. According to the aforementioned standard, the compressive strength is
calculated applying an increasing load (from 50 N/s to 500 N/s) on cubic samples, so that the failure
occurs in a range from 30 to 90 s. The maximum load is registered and used for the calculation of the
compressive strength.

Different mixtures were prepared, according to the following variables:

• Dosage of waste basalt powder and metakaolin;
• Dosage of SS and SH;
• Precursors/Activators ratio;
• Curing time and procedure.

The right mix design was chosen in terms of workability, mechanical properties and low
environmental impact curing conditions.

After several trials, the mix design considered the 70% of waste basalt powder and 30% of
metakaolin as precursors mix. The SS/SH ratio for the activator was fixed equal to 4, while the
precursors/activators ratio was 0.75. Once mixed, the AA paste was casted in 40 × 40 mm cubic molds
and one day in the oven at 70 ◦C was chosen as optimized curing conditions. In order to have a
complete mechanical characterization of the AA mixture, the compressive strength tests were carried
out after 3, 7, 14, 21 and 28 days of curing.

The mechanical results are presented in Table 2.

48



Infrastructures 2019, 4, 73

Table 2. Compressive strength results for the alkali-activated (AA) cubic samples.

Compressive Strength (MPa) Day 3 Day 7 Day 14 Day 21 Day 28

Sample 1 45 61 60 59 63
Sample 2 49 61 62 61 64
Sample 3 48 63 57 59 64
Sample 4 46 59 57 57 65

AVG. 47 61 59 58 64

The AA mixture highlighted a remarkable compressive strength if compared to common Portland
cement concrete after just 3 days of curing. However, a light deflection of the mechanical properties is
registered for samples cured from day 7 to day 28. This reduction does not affect the performance of the
material and, based on results, the complete curing of the experimental mixture can be considered as
concluded after 7 days. Furthermore, a slight variation in mechanical results is a common phenomenon
for AAMs, due to the high influence of mixing and casting operations on the final performances of
the material.

4. Paving Blocks Characterization

Once defined the final mix design and the curing conditions, the AA paste was used for the
production of the experimental paving blocks. Two versions of the modular element were produced.
The PBP was entirely made in AA mixture, while PBA was mixed with aggregates, according to a
specific grading distribution, and the experimental AA paste as binder.

Figure 1 shows the particles size distribution, which fits with the gradation band commonly used
for concrete paving blocks. Common limestone aggregates suitable for construction materials were
used. They were mixed together with the AA paste according to a specific ratio in order to have a
suitable workability of the final material.

 

Figure 1. Grading distribution for Paving Block Aggregates (PBA).

The aggregates were mixed with the AA paste in order to improve the mechanical properties of the
final mixture and to evaluate whether or not the presence of aggregates could affect the performance of
the experimental paving blocks.

Once mixed or not with aggregates, the resulting material was casted in plastic molds, specific for
the production of concrete interlocking modular elements. As defined during the mix design phase,
the material was cured into the oven at 70 ◦C for 24 h. The obtained paving blocks were than de-molded
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with the injection of compressed air. The samples were than stored for seven days before being tested
in order to achieve the maximum of their mechanical properties, as verified during the preliminary
AAMs characterization.

The plastic mold and the final samples are shown in Figure 2.

 
(a) 

 
(b) 

Figure 2. (a) Plastic mold; (b) Final paving blocks after de-molding.

In the following paragraphs, based on EN 1338 standard, the laboratory characterization of the
experimental paving blocks is presented.

4.1. Geometrical Properties, Visual Aspect And Physical Properties

The geometrical measurement of the paving blocks is considered a compulsory test in order to
verify the production consistency of the paving blocks. According to the Annex C of the EN 1338
standard, the thickness of a block is measured to the nearest millimeter. The maximum difference
between the readings is calculated and recorded. Five experimental paving blocks were tested for
each product.

The standards specify permissible deviations based on the product dimensions. In the case under
the study, the paving blocks dimensions, the differences between measurements and the permissible
deviations are reported in Table 3.

Table 3. Paving blocks measurements and deviations.

Measurement Length (mm) Width (mm) Thickness (mm)

PBP 200 100 60
PBP deviations ±1 ±1 ±2

PBA 200 100 60
PBA deviations ±2 ±2 ±2

Permissible deviations ±2 ±2 ±3

According to the results, both experimental products are in line with the requirements suggested
by the standard. This is a further confirmation of the workability of the AA mixture, which allows the
complete filling and the perfect adhesion of the material to the mold profile. Furthermore, the addition
of aggregates does not substantially affect these properties.

However, the visual inspection of the paving blocks highlighted the presence of a small amount
of surface bubbles. This is mainly due to the casting operations that should be improved in order to
dissipate the air trapped into the mixture during the production.

In terms of physical characterization, as imposed by the standard, the paving blocks are classified
according to their weight per square meter. The PBP has a theoretical weight of 105 kg/m2, while the
presence of aggregates makes the PBA equal to 115 kg/m2. The most common concrete paving blocks
range between 120–180 kg/m2.
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4.2. Water Absorpition

According to the EN 1338 standard (Annex E), the weathering resistance is determined in terms of
freeze-thaw resistance or water absorption. In the case under study, the water absorption was evaluated.

This test is very important for footpath paving materials considering their exposure to weather
conditions. Still, this also represents an indirect evaluation of the air voids content of the material, being
the porosity directly responsible for the level of saturation of the paving blocks when submerged in
water. To evaluate the water absorption, in compliance with the standard, the specimens are immersed
in potable water at a temperature of (20 ± 5) ◦C until a constant mass is reached. Once saturated,
the paving blocks are than oven dried to constant mass. The water absorption is than calculated as the
ratio between the block weight before and after saturation.

Average results are summarized in Table 4.

Table 4. Water absorption tests results and standard limits.

Paving Blocks Water Absorption (%)

PBP 14 ± 1
PBA 10 ± 0

EN 1338 limit <6% (Class 1—Mark B)

It is worth noting, that the EN 1338 standard transfers to a national level, the durability requirements
in terms of classes of weathering resistance. However, the maximum suggested water absorption
limit is fixed to 6%. Both experimental paving blocks exceed the proposed limit. This is related to
the porosity of the material, which was also highlighted from the visual analysis of the paving blocks’
surfaces. However, the presence of aggregates within the AA mixture seems to reduce the water
absorption. The improvement of the mixing and casting operations might reduce the porosity of the
paving blocks and consequently their water absorption.

4.3. Tensile Splitting Strength

The tensile splitting strength represents the only test required by the EN 1338 (Annex F) standard
for the mechanical characterization of the concrete paving blocks. According to the standard, the load
is applied through two steel blades of a specified size on a sample, and it is progressively increased at
a rate equal to 0.05 MPa/s. Consequently, the failure load is registered and the area of the failure planes
is calculated. The tensile splitting strength is than calculated according to the following equation:

T = 0.637·k·P
S

(1)

where k is a correction factor dependent on the block thickness, P is the failure load, while S is the area
of the failure.

The failure load per unit length (F) is also required and calculated as the ratio between the failure
load and failure length measured at the top and at the bottom of the paving block. According to the
test procedure, the samples are kept in a water bath at 20 ◦C for 24 h before testing.

Three samples were tested for each product and results are presented in Table 5.
As for the reference standard limits, the average characteristic tensile splitting strength required

should not be less than 3.6 MPa, but none of the samples can register a mechanical value lower than
2.9 MPa and a failure load per unit length lower than 250 N/mm.

In the case under study, only the PBA exceeds the standard requirements. This is due to the
presence of aggregates within the AA mixture, which improves the structural properties of the paving
block, as well as its cohesion, if compared to PBP. In this case, the absence of a lithic skeleton makes the
structure weak for tensile splitting strength even if the compressive strength verified in the previous
lab characterization on cubic samples was considerably high.
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Table 5. Tensile splitting test results and limits.

Paving Blocks T (MPa) F (N/mm)

PBP 1 2.4 256
PBP 2 1.7 182
PBP 3 2.2 237

Avg. PBP 2.1 225
PBA 1 4.2 456
PBA 2 3.6 389
PBA 3 3.2 344

Avg. PBA 3.7 396
EN 1338 limit >3.6 MPa >250 N/mm

4.4. Abrasion Resistance

The abrasion resistance is generally considered the ability of a surface to withstand the friction
action. This is an important property for paving materials considering that it is directly related to their
durability, as well as to the functional properties of the surface.

This property of the paving blocks is evaluated through the Wide Wheel Abrasion test. According
to the standard, the abrasive force is generated by an abrasive material, which flows on a rotating
wheel that acts on the paving blocks surface (EN 1338, Annex G) (Figure 3).

 

Figure 3. Wide Wheel Abrasion test on Paving Block Paste (PBP) sample.

The abrasive material is a corundum powder with a specific particles size and its flow onto the
abrasion wheel with a minimum rate of 2.5 L/min. The wheel is made of specific Brinnel hardness steel
and it rotates on the paving block surface according to 75 revolutions in 60 s. Furthermore, the sample is
clamped in order to stay always in contact with the abrasive wheel during the test. After 75 revolutions,
the surface of the paving block is cleaned and the dimension of the groove is registered. The EN 1338
standard classifies and marks the concrete paving blocks according to the groove dimensions.

Three samples were tested for every material and the results are presented in Table 6.
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Table 6. Abrasion tests results and classification according to the EN 1338 standard.

Paving Blocks Groove Dimensions (mm) EN 1338 Classification

PBP 1 22.4 -
PBP 2 23.6 -
PBP 3 25.7 -

Avg. PBP 24 Class 1—Mark F
PBA 1 22.7 -
PBA 2 22.7 -
PBA 3 23.6 -

Avg. PBA 23 Class 3—Mark H

According to the results, the two experimental products have different class and mark, considering
the higher abrasion resistance properties for the PBA. For traditional concrete paving blocks, the abrasion
resistance is strictly related to the curing conditions, to the surface finishing or to the mix design (i.e.,
aggregates hardness, binder quality, and aggregates-paste ratio). In the case presented here, the only
variable between the materials was the presence of aggregates for PBA, which seems to improve the
abrasion resistance characteristics of the paving blocks.

4.5. Slip/skid Resistance

The skid resistance can be considered as one of the most important functional properties of a
paved surface being directly responsible for the safety of the users. In compliance with the EN 1338
standard (Annex I), the slip/skid resistance is evaluated in terms of Unpolished Slip Resistance Value
(USRV). This is a measure of the quality of the paving blocks and it determines whether the particular
surface finish is appropriate for the proposed application.

The pendulum friction tester is proposed for the evaluation of the skid resistance. The friction
force offered by a wetted surface to a rubber slider sliding on it, is measured in terms of reduction in
length of the slider swing using a calibrated scale on the equipment (Figure 4).

 

Figure 4. Pendulum friction tester during the skid resistance tests on concrete paving blocks.

Considering that the friction force can be affected by the materials temperature, the test equipment,
complete with rubber slider, is kept at 20 ◦C for at least 30 min immediately before performing the test.
At the same time, the samples are kept in a water bath at 20 ◦C for 30 min. Three paving blocks were
tested for each material and the results are shown in Table 7.
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Table 7. URSV tests results.

Paving Blocks USRV

PBP 1 60
PBP 2 62
PBP 3 63

Avg. PBP 62
PBA 1 56
PBA 2 51
PBA 3 53

Avg. PBA 54

The results highlighted higher skid resistance for the PBPs. In this case, the presence of aggregates
does not improve the performance of the material, which instead are reduced. All in all, the URSV
values are remarkably high for both experimental materials. It is worth noting, that the EN 1338
standard does not fix limitations or threshold values in terms of slip/skid resistance. The most common
paving blocks have a minimum URSV value equal to 35 and some UK technical guidelines identify the
range between 40 and 79 USRV as “low potential for slip” [47]. Thus, the experimental paving blocks
show considerable skid resistance properties.

In the case under examination, the surface texture was giving by the mold, that had specific
texture on the walkable surface of the modular element. The presence of aggregates has probably
reduced the viscosity of the AA mixture, as a consequence, its perfect distribution on the mold profile
needed to imprint the texture on the cured surface.

5. Conclusions

An alternative interlocking modular element produced with alkali-activated waste basalt powder
is presented in this paper. Two different products were designed, produced and tested, with and
without aggregates. Taking into account the EN 1338 standard for concrete paving blocks, a complete
laboratory characterization of the experimental blocks is proposed.

Based on the data presented in this paper, several conclusions and comments can be drawn:
The chemical predisposition of the waste basalt powder for the alkali-activation process has been

verified. This is further confirmation of previous research presented by the author. Furthermore,
the adopted mix design seems to be suitable for the production of a mixture with adequate workability
and mechanical properties to be used as a paste for the casting of modular elements.

The alternative paving blocks without aggregates (PBP) do not comply with some of the
requirements of the EN 1338 standard. Despite the AA paste ensuring a perfect casting, the tensile
splitting strength, as well as the water absorption of the samples, are limited. The mechanical
properties are not enough, despite the high compressive strength results obtained during the AA
paste characterization.

The presence of aggregates within the paving block is fundamental in order to achieve the tensile
splitting strength required by the EN 1338 standard. As a downside, the addition of particles within
the AA paste slightly reduces the workability and casting operations and limits the full adhesion of the
mortar to the mold profile. This phenomenon was confirmed through the verification of the shape,
superficial texture and dimensions of the paving blocks. However, the dimension’s deviations were in
line with the acceptance limits imposed by the reference standard.

In the light of the presented laboratory results, the production of paving blocks through the
alkali-activation of waste basalt powder seems to be a viable alternative for interlocking modular
elements. However, the presence of aggregates according to a specific grading distribution is needed to
achieve the required mechanical properties. Furthermore, the optimization of the particles distribution
and the paste/aggregates ratio would improve the workability properties of the mixture and the casting
operations. Still, the use of vibrating tables during the molding phase could improve the quality of
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the final product, reducing the presence of trapped air in the mixture. It may convert the laboratory
production to an industrial scale.

In an eco-friendly perspective, further studies will have to focus on the production and
characterization of AA paving blocks from waste powders with recycled aggregates in order to
achieve fully recycled and sustainable modular elements.
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Abstract: Utilizing recycled asphalt pavements (RAP) in pavement construction is known as a
sustainable approach with significant economic and environmental benefits. While studying the
effect of high RAP contents on the performance of hot mix asphalt (HMA) mixes has been the focus
of several research projects, limited work has been done on studying the effect of RAP fraction and
particle size on the overall performance of high RAP mixes produced solely with either coarse or fine
RAP particles. To this end, three mixes including a conventional control mix with no RAP, a fine RAP
mix (FRM) made with 35% percent fine RAP, and a coarse RAP mix (CRM) prepared with 54% of
coarse RAP were designed and investigated in this study. These mixes were evaluated with respect
to their rutting resistance, fatigue cracking resistance, and low temperature cracking performance.
The results indicate that although the CRM had a higher RAP content, it exhibited better or at least
the same performance than the FRM. The thermal stress restrained specimen testing (TSRST) results
showed that the control mix performed slightly better than the CRM, while the FRM performance
was adversely affected with respect to the transition temperature midpoint and the maximum tensile
stress temperature. Both of the RAP incorporated mixes exhibited better rutting resistance than the
control mix. With regard to fatigue cracking, the CRM performed better than the FRM. It can be
concluded that the RAP particle size has a considerable effect on its contribution to the total binder
content, the aggregate skeleton of the mix, and ultimately the performance of the mix. In spite of the
higher RAP content in the CRM versus FRM, the satisfactory performance observed for the CRM
mix indicates a great potential in producing high RAP content mixes through optimizing the RAP
particle size and content. The results also suggest that the black curve gradation assumption is not
representative of the actual RAP particles contribution in a high RAP mix.

Keywords: hot mix asphalt; recycled asphalt; RAP gradation; complex modulus; fatigue cracking;
permanent deformation; thermal cracking resistance

1. Introduction

Utilizing reclaimed asphalt pavement (RAP) in hot mix asphalt (HMA) is proven to be a green
alternative to produce environment-friendly asphalt mixes. Adding RAP in asphalt mixes is suggested
not only to conserve the aggregates and bitumen, but also to have at least the same performance [1].
Recycling of the existing mineral aggregates and asphalt binder in RAP particles would be of great
benefit to the environment by saving the nonrenewable materials. Milled pavements are considered to
be valuable materials after reaching the end of pavement service life. At a minimum level, RAP can
play the role of virgin mineral aggregates in order to conserve the energy and save the environment.
However, the ideal goal is to maximize reusing the waste materials in new pavement construction
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projects in a way that the same or even better performance as compared to the conventional materials
can be achieved.

1.1. High RAP Mixes

Although there is no recognized unanimity about the limit of the maximum amount of RAP in
HMA, RAP percentage in HMA has been limited by many agencies, mainly, due to the unproven
performance of high RAP mixes and also lack of a unified mix design [2]. The review of the previous
research on RAP indicates use of up to 100% RAP in HMA mixes. However, most of the plant-produced
100% RAP hot mix asphalt projects date back to 1991 and earlier [3–5]. In 1997, the Federal Highway
Administration’s RAP expert task group developed guidelines for the design of Superpave HMA
containing RAP [6]. In the same year, another study by Kandhal and Foo [7] recommended a three-tier
process to deal with RAP in asphalt concrete, where a RAP content of 25% and more was defined as high
RAP mix, requiring detailed evaluations [7]. RAP limitation was also supported by the findings of the
NCHRP research report 9–12 [8]. In spite of several research projects conducted on RAP incorporated
mixes, still there is not a clear vision about the interaction of RAP and virgin materials in details.
Different scenarios can be considered about the interaction of virgin and aged binder: (1) there is no
interaction between old and virgin materials, so RAP could be assumed as a black rock. In other words,
the aged binder in RAP does not significantly contribute the total binder content. As the rheology of
RAP may be affected by facing preheated aggregate and hot virgin binder, this assumption would
most probably be different from what happens in reality. (2) All of the aged binder in RAP blends into
the mix and with virgin materials effectively. Again, it is not clear whether this assumption is close to
reality or not. Therefore, further research is needed to figure out the rate of interaction between the
used and new materials and the significant parameters affecting this phenomenon. Previous study
showed that depending on the RAP size and aggregate gradation, the available binder content in RAP
would vary [9]. They have also concluded that there is a significant difference between large and small
particles with respect to transition of the asphalt binder from RAP to virgin aggregates.

There was no guidance until early 1990’s for implementation of RAP in HM, but based on experimental
studies, FHWA Asphalt Mixture Expert Task Group defined the interim recommendations [6]. Based on
the performance of Marshal Mixes with RAP, and mixes designed according to the Superpave system,
AASHTO Standards MP2 (now M323) describes how to design HMA with RAP [10].

Recycled asphalt mixes consist of complex bituminous material. Further, sometimes unknown
milling processes make it difficult to study RAP with predictable properties. Therefore, many issues
arise due to RAP variability when high percentages of RAP are used in a mix. One solution for this
issue might be using RAP in different layers of pavement structure. An example of such application is
discussed by Pratico et al. who describe the feasibility of building a two-layer porous asphalt (TLPA)
by recycling from permeable European mixes (PEM) RAP, when highly variable RAP stockpiles are
involved [11].

1.2. RAP Binder Characteristics

RAP mainly consists of aggregates and aged binder. When incorporating RAP in a new HMA,
the aged binder can affect the mix behavior in long-term because of the diffusion of RAP and virgin
binder. Generally, adding high RAP contents into new mixes can increase the stiffness significantly [12].
Asphalt as a petroleum-based product is an organic material which can be subjected to short term
chemical oxidation due to the combined effect of heat and atmospheric oxygen during the mixing and
hauling process. Characterization of oxidation is of utmost importance because this phenomenon
makes the material brittle [13]. This becomes even more crucial when the RAP content in a mix is
more than 25%, which according to the conventional definitions mentioned earlier is known as high
RAP mix. Therefore, depending on the RAP content, presence of aged binder can change the mixture
performance. During the past few decades, several studies have focused on characterizing RAP and
on finding the proper way of using it in producing asphalt mixtures. For example, Cosentino et al. [14]
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concluded that the controlling factors in the performance of RAP are dependent on where the RAP is
obtained and its gradation. However, there are still several aspects of using RAP in HMA that require
further investigation such as the impact of RAP source, content, gradation, conditioning, etc.

According to McDaniel et al. [8], less than 15% RAP has no impact on the blended binder
performance in mix. Between 15% and 25% RAP, the virgin binder grade is commonly decreased by
one grade (6 ◦C) on both ends (e.g., a PG 64-22 is changed to a PG 58-28). For more than 25% of RAP,
binder needs to be graded using the performance-graded binder tests. Therefore, for the mixes with
high RAP content, full characterization of binder is needed.

The aging level of RAP binder film thickness might be changed according to depth where the
mix is placed at and presence of oxygen. Bressi et al. [15] proposed a methodology to detect the
existence of a cluster phenomenon (Figure 1) and they also proposed a first approach to show a
different aging level in the RAP binder film thickness (i.e., partial differential aging). Stephens et
al. [16] also investigated the asphalt films properties for the coarse aggregates. They concluded that it
would be more prone to blending with virgin aggregates than asphalt film around fine aggregates.
The aged binder recovered from the coarse and the fine particles was compared by conducting a
series of Dynamic Shear Rheometer (DSR) tests. They concluded that there is no correlation between
variation in the binder stiffness and the asphalt coating of coarse or fine aggregates. The main issue in
this domain was referred to its exposure to heat and air during production, which is a random process
and does not correlate with either the aggregate size or related film thickness.

Figure 1. Schematic diagram of cluster phenomenon [15].

1.3. Effect of RAP Particle Size on Binder-Blending Phenomenon

In addition to the binder rheology in RAP particles several other parameters can affect the
final performance of a RAP produced mix. Saliani et al. [9] showed active binder in coarse RAP is
significantly higher than the fine RAP. In their work, Saliani et al. mainly focused on virgin aggregate
surface area and correlation with cutting or melting the aged binder from RAP particles. Saliani et
al. [9] concluded that virgin aggregate surface area is another factor that can have an impact on the
interaction of recycled and virgin material. In addition to aggregate surface area, film thickness in
RAP particles are not the same suggesting that more investigations are needed to characterize the film
thickness properties properly.

Gardiner [17] concluded that the complex modulus is not solely controlled by the stiffness of the
binder, whereas several other factors including the gradation and angularity of the aggregate have
impact on it. Mixing method, heating temperature, and mixing duration of RAP need to be optimized
to ensure the complete blending of the old and new binders so that the plant production process can be
better simulated in the lab [18]. However, all of the aforementioned studies concluded that the stiffness
of coarse and fine RAP would be the same, but their binder contribution to the new mix depends on
some other factors, such as virgin aggregates surface area, mixing temperature, and RAP preheating
temperature (if applicable).
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Several researchers studied the blending of RAP and virgin binders. Chen [19] found that not
only RAP does not act like a black rock but also a significant blending occurs between RAP and the
virgin binder. However, Huang [20] studied the blending of RAP with virgin HMA mixtures for a
given type of screened RAP. They concluded that aged binder in RAP formed a stiffer layer coating the
RAP aggregate particles than the virgin binder (see Figure 2).

Figure 2. Composite-layered system in recycled asphalt pavement (RAP) Virgin [20].

Composite analyses indicated that the layered system in RAP (Figure 3) helps in reducing the
stress concentration in HMA mixtures microstructure. The aged binder mastic layer was actually
serving as a cushion layer in between the hard aggregate and the soft binder mastic [20].

Figure 3. Layers of asphalt binder coating RAP aggregate [20].

As there is aged binder in RAP particles, bitumen additives might be applied to rehabilitate the
aged binder which is not the case in this study. On the other hand, since there is high RAP content in
HMA, rejuvenators are recommended [21–23]. Additionally, green additives are recommended as cost
effective and environmentally friendly alternatives. The green additive is obtained by a simple method
from two low-cost and eco-friendly pre-cursors to restore the mechanical properties of the oxidized
bitumen, acting on the structure of the bitumen, having a restructuring effect on the altered colloidal
network of the aged bitumen binder [24].

In addition to the binder characterization, mix performance needs to be evaluated when a higher
RAP content is used. The indirect tension and semicircular bending test results which were conducted
by Huang et al. showed that RAP increases the mixture stiffness [25]. All RAP materials in Huang et al.
study was screened through the No. 4 sieve to acquire a consistent gradation which can compare to
the fine aggregates group in this study. There is a possibility to increase the stiffness by adding fine
RAP but it depends on job mix formula with inclusion of RAP. Huang et al. assumed that RAP binder
totally contributes to the mix, an assumption which still needs to be verified.

Traditionally, black curves and white curves have been used for sieves analysis of RAP incorporated
mixes. Black curves are the gradation of RAP particles from fractioned RAP and white curves are
the gradation of recovered RAP aggregate after binder extraction. For a given mix, these two
curves are significantly different. Al-Qadi et al. [26] compared these two curves and concluded that;
black curve tends to indicate higher amounts of large particles and lower amounts of fine particles.
Therefore, to avoid the detrimental effects caused by unexpected extra fine particles, black curves are
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not suggested for use in job mix formula calculations. Using the white curve is common practice,
however it is not the only approach being used. It should be noted that neither black curve nor white
curve represents the actual gradation of the RAP material, and the real gradation lies somewhere in
between [27].

Previous research has shown that the bitumen recovered from coarse particles differ from fine
particles [28]. They concluded that RAP bitumen participation in hot mix process significantly depends
on RAP size. The aging rate in fine particles is also faster than coarse particles. Therefore, it can be
concluded that the RAP particle size would affect the properties of the RAP incorporated mix and can
affect the overall performance of the pavements.

2. Research Goal, Scopes, and Objectives

Review of the literature on RAP indicates that there is not a consensus on several aspects of the
RAP binder contribution to the new mix. Therefore, it is difficult to come up with a synthesis of
previous work that would be unanimously acceptable. In summary, it can be concluded that the coarse
and the fine RAP fractions have relatively similar stiffness, but their contribution to the new mix is
different. Therefore, the goal of this project is to understand the interaction of coarse RAP and fine
RAP binder in HMA more precisely, through studying mixes prepared with either fine RAP fraction
or coarse RAP fraction separately. To this end, various empirical and thermo-mechanical tests are
adopted to validate the impact of RAP fractions on the HMA mixes.

In this study, the RAP particles are separated in two groups by following the LC 21-040 protocol:
particles passing sieve number 5 (5 mm), called fine RAP, and those retained on sieve number 5 are
considered as the coarse RAP. The main objective of this research is to characterize RAP particles
according to the particle sizes used to produce them. Generally, fine RAP is expected to possess a higher
binder content, while there has not been any clear evidence to support this claim yet. The presence of
such extra amount of binder (as compared to the coarse RAP) may potentially enhance the pavement
resistance to cracking. Previous studies showed that in high RAP content mixes, the amount of binder
(or mastic) that would diffuse into virgin binder from the fine RAP particles is less than that from the
coarse RAP particles. Therefore, it was deemed necessary to further investigate the mix design and
mix performance to characterize the fine and coarse RAP mixes more comprehensively. This research
aims to characterize the mixes produced using the fine RAP and Coarse RAP in terms of stiffness,
fatigue cracking, permanent deformation, and thermal cracking resistance.

3. Materials and Experimental Methods

Generally, limits have been set on the maximum allowable amount of RAP in HMA mixes to
avoid the loss of performance due to the impact of more aged binder content, which is present in RAP
particles. However, many aspects of RAP incorporated mixes have been investigated by several past
studies, the effect of increased RAP content using only coarse or fine RAP particles has not been fully
explored. Therefore, in this study it was hypothesized that coarse RAP mix characteristics is different
from fine RAP mix and such difference can affect the mix performance. The results might be used to
identify the functional class for proper use of RAP mixes in pavement structural design in different
layers. Three mixes were designed in this study, including a control mix, a fine RAP mix, and a coarse
RAP mix. It was assumed that all of the RAP binder would contribute to the total binder content of the
mix. Consequently, it was assumed that all three mixes have the same binder content. Furthermore,
the black curve was used for the aggregate gradation in the mix design process.

Four performance tests were used to characterize the mixes in this study. These tests were
selected to evaluate the mixes from the major aspects of the pavement materials characteristics, that is,
high temperature performance, low temperature cracking, and fatigue cracking. They can be classified
as two categories of empirical and thermo-mechanical tests. Resistance to rutting (MLPC wheel
tracking rutting tester or French Wheel Tracking Test) is used in this study as the empirical test.
The thermo-mechanical tests utilized in this research are as follows:
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• Complex (dynamic) modulus test,
• Uniaxial tension–compression test for resistance to fatigue cracking, and
• Thermal stress restrained specimen testing (TSRST) to evaluate resistance to low temperature cracking.

3.1. Mix Design and Volumetrics

A control mix was designed and prepared with only virgin aggregates and virgin asphalt binder.
The control mix was a 20 mm-dense graded HMA, commonly used as a base course in Quebec.
The design binder content using a PG 64-28 was determined to be 4.5% by the weight of the total
mix. A bituminous mixture with a nominal maximum aggregate size of 20 mm, called Grave Bitumen
(aka GB20) is mostly used in binder course layer of pavements in Quebec. The selected virgin binder
(PG 64-28) is a medium grade asphalt binder that can be used in warm climates. The aggregate size
and gradation were selected based on the LC method specifications. This virgin asphalt concrete mix
will be referred to as the control mix hereafter in this paper. The LC Test Methods Compendium,
produced by the General Directorate of the Pavement Laboratory of the Ministère des Transports du
Québec, presents all the test methods used to measure the characteristics of materials used in the
construction and maintenance of infrastructures. Additionally, two more mixes (fine and course) were
also designed for comparison and validation purposes. Fine RAP mix contained 35% fine RAP content
(passing sieve 5 mm) and coarse RAP mix contained 54% coarse RAP content (retained on sieve 5 mm).
Initially, it was assumed that all of the aged binder in the RAP could blend into the virgin binder,
so that the total binder content could be assumed to be the same for all of the mixes. These mixes
would be referred to as Fine RAP (FRM) and Coarse RAP (CRM) in this paper. It should be noted that
regardless of the RAP fraction sizes, the target gradation of the mixes were kept the same.

More experimental mixes were initially designed to study the active RAP binder content and
their participation in the mixt. The RAP content varied from 0% to 59%. The gradation curves of the
experimental mixes were all in accordance with the Ministère des Transports, de la Mobilité durable et
de l’Électrification des Transports specification. The mix gradations are shown in Figure 4. It can be
seen that the mixes have the same black curve gradation. First, there was a question of whether to use
the white or black curve gradation. With respect to having the same binder content and aggregate
gradation as the fixed variable, the black curve was chosen in this research. Consequently, all mixes
would have the same binder content, same aged binder content and same black curve, but different
RAP content.

 
Figure 4. Mixes gradation.
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The differences between the two RAP mixes are the RAP particle size and content.
This experimental program was designed to investigate the impact of RAP size on Hot Mix Asphalt
(HMA). It was envisioned that there is no advantage in looking solely into the RAP content by itself,
rather considering the RAP binder content and RAP mix gradation. This plan was designed to achieve
the same RAP binder content in both mixes, as well as keeping the final mix gradation the same.
In this project, RAP content translates to RAP binder content and RAP size, where the former was kept
constant in both mixes and studying the effect of the latter was set as the main objective of this research.

The SuperpaveTM mix design method was followed in this study. The only design criterion was
the binder content at this level of the study (see Table 1 Design Criterion). Using the design binder
content of 4.5%, the control mix was prepared with 4.5% virgin binder content, while for the RAP
mixes the RAP binder contribution was considered in determining the needed virgin binder content.
The recovered RAP binder from chemical extraction showed that the Coarse RAP (CR) had 4.3% binder,
whereas the Fine RAP had 6.7%. In order to do mix design, sufficient amounts of coarse and fine RAP
were chosen to have the same recycled binder ratio in the final mixes. Table 1 presents the summary of
the virgin and aged binder contributions in the fine and coarse RAP mixes.

Table 1. Design criterion.

A =% RAP
Content

B =% RAP
Binder

% Recycled Binder
Ratio = A*B

C =% Total
Binder

% Virgin Binder =
C- (A*B)

Coarse
RAP

54% 4.3 2.3 4.5 2.2

Fine RAP 35% 6.7 2.3 4.5 2.2

The composition of control and experimental mixes, as well as the values of the volumetric
obtained from the mix design, are shown in Table 2. It can be realized that most of the volumetric
values are within the LC method specification.

The compaction process was done following to the LC 26-400 Fabrication d’éprouvettes au
compacteur LCPC. The laboratory compacted cylindrical specimens were stored for a minimum of
one month at room temperature in a sand bed prior to testing. Mechanical tests, including fatigue,
and complex modulus were performed on cored specimens extracted from slabs as shown in the
schematics in Figure 5. Samples were compacted by the French MLPC wheel compactor (Figure 6).

Figure 5. Coring graphical illustration.
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Table 2. The composition of control and experimental mixes.

Mix Type % RAP
% Air Void

(@200 G)
% Void Mineral

Aggregate
% Void Fill

with Bitumen
Mix Specific

Gravity

Control 0 2.3 14.6 66.5 2.520
Fine RAP 35 1.5 11.6 86.8 2.606

Coarse RAP 54 2.6 12.5 79.7 2.602

 

Figure 6. Photo of the Laboratoire Central des Ponts et Chaussées (LCPC) slab compactor.

3.2. Resistance to Rutting

All mixes were subjected to laboratory testing for resistance to rutting. The equipment used in this
study was developed by France’s Laboratoire Central des Ponts et Chaussées (LCPC) (see Figures 7
and 8). The test was standardized in Europe (EN 12697-22A1) and in the province of Quebec,
Canada (LC 26-410). It is also commonly used for research purposes by the asphalt industry in other
countries [29,30].

  

Figure 7. The French rutting test equipment.

Slab dimensions were 500 mm by 180 mm with a thickness of 100 mm. The level of compaction
must correspond to what is obtained in the field. On roadways, the required minimum compaction
level is usually 92%. For most hot mixes, laboratory-manufactured specimens at the 92% level may
lead to rutting after compaction. Consequently, laboratory-prepared specimens are compacted to
a greater value, approximately 95%. At this level, post-compaction is generally negligible [31].
Heating temperatures for mixing and compaction are indicated in the test method LC 26-003.
This laboratory step was done according to AFNOR Standard P98-250-2 Préparation des mélanges
hydrocarbonés; Partie 2: Compactage des plaques.
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Figure 8. Measurement points location in mm (LC 21-410).

Prior to the rutting test, a preconditioning was done by rolling the pneumatic tire of the rutting
tester across the specimen for 1000 cycles at the ambient laboratory temperature. The preconditioning
helps with minimizing discrepancies due to the installation of the specimens in the mold. The slabs
were then conditioned to reach the testing temperature of 60 ◦C. Once the temperature of 60 ◦C was
reached, the rutting test was started, and rut depths were measured after 30, 100, 300, 1000, 3000,
10,000, and 30,000 cycles (as applicable). The rut is defined as the mean vertical displacement of the hot
mix surface as compared to the mean height of the specimen before starting the test. As described in
AFNOR P 98-253-1 Déformation permanente des mélanges hydrocarbonés; Partie 1: Essai d’orniérage,
height measurements were taken at 15 locations over the slab area. The stress induced by the tires was
maintained at 0.6 MPa during the tests.

Rutting generally progresses along a straight line when plotted on a logarithmic scale against the
number of wheel passes. In order to have an acceptable rutting resistance, the rut depth, expressed as
percentage of the specimen thickness, should be less than 10%. Yildirim et al. [32] characterized the
rutting trend by post-compaction consolidation, creep slope, stripping slope, and stripping inflection
point by a typical Hamburg Wheel Tracking Device Test (see Figure 9). Post-compaction consolidation
is the deformation (mm) at 1000-wheel passes. Creep slope is the inverse of the rate of deformation
in the linear region of plot between post compaction and stripping inflection point (if stripping
occurs). Stripping inflection point is the number of wheels passes at the intersection of creep slope and
stripping slope. Finally, stripping slope is defined as the inverse rate of deformation after the stripping
inflection point.

Figure 9. Typical Hamburg Wheel Tracking Device Test results [32].

Meunier [33] characterized the rutting trend from cyclic compression-tension test in three phases
as shown in Figure 10. They concluded that the deformation increases rapidly in first phase. In phase
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two, the deformation increases by a constant rate per loading cycle. It should be noted that phase three
marks the failure of the material and is usually considered less accurate for the purpose of prediction
process than the previous two phases.

Figure 10. Evaluation of permanent deformation [33].

3.3. Thermo-Mechanical Tests

For the purpose of thermo-mechanical characterization of the mixes in this study, two main
tests, namely uniaxial fatigue test and TSRST, were performed by means of a 25 kN servo-hydraulic
system. Figure 11 shows a graphical illustration of the test set-up with the specimen and extensometers.
Three extensometers were mounted on the specimens, 120◦ apart around the sample, to measure the
axial strain during the tests.

Figure 11. Schematics of the test setup used in this study.

The set-up was enclosed in an environmentally controlled chamber with three temperature probes,
capable of cooling and heating within a range of −40 ◦C to 80 ◦C. The following sections provide more
details about these two tests.

3.3.1. Fatigue Resistance

Fatigue characterization was performed by means of the uniaxial tension–compression (T–C)
tests on cylindrical specimens in this study. The experimental test setup is almost the same as the
complex modulus test. The fatigue test was performed at a single loading frequency of 10 Hz at 10 ◦C.
The advantage of using this test over the other conventional fatigue tests is possibility of maintaining
the homogeneous state of stress and strain in the sample during the testing process.

The cored samples from slabs were tested under uniaxial T–C condition and the axial strain values
were measured using three extensometers. The average of recorded values was considered as the strain
level in the sample. Data quality measures were used to ensure that the assumption of homogenous
stress/strain condition has not been violated. To this end, reaching a difference of ±25% in the recorded
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values was considered as an indication of highly non-homogeneous conditions for the strain field
within the sample. Therefore, in such cases the test should be considered no longer valid beyond that
limit [34].

The graphical presentation of the fatigue test results is usually given by Wöhler curve or fatigue
curve (see Figure 12). This curve shows the relation between the fatigue life (Nf) and the level of
loading expressed by the initial strain (or stress) amplitude in a bi-logarithmic scale [35]. A particular
value of strain called (ε6) can be found to correspond to the value of the strain level that would
lead to a fatigue life of 1,000,000 cycles. This value is commonly used to characterize the fatigue
resistance of the bituminous mixes [36]. The fatigue resistance is determined through a series of
laboratory tests in different magnitudes of solicitation under controlled conditions (temperature and
frequency). As demonstrated by the log-log plot in Figure 12, Wöhler’s Law is associated with
a straight line, where fatigue behavior is characterized by two parameters: the slope (c2) and the
Y-intercept (c1). Coefficients c1 and c2 depend on both, the material and the chosen failure criterion [37].
It should be noted that most of the fatigue-cracking models characterize fatigue failure in three stages:
crack initiation, crack propagation, and fatigue induced fracture [38]. The classical fatigue failure
criterion determines the fatigue life as the number of loading cycles that the specimen can take to the
point that a 50 percent loss of the initial stiffness for homogeneous tests, or when a 50 percent loss of
the initial sample rigidity for non-homogeneous tests is observed [39,40].

Figure 12. Typical fatigue test results from laboratory tests done on an asphalt mixture specimen [38].

Based on the Wöhler curve, the fatigue characteristics of asphalt mixtures can be expressed
by Equation.

N f = C1(ε0)
(−c2) (1)

where:

• Nf is fatigue life (number of cycles corresponding to the failure point for a given criterion);
• ε0 is applied strain amplitude (mm/mm) at a given testing temperature (θi) under a specific testing

frequency (f );
• C1 is coefficient corresponding to the expected fatigue life for a strain amplitude of 1 mm/mm,

at the given testing temperature and loading frequency;
• C2 is slope of the Wöhler curve when it is associated with a straight line in the log Nf–log ε0 domain.

3.3.2. Resistance to Low Temperature Cracking

TSRST simulates thermo-mechanical response of flexible pavements during the cooling period.
The principle of the test is to restrain the tested specimen from any axial deformation by keeping the
total height of the specimen constant throughout the testing period. As a result of decreasing the
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chamber temperature at a constant cooling rate of 10 ◦C/h, the magnitude of thermal stress in the
specimen would increases until the failure of the specimen. It is also possible to calculate the axial
stress as a function of the measured temperature.

Once at failure point, the stress would reach its peak value, referred to as the failure strength
(rf), whereas the corresponding temperature can be defined as the failure temperature (Tf). The slope
of the stress-temperature curve increases progressively until a certain temperature where it remains
quasi-constant (the stress temperature curve becomes linear). To estimate the value of the quasi-constant
slope, the parameter drz/dT is calculated by linear fitting of the curve between the failure temperature
and the transition temperature. Tapsoba et al. [41] assumed transition temperature (Tt) as the
temperature where axial stress reaches 50% of the failure strength. It corresponds to the temperature
where the material changes from ductile to brittle behavior and vice versa and will be used to evaluate
the repeatability of TSRST.

4. Results and Discussion

Three mixes were investigated in this study, including a control mix, an HMA mix with inclusion
of fine RAP (FRM) and an HMA mix with inclusion of coarse RAP (CRM). The FRM mix consisted of
35% RAP with 2.2% virgin binder and the CRM mix had 54% RAP and 2.2% virgin binder. The results
of the experimental studies on these three mixes are as follow:

4.1. Rutting Resistance of FRM versus CRM

Permanent deformation of the mixes was evaluated at 60 ◦C using the French rut tester. All mixes
(slabs of 100 × 180 × 500 mm) were subjected to repeated loading of a tire inflated to 0.6 MPa,
mounted on a carriage that moves back and forth at 1 Hz with a load magnitude of 5 kN. Figures 13
and 14 show the results of rutting tests. Figure 13 indicates the percentage of permanent deformation
by straight line for all mixes in the logarithmic scales. The results confirmed that all of the mixes
exhibited deformation magnitudes less than 10% after 30,000 cycles. Therefore, it can be concluded that
all of the mixes in this study were strong enough to resist the permanent deformation failure. It should
be noted that the mixes had the same black curve gradation, but they showed different behavior under
the cyclic wheel load. Therefore, as it was expected the black curve assumption was not found to be a
reliable representation of the aggregate skeleton when RAP is incorporated.

 

Figure 13. Permanent deformation result.
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Figure 14. RAP mix slabs after rutting test.

A single sample of each mix type was adopted for permanent deformation validation.
Basically, the first 1000 preconditioning cycles (aka cold runs) are assumed to capture the continued
consolidation stage. There was a significant difference between FRM and CRM mixes. The rest of
loading was performed at 60 ◦C. In addition, the binder exhibits a softer response at 60 ◦C than the
cold cycles temperature. This difference in rutting might be caused by impact of aggregate gradation
and air void content.

After 1000 hot cycles (post compactions), FRM was deformed almost as same as CRM. Both RAP
mixes deformation were two times higher than control mix. This section could be characterized by S1
and S2. Parameter “S” represents the slope of the permanent deformation in Figure 13. For the FRM
and the control mix, rut depth dramatically increased at first 300 cycles (S1) and continued at a constant
slop, whereas for the CRM, these slopes increased at the same rate in both steps (i.e., S1 and S2).

The last stage represents the reaction of material to wheel passes loading which can be translated
as rutting values. Table 3 shows the slop per section of rutting test. It can be seen that the CRM and
control mix responded the same way to the load in rutting section, which was two times higher than
FRM (see S4 in Table 3). The aggregate gradation plays the main role in rutting resistance. In this study,
black curve was kept the same in all mixes.

Table 3. Slope for each section.

Slope FR Mix CR Mix Control

S1
(0 to100 cycle) 1.490% 0.165% 0.484%

S2
(100 to 300 cycle) 0.310% 0.195% 0.439%

S3
(300 to1000 cycle) 0.131% 0.122% 0.042%

S4
(1000 to 30,000 cycle) 0.003% 0.005% 0.005%

CRM white curve showed finer than control mix but the black curve was almost same as control
mix. CRM deformed as same as control mix at last stage but it could be compacted more than control
mix at the beginning. Large aggregate gradation (D > 5 mm) in FRM black curve was same as the
control mix but fine part of FRM white curve showed more fine content in gradation which was
expected. However. It cannot be concluded whether it is more appropriate to use white or black curve
up to this point.

In conclusion, rutting results can be divided in three phases: deformation at the end of 1000 cold
cycles, 1000 hot cycles and 30,000 cycles. First phase which was called continued consolidation earlier,
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suggests that the CRM gradation and air void were different form FRM mix, which was found to be
true; because CRM specimen had 8% air void but FRM specimen had 6%. Second phase which was
called post compaction (S1, S2, S3), suggests that the specimen binder is soft enough to indicate the
difference in aggregate gradation. Flatter slope can be translated to well packing phenomenon. It was
recognized that the CRM could be packed better than FRM. Last section which was called rutting,
showed the rutting resistance of mixes. The results indicate that the FRM was more rut-resistant
than CRM and also than the control mix. The FRM and the control mix differed only in the fine part
in aggregate gradation, especially magnified by the white curve. Thus, FRM mix had stiffer fine
skeleton than control mix. According to black curve, CRM and control mix had the same gradation,
but considering the white curve, CRM was much finer than control mix. Basically, coarser mixes have
better rutting resistance as compared to the CRM. The CRM was expected to be weaker than the control
mix but exhibited the same response as the control mix. In both FRM and CRM mixes, better or at
least the same resistance as the control mix was recorded in spite of the fact that there is 54% (or 35%)
recycle materials in the mix. The results indicate that the FRM prepared with 35% RAP exhibited
almost similar performance as the CRM prepared with 54% RAP. It can be concluded that both of the
RAP incorporated mixes exhibit satisfactory rutting resistance.

4.2. Fatigue Resistance Results

In this study, the classical method was used among the four types of failure criteria mentioned
earlier. Table 4 provides the specimen details, the actual and target initial strain values, and the number
of cycles to failure (aka fatigue life) for each specimen. The fatigue results are sensitive to the air void
level, and hence it was attempted to maintain the same level of air void for all the specimens.

Table 4. Uniaxial T–C fatigue test conditions (10Hz, 10 ◦C).

Mix Type
Sample
Name

Target Def,
(μdef)

% Va
Real Def,

(μdef)
Nf

Log Real
Def, (def)

Log Nf
II/III

Control
Mix

S2C2 80 6.8 71 2,405,986 −4.15 6.38
S1C5 100 6.8 99 61,464 −4.01 4.79
S1C2 70 8.0 66 4,715,411 −4.18 6.67
S2C7 90 6.5 84 2,500,000 −4.08 6.40

Coarse
RAP Mix

CR1 60 7.2 53 1,324,415 −4.28 6,12
CR3 40 7.6 30 2,145,327 −4.52 6.33
CR2 70 8.4 61 26,211 −4.21 4.42

Fine RAP
Mix

FR1 90 4.4 82 513 −4.09 2.71
FR2 110 4.1 113 277 −3.95 2.44
FR3 100 7.1 87 5103 −4.06 3.71
FR4 60 5.3 59 79,608 −4.23 4.90
FR5 50 6.3 48 22,163 −4.32 4.35
FR6 70 5.5 58 46,000 −4.24 4.65

In Table 5, it should be noted that the classic failure criterion of 50% reduction in the initial stiffness
was not found reliable, due to the fact that a significant loss of modulus has occurred during the first
phase of the T–C test. In spite of the fact that some researchers use the 50, 100, 200, or even 1000 cycles
to calculate the initial modulus, the results were not representative of the fatigue-induced damage.
Therefore, the more scientific Wöhler approach was used to study the fatigue performance of the mixes
in this study.
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Table 5. The complex modulus properties of the mixes.

MIX
E* at −30
◦C, 3 Hz
(MPa)

E*/Sin(φ) at
40 ◦C and 0.03

Hz (MPa)

E*at 20 ◦C,
3 Hz

(MPa)

E*|at 15 ◦C
and 3 Hz

(MPa)

E0

(MPa)
E∞

(MPa)
k

Control 37,000 99 4000 5100 30 40,000 0.18
CR 32,762 113 5700 7554 6 33,000 0.19
FR 31,214 27 3000 4915 5 32,000 0.16

Regression based fatigue equations were developed based on the test results to quantitatively
characterize the mixes (Figure 15). In order to develop this chart, various fatigue samples were
subjected to sinusoidal load at three different strain levels in order to be able to run a linear regression.
The value of ε6 corresponds to the strain level at which the asphalt mix would reach a fatigue related
failure after 1 million cycles. For the sake of comparison, it can be noted that a standard asphalt base
course material, made with straight run asphalt cement, usually exhibits ε6 values in the range of 70 to
90 μm/m. ε6 in this project is 81 μm/m for control mix. The value of R2 shows the quality of linear
assumption. ε6 for CR in higher than that of FR. CR failed at 43.57 μm/m and FR failed at 28.94 μm/m.
The slope of the trend line shows the degree of sensitivity of mix to deformation. Sharp slope is highly
sensitive to deformation, it means that under a small change of deformation there would a huge
difference in number of repetition that the mix can take until failure. The CR had less sensitivity to the
changes in deformation, and it even surpasses the control mix with this regard.

Figure 15. Wöhler Curve.

Basueny et al. [42] concluded that when the percentage of RAP in the mix is considerably high, the
aged RAP binder creates a significant change in the mixture properties. Therefore, it can be concluded
that the influence of RAP on the final HMA property also varies with the amount of RAP. The mixes in
this study were supposed to have similar recycled binder replacement ratio and black curve gradation,
however the CR mix resists to fatigue much better than the FR mix. It can be concluded that black
curve assumption is not the best representation of RAP gradation. Virgin binder in CRM is mostly
covering the fine natural aggregates and adhesion to CR. More unaged binders in mastic increase the
resistance under the tension and compression repeated loads. FRM has more aged binder in fine part
of the skeleton that caused weakness of fatigue resistance. Overall, the CRM exhibited a better fatigue
performance than the FRM.
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4.3. Resistance to Low Temprature Cracking through TSRST

In addition to fatigue cracking, another major concern for HMA mixes with RAP particles is their
resistance to low temperature cracking. In general, RAP mixes are stiffer than conventional mixes,
due to the highly oxidized nature of the aged binder in RAP particles. The values of the fracture
temperature and the corresponding stress at failure, obtained from the TSRST tests for all the tested
mixes, are presented in Figure 16.

 
Figure 16. TRST results.

The description of the test progress and the associated data collected is as follows [43]:

• Slope no.1: This parameter represents the performance during the relaxation period.
• Slope no.2: This slope represents a value analogous to the modulus of elasticity in a diagram of

stress versus deformation of an elastic material.
• Glass transition temperature (Tg): This temperature represents the end of the relaxation and the

beginning of a linear change with temperature.
• Transition temperature midpoint: This temperature corresponds to the intersection of the tangent

lines in section no.1 and the tangent line fitted to the section no.2 of the curve, and indicates the
transition temperature between two stages of the simplified bilinear response of a material.

• Maximum tensile strength: This value represents the maximum stress applied to the test specimen
just before it fails.

• Maximum stress temperature: This temperature is simply the value obtained when the maximum
stress is reached.

Figures 17–19 show the TSRST values derived from the results for the purpose of comparison.
The maximum tensile strength values were found to be 3548, 2558 and 2799 kPa for the control, CR and
FR mixes, respectively. The maximum stress temperatures were measured as −30, −25, and −22 ◦C for
the control, CR, and FR mixes, respectively. The Transition temperature midpoint of the control and
CR mix is almost the same (i.e., −11 ◦C) but Transition temperature of the FR was very low (i.e., −5 ◦C).
The results indicate that the CR mix performed better than the FR mix with respect to low temperature
properties. The CR had lower Tg midpoint and lower failure temperature, however FR failure stress
was slightly higher than the CR. In addition, the value of Tt, calculated according to Tapsoba et al. [41]
study, was found to be the same for both mixes.
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Figure 17. TSRST for control mix.

Figure 18. TSRST for coarse RAP (CR) mix.

Figure 19. TSRST for fine RAP (FR) mix.

Void fills with bitumen (VFB) represents the effective bitumen content. The decrease of VFB
indicates a decrease of effective bitumen film thickness between aggregates, which will result in higher
low-temperature cracking and lower durability of bitumen mixture since bitumen perform the filling
and healing effects to improve the flexibility of mixture.

4.4. Complex Modulus

Various criteria are available in order to compare the stiffness of different bituminous materials.
Baaj et al. (2013) [44] suggested to looking into the stiffness of the materials in the following ways:

• The stiffness |E*| at −30 ◦C and 3 Hz: this value gives the material stiffness for a low temperature
and a high-frequency condition.
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• The values of |E*|/sin (φ) at 40 ◦C and 0.03 Hz: this ratio is used as an indicator of rutting resistance.
• The stiffness |E*| at 20 ◦C and 3 Hz frequency: The stiffness of the mix (resilient modulus) at this

temperature is used in the AASHTO’93 empirical pavement design method.

In addition, Perraton et al. [45] also used the stiffness at 15 ◦C and 3 Hz. typically, standard
bituminous base course materials have dynamic modulus values in the range of 5000 to 7000 MPa
when tested under the same conditions at 15 ◦C.

Figure 20 indicates the Cole-Cole plot for all mixes from −35 ◦C to +35 ◦C. Two replicate specimens
were used for each of the mixes. The measured data was modeled with the 2S2P1D model. There is a
notable difference between the control mix and RAP mixes with respect to loss (or so-called imaginary)
modulus. Several factors can affect the loss modulus of a bituminous material such as air void level,
bitumen content, and bitumen type. The results indicate that, generally, the two RAP mixes are the
same according to the Cole-Cole diagram presented in Figure 20. However, this plot cannot explicitly
distinguish the differences in the bitumen characteristics.

Figure 20. Complex modulus master curve in Cole-Cole plot.

The time-temperature superposition principle (TTSP) was applied to analyze the complex modulus
test data. This principle was verified by several studies dealing with the unidirectional linear viscoelastic
behavior of bituminous materials [46]. As shown in Figure 21, at high frequency, RAP mixes have lower
stiffness than the control mix, and this difference becomes greater at lower frequencies. According to
TTSP principle, high frequency could be translated to low temperature and low frequency could be
translated to high temperature. Therefore, in a full range of temperature, RAP mixes were slightly
softer than the control mix. However, the RAP content is not the same (i.e., 0%, 35%, and 54%).
Therefore, the FRM with inclusion of 35% RAP content has almost the same behavior as the CRM with
54% RAP content. Consequently, it can be inferred that the binder contribution from 54% CR would be
almost have the same effect as that of the 35% FR mix used in this study. In addition, FRM stiffness was
found to be strongly sensitive to the testing conditions. Figure 3 shows that the same FRM specimens
are variable at low frequency but all CRM mix specimens show consistent response, suggesting that
they are less sensitive to the testing conditions.
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Figure 21. Master curve of the norm of complex modulus.

The rheological properties of the mixes can also be expressed in terms of phase angle. A phase
angle (δ) value of 0 degrees means a purely elastic material and 90◦ means a purely viscous material.
Figure 22 shows the master curve of the phase angle for the mixes investigated in this study. The RAP
mixes exhibited more viscous response than the control even though they have less virgin bitumen
content (i.e., 2.2%). The FR results varied significantly, which might be associated with the higher
RAP bitumen content and some unexpected phenomena in the fine RAP particles like clustering and
variability in the film thickness of the particles.

Figure 22. Master curve of the phase angle of complex modulus.

Figure 23 presents a summary of the 2S2P1D model parameters in the Cole-Cole model and the
corresponding values of these parameters are listed in Table 5.

• h, k: exponents such as 0 < k < h < 1, related to the ratio EImaginary/EReal when 	 tends to 0 (resp.
to infinity),

• E0: the glassy modulus when 	 ≈ ∞
• E00: the static modulus when 	 ≈ 0
• η: Newtonian viscosity
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CRM is the same with control mix and FRM in black curve but it has more active aged bitumen. FR
bitumen could not increase the FRM stiffness but CR bitumen was more active in mixture and increased
the CRM stiffness.

The fact that the same or even better results could be achieved using the coarse RAP at a higher
rate, as compared to the fine RAP, offers significant potential advantages in producing high RAP
content mixes.

 

 

Figure 23. 2S2P1D model parameters in Cole-Cole model.

5. Conclusions

Review of the literature indicates that research on producing asphalt concrete mixes with only fine
or coarse RAP particles has been scarce. The main goal of this study was to evaluate the effect of fine
and coarse RAP fractions on performance of the high RAP content asphalt concrete mixes. Accordingly,
three mixes were designed and investigated in this study, including a control HMA prepared with
virgin materials, a Fine RAP mix (FRM) with 35% percent RAP, and a Coarse RAP mix (CRM) with
54% RAP. The total binder content considering the different contributions from the RAP particles was
maintained the same for all the mixes. The following conclusions can be drawn based on the results of
this study:

Black curve and white curve assumptions for the RAP particles were explored and it was
concluded that the black rock assumption, which is commonly used, cannot be representative of the
RAP contribution to the total binder content and the skeleton of the mix. The actual gradation lies
somewhere in between these two extreme cases.

- The classifying the RAP particles in HMA is changing the role of virgin binder in the mix.
Virgin binder role is covering the natural coarse aggregates and adhesion to aged bitumen of fine
part in FRM. On the other hand in CRM, it is covering the natural fine aggregate.

- It is important to look into the binder contribution from RAP with respect to the RAP particle
sizes, rather than solely considering the RAP content.

- The FRM and CRM specimens both passed the rutting resistance evaluation criterion of less than
10% deformation. The rutting performance of these high RAP mixes was found to be at least the
same or even better than the control mix.

- While the control mix surpassed both the FRM and CRM with respect to fatigue life, it was found
to be more sensitive to the changes in deformation.

- The transition temperature midpoint and the maximum tensile stress temperature for the CRM
was much more desirable as compared to the FRM, and was slightly worse than the control mix.

Overall, the CRM mix, exhibited acceptable performance with respect to rutting, fatigue, and thermal
cracking. It can be concluded that the RAP particle size can have a more significant effect on the mix
performance than the RAP content. RAP content should be considered along with other important
parameters such as RAP particle size and gradation, recycled binder ratio, and RAP binder content.
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Abstract: The dynamic modulus of hot mix asphalt (HMA) is a fundamental material property
that defines the stress-strain relationship based on viscoelastic principles and is a function of HMA
properties, loading rate, and temperature. Because of the large number of efficacious predictors
(factors) and their nonlinear interrelationships, developing predictive models for dynamic modulus
can be a challenging task. In this research, results obtained from a series of laboratory tests including
mixture dynamic modulus, aggregate gradation, dynamic shear rheometer (on asphalt binder),
and mixture volumetric are used to create a database. The created database is used to develop
a model for estimating the dynamic modulus. First, the highly correlated predictor variables are
detected, then Principal Component Analysis (PCA) is used to first reduce the problem dimensionality,
then to produce a set of orthogonal pseudo-inputs from which two separate predictive models were
developed using linear regression analysis and Artificial Neural Networks (ANN). These models
are compared to existing predictive models using both statistical analysis and Receiver Operating
Characteristic (ROC) Analysis. Empirically-based predictive models can behave differently outside
of the convex hull of their input variables space, and it is very risky to use them outside of their
input space, so this is not common practice of design engineers. To prevent extrapolation, an input
hyper-space is added as a constraint to the model. To demonstrate an application of the proposed
framework, it was used to solve design-based optimization problems, in two of which optimal and
inverse design are presented and solved using a mean-variance mapping optimization algorithm.
The design parameters satisfy the current design specifications of asphalt pavement and can be used
as a first step in solving real-life design problems.

Keywords: hot mix asphalt dynamic modulus; principal component analysis; linear regression
modeling; artificial neural network; receiver operating characteristic; optimization

1. Introduction

The stress-strain relationship for asphalt mixtures under sinusoidal loading can be described
by the dynamic modulus, |E∗|, a function of material’s components properties, loading rate,
and temperature [1,2]. The dynamic modulus is one of the primary design inputs in Pavement
Mechanistic-Empirical (M-E) Design to describe the fundamental linear viscoelastic material
properties [3–5], and is one of the key parameters used to evaluate rutting and fatigue cracking
distress predictions in Mechanistic-Empirical Pavement Design Guide (MEPDG) [5,6]. Although |E∗|
has a significant role in pavement design, the associated test procedure is time-consuming and requires
expensive equipments, so extensive effort has been extended to predict |E∗| from hot mix asphalt
(HMA) material properties [7–9].
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Predictive modeling is a process of estimating outcomes from several predictor variables using
data mining tools and probability theory. An initial model can be formulated using either a
simple linear equation or a more sophisticated structure obtained through a complex optimization
algorithm [10].

There are several well-known predictive models for dynamic modulus, some of them are
regression models, and some more recent ones have used techniques that include Artificial Neural
Networks (ANN) and genetic programming [11]. Andrei et al. [12], used 205 mixtures with 2750 data
points and revised the original Witczak model, and the developed model has subsequently been
reformulated to use binder shear modulus rather than binder viscosity [13]. Christensen et al. [14],
developed a new |E∗| predictive model based on the law of mixtures. The data base used for training
the model contained 206 |E∗| measurements from 18 different HMA mixtures. Jamrah et al. [15],
attempted to develop improved |E∗| predictive models for HMA used in the State of Michigan.
They observed a significant difference between measured and fitted |E∗| values, especially at high
temperatures and low frequencies. Alkhateeb et al. [16], developed a new predictive model from the
law of mixtures to be used over broader ranges of temperature and loading frequencies, including
higher temperatures/lower frequencies. The predictor variables used in that model were Voids in
Mineral Aggregate (VMA) and binder shear modulus (G∗).

Sakhaeifar et al. [17], developed individual temperature-based models for predicting dynamic
modulus over a wide range of temperatures. The predictor variables used in their model were
aggregate gradation, VMA, Voids Filled with Asphalt (VFA), air void (Va), effective binder content
(Vbe f f ), G∗, and binder phase angel (δ).

The existing dynamic modulus predictive models in the literature typically use two or more
predictors from the following list: aggregate gradation, volumetric properties, and binder shear
properties. These predictor variables are not necessarily an independent set of variables and thus
it may not be appropriate for use in developing models. Since cross-correlated inputs in a dataset
can unfavorably affect the accuracy of a predictive model by unduly affecting the estimation of their
causative effects on the response variable, a pre-processing step of data evaluation would be useful for
studying the quality of the input variables and their pair-wise correlations [18]. Principal Component
Analysis (PCA) is a multivariate statistical approach that not only reduces the dimensionality of the
problem but also converts a set of correlated inputs to a set of orthogonal (pseudo-)inputs using
an orthogonal transformation [19]. During such a transformation, PCA maximizes the amount of
information of the original dataset X by using a smaller set of pseudo-variables [20,21]. Another issue in
all of the predictive models is extrapolation that can be risky because a model might behave differently
outside of the convex hull that contains all of the data points used for its training. To avoid using
points outside of this convex hull, a hyper-space containing all data points can be found and added as
a constraint on the desired modeling problem.

Ghasemi et al. [22], developed a methodology for eliminating correlated inputs and extrapolation
in modeling; they created a laboratory database of accumulated strain values of several asphalt
mixtures and used the resulting framework to estimate the amount of permanent deformation (rutting)
in asphalt pavement. Following their new PCA-based approach, this study focuses on developing a
machine-learning based framework for predicting the dynamic modulus of HMA using orthogonal
pseudo-inputs obtained from principal component analysis. Unlike most of the existing |E∗| predictive
models, the proposed framework uses different data sets for model training and performance testing.
To avoid extrapolation, an n-dimensional hyperspace is developed and added as a constraint to
the modeling problem. This study also claims to determine the optimal HMA design and design
variables for a pre-specified |E∗| by applying framework using an evolutionary-based optimization
algorithm. It is worth pointing out that, unlike other predictive models, the proposed framework
is not site-specific and also not limited to the materials used in the American Association of State
Highway and Transportation Officials (AASHTO) road test, i.e., this framework can adjust itself based
on the dataset presented to the framework. The need for a more robust and general framework for

84



Infrastructures 2019, 4, 53

performance prediction in asphalt pavement also stems from the availability of the vast amount of
experimental data in this field. In this work, the developed framework operates in such a spirit and
improves the accuracy of available models via machine learning-based approaches.

The remainder of the document is organized as follows: Section 2 presents material and
methodology, followed by Section 3 that covers results and discussion. Two examples of the proposed
framework’s applications are discussed in Section 4, followed by conclusions presented in Section 5.

2. Material and Methodology

Twenty-seven specimens from nine different asphalt mixtures (three replicates for each mixture
group) were used in this study. Using AASHTO TP 79-13 the dynamic modulus test was performed
at three temperatures (0.4, 17.1, and 33.8 ◦C) and nine loading frequencies (25, 20, 10, 5, 2, 1, 0.5, 0.2,
0.1 Hz). The maximum theoretical specific gravity (Gmm), the bulk specific gravity (Gmb), and the
effective binder content (Vbe f f ) were determined and used to calculate other volumetric properties of
the asphalt mixtures.Asphalt binder shear properties were obtained from a dynamic shear rheometer
(DSR) test. Using ASTM D7552-09(2014) the test was performed over a wide range of temperatures
(−10 to 54 ◦C) and frequencies (0.1 Hz to 25 Hz), the same test temperatures and loading frequencies
used in the mixture dynamic modulus test. It is important to note that this study uses a consistent
definition of frequency, and that in order to predict the dynamic modulus value of an asphalt mixture
for example at 4 ◦C and 25 Hz, for example, one should use as a model input the complex shear
modulus of asphalt binder, |G∗|, at 4 ◦C and 25 Hz. A summary of the nine different mixture properties
is given in Table 1. Using the laboratory test results on 27 specimens, a database of 243 data points was
created for use in further modeling.

Table 1. General Mixture Properties of Nine Asphalt Mixtures Used in this Study.

Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

Binder performance grade 58–28 58–28 58–28 58–34 58–34 58–34 64–28 64–34 64–28
% Vbe f f 4.20 4.10 4.10 3.90 3.50 4.30 4.20 4.00 4.60
%VMA 13.50 13.50 13.60 13.10 12.50 13.90 13.70 13.40 14.40
% VFA 70.30 70.40 70.60 69.60 68.10 71.20 70.80 70.20 72.30
Gmb 2.32 2.31 2.31 2.32 2.31 2.32 2.31 2.32 2.31
Gmm 2.41 2.46 2.51 2.48 2.64 2.46 2.48 2.51 2.44
% Va 4.01 3.99 3.99 3.98 3.98 4.03 4 3.99 3.98
% passing 3/4′′ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
% passing 1/2′′ 93.90 96.40 87.20 93.50 95.10 96.40 94.10 94.40 94.20
% passing 3/8′′ 77.50 84.60 73.70 76.40 83.10 87.30 83.40 82.00 80.90
% passing #4 49.80 53.10 48.40 52.20 52.20 60.90 63.80 48.20 58.60
% passing #8 34.40 38.40 35.10 43.60 38.80 46.90 47.10 34.90 46.00
% passing #30 16.70 18.70 17.90 20.90 18.80 23.40 21.70 19.20 25.90
% passing #50 10.30 10.80 10.90 11.40 9.90 12.40 11.90 11.80 13.80
% passing #100 6.10 5.90 6.40 5.80 5.40 6.10 6.60 6.10 7.20
% passing #200 3.60 3.30 6.20 3.30 3.50 3.40 4.00 3.10 4.00

2.1. Preliminary Processing Step: Input Variable Selection

A parsimonious set of input variables is required to develop a model [20]. For a common model
structure, one can represent the expectation function of the response as yi = fi(xi , θ), where yi is
the expected response variable at the ith measurement, i = 1, . . . , n, xi is the input vector at the ith
measurement, and θ is the vector of unknown model parameters with θ =

[
θ1 . . . θq

]T . It is assumed that

the element in the ith row and jth column of the Jacobian matrix , J, is ∂ηi
∂θj

i.e., J =
{

∂ηi
∂θj

}
. Note that the

jth column represents θj and its column vector reflects the variation in the response space as θj varies
over a specific set of experimental conditions. If j and k are two orthogonal columns, their correlation
coefficient (r) must be zero, meaning that the information used to estimate θj is independent from
the information used to estimate θk and vice versa. The benefit of using orthogonal input variables

85



Infrastructures 2019, 4, 53

is that not only does it result in consolidation of causative effects of inputs on the output but it also
maximizes parameter accuracy and therefore estimation accuracy of the predicted output.

According to the literature [11–14,16,17,23,24], the stiffness characteristic of an asphalt mixture
presented by a dynamic modulus can be estimated by its component properties. In this study, the input
variables vector (x) defines the asphalt mixture’s component properties. A summary of the selected
input variables and their ranges in the dataset is presented in Table 2 with the xi’s and y being the
input and output variables, respectively.

Table 2. Selected Input Variables (x) And Output Variable (y) For Model Development.

Variable Identity Min. Max. Ave. Std. Dev.

y Log|E∗| 2.62 4.37 3.76 0.46
x1 Cum. % retained on 3/4′′ 3.60 13.00 6.11 2.63
x2 Cum. % retained on 3/8′′ 12.68 26.29 19.01 4.11
x3 Cum. % retained on #4 36.20 51.76 45.86 5.319
x4 Cum. % retained on #8 52.87 65.70 59.42 5.06
x5 Cum. % retained on #30 74.06 83.30 79.63 2.76
x6 Cum. % retained on #50 86.22 90.12 88.57 1.15
x7 Cum. % retained on #100 92.81 94.59 93.83 0.48
x8 % Passing from #200 3.07 6.18 3.81 0.89
x9 Log|G∗| −2.29 3.03 0.50 1.26
x10 Phase angle (degree) 28.15 79.17 52.86 11.54
x11 %Vbe f f 3.50 4.60 4.10 0.29
x12 %VMA 12.50 14.40 13.51 0.49
x13 %VFA 68.10 72.30 70.40 1.08
x14 %Va 3.98 4.01 3.99 0.01

Cross-correlation analysis is performed on the 14 selected predictor variables and the obtained
pairwise correlation matrix is given in Table 3 along with the schematic heat map of the correlation
matrix given by Figure 1. Correlation coefficients with absolute values of 0.5 or higher are displayed in
bold red text. The corresponding cells in the correlation heat map are shown in dark blue and dark red
as shown in Figure 1. According to Table 3, the absolute values of the 130 correlation coefficients are
greater than 0.1, with 50 of them greater than 0.5, indicating that several of the input variables give an
impression of being highly correlated. The correlation heat map also clearly indicates that a high level
of correlation (dark blue and dark red cells) exists within the input variables. If the correlated input
variables are detected, to enable accurate mapping of the inputs to the response variable, it would be
useful to produce a smaller set of orthogonal pseudo-variables using the PCA method and use them in
model development [20].

Figure 1. Heat map depict a visualization for the pairwise correlation matrix of the input variables.
Each column i and row j shows correlation coefficient rij. Cells with colors otherthan gray indicate
some level of correlation. As the colors get darker the level of correlation goes higher.
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Table 3. Pairwise Correlation Matrix for the Selected Input Variables.

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14

x1 1 0.832 0.412 0.366 0.294 0.119 −0.269 0.905 −0.044 −0.058 0.003 0.04 0.049 0.013
x2 0.832 1 0.597 0.458 0.391 0.246 −0.109 0.583 −0.035 0.106 −0.061 −0.099 −0.089 −0.115
x3 0.412 0.597 1 0.918 0.756 0.596 0.425 0.133 −0.019 0.154 −0.465 −0.485 −0.49 −0.111
x4 0.366 0.458 0.918 1 0.87 0.687 0.375 0.169 −0.028 0.237 −0.388 −0.412 −0.424 0.212
x5 0.294 0.391 0.756 0.87 1 0.919 0.618 0.112 −0.021 0.235 −0.585 −0.631 −0.633 0.3
x6 0.119 0.246 0.596 0.687 0.919 1 0.794 −0.009 0.003 0.203 −0.741 −0.796 −0.806 0.209
x7 −0.269 −0.109 0.425 0.375 0.618 0.794 1 −0.414 0.036 0.047 −0.854 −0.886 −0.892 −0.087
x8 0.905 0.583 0.133 0.169 0.112 −0.009 −0.414 1 −0.032 −0.102 0.179 0.238 0.238 0.142
x9 −0.044 −0.035 −0.019 −0.028 −0.021 −0.003 0.036 −0.032 1 −0.808 0.021 0.016 0.013 0.034
x10 −0.058 0.106 0.154 0.237 0.235 0.203 0.047 −0.102 −0.808 1 0.09 0.024 0.014 0.3
x11 0.003 −0.061 −0.465 −0.388 −0.585 −0.741 −0.854 0.179 0.021 0.09 1 0.988 0.985 0.372
x12 0.04 −0.099 −0.485 −0.412 −0.631 −0.796 −0.886 0.238 0.016 0.024 0.988 1 0.998 0.321
x13 0.049 −0.089 −0.49 −0.424 −0.633 −0.806 −0.892 0.238 0.013 0.014 0.985 0.998 1 0.301
x14 0.013 −0.115 −0.111 0.212 0.3 0.209 −0.087 0.142 0.034 0.3 0.372 0.321 0.301 1

2.2. Orthogonal Transformation Using PCA

In multivariate statistics, PCA is an orthogonal transformation of a set of (possibly) correlated
variables into a set of linearly uncorrelated ones, and the uncorrelated (pseudo-) variables, called
principal components (PCs), are linear combinations of the original input variables. This orthogonal
transformation is performed such that the first principal component has the greatest possible variance
(variation within the dataset). This procedure is then followed for the second component, then the
third component, etc. This means that each succeeding component in turn has the highest variance
when it is orthogonal to the preceding components [25–28]. To help visualize the PCA transformation,
a schematic dataset with three input variables is presented in Figure 2 (left). As shown in this figure,
in conducting PCA the data points are transferred from the original 3D original input space (on the
left) to a 2D principal component space (on the right).

PC1

x1

x2
x3

PC1

PC2
PC2

Transferring data from 
original space to principal 
component space with 
conducting PCA

Data points are projected 
in a way that the object 
is viewed from its most 
informative view point

The directions in which data 
has the most variance are 
presented with PC1 and PC2 
respectively 

Original data space Principal component space

Figure 2. Schematic of the PCA transformation. Original data space presented on the left with 3 (input)
variables transformed to a component space with lower dimension and pc1 and pc2 being the axes of
the coordinate.

PCA can be performed either by eigenvalue decomposition of a data covariance (or correlation)
matrix or by singular value decomposition. The process usually begins with mean centering the data
matrix (and normalizing or using Z-scores) for each attribute as follows:
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X =

⎡
⎢⎢⎢⎢⎣

x11 x12 · · · x1p
x21 x22 · · · x2p

...
...

. . .
...

xn1 xn2 · · · xnp

⎤
⎥⎥⎥⎥⎦ Z =

⎡
⎢⎢⎢⎢⎢⎢⎣

x11−x1
s1

x12−x2
s1

. . .
x1p−xp

sp
x21−x1

s1

x22−x2
s2

. . .
x2p−xp

sp
...

...
. . .

...
xn1−x1

s1

xn2−x2
s2

. . . xnp−xp
sp

⎤
⎥⎥⎥⎥⎥⎥⎦

(1)

where for k = 1 to n and j = 1 to p, xkj is the kth measurement for the jth variable, xk is the sample
mean for the kth variable, and sk is sample standard deviation for the kth variable. As discussed
in the previous section, highly correlated input variables lead to inflation of the standard error of
estimate, negatively affecting the accuracy of the estimation. PCA will help us not only reduce the
dimensionality of the modeling problem, but will also produce orthogonal pseudo-variables to be
used in solving the problem. To perform PCA in this study we used eigenvalue decomposition of the
correlation matrix of the data. The eigenvalues of the data correlation matrix are calculated, ranked,
and sorted in descending order (representing their quota of the total variation within the dataset),
as presented in Table 4. According to the eigenvalues, the first five PCs represent 95.8% of the existing
variation within the dataset.

Recalling the fact that the PCs are linear combinations of the original input variables, the PCs can
be defined as in Equation (2):

pci =
14

∑
j=1

αijxj + βi (2)

where i = 1 to 14 , the αij is the corresponding coefficients, the βi are constants, and the xj are the
original input variables. Equation (2) can be stated in matrix notation as in Equation (3):

p = Mz + n (3)

where

p =

⎡
⎢⎢⎢⎢⎢⎣

pc1

pc2

pc3

pc4

pc5

⎤
⎥⎥⎥⎥⎥⎦

MT =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.03 0.19 −0.08 −0.06 −0.09
0.03 0.11 −0.04 −0.05 0.04
0.06 0.04 0.00 0.00 0.10
0.06 0.05 0.02 0.04 0.07
0.13 0.06 0.05 0.09 −0.01
0.33 0.01 0.09 0.16 −0.20
0.71 −0.54 0.05 0.13 −0.20
−0.03 0.52 −0.20 −0.07 −0.53
−0.01 −0.05 −0.4 0.43 0.12
0.00 0.01 0.06 −0.02 0.00
−1.26 0.64 0.52 0.61 0.67
−0.75 0.37 0.21 0.28 0.31
−0.34 0.17 0.09 0.12 0.14
−4.41 18.38 47.08 76.24 −40.48

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)
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n =

⎡
⎢⎢⎢⎢⎢⎣

−55.95
−58.54
−218.20
−352.79
174.78

⎤
⎥⎥⎥⎥⎥⎦

Table 4. Eigenvalues of the Normalized Input Variables Matrix Sorted in Descending Order (Based on
Their Contribution to Total Variation).

Number Eigenvalue Percent Variation Cumulative Percent Variation

1 6.0225 43.018 43.018
2 3.2193 22.995 66.013
3 1.9746 14.104 80.118
4 1.4174 10.124 90.242
5 0.7850 5.607 95.848
6 0.3176 2.269 98.117
7 0.1091 0.779 98.896
8 0.0778 0.556 99.452
9 0.0549 0.392 99.844
10 0.0218 0.156 100

Further modeling efforts will be performed using the first five PCs.

2.3. Holdout Cross Validation

In prediction problems, cross validation will be used to estimate model accuracy. Cross validation
is a model validation technique that can be used to prevent overfitting as well as to assess how the
results of a statistical analysis can be generalized to an independent dataset. In this study, a holdout
cross validation technique is used in which the given dataset is randomly assigned to two subsets,
d0 and d1, the training set and the test set, respectively. Since the training set contains 80% of the data
points and the test set contains 20% of the data points, 80% of the data points are used to train the
model and the remainder are used to evaluate the trained model’s performance.

2.4. Principal Component Regression (PCR)

Linear regression attempts to model the relationship between response variables and explanatory
variables by fitting a linear equation to observed data. In regression analysis, the least-squares method
is used to calculate the best fitting line for the observed data by minimizing the sum of the squares of
the residuals (differences between the measured responses and the fitted values by a linear function
of parameters).

All possible regression structures were considered for representing the relationship between the
response variable, log|E∗|, and predictor variables (pc1, pc2, pc3, pc4, and pc5). To estimate the values
of the unknown coefficients in the model, the least-squares criterion of minimizing the sum of squared
residuals (SSE) is used. Finally, after eliminating redundant terms, the reduced third order cubic and
interaction terms were developed and selected as the best-fitted model. The developed model is called
“Principal Component Regression (PCR)”.

2.5. Principal Component Neural Network (PCNN)

A predictive model called “Principal Component Neural Network (PCNN)” is developed as briefly
described in this section. ANNs are brain-inspired systems intended to replicate the way humans
learn. Neural network structures consist of several layers, including input layers, output layers, and
hidden layer(s), with nodes (neurons) in each layer [29–31]. A three-layer feed-forward neural network
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is developed for this study. It consists of an input layer of five neurons (five input variables), a hidden
layer of 10 neurons, and an output layer of one neuron (one response variable). A trial-and-error
procedure of optimizing the computational time and cost function is used to choose the number of
hidden neurons. In this study supervised learning is used in which a training dataset, including
inputs and outputs, is presented to the network. The network adjusted its weights in such a way
that the adjusted set of weights produces an input/output mapping resulting in the smallest error.
This iterative process is carried on until the sum of square residuals (SSE) increases. After the learning
or training phase, the performance of the trained network must be measured against an independent
(unseen) testing data [29,32]. Let the input of each processing node be pci, the adjustable connection
weight be wij, and let the bias at output layer be b0, so that the network transfer (activation) function is
f (.). The jth output of the first layer can be obtained using Equation (5)

νj = f1(pci , wij), i = 1, ..., 5 and j = 1, ..., 10 (5)

and the response will be
ŷ = f2

(
f1(pci , wij)

)
. (6)

If we assume that
f2(νj, wH j) = b0 + ∑

j
νjwH j, (7)

and for each j,
f1(pci , wij) = bH j + ∑

j
pciwij, (8)

then a feed-forward neural network can be formulated as follows:

ŷ = f2

{
b0 +

n

∑
j=1

[
wH j · f1

(
bH j +

m

∑
i=1

pciwij

)]}
, (9)

where pci is pseudo input parameter i, wij is the weight of connection between input variable i
(for i = 1 to 5) and neuron j of the hidden layer, b0 is a bias at the output layer, wH j is the weight of
connection between neuron j of the hidden layer and output layer neuron, bH j is a bias at neuron j
of the hidden layer (for j = 1 to 10), and f1(t) and f2(t) are transfer functions of the hidden layer and
output layer, respectively.

It should be pointed out that iteration proceeds until the convergence criterion is met.
Thus, similar to the linear regression model, the validation set is not used. The Bayesian Regularization
algorithm is used to achieve network training efficiency.

2.6. Effective Variable Space

It is widely known that the use of an empirical predictive model outside the convex hull containing
the data points is prohibited. In this context, effective variable space is referred to the space where the
uncertainty of the developed models is bound to their already calculated thresholds. In other words,
outside of this region, the extrapolated behavior of the models may not be predictable. To guard
against extrapolation, Ghasemi et al. [22] concluded that the space containing input data could be
interpreted as a symmetrical convex space, then demonstrated how this space can be used in the
design procedure.

Following the approach in [22], a normal distribution is assumed for each input variable (xi),
resulting in their joint distribution being bi-variate normal, and such distributions are usually
represented in form of a contour diagram. Since a contour curve on such a diagram contains the
points on a surface with the same distance from the xixj plane, these points have a constant density
function [33] (see Figure 3 for an example of such distribution). The cross section is obtained by
slicing a bi-variate normal surface at a constant distance from the xixj plane. As indicated in Figure 3,
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the n-dimensional hyperspace is a hyper-ellipsoid with minimum volume (to avoid any gaps in
the edges).

Figure 3. A schematic of a bivariate normal distribution (left) [33] and elliptic cross-section of this
distribution (right). Projecting the cross-sectional area on the (x1, x2) plane results in an ellipsoid.

Khachiyan’s work [34] formulates the problem of finding an approximate minimum volume
enclosing ellipsoid (E ) given p data points in n-dimensions as an optimization problem.
In Ghasemi et al. [22], the authors detailed the derivation of a procedure for solving this problem and
obtaining its effective variable space. For brevity, the flowchart in Figure 4 summarizes this iterative
method for finding the minimum volume enclosing ellipsoid. This algorithm was used to find two
enclosing ellipsoids in the primary space (14-dimensional) and the pseudo space (5-dimensional) of
the dataset. It should be pointed out that this space is independent of the predictive models and is
used only to solve the optimal (and inverse) design problems.

, = ,=

× = ± ,± ,… , ±= 1 = 1, 2,… ,

= 1, 0

= = 1, 2,…= ,
0,

satisfy1 1 + ?

= 1= ( )

( , ,…, )
( )( + )( + )( )+ , +

Figure 4. Iterative method to solve the problem of finding minimum volume enclosing ellipsoid [22].

2.7. Guideline for Implementation

A summary of the methodologies used to develop the framework is presented in Figure 5.
The procedure begins with collecting experimental data from the laboratory, followed by the
pre-processing step of input variable evaluation. The flowchart continues with the model development
and the addition of a constraint on the n-dimensional input variable hyperspace to the modeling
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problem. The developed models can then be used to predict pavement performance, solve design-based
optimization problems, etc. There are a number of aspects of the proposed framework that can be
achieved using free and commercially available software like MATLAB R©, Python, and R packages,
and one may implement many parts of the framework in the language of their interest. For example,
the algorithm to find the n-dimensional hyper-ellipsoid is very straightforward using the flowchart
in Figure 4.

Data Collection 
from LAB

Principal 
Component 

Analysis (PCA)

Model 
Development

Effective Input 
Variable Space

RegressionNeural Net.

Final Model

Pair-wise 
Correlation 
Analysis 

Figure 5. A summary of the methodologies used to develop the machine learning-based framework
for predicting dynamic modulus (as an example of performance related property of asphalt mixture).

3. Developed Model Results, Performance, and Validation

The results produced by the developed models are presented in this section, and their capability
to use empirical data to estimate the dynamic modulus of asphalt mixtures is evaluated.
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3.1. Model Performance

The performance is first compared with the existing predictive models; modified Witczak,
Hirsch, and Alkhateeb models selected from the literature are presented in Equations (10)–(13),
respectively [13,14,16]

log|E∗|= −0.349 + 0.754(|G∗
b |−0.0052)(6.65 − 0.032ρ200 − 0.0027(ρ200)2+

0.011ρ4 − 0.0001(ρ4)2 + 0.006ρ3/8 − 0.00014(ρ3/8)2 − 0.08Va − 1.06(
Vbe f f

Vbe f f + Va
))

+
2.558 + 0.032Va + 0.713(

Vbe f f
Vbe f f +Va

) + 0.0124ρ3/8 − 0.0001(ρ3/8)2 − 0.0098ρ3/4

1 + exp(−0.7814 − 0.5785 log|G∗
b |+0.8834 log δb)

(10)

where |E∗| is dynamic modulus in psi; |G∗| is the binder shear modulus in psi; δb is the binder phase
angle in degrees; ρ3/4 is the cumulative percent aggregate retained on the 3/4′′ sieve (19 mm); ρ3/8 is
the cumulative percent aggregate retained on the 3/8′′ sieve (9.5 mm); ρ4 is the cumulative percent
aggregate retained on the No. 4 sieve (4.75 mm); ρ200 is the percent aggregate passing the No. 200
sieve (0.075 mm); Va is the percent air void in the mix; Vbe f f is the effective asphalt content; VMA is
the percent of voids in the mineral aggregate, and VFA is the percent voids filled with asphalt,

|E∗
m|= Pc

(
4, 200, 000(1 − VMA

100
) + 3|G∗|b(

VFA × VMA
10, 000

)
)

+
(1 − Pc)

1−VMA
100

4,200,000 + VMA
3|G∗

b |(VFA)

(11)

where

Pc =
(20 + 3|G∗

b |(VFA)/(VMA))0.58

650 + (3|G∗|b(VFA)/(VMA))0.58 (12)

and |E∗|m is dynamic modulus of HMA in psi; Pc is the aggregate contact volume; VMA is the
percentage of mineral aggregate voids in compacted mixture; and VFA is the percentage of voids filled
with asphalt in the compacted mixture,

|E∗
m|= 3(

100 − VMA
100

)(
(90 + 1.45 |G∗|b

VMA )0.66

1100 + (0.13 |G∗
b |

VMA )0.66
)|G∗

g | (13)

where |E∗
m|, |G∗

b |, and |G∗
g | (the complex shear modulus of binder in the glassy state, assumed to be

109 Pa.) are in Pa. Equation (14) shows the best reduced third-order (linear) regression model (PCR)
fitting the measured response:

ŷ =c0 + c1 pc1 + c2 pc2 + c3 pc3 + c4 pc4 + c5 pc5

+ c6 pc1 pc2 + c7 pc1 pc3 + c8 pc1 pc4 + c9 pc1 pc5

+ c10 pc2 pc3 + c11 pc2 pc4 + c12 pc2 pc5 + c13 pc3 pc4

+ c14 pc3 pc5 + c15 pc4 pc5 + c16 pc1 pc2 pc3 + c17 pc1 pc2 pc4

+ c18 pc1 pc2 pc5 + c19 pc1 pc3 pc4 + c20 pc1 pc3 pc5 + c21 pc2 pc3 pc4

+ c22 pc1 pc4 pc5 + c23 pc2 pc4 pc5 + c24 pc3 pc4 pc5

(14)

where, c0 = 6.59; c1 = 2.58; c2 = 4.4; c3 = −0.36; c4 = 0.49; c5 = 1.93; c6 = −0.33; c7 = −0.77; c8 = −1.69;
c9 = 0.15; c10 = −1.65; c11 = −4.68; c12 = 4.81; c13 = 0.7; c14 = −0.85; c15 = −1.58; c16 = −0.17;
c17 = −0.79; c18 = 1.83; c19 = 0.04; c20 = 0.18; c21 = 0.42; c22 = 0.05; c23 = 0.32; c24 = 0.06. The
trained three-layer ANN (PCNN) presented in Equation (9) contains the following connection weights
and biases:
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WT =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.511 0.134 0.654 −1.064 −0.267
−0.315 −0.147 −0.267 0.177 −1.047
−0.060 −1.266 0.759 −1.248 −0.331
−0.075 0.022 0.208 0.015 0.167
−0.074 0.022 0.206 0.015 0.165
0.103 −0.177 1.253 −1.045 0.535
0.078 −0.020 −0.231 −0.014 −0.172
0.238 0.070 −0.885 0.848 0.943
0.123 0.456 −0.387 1.547 −0.017
−0.079 0.020 0.213 0.014 0.173

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

WH =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.869
−0.886
0.632
−0.291
−0.288
−0.859
0.299
0.556
0.971
−0.299

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, BH =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.162
0.710
0.319
−0.008
−0.009
−0.570
0.007
0.290
−0.373
−0.007

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, B0 = [0.148]

Figure 6 presents the performance of the developed models in terms of measured values of
dynamic modulus versus the fitted dynamic modulus values. The measured and fitted values are
fairly close to the line of equality, indicating that the fitted values are highly correlated with the
measured ones.
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Figure 6. Measured values of dynamic modulus versus fitted values by PCR and PCNN.

Comparisons of PCR and PCNN performance to that of the existing predictive models are
conducted based on three statistics: average difference (AD), average absolute difference (AAD), and
correlation between measured and fitted values of response (r f it). A summary of the definitions of
these statistical components and their formulas is presented in Table 5. In the formulas presented in
Table 5, yi is the ith measured response, ŷi is the ith fitted response, and n is the number of data points.

The results of the comparison are presented in Table 6. According to the values of r f it in Table 6,
the estimated dynamic modulus values obtained form PCR and PCNN models are highly correlated
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with measured values according to the values, showing that the both PCR and PCNN performed well
in terms of modeling the response variable.

Table 5. Statistics which are used to compare model performance.

Statistical Component Formula Definition

Average difference (AD) AD = 1
n ∑n

i=1(yi − ŷi) An estimate of systematic model bias

Average absolute
difference (AAD) AAD = 1

n ∑n
i=1|yi − ŷi| Average closeness of the fitted and

measured values of response

r f it r f it = n ∑n
i=1 yi ŷi−(∑n

i=1 yi)(∑n
i=1 ŷi)√

n ∑n
i=1 y2

i −(∑n
i=1 yi)2

√
n ∑n

i=1 ŷ2
i −(∑n

i=1 ŷi)2

Correlation of the measured and fitted
values of response

Coefficient of
determination (R2)

R2 = 1 − SSres
SStotal

Portion of the response variation
elucidated by regressors in the fitted
model in linear models

Although the corresponding values of r f it for modified Witczak, Hirsch, and Alkhateeb models
are 0.93, 0.95, and 0.95, respectively, the average difference and average absolute difference with
respect to the measured response are significantly higher than those of PCR and PCNN. This means
that the fitted values by the modified Witczak, Hirsch, and Alkhateeb models are not close as those
fitted by PCR and PCNN to the response value. In other words, r f it, which reflects the correlation
between response and estimated response (if one goes up the other one goes up), could be biased,
and in this situations other statistics (AD, and AAD) could be used to evaluate the goodness of fit.
The dynamic modulus measured and predicted values are presented in Figure 7 for four asphalt
mixtures. According to the presented master curves the current study (PCNN model) provides the
closest values of E∗ to the measurements for all of three test temperatures, while, the conventional
models either overestimate or underestimate the response variable.

Figure 7. Comparing the measured and predicted (current study and conventional models) dynamic
modulus. Results are presented at three temperatures. Green color indicates 0.4 ◦C, Orange color
indicates 17.1 ◦C, and Purple color indicates 33.8 ◦C.
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Table 6. Performance Comparison of the Developed and Existing Models using Statistical Analysis
(na*: not applicable. R2 is applicable to models with linear parameters and thus it is not applicable to
PCNN due to the non-linear nature of its parameters.).

Average Difference (MPa) Average Absolute Difference (MPa) r f it R2

PCR Training 3.9 575.3 0.996 0.99
Testing −162.3 718.9 0.995 na

PCNN Training 13.2 380.7 0.997 na
Testing 9.7 337.5 0.997 na

Modified Witczak −2460 3152.1 0.93 0.88
Hirsch 1241.6 1785.7 0.95 0.91

Alkhateeb 2844.5 2984.5 0.95 0.90

A graphical comparison of the PCR and PCNN performance and that of the existing models is
presented in the following section.

3.2. Receiver Operating Characteristic Analysis (ROC)

A receiver operating characteristic (ROC) graph is a technique for visualizing, organizing,
and selecting classifiers based on their performance. ROC graphs are widely used in medical
decision-making as well as in machine learning and data-mining research [35]. True ROC curves plot
the false positive rate (probability of false alarm) on the x-axis and the true positive rate (probability of
detection) on the y-axis. A classifier is said to perform well if the ROC curve climbs rapidly towards
the upper left-hand corner. The more the curve deviates from y = x behavior, the more accurate
the prediction is [36]. We can borrow from the concept of ROC curve to obtain a measurement of
fit for the competing models and a ROC graph for this study is presented in Figure 8 for this study.
As described in Equation (15), the x-axis indicates the standardized residuals ordered from the lowest
to the highest (e∗∗i ). Residuals are sorted in ascending order and divided by the largest one that belongs
to the Hirsch model.

e∗∗i =
|e∗i |

|e∗iMAX
| (15)

Figure 8. ROC curves for the developed and the existing predictive models for the dynamic modulus.
The curves indicate the goodness of the fit provided by the models with regard to a pre-specified
residual. The PCNN model showed the highest performance (farthest from the y = x line), and the
Hirsch model showed the lowest (closest to the y = x line).
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The y-axis indicates the fraction of points whose standardized residuals are less than e∗∗i [37].
Although the curves obtained for all of the models are monotonically non-decreasing and climb
towards the upper left-hand corner (the desired situation shows that the predictive models perform
well), PCNN and PCR curves were the highest, proving their better performance to be better than that
of existing predictive models.

A convenient global measure of the goodness-of-the-fit is the Area Under the Curve (AUC).
To compare classifiers, it is more desirable to reduce ROC performance, to a single scalar value
representing expected performance. Since the AUC is a portion of the area of the unit square, its value
will always lie between 0 and 1. The AUC values for the PCNN, PCR, Alkhateeb, modified Witczak,
and Hirsch models are 0.9864, 0.9717, 0.8746, 0.7609, and 0.6320, respectively. One can use the ROC
and AUC analysis results and rank the predictive models according to their performances. In this
study, the PCNN model reflected the highest performance in predicting the dynamic modulus value,
while the Hirsch model ranked the lowest among all the models.

3.3. Model Validation

The current regression model is presented in the following general form as

yi = fi(Zi, θ) + e∗i . (16)

In the above equation fi is the ith expectation function, θ is the vector of parameters, and e∗i is
a random deviation of yi from fi. This term is assumed to be independent and normally distributed
with a mean of zero and unknown variance σ2 for i = 1, · · ·, n, where n is the number of input vectors.
If the above assumptions are violated, the results of the analysis could be misleading or erroneous.
These assumptions can be testified by examining residuals as defined by

e∗i = yi − ŷi . (17)

The assumption of independency holds when the residuals plot does not reflect a trivial pattern.
The normality assumption is assessed by creating a normal probability plot of the residuals. When the
error has a normal distribution, this plot will appear as a straight line [10]. These assumptions were
checked for PCR and PCNN, as presented in Figure 9. The assumption of equal variances does not
appear to be violated because there are no trivial pattern in this plot. Figure 9 presents the normal
probability of the residuals in which it can be seen that the data points are close to the straight line and
the normality assumption is validated.

Figure 9. Cont.
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Figure 9. Checking the assumptions of independency using residual plot for PCR (left) and PCNN
(right) models and the normality using normal probability plot of the residuals for PCR (left) and
PCNN (right) models.

4. Application of the Framework: Flexible Pavement Design and Optimization

The above framework is used along with an optimization algorithm to answer the following two
central questions:

• what design parameters result in the maximum |E∗|?
• what design parameters result in a pre-specified |E∗

0 |?

One can see that the first item corresponds to the optimal design problem while the second one
corresponds to the so-called inverse design.

Since it was shown through multiple statistical measurements that PCNN had the best prediction
capability, this model is used in the following section to solve the optimization problems. The ANN
used in PCNN is essentially an interconnected nonlinear function, and this necessitates the application
of a global optimizer. Moreover, the effective variable space enters the problem as a series of constraints
and further restricts the available algorithms. The optimal design problem is formulated as follows:

maximize |E∗|= FANN(x)

with respect to x = (x1, ..., x14)

subject to (x − v)T A(x − v) ≤ 1,

(xpca − v′)T A′(xpca − v′) ≤ 1,

(18)

where the vector of fourteen variables is x, and (x − v)T A(x − v) ≤ 1 are the enclosing ellipsoid
constraint equations for the original and PCA-based variables. A penalty function approach is used
to convert the above constrained problem to an unconstrained one [38]. In this case, when the
penalty function is active, it decreases (increases) the objective function when the problem is one of
maximization (minimization), and the degree of penalty is based on the closeness of the solution to the
corresponding constraint.

Since the inverse design problem aims at finding the specification of a predefined goal, it is
defined as a minimization problem as follows:

minimize error = ||E∗|−|E∗
0 ||

with respect to x = (x1, ..., x14)

subject to (x − v)T A(x − v) ≤ 1,

(xpca − v′)T A′(xpca − v′) ≤ 1,

(19)
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where |E∗
0 | is the desired (goal) dynamic modulus. Although a similar penalization method can also

be used to address the constraints in this case, for the above problem the constraints will penalize the
objective function when they are active.

Reliable solution of the above problems requires the application of a gradient-free optimization
algorithm. Gradient-based optimization algorithms are not applicable in this case because of the
network-based nature of the ANNs. Evolutionary-based algorithms are potentially easy-to-use
algorithms in the above problems. Novel algorithms have been used to solve complex optimization
problems in recent years [39,40], and in this case, Mean-Variance Mapping Optimization (MVMO),
an in-house optimization algorithm based on the work by Elrich et al. [41,42], is used. The constraints
are handled using the approach described in Aslani et al. [43], in which, the convergence rate of
a constrained MVMO was compared to the already-developed methodologies using benchmark
structural problems. Authors in [22] indicated that a constrained MVMO is capable accurately
identifying an optimal value with a minimum number of simulations. It should be noted that the
choice of optimization algorithm is not the principal focus of this study.

Figure 10 (left) depicts the convergence achieved for the first design problem by the constrained
MVMO algorithm. The initial data points are random making it heavily penalized, and then the
objective function increases as the algorithms evolves. Exploration-exploitation behavior is achieved
using adaptive strategies in the course of optimization for MVMO. δ = 0.05 is used as the threshold
in Figure 4. Solving the maximization problem resulted in |E∗

max|= 53,703 MPa. The optimal design
parameters are presented in the first column of Table 7.

To find the maximum amount of dynamic modulus one could design for without low temperature
failure in the asphalt binder, the maximization problem was solved one more time with an additional
constraint of G∗sinδ ≤ 5000, resulting in |E∗

max|= 36,307 MPa. Corresponding design parameters are
presented in the second column of Table 7 as the optimal design 2.

Figure 10 (right) shows the convergence of the algorithm for the inverse design problem after
starting randomly from three different initial points, with the algorithm is terminated when the error
reaches about 10−9. A pre-specified |E∗

0 | of 20,417 MPa is considered and the inverse problem of finding
the corresponding design parameters is solved. Because of non-linearity of the function, the problem
has no unique solution. Three of the possible solutions are presented as designs 1 to 3 in Table 7.

Finally, the five sets of design parameters are compared with current design specification, with the
results shown in Table 7. The percentage of aggregate passing by each sieve size is within the acceptable
range of the gradation specification. Gradation charts are presented in Figure 11. The obtained
percentages of air voids are 4%, which is the target value in the design specification. The obtained
values for VMA are slightly less than 14% for a nominal maximum aggregate size (NMAS) of 12.5
mm because the VMA values of the nine mixtures used to train the PCNN are slightly less that 14%
(see Table 1). The acceptable range for VFA varies with the amount of traffic load measured in million
Equivalent Single Axle Loads (ESALs) as follows:

• traffic loading < 0.3 → 70 < VFA < 80
• 0.3 < traffic loading < 3.0 → 65 < VFA < 78
• traffic loading > 3.0 → 65 < VFA < 75

The VFAs obtained for all of the five sets of design are satisfied for all of the traffic categories.
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Figure 10. Convergence for the optimal design problem (left) and inverse (right) design of
dynamic modulus.

Table 7. Th Corresponding Design Parameters Obtained from Solving Optimal Design and Inverse
Design Problems.

Identity Optimal Design 1 Optimal Design 2 Design 1 Design 2 Design 3
Design Specification

Control Points Restricted Zone

Lower Upper Lower Upper

%Passing from 3/4′′ 100 100 100 100 100 - 100 - -
%Passing from 1/2′′ 93.38 94.03 92.25 91.88 91.80 90 100 - -
%Passing from 3/8′′ 81.74 81.72 79.57 79.92 80.70 - 90 - -
%Passing from #4 53.00 53.90 55.36 55.23 54.39 - - - -
%Passing from #8 39.56 40.51 41.37 41.08 40.92 28 58 39.1 39.1
%Passing from #30 20.75 20.68 21.02 20.87 20.83 - - 19.1 23.1
%Passing from #50 11.66 11.60 12.08 11.81 12.02 - - 15.5 15.5
%Passing from #100 6.22 6.21 6.52 6.38 6.40 - - - -
%Passing from #200 4.10 3.85 4.38 4.58 4.56 2 10 - -
G* (Mpa) 103.13 7.81 133.51 30.20 11.82 - - - -
Phase angle (degree) 35.71 39.60 47.69 47.27 44.77 2 8 - -
Vbeff% 4.11 4.18 4.02 4.06 4.05 - - - -
VMA 13.47 13.56 13.41 13.45 13.44 - - - -
VFA 70.29 70.50 70.11 70.24 70.24 - - - -
Va% 4.00 4.00 3.99 4.00 4.01 4 - -

Figure 11. Aggregate gradation graphs with 12.5 mm NMAS particle size distribution obtained
from PCNN.

5. Conclusions

This study used the HMA dynamic modulus data and focused to evaluate the quality of predictor
variables to be used in a procedure of model development. Correlation analysis is performed to identify
cross-correlated input variables, and correlated inputs are replaced by orthogonal pseudo-inputs (PCs)
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obtained using PCA. Two separate models are developed using multivariate regression and ANN
(called PCR and PCNN, respectively). Extrapolation in empirical modeling is addressed by adding
the constraint of an n-dimensional enclosing ellipsoid to the modeling problem. Performances of
the proposed models were compared to existing predictive models using both statistical analysis
and ROC analysis. The models developed satisfactorily estimated the dynamic modulus value,
with PCNN indicating remarkably better performance when fitted to the test data than the existing
predictive models from the literature. These PCA-based approaches are thus highly recommended
as precise modeling strategies in this application. Moreover, these methodologies appear to be
capable of modeling other material properties and future investigation in this regard is recommended.
To determine this framework’s application in pavement design, two optimization problems including
optimal design and inverse design have been presented and solved using a mean-variance mapping
optimization algorithm. The results for the two problems are in a good agreement with the HMA mix
design specification and thus could be a reasonable starting point in solving real-life design problems.
Although, the developed models as well as obtained optimal design parameters are based on the
empirical database created in this study, the suggested framework has the capability of being re-trained
and adjusted to fit new data. For obtaining more reliable and applicable results, a larger empirical
database would be required.
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Abstract: According to the latest estimates, 40% of urban areas are covered by pavements. One of the
most remarkable effects on the urban environment is the increase in impermeable surfaces which leads
to problems related to water infiltration into the ground and the increase in wash-off volumes. The
use of permeable and porous layers in urban applications for cycle lanes, footpaths and parking areas
is growing in interest, increasing the potential for control and management of urban runoff. In this
paper, a physical and mechanical characterization is proposed of an innovative mixture, prepared
with a polymeric transparent binder for semi-porous layers with reduced contribution to the urban
heat island effect. Two versions of this mixture are compared, one with just virgin and the one with
artificial synthetic aggregates, produced through the alkali-activation of waste basalt powder. Results
show suitable properties for both materials if compared to porous asphalt concretes in traditional
pavements. Furthermore, the application of synthetic aggregates seems to be a viable solution for the
production of innovative and eco-friendly mixtures, allowing the recycling of waste materials.

Keywords: permeable pavements; porous asphalt concrete; polymeric transparent binder; synthetic
aggregates; urban pavements; urban runoff

1. Introduction and Objective

According to the latest estimates, the expansion levels imposed by modern society will involve a
dramatic growth in the size of cities by the middle of this century [1]. Today, urban areas are formed
by multiple paved areas that facilitate people’s daily mobility in different ways. From this perspective,
pavements can no longer be considered as simple structures to connect places, since they are composed
of roads, special lanes, bike lanes, footpaths and squares in which people spend a great part of their
life. This rapid development presents challenges in terms of urban and environmental planning,
considering that today 40% of urban areas are covered by pavements. This urban land-cover change
is affecting the local ecosystems and the underlying surface conditions, resulting in an important
increase in the portion of impervious surfaces. The natural hydrological process may be irreversibly
changed [2,3], as a consequence of limited rainwater infiltration and the increased surface runoff [4].
Studies have demonstrated a clear correlation between increased flooding hazard registered in urban
areas and the changes in the natural drainage network [5,6]. The growth of impervious surfaces has
increased the runoff peaks as well as the stormwater runoff accumulation. From an environmental
perspective, these impervious areas promote the stagnation of water containing urban pollutants such
as road-deposited sediments and potentially toxic metals and metalloids. Studies demonstrated that
the presence of contaminants is mainly related to the different land use: high quantities of polycyclic
aromatic hydrocarbons were detected in some commercial sites, due to higher vehicle concentrations.
Furthermore, heavy metals characterize the stormwater runoff from industrial land-use areas [7,8].
The presence of these pollutants can be considered as one of the primary contributors to water quality
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depletion in natural water bodies [9]. By 2030 the urban land cover will increase by 1.2 million km2

and according to recent studies, the global urban land cover is expected to be over 200% if compared to
year 2000 [10].

Engineers from all over the world are facing the new challenges in managing the urban planning
for a sustainable future. The importance of taking decisive actions to tackle these problems is obvious.
From an environmental point of view, Best Management Practices (BMPs) are today widely applied
as runoff control system in urban areas in order to reduce the so-called nonpoint source (NPS)
pollution [11]. BMPs promote the development of detention basins and extended detention basins,
which act as storage and water treatment areas. The latest research has highlighted the performance
of innovative “smart” BMPs improved with a real-time active control of the stormwater detention
basin outflows, able to achieve up to 90% of pollutant removal and considerably reduce the outflows
volumes [12].

As for the increased wash-off volumes in urban areas, some countries have developed a series of
guidelines and stormwater management plans and proposed some specific techniques to monitor the
urban flooding. To date, the most effective method to control urban runoff is based on the urban design
that promotes the development of permeable pavements and surfaces and green areas. This approach
is traditionally counted among the infiltration-based technologies to control the urban runoff [13].

Permeable pavements can be considered as a suitable and sustainable alternative to traditional
pavements produced with common asphalt or cement concrete. Considering that paved surfaces
represent around the 25% of impervious urban surfaces, the possibility of using porous pavements
can be effective in controlling the urban runoff [14,15]. Several studies demonstrated that porous
pavements are considerably more effective in reducing the wash-off volumes if compared to drainage
surfaces [16]. Moreover, the efficiency of these permeable surfaces is highlighted considering their
contribution in decreasing the flood peak and its hysteresis, which is generally related to the thickness
of the porous structure [17]. Starting from the traditional porous asphalts or concretes, some now
materials such as modular elements, paving blocks or plastic grid system are today widely used in
urban areas to create permeable areas and structures [18,19].

The porous layers are also effective against the Urban Heat Island (UHI) effect [20]. This
phenomenon is another consequence of the dramatic development of urbanization and is evaluated as
the overheating of urban temperatures compared to the relatively colder conditions of suburban zones
and rural areas [21]. The traditional materials used for pavements and roofs absorb and store most
of the solar energy falling on their surface during the day, which is then released in the form of heat
during night-time. The albedo is the measure of the sunlight reflection of a surface out of the total
solar radiation, and it ranges between zero (corresponding to a full absorption) and 100 (representing a
completely reflective surface). The dark surfaces that traditionally distinguish the road pavements and
roofs are characterized by a sunlight reflection up to 20% [22]. Several studies and applications have
been carried out to face the UHI through the adoption of innovative materials or simply increasing the
solar reflection of surfaces [23,24]. Researches verified the mitigation of UHI through the use of porous
mixtures and light-colored surfaces [25].

In the case study presented in this paper, a semi-porous mixture prepared with a polymeric
transparent binder and a pale limestone aggregate is proposed. This innovative and eco-friendly
material has the dual target of reducing urban runoff and UHI, by coupling a porous structure with a
light-colored pavement surface. Moreover, the proposed material can be used as surface layer for the
construction of a water-retaining pavement, which is a novel type of cool pavement [26]. In this case,
the reduction in the pavement temperature is promoted by the evaporation cooling of water stored in
the thickness of the layer.

Furthermore, the sustainability impact of this material is optimized by the partial substitution of
natural aggregates with artificial synthetic aggregate produced through the alkali-activation of waste
basalt powder.
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2. Materials and Methods

After reviewing some Italian technical specifications for semi-porous asphalt concretes, two
mixtures were studied: one made with 100% pale limestone aggregates (SPT) and one with the
replacement by 21% of virgin material with synthetic aggregates (SPS) produced through the
alkali-activation of basalt waste powder.

2.1. Polymeric Binder

The polymeric material used as binder is a commercial single-component polyolefin resin sold in
solid form (chips). It is used to produce conglomerates for low visual impact pavements to preserve
the aesthetic of rural, residential or historical areas. Compared to other colored asphalt concretes,
no pigment or additive is added to the original mixture. In this case the binder is transparent, so the
final color of the material will be the given by the natural color of the aggregates used for the mix
design. This allow to perfectly integrate the pavement in the surrounding landscape.

In operational terms, the binder is added at ambient temperature into the drum mix of a common
asphalt plant, where it melts using the aggregates’ heat. Once mixed, the material is laid down and
compacted with the same technologies and methodologies adopted for common asphalt concretes.
The properties of the binder are presented in Table 1 where the technical parameters are assessed in
compliance with tests traditionally used for the characterization of bitumen for asphalt concretes.

Table 1. Technical properties of the polymeric binder.

Technical Features Typical Values Reference Standard

Dynamic viscosity at 160 ◦C >700 mPa·s EN 13702
Penetration at 25 ◦C 25–55 dmm EN 1426

Softening point >75 ◦C EN 1427
Flash point >220 ◦C DIN 51755, ASTM D92,D93

Density at 25 ◦C 850 kg/m3 EN ISO 3838

2.2. Synthetic Aggregates

The synthetic artificial aggregates were produced using the alkali-activation process. This is
a chemical reaction that is established between two groups of materials, namely precursors and
activators, with specific chemical properties. The former are materials generally rich in silica and
alumina, the latter are needed to promote the chemical reaction. The result of the synthesis process
is the development of a hardened binder based on a combination of hydrous alkali-aluminosilicate
and/or alkali-alkali earth-aluminosilicate phases [27–29]. In the work presented in this paper, a specific
mix of waste basalt powder and metakaolin was used as the precursor.

The basalt powder is a waste material completely passing the 50 μm sieve resulting from
the extraction and production processes in a basalt quarry. The use of basalt is not new for the
alkali-activated materials, considering that its chemical properties are suitable for the synthesis
reaction [30].

The metakaolin is obtained by heat treatment (around 700 ◦C) of a natural kaolin and its application
to produce alkali-activated materials is a common practice. It is today well-known the improvement in
the mechanical properties of the final mixture conferred by the presence of metakaolin [31]. Table 2
summarizes the chemical composition of both basalt and metakaolin powders.

The activators are needed to create a high alkaline ambient to develop the synthesis of the
material. In the case under study a liquid compound of Sodium Silicate (SiO2/Na2O ratio of 1.99)
and Sodium Hydroxide (10 M), mixed according to a specific dosage (SS/SH = 4), was used as the
activator. After the mixing phase of precursor and activators, the material was handcrafted to produce
granular samples and then cured for 12 hours in an oven at 60 ◦C. Some mechanical and physical
tests were carried out on the synthetic paste and aggregates in order to characterize the material.
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As suggested by the well-established literature in the alkali-activated material field, the evaluation of the
mechanical properties was based on the assessment of the compressive strength of the alkali-activated
mixture. Considering the absence of specific test procedures for the mechanical analysis of this type of
synthetic material, the EN 1015-11 [32] standard was taken as reference. According to the standard,
the compressive strength of a hardened mortar is evaluated applying a load without shock and
increasing it continuously at a rate within the range 50 N/s to 500 N/s so that failure occurs within
a period of 30 to 90 second. The maximum load is registered and the compressive strength is than
calculated. Furthermore, in order to evaluate the development of the mechanical properties of the
mixture during the curing period, the compressive strength tests were repeated after 3, 7, 14, 21 and
28 days after the mixing and casting procedures. In compliance with the standard, tests were carried
out on 40 × 40 × 40 mm cubic samples.

Table 2. Chemical properties of basalt and metakaolin.

Compound Unit Basalt Metakaolin

SiO2 % p/p 45.3 55.2
CaO % p/p 8.8 0.2

Na2O % p/p 1.7 0.6
Al2O3 % p/p 21.6 40.3
Fe2O3 % p/p 8.5 1.4
SO3 % p/p <0.1 0.2

MgO % p/p 2.0 0.1
P2O5 % p/p 0.7 <0.1
TiO2 % p/p 0.2 1.5
ZnO % p/p <0.1 <0.1
K2O % p/p 9.7 0.2

Four samples were tested for each test repetition and the average results are presented in Figure 1.

 
Figure 1. Compressive strength on alkali-activated mixture samples after 3, 7, 14, 21 and 28 days
of curing.

Results in Figure 1 highlighted the achievement of a considerable compressive strength (47 MPa)
just after 3 days of curing. From day 7 to day 28, there is visible a slight variation in results, ranging
from 58 to 65 MPa. This phenomenon is quite common for the alkali-activated materials and it is
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mainly related to the high influence of the mixing and casting procedures on the final properties of
the material. Hence, the curing procedure can be considered ended after 7 days and the compressive
strength achieved is considerably high.

2.3. Experimental Program

The experimental program was divided in several laboratory phases, with the final aim of defining
the physical, mechanical and functional properties of the two semi-porous mixtures.

Taking as a reference Italian technical specifications for semi-porous asphalt concretes, the physical
characterization was based on the evaluation of the air voids content for samples prepared through
gyratory compaction in accordance with the EN 12697-31 [33] standard (compaction pressure of
600 kPa and 80 gyrations). The physical analysis was then supported by means of the Indirect Tensile
Strength (ITS, EN 12697-23) [34] test carried out at 25 ◦C. The mechanical characterization was based on
evaluation of dynamic behavior using the Indirect Tensile Stiffness Modulus (ITSM, EN 12697-26 annex
C) [35] test. This was repeated at 10, 20 and 30 ◦C to check the thermal sensitivity of the two mixtures.
Considering the porous structure of the material, the durability was assessed in terms of reduction of
ITS (ITSR, EN 12697-12) [36] after freeze and thaw cycles and in terms of raveling resistance using the
Cantabro test (EN 12697-17) [37]. The functional properties of the experimental mixtures were then
evaluated as vertical permeability (EN 12697-19) [38] and skid resistance (EN 13036-4) [39].

3. Mixtures Characterization

3.1. Mixture’s Details

Two mixtures were designed in compliance with a gradation band suggested by Italian technical
specifications for semi-porous layers. The SPT mix was produced with 100% pale limestone aggregates.
The SPS mix replaced 21% of the natural aggregate with synthetic aggregates (Figure 2).

   

Figure 2. Pale limestone aggregates (a), synthetic aggregates (b) and transparent polymeric binder (c).

The synthetic aggregates were sieved in order to substitute only the natural aggregate particles
with the same dimensions (6.3/12.5 mm). Therefore, the gradations of the two mixtures were kept
constant in order to have comparable grading curves (Figure 3). After several laboratory trials,
the optimum binder content was determined to be 5.5% by weight of the aggregates. In this case,
the evaluation of the optimum binder content was carried out in compliance with the Marshall mix
design method [40]. The mixing procedure provided for the heating of aggregates at 170 ◦C and the
addition of the polymeric binder chips at ambient temperature directly into the laboratory mixer
together with the hot aggregates.
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Figure 3. SPT and SPS particles distributions and gradation limits.

As showed in Figure 3, both the grading distributions fit the reference gradation band and there is
no remarkable difference between the two mixtures.

The final aspect of the samples after compaction and its surface texture as well as the porous
structure are shown in Figure 4. From a visual analysis the synthetic aggregates seem to be well
distributed into the mixture, highlighting no issues in terms of workability and segregation during the
mixing and compaction process.

 
Figure 4. Gyratory sample with synthetic aggregates.

3.2. Air Voids Content

In order to verify the quality of the mix design, the air voids (Av) content (EN 12697-8) [41] was
evaluated for the two experimental mixtures. Four gyratory samples were produced for each mix
in compliance with EN 12697-31 standard (80 gyrations). The bulk density of the specimens was
calculated using the geometrical procedure, as suggested by the EN 12697-6 [42] standard for open
graded bituminous mixtures. The results are presented in Table 3.
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Table 3. Air voids content.

Mixture Av (%) Mixture Av (%)

SPT_1 23.7 SPS_1 26.3
SPT_2 23.8 SPS_2 26.5
SPT_3 23.3 SPS_3 26.6
SPT_4 23.6 SPS_4 27.3
Avg. 23.6 Avg. 26.7

Both mixtures show a significant Av content. It is worth noting that the Italian technical
specification suggests a lower Av limit of 16% for semi-porous mixtures. The remarkable porosity of
the mixture is probably related to the adopted particles size distribution, which was close the lower
limit of the gradation band for the material passing the 1 mm sieve and to the upper limit for the
retained material at 4 mm sieve. In this case, the obtained aggregates distribution is more open graded.

The higher Av content for the SPS mixture is probably related to the rounded shape of the
handcrafted artificial aggregates.

3.3. Mechanical Characterization: ITS and ITSM

The mechanical characterization was based on both static and dynamic tests: Indirect Tensile
Strength (ITS) and Indirect Tensile Stiffness Modulus (ITSM).

The ITS test is generally useful for evaluation of the strength of cohesion between aggregates
and mastic [43]. According to EN 12697-23, a load with a constant velocity of 50 mm/min is applied
diametrically to a cylindrical specimen until failure.

The test was carried out using 3 gyratory specimens (80 gyrations) conditioned at 25 ◦C for
4 hours. The results are shown in Table 4. Both experimental mixtures comply with the minimum ITS
value suggested by the reference technical specification (ITS ≥ 0.50 MPa). The SPS mix shows better
performance despite its higher porous structure. In wider terms, a suitable ITS is reached despite the
considerable amount of air voids content in the mixtures.

Table 4. Indirect Tensile Strength (ITS) test results.

Mixture ITS (MPa) Mixture ITS (MPa)

SPT_1 0.48 SPS_1 0.55
SPT_2 0.50 SPS_2 0.60
SPT_3 0.51 SPS_3 0.53
Avg. 0.50 Avg. 0.56

These results represent also a further validation of the quality of the mastic formed by the
polymeric transparent binder and the finest part of the aggregates distribution.

An advanced mechanical characterization was based on evaluation of mixture behavior under
dynamic load using the ITSM test carried out on 3 gyratory samples (80 gyrations) for each mixture at
3 different temperatures: 10, 20 and 30 ◦C. According to the EN 12697-26 part C standard, the Modulus
is determined through a pulse loading with a rise-time of 124 ms, to generate a predefined horizontal
deformation of 7±2 μm in the core of the cylindrical specimen. The tests were carried out on 3 samples
conditioned at 3 temperatures in order to verify the thermal sensitivity of the mixtures and how the
presence of synthetic aggregates could affect this property.

The average results are presented in Figure 5 and summarized in Table 5.
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Figure 5. Average Indirect Tensile Stiffness Modulus (ITSM) results at 10, 20 and 30 ◦C.

Table 5. ITSM test results.

Mixture ITSM @ 10 ◦C (MPa) ITSM @ 20 ◦C (MPa) ITSM @ 30 ◦C (MPa)

SPT_1 5149 3034 1709
SPT_2 5420 3109 1610
SPT_3 5373 3230 1550

Avg. SPT 5314 3124 1622

SPS_1 4990 3416 2095
SPS_2 4865 3368 2036
SPS_3 5127 3402 2005

Avg. SPS 4994 3395 2050

As overall results, both mixtures show a consistent stiffness at each test temperature.
If 20 ◦C is considered as the reference temperature, there are no substantial differences in stiffness

between the two mixtures. The adopted technical specification does not suggest any limitations
in terms of stiffness moduli. However, according to the scientific literature and real applications,
the achievement of 3000 MPa at 20 ◦C can be considered as a suitable requirement for porous asphalts,
considering their relatively weak structure.

In terms of thermal sensitivity, the two mixtures show a different variation in stiffness in relation to
test temperature. The SPT mixture would appear to have a mechanical behavior that is more influenced
by test temperature than the SPS mixture. Typically, for asphalt concretes an excessive stiffness at
low temperatures and a low mechanical response at high temperatures could result in detrimental
issues in terms of durability. In light of the above, the experimental mixture shows a positive increase
in stiffness at high temperature and this could have a favorable effect in terms of rutting resistance.
Still, the SPS mixture shows a stiffness trend line that corresponds to a reduced thermal sensitivity.
This might be a consequence of the partial substitution of natural aggregates with synthetic materials.
Future testing will assess the level of thermal transmittance for these artificial aggregates in order to
validate this speculation.
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3.4. Durability Evaluation: ITSR and Cantabro Tests

Considering the porous structure of the material, the durability evaluation was based on the
assessment of the water sensitivity of the mixtures, in terms of reduction in ITS and raveling resistance.

In the first case a set of 3 specimens for each mix were subjected to 10 freeze and thaw cycles, from
−20 to 20 ◦C, for 5 days before being tested. In fact, moisture damage can be considered as one of the
main forms of pavement deterioration, which is also promoted by the formation of ice [44]. According
to well-established literature, high ITS and ITSR values could guarantee a good resistance to moisture
damage [45]. According to the EN 12697-12, the reduction in ITS is calculated as the ratio between
results obtained in wet and normal dry conditions (EN 12697-12).

The Cantabro test is typically used in Europe for evaluating the raveling resistance of porous
asphalt concretes (EN 12697-17). The test enables the estimation of the abrasiveness of porous asphalt,
as these mixtures have high air voids, the contact areas between aggregates, which guarantee cohesion
of the asphalt concrete, are limited. It is worth noting that it does not reflect the abrasive effect by
studded tires. Thus, the cohesion is evaluated in terms of particles loss (PL) when a set of Marshall
samples (EN 12697-30, 50 blows per side) is placed in a Los Angeles machine for 300 revolutions, with a
speed of 30 revolutions per minute. Four Marshall samples were tested for each mixture. In compliance
with the standard, the specimens were stored for 2 days at a temperature of 25 ◦C prior to testing.
Table 6 summarizes the results for ITSR and Cantabro tests.

Table 6. ITSR and Cantabro test results.

Mixture ITSnormal (MPa) ITSwet (MPa) ITSR (%) Particle Loss (%)

SPT_1 0.49 0.46 / 3.3
SPT_2 0.50 0.46 / 3.5
SPT_3 0.51 0.39 / 3.3
SPT_4 / / / 3.5

Avg. SPT 0.50 0.44 89 3.3

SPS_1 0.55 0.45 / 3.9
SPS_2 0.60 0.44 / 3.8
SPS_3 0.53 0.39 / 3.4
SPS_4 / / / 3.4

Avg. SPS 0.56 0.43 77 3.6

The technical specifications generally suggest a minimum ITSR value equal to 75%. Both
experimental mixtures exceed this threshold value. It is worth noting that the reduction in ITS is
generally evaluated for samples kept in a water bath (40 ◦C) for 72 hours prior testing. In the case
under study, the ITSR results are in line with the suggested lower limit even if the mixtures have been
subject to a considerable higher deterioration. The lower ITSR results for SPS are probably related to
the higher air voids content that might had a detrimental effect during the freeze and thaw cycles.

In terms of particle loss, there is no significant difference between the two mixtures. The most
common Italian technical specification suggests a maximum particle loss (PL) value equal to 20%,
for porous asphalt, which is substantially higher if compared to test results. This is a further validation
of the quality of the cohesion between particles guaranteed by the polymeric transparent binder
considering the remarkable porosity of the two mixtures.

3.5. Functional Properties: Skid Resistance and Vertical Permeability Test

Surface friction and vertical permeability are important functional properties for porous layers.
The friction between tires and road pavement involves two components: adhesion and hysteresis.

The first phenomenon is connected to the microtexture of the pavement, which is generally evaluated
by means of the skid resistance test [46]. The most common measure of the skid resistance is given in
terms of Pendulum Test Value (PTV, EN 13036-4) using the British Portable Pendulum. According to
the standard, the frictional force is the force acting tangentially in the contact area and it is measured
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as the loss of energy of a standard rubber slider that slides across the test surface. The PTV value in
given by the average result of five repetitions for each single test point. The final result is adjusted
with specific factors depending on the surface temperature. It is worth mentioning that the test surface
must be wetted prior to testing.

As for the permeability, it is the most important property for a porous asphalt. According to the
EN 12697-19, it can be evaluated in lab in terms of vertical and horizontal permeability: in this research,
the former property was assessed. The vertical permeability is considered as the water flowing in a
vertical direction through the specimen thickness. The test procedure imposes that a water column of
constant height is kept on the surface of the porous sample and the vertical permeability is evaluated
in terms of the amount of water flowing through the sample in a specific range of time using the
Darcy’s Law.

The results of both tests are shown in Table 7.

Table 7. Average Pendulum Test Value (PTV) and vertical permeability results.

Mixture PTV Vertical Permeability (10−3 m/s)

SPT_1 53 0.50
SPT_2 48 0.52
SPT_3 49 0.63

Avg. SPT 50 0.55

SPS_1 55 0.54
SPS_2 55 0.54
SPS_3 54 0.61

Avg. SPS 55 0.56

In terms of skid resistance, a small difference was found between the two mixtures. The SPS
mixture has a higher friction, possibly related to the different surface texture affected by the higher
porosity and the different micro and macro texture of the synthetic aggregates. Both PTV values are
acceptable but the surface texture needs to be improved if compared to values generally suggested by
technical specifications for asphalt pavements (PTV ≥ 50). However, an increase in PTV is expected
after a primary polishing of the binder film that covers the aggregates by the traffic. Nevertheless,
an optimization of the grading distribution might improve the macro-texture of the material.

No significant difference was found in terms of vertical permeability for the two mixtures. It is
worth noting that the reference standard suggests a minimum value of 0.5·10−3 m/s for traditional
porous layers. The obtained values are remarkable, considering that the adopted gradation band is
suggested for semi-porous layers. Nevertheless, taking into account the significant porosity of the two
mixtures, the air voids interconnection must be improved. Future imaging tests with e.g. Nuclear
Magnetic Resonance (NMR) technology will evaluate the inner structure of the samples in order to
verify the interconnectivity and tortuosity of air voids.

4. Conclusions

In the present research, a low impact semi-porous concrete produced with transparent polymeric
binder and pale limestone aggregates is proposed. To improve the sustainability of the material,
an experimental mixture was produced with the partial substitution of natural aggregates with artificial
ones obtained through the alkali-activation of waste basalt powder. The research program provided
for a physical and mechanical laboratory characterization.

On the basis of the presented results, the following conclusions can be drawn:

• The adopted particles size distribution and polymeric binder amount allow the achievement of
good workability and a higher porosity if compared to traditional semi-porous asphalt concretes.
The presence of synthetic aggregates did not affect the mixing procedure and the workability
properties of the mixture. The visual analysis of the samples and their inner structure highlighted
a correct distribution of the artificial aggregates within the mixture.
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• The increased air voids content for the SPS mixture is more likely related to the rounded shape
of the handcrafted particles, which limited the aggregates interlocking resulting in a more
open structure.

• The mechanical characterization and durability evaluation highlighted how both mixtures exceed
the threshold limits imposed by the technical specifications for semi-porous asphalt layer, despite
the significant porosity of the materials. Consistent properties were registered in terms of
water susceptibility considering the severe conditioning given by the freeze and thaw cycles.
Furthermore, both mixtures revealed a ravelling resistance considerably lower than the threshold
limit for porous asphalts, as a further confirmation of the good cohesion between particles
guaranteed by the polymeric binder.

• The most relevant difference between the mixtures is related to the low thermal sensitivity of
SPS. The experimental mixture showed a favourable increase in stiffness at high temperature and
a slight decrease at the lowest ones. This phenomenon might be attributed to the presence of
artificial aggregates. Future tests will assess the thermal transmittance of the synthetic aggregates
in order to validate this conclusion.

• The two experimental mixtures showed a good vertical permeability which is in line with the
lowest values suggested for porous layers. However, considering the high porosity of the mixture,
most of the air voids may be not fully connected. In terms of skid resistance, both mixtures
should be optimized to improve this parameter in their early life, despite the adoption of synthetic
aggregates led to higher PTVs. As a general statement, the optimization of the mix design might
improve the texture properties of the material as well as the interconnection of air voids.

In the light of the above, the use of transparent polymeric binder seems to be a viable solution for
the production of low impact semi-porous layers for use in urban areas. Future studies will investigate
the possible substitution of higher quantities of natural aggregate with synthetic material aiming
to the production of 100% synthetic mixtures. Furthermore, the use of a centrifugal granulator can
improve the quality of the synthetic aggregates and convert the production from the laboratory to the
industrial scale.
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Abstract: Pavement design is essentially and usually a structural long-term evaluation process which
is needed to ensure that traffic loads are efficiently distributed at all levels of the total road structure.
Furthermore, to get a complete analysis of its durability behavior, long-term monitoring should
be facilitated, not only from the top by falling weight deflectometer (FWD) or core drilling but
preferably from inside the structure and at exactly the same positions during a long-time interval.
Considering that it is very hard to devise an efficient method to determine realistic in-situ mechanical
properties of pavements, the determination of strain at the bottom of asphalt pavement layers through
non-destructive tests is of a great interest. As it is known, fiber Bragg grating (FBG) sensors are
the most promising candidates to effectively replace conventional strain gauges for a long-term
monitoring application in a harsh environment. The main goals of this paper are to compile an
overview of the recent developments worldwide in the application of fiber optics sensors (FOS) in
asphalt pavement monitoring systems; to find out if those systems provide repeatable and suitable
results for a long-term monitoring; if there are certain solutions to validate an inverse modelling
approach based on the results of FWD and FOS.

Keywords: asphalt; fiber optics sensors (FOS); fiber Bragg grating (FBG) sensors; falling weight
deflectometer (FWD)

1. Introduction

Pavement design is essentially and usually a structural long-term evaluation process which is
needed to ensure that traffic loads are efficiently distributed at all levels of the total road structure.
The total road structure consists of a top layer, one or more base layers, subbase and subgrade.
The stresses and strains developed at those levels should be within the capabilities of the materials
used. The objective of the pavement design is to produce an engineering structure that will distribute
traffic loads efficiently within the selected burden parameters by minimizing the whole-life cost of
the pavement including the work costs (materials, construction, maintenance and residual value);
the user costs (traffic delays, accidents at roadworks, skidding accidents, fuel consumption/tire wear
and residual allowance); environmental impact and so forth. Mechanical pavement design usually
involves the selection of the materials/mixtures for the different layers of the pavement structure
and the calculation of the required thickness of the designed pavement. Stiffness is a fundamental
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and important parameter that must be fully understood in the selection of the materials. Usually
pavement layers have a higher stiffness while the layers underneath such as base and subbase have a
greater thickness with a lower stiffness to get the same pressure on the underside. The thickness of
the pavement structure layers can be reduced by increasing the stiffness of the layers and introducing
multilayered pavement structures which are commonly used in, for example, Belgium, France and The
Netherlands. One of the important facets of material behavior is the consideration of the situation
where the layers are susceptible to moisture. If the area becomes saturated, the stiffness is reduced
(normally imposed stresses taken by the dry material cause the layer to fail). For sure it can be avoided
if drainage is installed in such a way that groundwater never reaches the pavement layers. Since
moisture may affect the subgrade and the sub-base (and, also the base if it is unbound). Another one is
a temperature monitoring, as temperature affects the bitumen-bound layers. It is essential that the
design process takes the climatic conditions into account [1,2]. Also, the pavement compaction quality
is a very important facet.

In the last 50 years, pavement research and related pavement techniques have grown. These
theories, principles, and/or procedures which were based on the knowledge and research achievements
at that time, have helped the pavement professionals to make specific analysis, design, construction and
maintenance on pavements. Therefore, they have created a far-reaching influence on later pavement
technology [3]. On the other hand, during the same period, a lot of new pavement materials were
invented and widely used. The properties of these new materials are considerably different compared
to the conventional materials. Neither traditional pavement analysis methods nor existing design
principles can provide a direct way to consider these differences. This leads to the necessity and
the difficulty of modifying the pavement design methods used so far. Currently, there are several
important challenges to pavement research related to asphalt pavement analysis and design that
include: how to deal with more and more common heavy traffic loads (the allowed max. weight for 5
axles to be 44 tons in Belgium and France and 50 tons in The Netherlands) [4], or even overloads and
with increasing traffic volumes; how to consider emerging pavement materials; how to incorporate
new materials, new techniques and new design concepts into pavement analysis and design; and how
to consider ageing and healing effects.

The assessment of pavement mechanical state and service life is very important for design
evaluation and road maintenance. However, this job seems to be a mission impossible, because it
is unimaginable to learn how exactly a pavement works inside [5]. Conventional monitoring and
investigation methods adopted by researchers are core drilling, pavement cutting, Benkelman beam,
falling weight deflector (FWD), automatic deflectometer, surface-curvature apparatus and so forth.
They are either destructive or with low-precision or low-frequency and most important is that all these
methods are discontinuous and short-term. A pavement which is exposed for a long time to a natural
environment, is deteriorating at the coupled effect of load, temperature, water and ultraviolet light. It
is very difficult to completely understand the mechanical response of a pavement structure in an actual
environment by regular methods [5]. In fact, pavement monitoring is a rather complicated process and
each pavement is another case to survey. Furthermore, it cannot be monitored only for a short-term
period to get a complete analysis of the pavement behavior.

The past two decades some major technological breakthroughs produced by the fusion of different
disciplines have been witnessed. This trend is likely to develop in the future due to the recent significant
advancements of fiber optics communications, photonics, biomedical and nanotechnologies worldwide.
In parallel with the communications and information technology revolution, fiber and waveguide
optics sensor and imaging technologies have enjoyed an unseen technological maturity and revealed
enormous potentials for a broad variety of new applications [6].

Asphalt material is often considered to behave in a linearly viscoelastic-plastic manner; thus,
its mechanical response is a continuous function of time and temperature. Considering the stiffness
of the material, its behavior at lower temperatures is equivalent to a higher strain rate, such as the
strain on pavement due to fast moving traffic. In the case of high stiffness, the strain on asphalt
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should ideally be measured directly for the greatest accuracy; however, instruments capable of making
such measurements are not generally available. Electrical strain gauges are often assumed to have
negligible stiffness and the stress transferred from the asphalt to an embedded sensor decreases
drastically, thereby reducing the sensitivity of the sensor reading [7]. The sensors used for pavement
instrumentation must be as much compatible with the heterogeneous nature and mechanical properties
of pavement materials. First, the sensors should be as small as possible so that they are not too
intrusive in the bituminous layers. Secondly for strain measurements, the stiffness of the sensors has
to match that of the asphalt mixture in order to correctly measure the mechanical properties of the
pavement. More-over, the embedded sensors must withstand the highest stresses experienced during
the pavement construction process (high temperature and compression). After that, if a long-term
monitoring is considered, the sensor should be resistant to corrosion and to thermo-mechanical fatigue
conditions [8].

Several fiber optic sensor technologies (fiber Bragg grating (FBG) and Fabry-Perot (FP)
interferometry) have already been used for the experimental investigation of pavement behavior and
pavement monitoring with positive results. FBG is a small portion of an optical fiber several millimeters
long in which a diffraction grating is written by ultraviolet (UV) exposure. The optical property of this
grating is to reflect a narrow optical band (around a center wavelength called Bragg wavelength) of the
incident spectrum. FBG have the intrinsic quality to be very sensitive to thermal and mechanical stimuli.
The Bragg wavelength is proportional to the temperature and/or strain variation. Since, this sensor is
very brittle, it needs to be packaged. The fiber FP sensor is essentially an optical cavity that is defined
by two semi-reflecting parallel mirrors. The FP cavity (at least in a bulk optic form) has highly reflecting
mirrors of reflectivity such that the device has a high finesse and consequently its reflection/transmission
is spectrally selective and serves as an interference filter element. In its use with optical fibers, the cavity
is formed in a short length (1–30 mm) of optical fiber that has partially reflecting coated ends which
is then fusion-spliced onto the end of the connecting fiber [9]. Those technologies allow to perform
dynamic measurements at a sampling rate of at least of 0.5–1 kHz (for the standard interrogators),
they are investigated particularly for the development of traffic classification and weigh-in-motion
systems. In particular, FBG sensors have been widely applied in different sensing fields, where they
are used as strain and temperature sensors [10–13], for deformation investigation [14–16], rutting
performance [17,18], response of asphalt concrete [19,20] and weigh-in-motion [21]. Compared with
conventional sensors, FBG sensors are the most promising candidates to effectively replace conventional
strain gauges for long-term real-time monitoring applications in a harsh environment. They exhibit
several advantages: flexibility, embeddability, high frequency, electromagnetic interference immunity
and so forth. FBG and FP technologies deliver a strain local measurement like an electrical strain gauge.
Despite their high sensitivity and accuracy, they are not suitable for detection of cracks or damage.
Due to their relatively small dimensions compared to those of a pavement, a crack can be detected
only if it propagates in the vicinity of the sensor, by means of fiber optic sensing techniques based on
the Brillouin scattering or the Rayleigh scattering [8].

The FBG monitoring system prototype installed at UAntwerp—a three-layered pavement test
track (width—4 m and length—96 m), the CyPaTs bicycle path—in September 2017, proved that the
FBG technique can be successfully applicable for in-situ strain and temperature measurements under
real heavy loaded traffic (e.g., truck, paver, roller) in the asphalt pavement structures during the asphalt
paving process [22–26]. It also proved that an FBG monitoring system can be functional for long-term
pavement monitoring as it is still operational. Nowadays, the determination of strain at the bottom of
asphalt pavement layers through non-destructive tests is of a great interest. Therefore, the application
of FBG in an asphalt pavement structure can be considered as an advanced research method for a
long-term and real-time process.

The main goals of this review are to compile an overview of the recent developments worldwide
in the application of fiber optics sensors (FOS) in asphalt pavement monitoring systems; to find out if
those systems provide repeatable and suitable results for a long-term monitoring; if there are certain
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solutions to validate an inverse modelling approach based on the results of FWD and FOS. Section
two gives an overview of the standardized FWD methodology compared to several test cases using
fiber optics sensors in asphalt pavements. The results of the inverse modeling approach performed by
several researchers using FOS and FWD are described in section three. A concluding summary on the
application of FOS to determine tensile strain at the bottom of an asphalt layer is given in Section 4.

2. Testing Methods and Technologies

This part of the review describes the standardized FWD methodology and several cases of
application of FOS in asphalt pavement as an alternative method to FWD to determine tensile strains
at the bottom of the asphalt layer.

2.1. Falling Weight Deflectometer

FWD is by now one of the most common non-destructive testing methods to assess bearing
capacity on major road infrastructures by using deflection data generated from a loading device to
quantify the response of a pavement structure to known load drops [27,28]. This non-destructive
technique allows measuring the deflection response of the pavement at several positions under a given
load (Figure 1). The surface deflections obtained from FWD testing are used to back-calculate in situ
material properties using software which has been developed in the eighties [29]. These properties are
considered representative for the pavement response to a load and can be used to assess stresses and
strains that are valid for pavement structural and fatigue analysis and design. However, the accuracy
of the results (stresses and strains at critical locations in the pavement) depends upon the assumptions
used for the analysis [30].

Figure 1. Schematics of the falling weight deflectometer (FWD) test (figure is reproduced from Bilodeau
& Doré [31]).

2.2. Fiber Optics Sensors

Pavement monitoring is an essential part of pavement research and plays an important role in
pavement management systems [32]. It is known that it is very hard to devise an efficient method to
determine realistic mechanical properties of the asphalt pavement. Several gauges were developed to
instrument the pavement for its monitoring but considering their high sensitivity to a lot of parameters,
not many succeeded to obtain real-time strain data [33] as an alternative method for traditional
FWD. FOS gained popularity in the last two decades when an attempt was made to instrument FOS
inside the pavement for monitoring purposes. FOS is not commonly used in asphalt technology
due to its application restrictions during rough construction processes, which require the sensors to
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endure high temperatures, moisture, high compaction force, repeated heavy loading and so forth.
The accurate measurement of the pavement responses (strain and stress) distributions in pavement
structure, combined with temperature, is critical for the understanding of pavement behavior and the
modeling of pavement failure [32]. It was noted by Papavasiliou & Loizos [28] that implementing a
FOS system is a time consuming and delicate procedure but it has proved to be a useful and promising
tool for in-situ strain measurements under real traffic loading; however, due to the deviations between
calculated strains (pavement design, FWD data analysis) and FOS signal records (measured strains)
more experimental work was needed.

Below several cases of application of FOS in asphalt pavements are discussed in further detail.

2.2.1. Fiber-Optic Strain Gauge (2007) (Laval University, Canada)

The proposed gauge/instrumented core relates to horizontal strain measurements at the bottom
of bound surfacing layers of pavements [34,35]. The gauge is designed to be retrofitted in existing
pavement surfacing layers (asphalt concrete, Portland cement concrete or other bound material)
through a small diameter core hole to minimize perturbation to the pavement layer to be instrumented.
Fiber optic strain sensors are imbedded in the polymeric proof body. Even though electric strain gauges
can be used for the proposed application, fiber optic sensors are preferred due to their insensitivity to
water, frost action and electric fields. Figure 2 shows the schematic design of OpSens interferometric
fiber optic strain transducer.

Figure 2. Strain sensor based on the Fabry-Perot (FP) interferometer (figure is reproduced from OpSens
Solutions [36]).

The sensor is made of two optical fibers that are precisely aligned inside a microcapillary tube
to form an optical FP sensing interferometer. This makes the strain gauge completely immune to
any electromagnetic interference and completely insensitive to transverse strains and temperature, as
opposed to fiber optic Bragg gratings sensors.

Figure 3 shows a schematic illustration of an instrumented core which includes two measurement
levels. Inside each polymeric proof body, two orthogonal fiber optic sensors are inserted (dash lines) for
measuring the strain along the longitudinal and the transverse directions of the road. The polymeric
proof body is made of a plastic composite having an elastic modulus and a thermal coefficient of
contraction like asphalt concrete, allowing both materials to be mechanically compatible. The material
is sufficiently robust to protect the gauge when the core is subjected to heavy traffic loads and severe
climatic conditions.
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Figure 3. Laval University fiber-optic strain gauge (figure is reproduced from Bilodeau & Doré [31]).

2.2.2. Fiber-Optic Strain Gauge (2007) (National Technical University of Athens, Greece)

The system is based on the FP sensor type, which consists of two semi-reflective mirrors facing
each other [37–39]. The mirrors are placed on the tips of multimode optical fibers, which are spot-fused
into a capillary. The air gap between the mirrors defines the FP cavity to minimize disturbances to
the stress fields around the gauge when the pavement was subjected to loading by heavy vehicles.
It was also designed to allow for the installation of two orthogonal strain sensors allowing for the
measurement of longitudinal and transversal strains at the bottom of the bound layer. The proof body
and consequently the sensor were instrumented in the laboratory at the critical fatigue locations of
the cores previously drilled from the test sites. The gauge was installed in the pavement by placing it
and gluing it at the desired location in the core hole. The diameter of the cores was less than 10 cm, to
minimize any disturbances to the pavement layers being instrumented.

2.2.3. Telecom Fiber Optic Cable as Distributed Sensor (2014) (IFSTTAR, France)

A new non-destructive technique for the detection of cracking in asphalt pavements was tested
at a real scale on the pavement fatigue carousel of French Institute of Science and Technology for
Transport, Development and Networks (IFSTTAR), which is a large scale circular outdoor facility,
unique in Europe by its size (120 m length, 6 m width) and loading capabilities (Figure 4) [8,40].
It was based on the use of a telecommunication fiber optic cable embedded in the pavement layer as
distributed sensor. An optical interrogator based on the Rayleigh scattering was used to measure strain
profiles. The main advantage of this technique is that it allows to measure strains over a long length of
fiber optic with a high spatial resolution, less than 1 cm. By comparing strain profiles measured at
different times, an attempt was made to link strain changes with the appearance of damage (cracking)
in the pavement. A significant increase of strains was detected by the optical fibers at different points
in the pavement structure, before any damage was visible [8].

 
Figure 4. Installation of fiber optic cable at IFSTTAR accelerated pavement testing facility—pavement
fatigue carousel (figures are reproduced from Chapeleau et al. [40]).
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However, it must be mentioned here, that the main disadvantage of telecommunication fibers
application is its limitation (up to few Hz) in sampling frequency. It is not possible to use the sensing
system if determination of eigenfrequencies or performance of dynamic testing on a structure is needed.
It is only useful to measure static long-term effects. In regard to FBG sensing systems, it is possible to
perform low sampling frequencies for a long-term effect (e.g., creep, permanent deformation) and it is
also possible momentarily to go higher in read out frequency to perform dynamic testing or investigate
local fast relaxation effects and so forth. Standard telecommunication fibers are very fragile and are not
suitable for direct embedding in the asphalt. As such cable design becomes very important, moreover
also with respect to strain transfer and intrusiveness in the case cable diameters exceed 2 mm.

2.2.4. Fiber-Optic Strain Plate (2014) (Federal Aviation Administration, USA)

To measure the strain response under traffic load, four test pavement sections were instrumented
with an innovative polymeric plate technology [41–44] at the Federal Aviation Administration (FAA)
National Airport Pavement Test Facility (NAPTF) in Atlantic City, New Jersey, USA in 2014 (Figure 5) [45].
Each test section was equipped with one instrumented plate positioned perpendicularly to traffic
direction. Each plate consisted of a polyphenylene sulphide (PPS) with a rectangular thin body in
which 24 fiber optic strain gauges were embedded and bonded with epoxy. The fiber-optic strain
gauges working principle is based on the White Light Polarization Interferometry (WLPI) technology.
WLPI uses a signal conditioner to sense the path length difference inside a FP interferometer of a
known cavity length and delimited by two dielectric mirrors [34].

 
Figure 5. Instrumented plate installation at the Federal Aviation Administration (FAA) National
Airport Pavement Test Facility (NAPTF) in Atlantic City, New Jersey, USA (figures are reproduced
from Garg et al. [45]).

With proper calibration, the path length difference can be related to engineering values, such as
displacement, stress and strain. Three signal conditioners equipped with 8 channels were used to
collect the data of the 24 gauges on one plate. The signal conditioner sends and receives the light and
the software interprets and transforms the received signal into physical quantitative values. These
values are compiled in a text file at a specified frequency (a 500 Hz data collection frequency was used).

2.2.5. FOS Monitoring System (2014) (Japan)

A full-sized field test was conducted on a slope of an under-construction asphalt-faced dam in
2014 [7]. Four types of sensor installation techniques were executed to embed flexible sensors which
were simply coated with polyethylene for direct embedding in an asphalt structure on the asphalt
slope (see Figure 6); each sensor had two lines along the slope due to the turning back at the bottom.
All four sensor types were placed on the designated location, fixed with a solvent-type primer and
covered with an asphalt mortar or sealant to be protected from a supply cart which carried the asphalt
mixture (approximately 20 tons in total) over the sensors. Since the used sensors did not have a tension
member, which is commonly used as reinforcement in conventional optical communication cables, FOS
was expected to keep its sensitivity even if the asphalt exhibits low stiffness. Once the tension member
reinforces the sensor itself, the sensor’s behavior would not comply with the flexible asphalt structure.
In such case, the fact that the transferred stress from the asphalt to the sensor is drastically decreased
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accordingly leads to low sensor sensitivity. With the aim of flexibility and protection, a thermoplastic
polyester elastomer-jacketed optical fiber with a diameter of 0.9 mm was directly coated to a diameter
of 5 mm with adhesive polyethylene. Hence, the inner sensing element that is in the center of the
fiber with a diameter of 0.25 mm behaved in the same way as the surrounding asphalt through the
coating and jacket. A preliminary installation test on the hot mix asphalt fabrication, that is, compacted
with aggregates at over 170◦C, confirmed that the embedded FOS successfully survived. Also, FOS
positioned in a trench of a lower layer was found to survive a heavy machinery construction. Though,
only three sensor types out of four have survived the asphalt construction.

Figure 6. FOS installation on lower asphalt layer (figures are reproduced from Imai et al. [7]).

2.2.6. Asphalt Pavement Structural Health Monitoring with FBG Sensors (2012–2014) (China)

Optical fiber Bragg grating (OFBG) sensors to monitor the 3D strain of an asphalt layer were
installed in a highway system in China [46]. Figure 7 shows the proposed sensors which have been
assembled in three-dimension by a fiber reinforced polymer (FRP) connection, which has one inset
hole for the vertical sensor and two spiral outshoots for the installation of the two transverse sensors.
The short-gauged sensor is intended to monitor the vertical strain and the long-gauged ones are used
to monitor the horizontal strains of the host structure. Reflective optical fiber Bragg grating signals
from all of the three strain sensors are monitored in real time by an optical signal analyzer (OSA) and
recorded by the computers for post data processing.

Figure 7. Fabricated 3D strain sensor assembly for 3D structural strain monitoring (figure is reproduced
from Zhou et al. [46]).

The project was elaborated in Jilin (China) with the aim: to measure the vertical compressive
strain at the top of subgrade, the transverse tensile strain at the bottom of asphalt layer and the vertical
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compressive strain at the middle of asphalt layer based on key mechanical information and position
in flexible pavement [5]. During the FBG sensors installation all cables were bound to avoid loss
of signal for being pulled up. Static compaction (without any vibration applied for first two times)
was applied to protect sensors from a heavy-duty loading. This study gave an idea about possible
pavement monitoring by means of FBG sensors.

Monitoring of the in-situ compaction of an asphalt pavement by means of FBG sensing technology
was performed during road construction in China in 2014 [47]. Three measuring points about three
kilometers away from each other were chosen. FBG sensors were embedded near the curb of the
pavement which is usually not easy to compact. To assure the survival rate of FBG sensors, sensors were
embedded in grooves with similar configuration like in research study of Dong et al. [5]. During the
monitoring process, rollers were operated at a constant speed of 4.8 km/h; strain and compactness were
tested and calculated to identify how many roller passes are necessary for the compaction procedure.
To verify the accuracy of compaction quality, the density of the pavement materials was tested by
drilling cores from the pavement each 30 m away from the measuring points. When the temperature
of pavement dissipated to normal temperature, the response of the pavement was evaluated using a
test truck with known weight. Results showed that a lager compactness of HMA would result in a
smaller vertical deformation of the pavement under dynamic load. Results also showed that the elastic
recovery of the material would be obviously seen in the deformation curve, which indicated that FBG
sensing technology has a sufficient precision for monitoring the deformation of an asphalt pavement.
FBG sensors embedded in asphalt pavement can also be used for long-term monitoring of pavement
structural behavior and provide the basis data for timely maintenance of asphalt pavement.

2.2.7. Installation of FBG Sensors in Asphalt (2016) (ASPARi, The Netherlands)

In the ASPARi project (a research project lead by the University of Twente (The Netherlands)
in cooperation with several road construction companies throughout The Netherlands (for more
information—https://www.utwente.nl/en/et/trc/projects/aspari/) several experimental programs were
carried out where FBG sensors were applied in asphalt pavement [48]. Some of the items that were
investigated in this project included: (i) a practical way to install and protect the sensors; (ii) which
parameters influence the values delivered by the FBG-sensors; (iii) whether thermal values could be
compared with thermocouples; and (iv) the output of the FBG-sensors was investigated to be suitable
for models which could be of added value for contractors (long-term performance, vehicle induced
loads after the compaction process and the amount of energy used during the asphalting process).
It was concluded that it is possible to install the sensors on the desired position in the asphalt. However,
protection of the sensors is a more complicated task; some of the sensors were broken because of the
experiments. Temperature sensors values deviated from the thermocouple’s ones, since some of the
sensors were placed in a steel tube for protection. It was concluded that the FBG, partly due to its
versatility, still proves to be a promising technology. However, there is still a lack of specific knowledge
about deployment technology for the early stage of the asphalting process. Therefore, it was required
that more research is conducted on the possible adaptation of the FBG by the road construction industry.
As a result, the models to be developed in this research project had to wait until the input, which
consisted of the data acquired from the FBG-sensors, could be more reliable, accurate and robust.

2.2.8. FBG Monitoring System (2017) (UAntwerp, Belgium)

Two new approaches to FBG sensors installation in three asphalt pavement layers were
implemented for the first time in Belgium: (i) the installation of FBG sensors in prefabricated
asphalt specimens with dimensions 50 × 15 × 500 mm with a 2 mm deep groove at the bottom of the
specimen in the base layer, directly towards the base and (ii) the installation of FBG sensors at the
surface of the previously constructed asphalt layer in 2 mm deep grooves. Both innovative approaches
allowed the implementation of FBG sensors without sawing the whole layer into two parts. The
installation of the FBG monitoring system prototype was a part of the project–CyPaTs, in which a
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bicycle path (length—96 m and width—4 m) was accomplished at UAntwerp in 2017 [49]. The installed
FBG sensors were commercially available, organic modulated, ceramic-coated Draw Tower Gratings
(DTG®) [50] with outer diameter of 0.2 mm, embedded in a glass fiber reinforced plastic (GFRP) round
profile with an outer diameter of 1 mm and protected with an additional high-density polyethylene
(HDPE) coating with outer diameter of 0.5 mm. The installed FBG monitoring system prototype
consisted of several FBG chains: 2 fibers with 30 DTG® (spacing between sensors 10 cm) and 4 fibers
with 5 DTG® (spacing between sensors 80 cm) and two temperature sensors (FBG based ~40 mm SS
housing and ~1 mm diameter) embedded in three asphalt layers with a cross section configuration
(width—4 m and length—3.2 m). The strain and temperature data were obtained using an interrogator
FBG-SCAN 808D with 8 channels (1507–1593 nm wavelength range, 250 Hz measurement frequency for
all channels). The FBG sensors configuration embedded in the three asphalt layers in both transverse
and longitudinal directions at the bottom of each layer can be seen in Figure 8. All FBG sensors in
all three asphalt layers survived during pavement construction. It was possible to learn how exactly
pavement works inside during the pavement construction [22–26]. Fiber egress points were designed
as such to come out at side of the pavement. Redundancy was built-in by the option to measure the
strain wires from both sides. Monitoring of the FBG system was performed since the construction
of the pavement. All sensing fibers were connected to a single mode multifiber (SMF) backbone
cable to enable continuous monitoring from inside the building. This FBG system’s appliance as
long-term monitoring system is possible and it can be installed, for example, in heavy-duty roads
during their construction.

 

 

 

Figure 8. UAntwerp FBG monitoring system sensors configuration in the three asphalt layers with
sensors embedded in prefab specimens and grooves at CyPaTs bicycle path [22–26].

The same advanced UAntwerp FBG monitoring system—in collaboration with Port of Antwerp
(Belgium) and Com&Sens (Belgium)—will be installed this summer in the Port of Antwerp to monitor
a heavy-duty pavement in real-time and over the long-term.

3. Discussion

Pavement design is essentially and usually a structural long-term evaluation process which is
needed to ensure that traffic loads are efficiently distributed at all levels of the total road structure.
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Furthermore, it cannot be monitored only for a short-term period to get a complete analysis of
the pavement behavior. As shown in the selected literature, FBG sensors are the most promising
candidates to effectively replace conventional strain gauges for a long-term monitoring application in
a harsh environment.

This part of the review describes the outcome of the results if those systems provide repeatable
and suitable results for a long-term monitoring and of the inverse modeling approach performed by
several researchers from the above-mentioned research studies using FOS, strain gauges and FWD.
It must be noted that only few studies made the comparison between the FOS strain results and
the FWD measurements. Most of the studies were focused on the feasibility of applying FOS in
pavement structures.

In the research group of NTUA, Greece [39] a FOS system was used for horizontal (tensile) strain
measurements at the top and the bottom of a foamed asphalt (FA) layer. These locations were selected,
considering the results of the strain response analysis based on back-calculated moduli at characteristic
locations within the body of the recycled layer in a similar pavement structure. Tensile strains at these
locations were critical in terms of possible fatigue failure and directly related to the performance of the
pavement structure. Strain measurements were conducted with the FOS system during FWD loading
(40 kN). In-depth temperature measurements were conducted with thermometers into drilled holes
and using a single drop of glycerol, according to COST 336. Back-calculation of the recycled pavement
layer moduli was carried out using MODCOMP© software (US). The horizontal (tensile) strains at the
top as well as at the bottom of the foamed asphalt layer were calculated using finite-element linear
analysis (FEA), using the ABAQUS© software (US). Compared to a much simpler multilayer elastic
system analysis, the three-dimensional (3D) FEA was considered as more precise for the simulation of
the FWD loading. The back-calculated moduli of the pavement’s layers were used as input for the
forward FEA. Because the target of the analysis is the comparison of the calculated strains with the
measured values, no adjustment of the back-calculated foamed asphalt moduli was conducted. The
maximum measured tensile strains at the bottom of the FA layer, transversely or longitudinally, ranged
from 6 to 15 με when applying FWD loading of 40 kN. The maximum calculated tensile strains (FEA)
ranged from 19 to 34 με. The maximum measured tensile strains at the top of the foamed asphalt
layer (respectively bottom of the asphalt layers), transversely or longitudinally, ranged from −10 to
7 με when applying an FWD loading of 40 kN. The maximum calculated tensile strains (FEA) ranged
from 3 to 19 με. In all cases, the measured strains were lower than the relative calculated strains,
indicating that the FEA overestimates the tensile strains, especially at the bottom of the FA layer. This
discrepancy can be attributed to various sources of uncertainty during the calculations. There may also
be errors and limitations in instrumentation design and installation that contribute to the mentioned
differences [39]. It can be noted here that the strain measurements could also be underestimated or
that the sensing system itself had influence on the material behavior. It was concluded that FWD can
only be used as excitation to obtain tensile strain values of FA pavement materials by means of FOS.
This outcome is promising towards the possibility of potential use of FWD for simulating the strain
induced by a moving tire. However, as it was noted by Loizos et al. [39], more in situ data (measured
strains) could lead to more reliable conclusions.

In the research group of University of Laval, Canada, it was noted by Bilodeau & Doré [31] that an
existing alternative approach for determining the tensile strain occurring at the bottom of the asphalt
concrete layer consists of bypassing the necessity of back-calculating the modulus of each layer by
direct strain estimation from the deflection basin. In most cases, this approach overestimates the
tensile strains occurring at the bottom of asphalt/concrete layers, leading to an underestimation of
the pavement’s fatigue life. A model has been developed based on a theoretical analysis and a field
calibration using data obtained at the Laval University experimental pavement site which allowed to
compute tensile strain values that are in good agreement with tensile strain values obtained using
theoretical models and, also with field measurements. The proposed approach to determine the tensile
strain at the bottom of asphalt concrete layers using the deflection basin is based on Equations (1)–(3)
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to estimate the modulus of the mechanically involved layers, which are the asphalt concrete and base
layers:

εt =
HAC(0.199 + 3.868× 10−2 log(EAC) − 1.122× 10−4Ebase − 8.627× 10−4HAC

2R
(1)

log|E∗| = 0.95 +
3.27

1 + e(−2.67−0.51 log f+0.07T)
(2)

Ebase = [41.333 ln(EAC) − 438.43][ln(HAC) − 5.9877] + 50.683 (3)

in which HAC is the thickness (mm), EAC is modulus of the asphalt concrete layer (MPa), Ebase is
the modulus of the aggregate base layer (MPa), |E∗| is the dynamic modulus (MPa), f is the loading
frequency (Hz) and T is the temperature (◦C). To use the proposed model, the following values have to
be obtained: temperature of the asphalt concrete, loading frequency of the FWD, deflection basin (d0

and d200 in mm), loading plate radius (mm) and thickness of asphalt concrete (mm). Therefore, the
model is based on easily obtainable parameters and has a good prediction capacity. The tensile strains
induced at the bottom of the asphalt concrete layer were measured with two different fiber optic strain
gauges (asphalt concrete cores and plate). The FWD drops (40 kN) were applied directly on top of
the sensors. The temperature was measured using a sensor located inside the asphalt concrete layer.
Between the FWD tests, the temperature of the instrumented pavement zone was also controlled with
a thermal blanket connected to two thermal baths controlling the circulated fluid temperature. An
average loading frequency of 34 Hz was found for the FWD tests. A calibration factor of 1.87 is found
between the model and the field conditions. This difference may be attributed to numerous factors, such
as the difference between idealized modelling conditions, which were set for simplification reasons
and non-ideal field conditions. As part of the field validation and calibration process, the objective was
to identify a coefficient such as the one that was presented to consider the main differences between the
model and the field conditions. Equation (1) allows the tensile strain to be determined at the bottom of
the asphalt concrete layer as determined with finite element modelling using a combination of asphalt
concrete thickness and modulus, base layer modulus, as well as using the deflection basin through the
radius of curvature [31].

In the study of Primusz et al. [51], an approach was presented to define the modulus of the
examined pavement layers, knowing the deflection curve and the thickness of the bound layer,
without using further back-calculation. According to the performed research, there is a very strong
correspondence between the E modulus of the bottom layer, the vertical deflection interpreted at the
load axis and the radius of curvature of the pavement:

E = 1224.45·D−1.623
0 ·R−0.629

0 (4)

where D0 is the measured vertical deflection (mm), R0 is radius of curvature (m).
The objective of the study of Grellet et al. [44], as a part of a collaborative project between Laval

University (Quebec City, Canada) and the IFSTTAR (Nantes, France), was to integrate viscoelastic
properties in an asphalt pavement model in order to understand and predict the two types of cracking
mechanisms: (i) initiated at the bottom of the asphalt layer and propagating toward the surface
(bottom-up cracks); (ii) the second is initiated near the surface of the pavement and propagates
downward through the bound layers (top-down cracks). The field tests have been conducted at the
IFSTTAR’s accelerated pavement testing facility and at the SERUL (Laval University Road Experimental
Site). Results from these studies showed that fiber optic sensors allowed adequately characterizing
the strains occurring within the layer and evaluating the effects of the load configurations [43]. It
was concluded in Grellet et al. [44] that a better pavement modeling is obtained using viscoelastic
properties for the mechanical behavior of the asphalt layers and for the interface. Modeling the tack
coat with a viscoelastic layer modifies the stresses and strain distribution through the layers and alters
the prediction of pavement performance. Significant tensile stresses appear near the surface and could
produce top-down cracking. The integration of the viscoelastic interface imposes a redistribution of
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the stresses through the layer. Tensile stresses increase near the surface and near the interface but
decrease at the bottom of the layers. However, strains are higher considering the interface. The high
extension strains (more than 250 με) have been measured at the bottom of the bituminous wearing
course of a thin pavement structure at a high temperature (30◦C) with a slow return of the strains to
zero after loading.

The high tensile strains observed at high temperature at the bottom of the wearing course suggest
that at high temperature, the interface with the lower layers cannot be considered as fully bonded and
that some sliding between the wearing course and the base course occurs, generating these tensile
strains. In other words, this means that the degree of bonding of the interface seems to change with
temperature. This could be explained by the behavior of the tack coat (bitumen emulsion) at the
interface; at high temperature, this emulsion presents a low stiffness, which reduces the shear resistance
of the interface [51] It was stated that several temperature and load parameters must be evaluated to
determine the most critical conditions.

An interesting outcome can be found in the study of Duong et al. [52], showing the results of the
monitoring by means of strain gauges of an experimental pavement section recently re-constructed
on a French motorway. The measurements showed that at high temperatures (above 30◦C), high
strain levels (150 με) are measured at the bottom of the bituminous layers. These strains exceed the
limit fatigue strain, leading to failure for 1 million load cycles, determined using standard two-point
bending fatigue tests, performed at 10◦C and 25 Hz. Similar tests results had been obtained previously
at IFSTTAR in accelerated pavement tests. Calculations were performed with the ALIZE-LCPC and
Viscoroute programs (France), to fit the experimental strains, using elastic and viscoelastic pavement
models. These calculations have shown that the pavement interfaces cannot be considered as fully
bonded and that their level of bonding clearly changes with temperature. Different modelling cases
have been tested and the best predictions have been obtained when modelling the interfaces as thin
elastic layers (2 mm thick), with a low elastic modulus (in the range of 120 to 20 MPa for the range
of low to high temperatures obtained on site). These interface layer moduli decreased when the
temperature increased, and a particularly significant drop was observed between 25◦C and 30◦C
with both ALIZE-LCPC and Viscoroute calculations. These results stress the fact that in pavement
calculations, great attention should be paid to the modelling of pavement layer interfaces. These
interfaces cannot be considered as fully bonded in all cases and in particular, their degree of bonding
may decrease at high temperatures (above 30◦C), where the stiffness of the tack coat at the interface
becomes very low. This can lead to higher tensile strains at the bottom of the bituminous layers than
predicted by standard design calculations, with bonded layers and thus to higher fatigue damage
than predicted.

4. Conclusions

The most significant cases/attempts to perform experimental measurements with optical fibers
in asphalt pavements in the last two decades have been included in this paper. Some of the main
conclusions can be summarized as follows: the available technical information described mostly the
attempts to install the FOS in the pavement; only a few studies provided technical details on the FOS
installation; only a few cases could be referred to as long-term pavement monitoring; most of the cases
envisaged more experimental measurements than monitoring of the pavement itself. Some suggested
solutions were given to validate an inverse modelling approach based on the results of FWD and FOS.
It can be concluded that the application of FOS in the asphalt pavement: (i) has proved to be a useful
and a promising tool for in-situ strain measurements under real traffic loading at the bottom of the
asphalt layers; (ii) it also proved that interfaces of the pavement structure cannot be considered as fully
bonded, in particular, at high temperatures, although when using the standardized FWD methodology
it is always considered that interfaces are fully bonded; (iii) instrumentation design and installation
of FOS contributes to the differences in calculated and measured tensile strain values; (iv) due to the
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deviations between calculated strains (pavement design, FWD data analysis) and FOS signal records
(measured strains) more experimental work is needed to define a calibration factor.
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Abstract: In the design of pavement infrastructure, the flow number is used to determine the
suitability of a hot-mix asphalt mixture (HMA) to resist permanent deformation when used in flexible
pavement. This study investigates the sensitivity of the flow numbers to the mix factors of eleven
categories of HMAs used in flexible pavements. A total of 105 specimens were studied for these
eleven categories of HMAs. For each category of asphalt mixture, the variations in flow number for
different contractors, binder types, effective binder contents, air voids, voids in mineral aggregates,
voids filled with asphalt, and asphalt contents were assessed statistically. The results show that the
flow numbers for different types of HMA used in Colorado vary from 47 to 2272. The same mix may
have statistically different flow numbers, regardless of the contractor. The flow number increases
with increasing effective binder content, air voids, voids in mineral aggregates, voids filled with
asphalt, and asphalt content in the study range of these parameters.

Keywords: hot-mix asphalt; flow number; effective binder content; air voids; voids in mineral
aggregates; voids filled with asphalt; asphalt content

1. Introduction

The flow number (N) is an empirical way of characterizing a hot-mix asphalt (HMA) mixture’s
rutting potential. To determine the flow number, a cyclic load in haversine form is applied on a
cylindrical specimen axially as shown in Figure 1. The duration of the load pulse is 0.1 s, followed
by a rest period of 0.9 s. The permanent axial deformation measured at the end of the rest period is
monitored during repeated loading, and the strain is calculated by dividing by the initial gauge length.
The test may be conducted with or without confining pressure. However, if confining pressure is used,
it is kept constant while the flow number is tested. If confining pressure is used, it remains constant
during the test.
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Figure 1. Flow number test setup.

In the flow number test, the permanent strain at each cycle is measured while constant deviator
stress is applied at each load cycle on the test sample. Permanent deformation of asphalt pavements has
three stages [1]: (i) primary or initial consolidation; (ii) secondary; and (iii) tertiary or shear deformation.

Figure 2 shows the three stages of permanent deformation. The first stage of deformation is due
to the initial filling of voids, particle rearrangement, etc. The second region is the actual deformation
of the aggregates, asphalt film, etc. The tertiary region is the zone where drastic shear failure of
the mix occurs. The N-value is the number of load cycles at which tertiary flow begins, i.e., where
permanent deformation occurs non-linearly. Tertiary flow can be differentiated from secondary flow
by a marked departure from the linear relationship between cumulative strain and number of cycles in
the secondary zone, as shown in Figure 2. It is assumed that in tertiary flow, the specimen’s volume
remains constant. The N-value can be correlated with rutting potential. The higher the flow number,
the better the mix is in terms of its rutting resistance.

 
Figure 2. Relationship between permanent strain and number of load cycles [1].

Mathematically, the N-value can be determined using the Francken model.
The Francken model is currently built into the Asphalt Mixture Performance Tester (AMPT)

software (Federal Highway Administration, Washington DC, USA). At the beginning, the entire
permanent strain curve is fitted using nonlinear least squares optimization, as shown in Equation (1).
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The flow number is then determined from the second derivative of the best fitted curve. The flow
number is the number of cycles where the second derivative, Equation (2), changes from negative
to positive.

εp = A
(
nB
)
+ C
(
eDn − 1

)
, (1)

where εp is the permanent strain (%); n is the number of cycles; and A, B, C, and D are fitting parameters.

d2εp

dn2 = AB(B− 1)nB−2 + CD2eDn, (2)

where
d2εp
dn2 is the second derivative of permanent strain with respect to the number of loading cycles.

The final evaluation is an evaluation of the rutting resistance of the mixture using the flow number
test defined by the American Association of State Highway and Transportation Officials (AASHTO) TP
79 [2] using the AMPT. The test is conducted at the “high” pavement temperature calculated by the
long-term pavement performance (LTPP) Bind 3.1 software program (Federal Highway Administration,
Washington DC, USA) for a specific project location. An unconfined flow number test with a repeated
deviatoric stress of 600 kPa (87 psi) and a contact deviatoric stress of 30 kPa (4.4 psi) was used in
this study. The test was conducted on specimens that were short-term conditioned for two hours
at the compaction temperature to simulate the binder absorption and stiffening that occurs during
construction. The flow number criteria for HMA as a function of the traffic level are summarized in
Table 1.

Table 1. Flow number criteria for hot-mix asphalt (HMA) [2].

Traffic Level, Million Equivalent Single Axle Load
(ESAL, 80 kN (18 kips))

Flow Number

Less than 3.0 NA
3.0 to less than 10 50
10 to less than 30 190

More than 30 740

The effects of different mix factors on the flow number have also been studied by different
researchers [3–6]. Kaloush [3] determined that the flow number increases with the viscosity of
binder and decreases with the test temperature, effective binder content, and air voids. Kvasnak
et al. [4] determined that the flow number increases with gyrations and the viscosity of the binder and
decreases with voids in mineral aggregates (VMA) when using Wisconsin dense graded mixtures. Both
researchers determined that aggregate gradation also affects the flow number. Christensen [5] applied
various statistical techniques to relate the flow number with the applied stress level and observed that
the flow number decreases with increasing applied deviator stress. Rodezno et al. [6] determined
that the flow number increases with the viscosity of the binder; however, it decreases with the test
temperature and air voids and is affected by aggregate gradation. The current study was not intended
to investigate the viscosity of the binder or the test temperature. Other factors such as the VMA, voids
filled with asphalt (VFA), effective binder content, contractors, testing time, mix gradation, and binder
types were investigated. There are some other researches on flow number. For example, Irfan et al. [7]
evaluated the flow numbers for static and dynamic creep tests and then correlated it with the rutting.
Ogundipe [8] studied the flow numbers of lime-modified asphalt concrete. Irfan et al. [9] investigated
the flow numbers of fiber-added stone mastic asphalt concrete mixtures. Leiva-Villacorta et al. [10]
evaluated the flow numbers for High-modulus asphalt concrete (HMAC) mixtures for use as base
course. Tripathi [11] studied the economic benefits of fiber-reinforced asphalt mixtures by flow number
including some other tests. Ziari and Divandari [12] developed a flow number prediction model using
artificial neural network. Siswanto et al. [13] investigated the flow numbers of Asphalt Concrete Using
Crumb Rubber Modified of Motorcycle Tire Waste. All these studies investigated the flow number
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under different conditions. However, none of the studies investigated the sensitivity of different mix
factors such as such as VMA, void-filled with asphalt (VFA), effective binder content, contractors,
testing time, mix gradation, and binder types on the flow number of asphalt concrete.

Air void (Va) is the total volume of the small pockets of air between the coated aggregate particles
expressed as a percentage of the bulk volume of the compacted mixture. The volume of the void space
among aggregate particles of a mixture that includes the air voids and the effective asphalt content
is known as VMA. The portion of the voids in the mineral aggregate that contain asphalt binder is
known as VFA. The total asphalt binder content of the mix less the portion of asphalt binder that is lost
by absorption into the aggregate is called the effective asphalt content (Vbe). This portion of binder is
coated on the aggregate surface and takes part in binding aggregates. The total asphalt binder used in
a mix is called the asphalt content (AC).

The flow number (N) test procedure recommended in the National Cooperative Highway Research
Program (NCHRP) project 9-19 is a simple performance test for rutting evaluation of asphalt mixtures.
The test showed good correlation with the rutting performance of mixtures at WesTrack, MnROAD,
and the Federal Highway Administration’s (FHWA’s) accelerated loading facility. Subsequent NCHRP
studies allowed the development of a provisional standard. AASHTO TP 79 [2] includes test
parameters for stress, temperature, specimen conditioning, and minimum flow number criteria that
were established for HMA and for warm-mix asphalt (WMA) based on the traffic level.

The current study used the testing conditions and criteria for N testing described in AASHTO TP
79 [2] for unconfined tests. The recommended test temperature, determined by LTPP Bind Version 3.1
software, was the average design high pavement temperature at 50% reliability for cities in Colorado.
Tests were conducted at a temperature of 55 ◦C with an average deviator stress of 600 kPa (87 psi)
and a minimum (contact) axial stress of 30 kPa (4.4 psi). For conditioning, samples were kept in a
conditioning chamber at the testing temperature for 12 h prior to testing.

To confirm again, the objectives of this study were to study the effects of mix factors such as VMA,
VFA, effective binder content (Vbe), contractors, testing time, mix gradation, and binder types on the
flow number of asphalt concrete.

2. Materials

The eleven types of mixtures studied are listed in Table 2 along with their basic information such
as nominal maximum aggregate size (NMAS), performance grade (PG) binder type, and number
of gyrations used while designing the mixes. Superpave performance grading is reported using
two numbers: the first being the average seven-day maximum pavement temperature (◦C) and the
second being the minimum pavement design temperature likely to be experienced (◦C). Thus, a PG
64-22 is intended for use where the average seven-day maximum pavement temperature is 64◦C and
the expected minimum pavement temperature is −22◦C. The letter “S” denotes an NMAS of 0.75 in.
(19 mm). The letters “SX” denote an NMAS of 0.5 in. (12.5 mm). SMA is the abbreviated form of the
stone mix asphalt mixture. The numbers in parentheses are the numbers of gyrations used in the mix
design. All the mixes were designed following the Superpave requirements for all parameters. Every
group of mixes had identical aggregate gradations.
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Table 2. A list of the eleven mixtures used in this study

Mix ID NMAS, in. (mm) Binder
Number of
Gyrations

Number of
Specimens

S(100) PG 64-22 0.75 (19) PG 64-22 100 6
S(100) PG 76-28 0.75 (19) PG 76-28 100 5
SMA PG 76-28 0.50 (12.5) PG 76-28 100 12

SX(75) PG 58-28 0.50 (12.5) PG 58-28 75 8
SX(75) PG 58-34 0.50 (12.5) PG 58-34 75 4
SX(75) PG 64-22 0.50 (12.5) PG 64-22 75 8
SX(75) PG 64-28 0.50 (12.5) PG 64-28 75 4
SX(100) PG 58-28 0.50 (12.5) PG 58-28 100 2
SX(100) PG 64-22 0.50 (12.5) PG 64-22 100 15
SX(100) PG 64-28 0.50 (12.5) PG 64-28 100 10
SX(100) PG 76-28 0.50 (12.5) PG 76-28 100 31

S = NMAS of 0.75 in. (19 mm); SX = NMAS of 0.5 in. (12.5 mm); SMA = stone mix asphalt mixture.

3. Effects on the Flow Number

3.1. Same Mix by the Same Contractor

To investigate the variation in the flow number within the work of a single contractor for the same
mix, the following mixes were selected randomly. The information regarding the paving contractor,
binder supplier, and aggregate pits is kept confidential. The mixes were manufactured in 2014.

The N-values vary from 120 to 531 with an average value of 261 and standard deviation of 125,
as shown in Figure 3. The values shown are for each individual specimen. To determine whether
these data are statistically significant or not, a one-sample t-test was conducted. The t-test requires the
data to be normally distributed. The t-test showed the 95% Confidence Interval (CI) boundaries to
be 150 and 372 with a mean value of 261. This means that all the mixes, except for 19655 P21 14 and
19655 P87 14, are statistically the same. Therefore, a conclusion can be made that the same mix may
have statistically different flow numbers for the same contractor. Note that Colorado Department of
Transportation (CDOT) uses a 10-digit format to express the mix identity, such as 19655 P21 14. The
first five numbers denote the project and the last five digits denote the site and specimen number.

Figure 3. Flow numbers of eight specimens of SX(100) PG 64-28 mix.
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3.2. Same Mix by Different Contractors

To investigate the differences in flow number for the same mix prepared by different contractors,
SX(100) PG 76-28 mix was selected. The average flow numbers from four contractors, 19128, 18842,
19458, and 19677, are presented in Figure 4.

Figure 4. Flow numbers of a mix by different contractors.

The pairwise comparison test result shows that the mixes by 19128, 18842, and 19458 are statistically
the same (Table 3). Therefore, a conclusion can be made that the same mix may have statistically
different flow numbers for different contractors. This is due to variations in the aggregate structures,
shapes, orientation, smoothness, etc.

Table 3. Pairwise comparisons using t-tests to determine statistical difference.

19128 18842 19458

18842 Equal - -
19458 Equal Equal -
19677 Different Different Different

3.3. Groupwise Comparison

The flow number variation for each group of mix is described in this section. An effort was made
to examine whether all specimens’ flow numbers were statistically equal or not. A 95% Confidence
Interval (CI) was used to indicate reliability. Next a statistical regression analysis was conducted to
find the effects of different mix factors.

3.3.1. S(100) PG 64-22

The flow numbers for the S(100) PG 64-22 mix varied from 110 to 252, with an average number of
155, median of 130, and standard deviation of 59. As per AASHTO [2], a mix is good for 3 to 10 million
equivalent single axle loads (ESALs) if it has a flow number greater than 50. The current mix had an
average flow number of 103; however, about one-third of the test results indicated flow numbers less
than 50. Despite this, the S(100) PG 64-22 mix would be considered good for pavement designs with
traffic between 3 and 10 million ESALs. The t-test showed the 95% CI boundaries to be 47 and 262.
Four mixes, 18695 P9 15, 18695 P13 14, 18695 P25 14, and 18465 P9 14, were found to be statistically
the same, although the paving contractors, binder supplier, and production dates differed. The 18465
P9 14 mix, for example, had a much lower VFA compared to the others. Thus, definitive conclusions
cannot be made from this mix.
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3.3.2. S(100) PG 76-28

The flow numbers for the S(100) PG 76-28 mix varied from 626 to 2065 with an average number of
1223, median of 1101, and standard deviation of 528. As per AASHTO [2], a mix is good for more than
30 million ESALs if it has a flow number greater than 740. The current mix had an average flow number
of 1223. All the test results showed flow numbers greater than 740. Therefore, this mix is considered
good for traffic greater than 30 million ESALs. The t-test showed the 95% CI boundaries to be 253
and 2193. All the values were within the 95% CI boundaries; thus, they are statistically equal. The
generic information shows that the mix factors of all mixes were very close to each other. Comparing
the above two mixtures, S(100) PG 64-22 and S(100) PG 76-28, both have the same aggregate size; the
only difference is the binder type. With an increase in binder grade, the flow number increased. The
mix parameters show that all four mixes (17800 P17 14, 17800 P26 14, 17800 P38 14, and 17800 P53 14)
had similar properties, and their flow numbers are statistically equal.

3.3.3. SMA PG 76-28

The flow numbers for the SMA PG 76-28 mix varied from 426 to 4311, with an average number of
2272, median of 2219, and a standard deviation of 1182. All the test results, with the exception of one
outlier judged by visual inspection, showed the flow numbers to be greater than 740. Therefore, this
mix is considered to be good for traffic greater than 30 million ESALs. The t-test showed the 95% CI
boundaries to be 1487 and 3057. Comparing the two mixtures S(100) PG 76-28 and SMA PG 76-28, both
have the same binder, but they have different aggregate sizes. An increase in aggregate size increased
the flow number as observed from these two mixtures. The coarser aggregate shows better resistance
to deformation due to its aggregate-to-aggregate interlocking. The mix parameters dictatethat mixes
with similar properties (such as Vbe, Va, VMA, VFA, AC) can have statistically different flow numbers.

3.3.4. SX(75) PG 58-28

The flow numbers for the SX(75) PG 58-28 mix varied from 29 to 220, with an average number of
91, median of 81, and standard deviation of 55. All the test results, apart from one outlier, showed
a flow number greater than 50. The current mix had an average flow number of 91; therefore, per
AASHTO, this mix is considered good for traffic of 3 to 10 million ESALs. The t-test showed the
95% CI boundaries to be 42 and 140. All mixes except 19489 P51 14 and 19879 P113 14 did not have
statistically similar flow numbers. One mix (19489 P51 14) had a unique aggregate source (Chambers),
and another mix (19879 P113 14) had a unique contractor and aggregate source (Ralston, Firestone).
All the other properties were similar to those of the mixes whose flow numbers were statistically the
same. Therefore, contractor or aggregate source may be a factor in the variation of the flow number.

3.3.5. SX(75) PG 58-34

The flow numbers for the SX(75) PG 58-34 mix varied from 19 to 75, with an average flow number
of 47 and standard deviation of 28. As per AASHTO, a mix is considered good for traffic of less than 3
million ESALs if it has a flow number less than 50. The current mix had an average flow number of 47;
therefore, this mix is good for traffic of less than 3 million ESALs. However, we had data for only two
mixes from the current mix. Therefore, no sensitivity analysis was conducted on this mix.

3.3.6. SX(75) PG 64-22

The flow numbers for the SX(75) PG 64-22 mix varied from 19 to 123, with an average number
of 59, median of 49, and standard deviation of 34. As per AASHTO, a mix is considered good for
traffic between 3 and 10 million ESALs if it has a flow number greater than 50. The current mix had an
average flow number of 59; therefore, this mix is considered good for traffic between 3 and 10 million
ESALs. The t-test showed the 95% CI boundaries to be 28 and 90. The mix parameters show that mixes
with similar properties have statistically different flow numbers. For example, mixes with the prefix
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19935 have the same binder supplier, aggregate source, region, and volumetric properties, though they
have statistically different flow numbers.

3.3.7. SX(75) PG 64-28

The flow numbers for the SX(75) PG 64-28 mix varied from 32 to 311, with an average number
of 106, median of 41, and standard deviation of 118. As per AASHTO, a mix is considered good for
traffic between 3 and 10 million ESALs if it has a flow number greater than 50. The current mix had an
average flow number of 99; therefore, this mix is considered good for traffic between 3 and 10 million
ESALs. The same observations were noted for binders SX(75) PG 58-28 and SX(75) PG 58-34.

3.3.8. SX(100) PG 58-28

Only a single sample with a flow number of 128 was tested for this mix. No statistical test or
sensitivity analysis was conducted on this mix due to insufficient data.

3.3.9. SX(100) PG 64-22

The flow numbers for the SX(75) PG 64-22 mix varied from 23 to 388, with an average number
of 112, median of 97, and standard deviation of 92. As per AASHTO, a mix is considered good for
traffic between 3 and 10 million ESALs if it has a flow number greater than 50. The current mix had an
average flow number of 112; therefore, this mix is considered good for traffic between 3 and 10 million
ESALs. Nonetheless, a t-test was conducted, and the results showed the 95% CI boundaries to be
59 and 164. The mix parameters show that mixes with different properties had statistically similar
flow numbers. On the other hand, mixes by the same contractor with the same aggregate source had
statistically different flow numbers.

3.3.10. SX(100) PG 64-28

The flow numbers for the SX(100) PG 64-28 mix varied from 77 to 531, with an average of 241,
median of 215, and standard deviation of 131. As per AASHTO, a mix is considered good for traffic
between 10 and 30 million ESALs if it has a flow number greater than 190. The current mix had an
average flow number of 240; therefore, this mix is considered good for traffic between 10 and 30 million
ESALs. The t-test showed the 95% CI boundaries to be 134 and 347. Three mixes were not statistically
the same; however, two mixes had similar properties to the statistically similar mixes. Therefore, flow
numbers can be statistically different for the same mix by the same contractor.

3.3.11. SX(100) PG 76-28

The flow numbers for the SX(100) PG 76-28 mix varied from 82 to 6343, with an average number
of 1578, median of 810, and a standard deviation of 1837. As per AASHTO, a mix is considered good
for traffic greater than 30 million ESALs if it has a flow number greater than 740. Although the average
flow number was 1482, nearly half of the samples had a flow number less than 740. Therefore, it is
very difficult to conclude whether this mix is considered good for traffic greater than 30 million ESALs.
Comparing this result with those for the previous binders, the flow number increased with an increase
in the high-temperature grade of the binder. Similar observations were noted for the SX(75) mix. The
t-test showed the 95% CI boundaries to be 893 and 2262. Out of 33 specimens, only 7 specimens were
within the 95% CI boundaries.

3.4. Analysis Summary

The flow numbers for each group and their variations, 95% CI boundaries, etc., are presented in
Table 4 and Figure 5. They show that SX(75) PG 58-34 had the lowest flow number and SMA PG 76-28
had the highest flow number. Comparing the average flow numbers with the above-listed values, the
following may be concluded:
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• Only two types of mixtures, SX(100) PG 76-28 and SMA PG 76-28, had flow numbers greater than
740. Thus, only these mixtures are considered good for traffic greater than 30 million ESALs.

• S(100) PG 76-28 had an average flow number of more than 190; thus, it is considered good for
traffic between 10 and 30 million ESALs.

• SX(100) PG 64-22, SX(100) PG 64-28, and SX(100) PG 58-28 are considered good for traffic between
3 and 10 million ESALs.

• The other five mixtures—S(100) PG 64-22, SX(75) PG 58-28, SX(75) PG 58-34, SX(75) PG 64-22, and
SX(75) PG 64-28—had flow numbers less than 50; thus, they are considered good for traffic of less
than 3 million ESALs.

• Comparing SX(100) PG 64-28 and SX(100) PG 76-28, the flow number of HMA increases with an
increase in the high-temperature grade of the binder.

• Variable results were observed as to whether the flow number increases or decreases with an
increase in the low-temperature grade of the binder. For example, when comparing SX(75) PG
64-22 and SX(75) PG 64-28, the flow number increases with an increase in the low-temperature
grade of the binder; however, when comparing SX(75) PG 58-34 and SX(75) PG 58-28, the flow
number decreases with an increase in the low-temperature grade of the binder.

• An SX mix has 0.5 in. (12.5 mm) nominal aggregate size, and an S mix has 0.75 in. (19 mm)
nominal aggregate size. SX mixes have larger flow numbers, i.e., smaller aggregate size produces
a larger flow number, from the comparisons of the flow numbers of SX(100) PG 64-22 with S(100)
PG 64-22, and SX(100) PG 76-28 with that of S(100) PG 76-28. However, the differences between
these pairs are not statistically significant.

• The (75) and (100) refer to the number of gyrations during design. Greater number of gyrations
produce greater flow numbers, as shown from the comparisons of SX(75) PG 58-28 with SX(100)
PG 58-28, SX(75) PG 64-22 with SX(100) PG 64-22, and SX(75) PG 64-28 with SX(100) PG 64-28.
However, the differences between these pairs were not statistically significant.

Table 4. Groupwise average flow numbers with 95% boundaries.

Mixes Lowest Value Highest Value
95% CI Lower

Limit
95% CI Upper

Limit
Average

S(100) PG 64-22 110 252 47 262 155
S(100) PG 76-28 626 2065 253 2193 1223
SMA PG 76-28 426 4311 1487 3057 2272

SX(75) PG 58-28 29 220 42 140 91
SX(75) PG 58-34 19 75 0 403 47
SX(75) PG 64-22 19 123 28 90 112
SX(75) PG 64-28 32 311 0 323 106
SX(100) PG 58-28 - - - - 128
SX(100) PG 64-22 23 388 59 164 112
SX(100) PG 64-28 77 531 134 347 241
SX(100) PG 76-28 82 6343 893 2263 1578

The sensitivity analysis summary presented in Table 5 shows that the effects of Vbe, Va, VMA,
VFA, and AC on the flow number are inconsistent. For example, six mixes show that the flow number
increases with Vbe, two mixes show the opposite, and one mix shows it is insensitive to Vbe. This
inconsistency is true for Va, VMA, VFA, and AC as well. The reason behind this may be the effects of
the paving contractor, manufacture date, and/or aggregate source. Using most scores, the flow number
increases with an increase in Vbe, Va, VMA, VFA, and AC for the range studied in this study. The
study by Kaloush [3] showed that the flow number decreases with an increase in air voids, which is
contradictory to the results of the current study. This is due to the study range of air voids. The current
study only investigated air void proportions between 3% and 6%.
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Figure 5. Groupwise average flow numbers.

Table 5. Summary of the effect of mix factors on the flow number of HMA.

Vbe
(%)

Va
(%)

VMA
(%)

VFA
(%)

AC
(%)

S(100) PG 64-22 Decreases Increases Increases Increases Decreases
S(100) PG 76-28 - Decreases Increases Decreases -
SMA PG 76-28 Decreases Increases Increases Increases Decreases

SX(75) PG 58-28 Increases Decreases Decreases Increases Increases
SX(75) PG 58-34 NA NA NA NA NA
SX(75) PG 64-22 Increases Decreases Increases Decreases Increases
SX(75) PG 64-28 Increases Decreases - Increases -
SX(100) PG 58-28 NA NA NA NA NA
SX(100) PG 64-22 Increases Increases Decreases Decreases Increases
SX(100) PG 64-28 Increases Increases Decreases Decreases Increases
SX(100) PG 76-28 Increases Increases Decreases Increases Increases

Summary
6 Increases 5 Increases 5 Increases 5 Increases 5 Increases
2 Decreases 4 Decreases 4 Decreases 4 Decreases 2 Decreases

1 Insensitive 2 N/A 1 Insensitive 2 N/A 2
Insensitive

4. Conclusions

This study evaluates the effects of mix factors such as VMA, void-filled with asphalt, effective
binder content, etc. on the flow number of asphalt concrete. Laboratory testing was performed, and
test results were analyzed using the statistical tools. The following conclusions can be made from
this study:

1. The same mix may have statistically different flow numbers, and this is independent of
the contractor.

2. The flow number increased with increasing Vbe, Va, VMA, VFA, and AC for the range studied in
this study.

3. Only two types of mixtures, SX(100) PG 76-28 and SMA PG 76-28, had flow numbers greater than
740. Thus, only these mixtures are considered good for traffic greater than 30 million ESALs.

4. S(100) PG 76-28 had an average flow number of more than 190; thus, it is considered good for
traffic between 10 and 30 million ESALs.

5. SX(100) PG 64-22, SX(100) PG 64-28, and SX(100) PG 58-28 are considered good for traffic between
3 and 10 million ESALs.
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6. The other five mixtures—S(100) PG 64-22, SX(75) PG 58-28, SX(75) PG 58-34, SX(75) PG 64-22, and
SX(75) PG 64-28—had flow numbers less than 50; thus, they are considered good for traffic of less
than 3 million ESALs.

Our recommendation for future research is that a flow number predictive model should be
developed to determine the flow number of a new mix with more laboratory testing on a pre-planned
test matrix.
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Abstract: Rutting is one of the most common distresses in asphalt pavements in Zambia.
The problem is particularly prevalent at intersections, bus stops, railway crossings, police checkpoints,
climbing lanes and other heavily loaded sections, where there is deceleration, slow moving or static
loading. The most widely used methods to identify the source of rutting among flexible pavement
layers are destructive methods; field trenching and coring methods. The Transverse Profile Analysis
method (TPAM), which is a non-destructive method, was suggested by White et al. in 2002 as an
alternative method, to avoid the expensive and destructive nature of the traditional methods. In this
method, data from the transverse profile of the rutted section is used to deduce the layer of the
pavement structure responsible for rutting failure. This study used the TPAM to determine the
layers of pavement responsible for rutting on sections of the Chibuluma and Kitwe-Chingola Roads
in Zambia. The method was first validated using the trenching method on the Kitwe-Ndola Road.
Results from the TPAM showed good comparability with those from the trenching method. It was
established that most of the rutting emanated from the surfacing layer. This is consistent with recent
research indicating that most rutting occurs in the upper part of the asphalt surfacing. It was also
established that the TPAM was a simpler, faster and less costly method of determining the source of
rutting failure compared to the traditional methods.

Keywords: transverse profile analysis; rutting; asphalt; trenching; coring

1. Introduction

Zambia is a key transit country in the north–south corridor as it sits between and borders
eight countries in the region, viz. Tanzania, the Democratic Republic of Congo, Botswana,
Namibia, Zimbabwe, Mozambique, Angola and Malawi. With a virtually non-functional rail system,
various mining products and equipment are transported in and out of the mines in the Copperbelt
Province to South Africa, Tanzania and other countries in the region mostly by road.

Zambia has a total gazetted road network of 67,671 km, 40,454 km of which comprises the Core
Road Network (CRN). The CRN is defined as the bare minimum network that Zambia requires to
be maintained continuously and on a sustainable basis to realize its social and economic potential.
The CRN infrastructure in Zambia consists of a sparsely interconnected network of Trunk (T), Main (M),
District (D), Primary Feeder (PF) and Urban (U) roads. Table 1 shows the breakdown of the CRN in
Zambia [1].

The traffic growth rate on major highways, in particular the truck traffic, has been increasing
day by day in Zambia due to its geostrategic location and international trade corridor, subsequently
leading to the premature failure of roads [2]. A recent study on the condition of the roads showed that
as of 2014, less than 25% of the CRN was paved, and close to half of the paved road network was in a
fair to poor condition [1].
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Table 1. Zambia’s Core Road Network (CRN) (2014).

Road Category Core Road Network (km)

Trunk (T) 3116
Main (M) 3701

District (D) 13,707
Urban (U) 5597

Primary Feeder (PF) 14,333

Total 40,454

One of the most prominent defects, particularly on major highways, is rutting failure [2]. This type
of failure is prominent in sections where traffic is forced to stop or move at a slow pace, thereby increasing
the loading on the road pavement. Thus, the failure is load-related and it eventually escalates to
include other defects such as cracking, potholing, etc.

Rutting is defined as a longitudinal surface depression occurring in the wheel paths of roadways
due to repeated traffic loading. It accumulates incrementally with small permanent deformations
from each load application over the pavement’s service life. It is often followed in later stages by an
upheaval along the sides of the rut. The decreased thickness in the rutted portions may accelerate
fatigue cracking and eventual loss of the surfacing [3]. Rut depth (RD) is one of the most commonly
used index variables for quantifying pavement surface rutting. This index has been traditionally
measured manually, using a gauge with either a straightedge or a wire. The method is considered
“a reliable and low budget option” [4].

Rutting failure not only reduces the lifespan of the road but is also a serious safety issue for
road users. When the vehicle moves along the rutted portion of the pavement, steering becomes
difficult and it reduces driving comfort. If rainwater pools in the rutted wheel path, it can result
in hydroplaning and spray that reduces visibility. To this extent, rutting has become such a serious
problem of modern-day roads that countries such as the United States have taken it as one of the design
criteria for asphalt pavements [5].

Most Zambian roads are constructed of flexible pavements. Flexible pavements are roads
constructed of several layers of natural or treated granular material covered with one or more
waterproof bituminous surface layers (e.g., asphalt). They are so named because the total pavement
structure deflects or flexes under loading. The objective with the design of a flexible pavement is to
avoid the excessive flexing of any layer, the failure of which will result in the over-stressing of the layer,
which ultimately will cause the pavement to fail [6].

The layer(s) in which rutting occurs is influenced by the loading magnitude and the relative
strengths of the pavement layers. Stresses within the layer of a pavement structure are determined by
applied load, individual and combined layer thickness and layer material properties [7].

The Mechanistic-Empirical Design Guide (MEPDG) has defined three distinct stages for the
permanent deformation behavior of asphalt pavements under a given set of material, load and
environmental conditions. This is shown in Figure 1 [5]. The primary stage has a high initial level
of rutting, with a decreasing rate of plastic deformation, predominantly associated with volumetric
change. The secondary stage has a small rate of rutting, exhibiting a constant rate of change of rutting
that is also associated with volumetric changes; however, shear deformations increase at an increasing
rate. The tertiary stage has a high level of rutting predominantly associated with plastic (shear)
deformations under no volume change conditions.
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Figure 1. Typical repeated load permanent deformation behavior of pavement materials.

Generally, there are two causes of rutting in asphalt pavements—the accumulation of permanent
deformation in the asphalt-surfacing layer and the permanent deformation of subgrade or underlying
layers. In the past, subgrade deformation was considered the primary cause of rutting and many
pavement design methods applied limiting criteria on vertical strain at the subgrade level. However,
recent research has indicated that most of the rutting occurs in the upper part of the asphalt surfacing
layer. Nonetheless, these two causes of rutting can act in combination, i.e., the rutting could be the
sum of permanent deformation in all the layers [2,8,9].

The determination of which layer in the pavement structure is responsible for rutting failure is the
first step toward arriving at a remedial measure.

The destructive methods of trenching and coring have traditionally been used for rutting failure
investigations. Field trenching is conducted to expose the layers of the pavement so that they can be
studied. The thickness of the layers, i.e., asphalt, the base and the subbase, are measured and plotted to
show the deflections in the layers. Alternatively, core samples can be obtained at a constant spacing on
a lane to determine the layer thicknesses of the pavement layers and the results can be plotted (similar
to trenching) to determine the contribution of each layer to rutting due to changes in thickness and
deflections of the pavement layers. The Dynamic Cone Penetrometer (DCP) Test has also been used
to determine the strength of the pavement layers by calculating the California Bearing Ratio (CBR)
of the pavement layers. The knowledge of the strengths of the existing pavement layers at a rutted
section of the road can be used to deduce whether the ruts have been caused by weak structural layers,
the subgrade or whether it is restricted to the surface. These methods are, however, time consuming
and costly and may lead to weaknesses in the pavement structure if not repaired properly.

TPAM is one of the non-destructive techniques developed to determine the source of rutting in a
pavement structure. The method was suggested by White et al. [7], who conducted extensive computer
analyses using Finite Element Methods (FEM) to simulate rutting failures in Hot-Mix-Asphalt (HMA)
surface mixtures, base courses and subgrades. Transverse surface profile characteristics indicative
of failure within specific structural layers were then determined in the form of simple distortion
parameters, and specific criteria were developed for these distortion parameters. The criteria were
applied to an analysis of full-scale accelerated pavement test (APT) data, confirming that the relative
contributions of the layers to rutting in an HMA pavement could be determined from an analysis of
its transverse surface profile. This followed works such as [10], wherein the authors hypothesized
that the area under the transverse surface profile could be used to predict the source of rutting from
within the pavement structure. The authors of [11] also suggested that quantifying transverse profile
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measurements presented a potential method of determining the cause of rutting in the absence of
traffic, structural and environmental data.

Another study [12] found that TPAM is one of the most accurate and precise methods of establishing
the cause of rutting failure. The study used trenching, coring and Falling Weight Deflectometer (FWD)
tests to validate the method. The authors of [13] also used the TPAM to determine the source of rutting
failure on a 300 m section of the N5 National Highway in Pakistan. The study determined that most
rutting was mainly due to the shear failure of the HMA layer. It was also observed that an increase
in rut depth resulted in an increase in negative area and a reduction in positive area of the profile.
The results were validated using the trenching method.

The TPAM was also used to determine the source of rutting on the Belbis-Zagazig Road in Egypt.
A study determined that 60% of the rutting resulted from the HMA, 30% from the base layer and 10%
from the subgrade. The authors concluded that the TPAM proved to be a good diagnostic tool for
determining the source of most of the rutting failure [14].

The goal of this publication is to highlight the results of a study undertaken to establish the layer(s)
responsible for rutting failure using the TPAM on some selected sections of road in the Copperbelt
Province of Zambia.

The traditional methods of coring and trenching are the most commonly used methods of
determining the source of rutting failure. However, these two methods are destructive, in that the
subsurface layers must be exposed by excavating a trench or coring and then restored after rut
investigations. This may lead to weaknesses at the joints, resulting in the shortening of the lifespan of
the pavement if not repaired properly. Furthermore, these destructive methods are time-consuming,
costly and inconveniencing to road users.

TPAM has been suggested as a simple yet effective way of determining the rutting failure source
within the pavement structure through theoretical and analytical analyses of surface profiles, with little
to none of the challenges associated with trenching and/or coring.

2. Materials and Methods

A typical transverse profile is shown in Figure 2. The method of analysis with the TPAM is
explained below.

The first and last points of the profile line are joined to establish a reference line (indicated by the
dotted line). The portion of the area above the line is considered as positive area (Ap) and the portion
below the reference line is considered as negative area (An). The maximum rut depth (D) is computed
by firstly drawing a line joining the high points of the profile known as the wire line; the maximum rut
depth is then equal to the line with the maximum length drawn between the profile line and the wire
line in a direction perpendicular to the wire line.
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Figure 2. Plot of transverse profile from the edge of a shoulder to the center line of a lane. Ap = area
above dotted line; An = area below dotted line; D =maximum rut depth.
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The positive and negative areas are calculated by plotting the profile to scale in AutoCAD or
other software.

The distortion parameters, i.e., the total area, termed ‘distortion’ and the ratio of the positive or
negative area to the total area, termed ‘ratio of distortion’ are computed by the following equations [7].

A = Ap + An (1)

R = Ap/An (2)

where

A = total area (mm2);
R = ratio of area;
Ap = positive area (mm2);
An = negative area (mm2).

In predicting the layer responsible for rutting distress, it is also necessary to compute some critical
coefficients by the following equations:

C1 = (−858.21) D + 667.58 (3)

C2 = (−1509) D − 287.78 (4)

C3 = (−2120) D − 407.95 (5)

where

C1 = theoretical average total area for HMA failure (mm2);
C2 = theoretical average total area for base/subbase failure (mm2);
C3 = theoretical average total area for subgrade failure (mm2);
D =maximum rut depth (mm).

These equations are called equations of trend lines for HMA, base and subgrade failure modes in
failure criteria.

Based on the characteristics of a given surface profile and the criteria described above, the mode
of failure can be inferred [7] as follows:

1. Failure has occurred in the HMA layer if both the following conditions are satisfied:

R > 0.05 (6)

A > (C1 + C2)/2 (7)

2. Failure has occurred in the base/subbase layer if both the following conditions are satisfied:

R < 0.05 (8)

A > (C2 + C3)/2 (9)

3. Subgrade failure has occurred if no failure can be determined from the previous comparisons.

The method of analysis is summarized in the flow chart shown in Figure 3.
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Figure 3. Illustration of the procedure for failed layer prediction [15].

A visual condition survey was undertaken to identify and select road pavements exhibiting rutting
failure that were thus suitable for investigation. Three roads were selected, namely Kitwe-Ndola Road,
Kitwe-Chingola Road and Chibuluma Road, all within the Copperbelt Province of Zambia.

2.1. Kitwe-Ndola Road

On the Kitwe-Ndola Road, the TPAM and trenching were conducted on a selected rutted section.
The results of the profile analysis were compared to the trenching method for purposes of validation.

The pavement transverse profile was analyzed by measuring rut depths on a heavily rutted
section of the road. This was done using the straight edge and gauge method. Four measurements
were taken every 15 m on the rutted section. Profile measurements were taken at intervals of 200 mm
from the shoulder edge to the center line of a lane. Four trenches were excavated at each point where a
profile analysis was conducted. The excavation was done from the edge of the shoulder to the center
line of a lane. The thickness of the asphalt and underlying layers were measured at intervals of 200 mm
equal to the spacing used for rut depth measurements.

Figures 4–7 show the straight edge and gauge measurements and trench measurements on the
Kitwe-Ndola Road.

 
Figure 4. Trench measurements of Pit 1 (Kitwe-Ndola).
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Figure 5. Trench measurements of Pit 2 (Kitwe-Ndola).

 
Figure 6. Profile measurements on Kitwe-Ndola Road.

 
Figure 7. Trench measurements of Pit 3 (Kitwe-Ndola).

2.2. Chibuluma Road and Kitwe-Chingola Road

After the validation, assessments were also conducted on the Chibuluma and Kitwe-Chingola
Roads. The TPAM was undertaken on an approximately 800 m section of the Chibuluma Road and a
135 m section of the Kitwe-Chingola Road to predict the layer(s) responsible for rutting failure.

The two roads were chosen due to the high levels of traffic and the high degree of rutting on
the selected sections (see Figures 8 and 9). Chibuluma Road is used by heavy traffic to bypass the
central business district of Kitwe, while Kitwe-Chingola Road is a key route connecting the two towns
and goes further to the Kasumbalesa border and the mining region of the northwestern province.
The two roads are interconnected somewhat, in that the heavy traffic that passes through Chibuluma
Road eventually uses Kitwe-Chingola Road to connect to the Kasumbalesa border or the northwestern
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province. A recent study found that the traffic levels on the two roads averaged over 35 million
equivalent standard axles.

 
Figure 8. Profile measurements (Chibuluma).

 
Figure 9. Extent of rutting (Kitwe-Chingola).

3. Results

3.1. Validation of Kitwe-Ndola Road

Results of the measurements after profile analysis and field trenching at Chainages; 60 + 365,
60 + 427, 60 + 437 and 60 + 487 of Kitwe-Ndola Road are shown in Figures 10–17.

 
Figure 10. Transverse profile of 60 + 365 km.
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Figure 11. Profile of trench measurements of 60 + 365 km.

 
Figure 12. Transverse profile of 60 + 427 km.

 
Figure 13. Profile of trench measurements of 60 + 427 km.

 
Figure 14. Transverse profile of 60 + 437 km.
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Figure 15. Profile of trench measurements of 60 + 437 km.

 
Figure 16. Transverse profile of 60 + 487 km.

 
Figure 17. Profile of trench measurements of 60 + 487 km.

From the profiles it is evident that the rutting at 60 + 365 km and 60 + 427 km resulted from within
the asphalt surfacing. This is evidenced by the shoving and upheaval of the asphalt, which is clearly
visible in Figures 10 and 12. It can also be seen from Figures 11 and 13 that the profile of the top of the
asphalt surfacing is different from that of the top of the base, subbase and subgrade.

The profiles at 60 + 437 km and 60 + 487 km, on the other hand, show that the underlying layers
are responsible for the rutting failure. The asphalt profile is almost equivalent to the underlying layers
and there is little to no shoving and/or upheaval of the asphalt.

The TPAM was undertaken to verify these observations. Distortion parameters where determined
and calculated as outlined in Section 2. For example, for profile Chainage (CH) 60 + 365;
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Ap = 35,963 mm2,
An = −12,563 mm2,
D = 64 mm.

Total area (A):
A = Ap + An = 35,963 + (−12,563) = 23,400 mm2.

Ratio of Area (R):
R = |Ap/An| = 2.8626.

Calculate critical coefficients by Equations (3)–(5).
C1 = (−858.21)*64 + 667.58 = −54,257.9 mm2,
C2 = (−1509)*64 – 287.78 = −96,863.8 mm2,
C3 = (−2120)*64 – 407.95 = −13,6094 mm2.

First check is applied by using Equations (6) and (7);
R = 2.8626 > 0.05 �checked

for A = 23,400 mm2.
and (C1+ C2)/2 = (−54,257.9 – 96,863.8)/2 = −75,560.85 mm2,
thus A > (C1+ C2)/2 �checked

Both criteria were met, indicating that the failure occurred in the asphalt surfacing.
The procedure was repeated for all the profiles on the road (Table 2). It was established that at

60 + 365 km and 60 + 427 km the rutting was in the asphalt while at 60 + 437 km and 60 + 487 km the
rutting emanated from the underlying base/subbase. This is consistent with the observed profile shape.

Table 2. Kitwe-Ndola Road profile analysis.

Failed Layer Prediction from Transverse Profile Analysis

Road
Name/Chainage

A
(mm2)

Ap

(mm2)

An

(mm2)
R

C1

(mm2)
C2

(mm2)
C3

(mm2)
D

(mm)
Failed
Layer

Kitwe-Ndola Road

CH 60 + 365 23,400 35,963 12,563 2.863 −54,257.9 −96,863.8 −136,094 64 HMA
CH 60 + 427 −13,800 16,075 29,875 0.538 −41,384.7 −74,228.8 −104,293 49 HMA
CH 60 + 437 −61,785 882 62,667 0.0143 −47,392.2 −84,791.8 −119,134 56 BASE
CH 60 + 487 −78,995 1370 80,365 0.0173 −56,832.5 −101,391 −142,455 67 BASE

The results of the profile analysis were compared to measurements from the trenching. The results
showed consistency between the two methods (Table 3).

Table 3. Comparison of trench measurements vs. profile analysis.

KITWE-NDOLA ROAD

Chainage A (mm2) R D (mm)
Failed Layer

(Transverse Profile
Analysis)

Failed Layer
(Trenching

Method)
Agreement

CH 60 + 365 23,400 2.863 64 HMA HMA YES
CH 60 + 427 −13,800 0.538 49 HMA HMA YES
CH 60 + 437 −61,785 0.0143 56 BASE/SUBBASE BASE/SUBBASE YES
CH 60 + 487 −78,995 0.0173 67 BASE/SUBBASE BASE/SUBBASE YES

3.2. Chibuluma and Kitwe-Chingola Roads

After the validation, the profile analysis was conducted on sections of the Chibuluma and
Kitwe-Chingola Roads. The results are shown in Tables 4 and 5, respectively.
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Table 4. Chibuluma Road profile analysis.

Failed Layer Prediction from Transverse Profile Analysis

Road
Name/Chainage

A Ap An
R

C1 C2 C3 D Failed
Layer(mm2) (mm2) (mm2) (mm2) (mm2) (mm2) (mm)

Chibuluma Road

CH 0 + 880 −37,100 8275 45,375 0.1824 −43,959.3 −78,746.8 −110,653 52 HMA
CH 0 + 895 17,200 36,255 19,055 1.9027 −51,683.2 −92,327.8 −129,734 61 HMA
CH 0 + 910 8775 23,950 15,175 1.5783 −41,384.7 −74,219.8 −104,293 49 HMA
CH 0 + 925 34,499 38,344 3845 9.9724 −41,384.7 −74,219.8 −104,293 49 HMA
CH 0 + 940 35,300 62,213 26,913 2.3116 −57,690.7 −10,2891 −144,575 68 HMA
CH 1 + 655 −4900 35,503 40,403 0.8787 −48,250.4 −86,291.8 −121,254 57 HMA
CH 1 + 670 −4600 28,568 33,168 0.8613 −38,810.1 −69,692.8 −97,932.6 46 HMA
CH 1 + 685 25,600 46,101 20,501 2.2487 −39,668.3 −71,201.8 −100,053 47 HMA
CH 1 + 700 24,676 40,656 15,980 2.5442 −45,675.8 −81,764.8 −114,893 54 HMA
CH 1 + 715 23,300 40,653 17,353 2.3427 −43,101.1 −77,237.8 −108,533 51 HMA

Table 5. Kitwe-Chingola Road profile analysis.

Failed Layer Prediction from Transverse Profile Analysis

Road
Name/Chainage

A
(mm2)

Ap

(mm2)

An

(mm2)
R

C1

(mm2)
C2

(mm2)
C3

(mm2)
D

(mm)
Failed
Layer

Kitwe-Chingola Road

CH 2 + 220 −2363 56,200 58,563 0.9597 −129,780 −229,647 −322,663 152 HMA
CH 2 + 235 −3400 54,559 88,559 0.6161 −137,504 −243,228 −3,417,044 161 HMA
CH 2 + 250 −47,001 23,339 70,340 0.3318 −99,743 −176,832 −248,460 117 HMA
CH 2 + 265 −21,400 33,698 55,098 0.6116 −92,019.1 −163,251 −229,379 108 HMA
CH 2 + 280 29,400 34,706 5306 6.5409 −35,806.4 −64,411.3 −90,512.2 42.5 HMA
CH 2 + 295 13,600 16,468 2868 5.7421 −15,638.4 −28,949.8 −40,689.9 19 HMA
CH 2 + 310 32,000 41,851 9851 4.2484 −28,511.6 −51,584.8 −72,491.4 34 HMA
CH 2 + 325 −7800 19,743 27,543 0.7168 −41,384.7 −74,219.8 −104,293 49 HMA
CH 2 + 340 7400 23,487 16,087 1.46 −27,635.4 −50,075.8 −70,371.3 33 HMA
CH 2 + 355 1454 15,970 14,516 1.1002 −32,802.6 −59,129.8 −83,091.9 39 HMA

4. Discussion

Results indicated that in all cases, the ratio of area (R) was greater than 0.05 (the limit between
HMA and base/subbase failure). This is an indication of the profiles having significant positive areas.
It was also determined that the total area (A) was significantly greater than the combination of the
critical coefficients ((C1+ C2)/2), as shown in Tables 4 and 5 for Chibuluma and Kitwe-Chingola Roads,
respectively. This meets both criteria for HMA failure and thus indicates that the asphalt was mainly
responsible for the rutting failure. These results are consistent with the observed shape of the rutted
road sections which were relatively deeply depressed and accompanied by upheavals along the sides
of the wheelpath. The results are also consistent with recent research suggesting that rutting mainly
occurs in the asphalt (surfacing) layer.

These results are an indication of inadequacy in the performance of the asphalt. Zambia, like most
developing countries, is still using empirical pavement design methods whose focus is mostly on
protecting the subgrade, thus leaving rutting to be assessed during the mix design of the asphalt.
The results therefore call for particular attention to be paid to the asphalt mix design and construction
in order to avoid/minimize this problem. Some of the measures that should be considered, as suggested
in the literature as well, include:

1. Mix design method: The Marshall mix design method used in empirical designs has proven to be
unsuitable for present day traffic, as evidenced by the steady increase in rutting problems [2].
A study by Verhaeghe et al. [16] suggested that the Marshall mix design method can be used
for lower traffic or non-rut potential situations, but for high traffic or rut potential situations,
gyratory-based design methods should be used, possibly coupled with performance tests.
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2. Bitumen binder: A higher bitumen content is needed for improved fatigue life and durability of
the asphalt mix, but it tends to enhance the rutting and shoving problems. Therefore, the mix
needs to be maximized for fatigue and permanent deformation through a compromise. It has
also been established that bitumen binder with a high viscosity at 60 ◦C will be more resistant
to horizontal thrust as far as plastic flow in a mix is concerned, as compared to a low viscosity
bitumen binder [17].

3. Gradations: An increase in the −75 microns fraction of the mix will tend to stiffen (increase the
viscosity) the binder. However, finer gradations or over sanded mixes are more susceptible to
permanent deformation than coarser gradations. Therefore, a compromise needs to be reached
on the quantity of fine particles in the mix. It has also been demonstrated that mixtures utilizing
angular manufactured sand and fine aggregates are more resistant to permanent deformation
than mixes produced with rounded or sub-rounded natural sand. Larger-size aggregates (such as
19.5 mm) mixed in the wearing course also tend to be more resistant to rutting [17,18].

4. Air void content: Mixtures with low voids in the mineral aggregate (VMA) and higher bitumen
contents tend to have very low air void contents after densification by traffic. Low air voids
result in a loss of mixture stability and rutting due to the buildup of pore pressure in the asphalt
mixture under traffic loading, thus leading to loss of strength and flow [19].

5. Improved bond between pavement layers: The authors of [20] conducted FEM simulations
to determine the effect of bonding between pavement layers and rutting. It was concluded
that a good bond between the pavement layers was essential in minimizing rutting failure in
road pavements.

6. Construction: One of the main causes of accelerated rut development, especially when the
asphalt mat is still fresh, is insufficient compaction at the time of construction, which not only
would result in higher levels of consolidation under traffic, but also could render the mix more
susceptible to shear deformation in the early life of the HMA layer. Hence, during construction
every attempt should be made to meet the density specifications of HMA. For continuously
graded mixes, minimum density specifications are usually set at 93% of the maximum theoretical
relative density (MTRD) [16].

5. Conclusions

Rutting failure is a common problem on most Zambian roads. The determination of which of the
pavement layers is responsible for the failure is the first step in remediating the problem. The objective
of this study was to determine the source of rutting failure in some selected sections of road using
the TPAM.

It was established on both Chibuluma Road and Kitwe-Chingola Road that rutting failure mostly
emanated from the surfacing layers. This is consistent with the observed shape of the rutted sections.
The sections of the Kitwe-Ndola Road analyzed indicated a half split with two sections indicating
HMA failure and the other two indicating base/subbase failure.

It was also established that the TPAM is an effective way of determining the pavement layer(s)
responsible for rutting failure. The method showed very good comparability with the trench method.
This indicates that the inferences made in the TPAM criteria are consistent with the traditional methods
of rutting failure determination and can therefore perform the same function.

The TPAM is simple and less time consuming than traditional methods. A task which would
have taken at least a couple of days was completed within a matter of a few hours. There was
also less disturbance to traffic and, most importantly, the proposed method eliminated the need for
expensive destructive testing. This tool will therefore be invaluable to road agencies, particularly in
developing countries.
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Abstract: In the current era of road construction, it is common to add a small amount of reclaimed
asphalt pavement (RAP) in asphalt mixes without significantly changing properties such as stiffness
and low-temperature cracking resistance. Not only can these mixes be better for the environment,
but they can also improve certain properties like rutting resistance. However, there is no clear
understanding of how RAP gradation and bitumen properties impact the mixture properties. In this
study, a single RAP source was separated into coarse and fine particles and added into a hot mix asphalt
(HMA). Fourier transform infrared (FTIR) spectrometry was used to evaluate the chemical properties
of the bitumen, while environmental scanning electron microscopy (ESEM) image analysis was used
to visualize the differences of the virgin and RAP bitumen at a microscopic level. The observed results
indicated that the recovered bitumen from coarse RAP did not have the same characteristics as the
fine RAP bitumen, and the interaction of RAP bitumen with virgin bitumen significantly depended
on RAP particle size. The amount of active RAP bitumen in coarse RAP particles was higher than in
fine RAP particles.

Keywords: hot mix asphalt; recycled asphalt; RAP gradation; ignition test; FTIR; ESEM

1. Introduction

Nowadays, sustainability and environmental matter are the main issues for most research studies
on construction materials. One of the solutions is to use reclaimed asphalt pavement (RAP) as the main
recycled material used in hot mix asphalts. Some researchers [1–4] have studied the use of RAP in road
construction and concluded that because of the large environmental potential and cost benefits, it is
important to maximize RAP content in the mix design. According to Al-Qadi et al. [5], the performance
of pavements using properly prepared RAP was found to be satisfactory in terms of fatigue, rutting,
thermal resistance, and durability.

The required thickness for pavement design depends on the pavement design method and material
characteristics [6]. Saliani et al. [7] concluded that the surface area of mix components, like virgin
aggregates, fiber, RAP, etc., impact bitumen absorption. Mix design factors, like mix duration and mix
temperature, influence the rheological properties of mixes with RAP particles. Because of this, it is
important to precisely characterize RAP according to particle size. Previous studies have shown that
active bitumen content in coarse RAP particles is more than that for fine RAP particles [8].

It is desirable to have a higher recycle material content in hot mix asphalt (HMA), but incorporating
large quantities can make the mix stiffer and more brittle. Consequently, these mixes are less workable,
harder to compact in the field, and prone to crack [9–13]. Various strategies have been developed in
order to increase RAP content such as incorporating a warm mix asphalt additive, adding rejuvenator
agent, or a combination of mix designs [14]. In addition, RAP size is one of the critical factors that
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impact the level of blending between RAP and virgin particles. The degree of blending has not been
quantified clearly. McDaniel and Anderson assumed full blending happened during mixing [15].
Some investigations were carried out to evaluate the level of interaction between RAP and virgin
asphalt [16–18] and enhance the understanding of the interaction degree, but they could not quantify
it. In all above studies, RAP size by itself was not studied precisely.

On the other hand, film thickness of bitumen that surrounds RAP aggregate particles can
significantly impact HMA performance. Bressi et al. [19] proposed an initial approach to show different
aging levels in RAP binder film thickness, and they proposed a methodology to detect the existence of
a cluster phenomenon in RAP binder. Aging level and cluster phenomena can also impact the level of
interaction between RAP and virgin materials.

Gardiner [20] concluded that the complex modulus was not solely controlled by the stiffness of
the binder, whereas several other factors, including the gradation and angularity of the aggregate,
played a main role in stiffness.

The term available or effective RAP binder refers to the binder that is released from RAP, becomes
fluid, and blends with a virgin binder under typical mixing temperatures [21]. The stiffer the RAP
binder, the less it will blend with the virgin binder. The binder stiffens with time mostly because of its
reaction with oxygen (i.e., oxidization).

Oxygen availability depends on the pavement structure and varies from outer layers to
pavement sublayers. Oxygen diffusion depth is considerable [22]. Also, asphalt film thickness affects
oxygen diffusion. Sufficient methodology has been developed to estimate the diffusion depth [23].
Basically, using RAP in new mixes is a good idea for sustainable development, but information is still
needed to understand the interaction between different components in a mix with RAP to optimize
the properties of those recycled mixes. In order to have more RAP in HMA, as a greener alternative,
blending degree and aging rate need to be well-understood. The objective of the present research is to
study bitumen characteristics of fine and coarse RAP particles from the same RAP source and to verify
the interaction between RAP bitumen and virgin bitumen according to RAP particle size.

2. Materials and Methods

In order to reach the goal of this study, a single RAP source was selected and split in two sizes,
fine RAP (FR) and coarse RAP (CR), before extracting the bitumen (with solvent). The two RAPs were
then used to make mixes with virgin aggregate and virgin binder before extracting the mixed bitumen.
The following steps were performed:

• Performance grading (PG) for CR and FR bitumen;
• Performance grading (PG) for binder blended with CR and FR (coarse RAP mix (CRM) and fine

RAP mix (FRM));
• Rheology behavior for CR, FR, CRM, FRM, and control mix;
• A Fourier transform infrared spectroscopy (FTIR)–ATR (attenuated total reflection) analysis was

done on all bitumen and bitumen mixes;
• Environmental scanning electron microscopy (ESEM) image analysis was used to visualize

bitumen differences on a micro scale.

In this study, a base course 20 mm mix was made with 4.5% total bitumen. The virgin bitumen
used was a PG 64-28 from Bitumar (Montreal, QC, Canada). Also, RAP was supplied by Bauval
(Montreal, QC, Canada).

To have a clear and better understanding of the differences between fine and coarse RAP, a single
source of RAP from a specific area was chosen. In this way, the potential errors according to the RAP
source were reduced. Two mixes were designed and tested. These mixes contained 35% fine RAP or
54% coarse RAP. Those mixes were referred to as fine RAP (FR) mix and coarse RAP (CR) mix in this
paper. Initially, it was assumed that all RAP bitumen participated in the mix. The bitumen content of
fine RAP was measured with the ignition oven at 6.67%, and it was 4.33% for the coarse RAP (Figure 1).
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The RAP content for each type of RAP was selected to achieve the same bitumen content of 4.5% for
all mixes.

Figure 1. Bitumen content of fine reclaimed asphalt pavement (FR), coarse reclaimed asphalt pavement
(CR), and reclaimed asphalt pavement (RAP) from the ignition test.

Once the mixes were done, the bitumen was extracted and recuperated according to ASTM D2172
standards. Bitumen was also extracted from the two RAP sources. The five resulting bitumen were:

• Virgin bitumen PG64-28;
• Recovered bitumen from coarse RAP particles (CR);
• Recovered bitumen from fine RAP particles (FR);
• Recovered bitumen from a mixture of virgin bitumen with CR (CRM); and
• Recovered bitumen from a mixture of virgin bitumen with FR (FRM).

The rheology of the bitumen was tested in terms of dynamic shear modulus, and their chemical
characteristics were tested with infrared spectrometry. The difference between recovered coarse RAP
bitumen and recovered fine RAP bitumen was also visualized by electron microscopy.

2.1. Bitumen Characterization

Extracted bitumens were classified by their performance grade (PG). Bitumen classification in
North America is based on performance-grade (PG H–L), which is selected according to the temperature.
The H value corresponds to the maximum pavement temperature, at which the bitumen has enough
cohesion to minimize plastic deformation of the asphalt mix, and the L value corresponds to the
minimum air temperature, where the bitumen has enough elasticity to keep asphalt mix flexible at low
temperatures to reduce cracking potential [24].

2.2. Rheological Behavior

A dynamic shear rheometer (DSR) was used to determine the complex shear modulus (G*).
All five bitumens were tested. AASHTO-T-315 [25] was adopted for the analysis. This test method
covered the determination of the dynamic shear modulus and phase angle of asphalt binder when
tested in dynamic (oscillatory) shear using parallel plate test geometry. It was applicable to asphalt
binders that have dynamic shear modulus values in the range from 100 Pa to 10 MPa. This range of
modulus was typically obtained between 6 ◦C and 88 ◦C at an angular frequency of 10 rad/s. This test
method was intended for determining the linear viscoelastic properties of asphalt binders, as required
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for specification testing, and was not intended as a comprehensive procedure for full characterization
of the viscoelastic properties of asphalt binder.

The shear modulus responses (G*) of the bitumen measured in the laboratory were first modelled
with the 2S2P1D model, a generalization of the Huet–Sayegh model [26]. Referring to the 2S2P1D
model, the values of the DBN (Di Benedetto-Neifar) bodies were fixed in the Linier Visco-Elastic (LVE)
domain. An alternative general model “2S2P1D” (generalization of the Huet–Sayegh model), valid
for both the bituminous binders and mixes and based on a simple combination of physical elements
(spring, dashpot, and parabolic elements), was proposed.

The introduced 2S2P1D model had seven constants (Figure 2). At a given temperature T,
the seven constants of the 2S2P1D model can be determined. G* is calculated following Olard and Di
Benedetto [26]:

E∗(iωτ) = E00 + (E0 − E00)/
(
1 + δ (iωτ)(−k) + (iωτ)(−h) − (iωβτ)(−1)

)
, (1)

where:

• h and k are exponents such as 0 < k < h < 1;
• E00 is the static modulus obtained when ωτ→0 (at low frequencies and high temperatures) with

ω = 2π frequency;
• E0 is the glassy modulus when ωτ→∞ (at high frequencies and low temperatures), MPa
• τ is the characteristic time, which this value varies only with temperature, accounting for the

time–temperature superposition principle (TTSP); and
• η is the Newtonian viscosity, η = (E0 − E00)βτ.

 
Figure 2. 2S2P1D schematic model.

When ωτ→0, the E*(iωt)→E00 + iω (E0 − E00)βτ × β.

2.3. Fourier Transform Infrared Spectroscopy–Attenuated Total Reflection (FTIR–ATR) Spectrometry

The FTIR–ATR analysis was performed with a Bruker Tensor 27 and a diamond ATR crystal.
The analysis was performed 16 times per specimen with a 4 cm−1 resolution and a band range of
4000–600 cm−1. Around 0.5 g of bitumen was placed with a spatula (at ambient temperature) on the
crystal. The crystal was cleaned with a bitumen remover after each test followed by ethanol to remove
traces of the bitumen remover.

Oxidation of hydrocarbons was associated, notably, with the increase of carbonyl C=O
(around 1700 cm−1) and sulfoxide S=O (around 1030 cm−1) bonds. The carbonyl index (%) and
sulfoxide index (%) are defined in Table 1 for C=O and S=O, respectively, with a higher value indicating
relatively more oxidation. The peaks around 1460 cm−1 and 1376 cm−1 were for aliphatic C-CH3
groups, which served as baselines for the analysis, as they change relatively little during aging [27].
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Table 1. Fourier transform infrared (FTIR) bands with bitumen aging [27].

Chemical Group Bond
Approximate

Wavenumber (cm−1)
Change with Aging Intensity Expression

Sulfoxide S=O 1030 Increases in
short-term Weak A1030

A1460+A1376

Carbonyl C=O 1700 Increases in
long-term

Weak to
medium

A1700
A1460+A1376

Aliphatics
(Asymmetric)

C-CH3 1460, 1376 Relatively constant,
small decrease Medium A1700

A1460+A1376

2.4. Environmental Scanning Electron Microscopy (ESEM) Analysis

Environmental scanning electron microscopy (ESEM) observations were conducted in accordance
with the settings developed previously for bitumen by Mikhailenko et al. [28]. Bitumen specimens
were observed at room temperature immediately after being removed from the cooler with a FEI
Quanta 250 FEG ESEM.

3. Results and Discussion

3.1. Bitumen Performance Grade (PG)

Rheological characterizations of all extracted and recovered bitumen from FR, CR, FRM, CRM,
and control mix were performed following AASHTO T 315. Figure 3 presents the rheological properties
of each asphalt bitumen using a dynamic shear rheometer (DSR).

Figure 3. Performance grade of recovered bitumen by dynamic shear rheometer (DSR) at 1.6 Hz.

It was important to note that the recovered bitumen from the fine RAP was much stiffer than the
recovered bitumen from the coarse RAP, even for the same RAP source that was simply split into two
different groups. For example, at 76 ◦C and 1.6 Hz, the fine RAP bitumen was 4.6 times stiffer than
the coarse RAP bitumen. Basically, the slope of each trend showed the sensitivity of that bitumen to
temperature change. The control mix had the lowest sensitivity to temperature changes. Recovered

167



Infrastructures 2019, 4, 24

bitumen from CR and CRM showed almost the same sensitivities, but recovered bitumen from FRM
had less sensitivity than FR. Both CRM and FRM had the same virgin bitumen quantity (2.2%) and
RAP bitumen content (2.3%). It was seen that FRM was stiffer than CRM at 76 ◦C (4.8 and 2 kPa,
respectively), but the CRM bitumen was less sensitive than FRM to temperature change (0.25 and
0.57, respectively). In terms of the coarse and fine RAP before and after mixing with virgin bitumen,
there was a huge difference from FR to FRM. This may be due to the amount of active bitumen in FR.
As it was shown in a previous work [8], more RAP bitumen was transferred from coarse RAP than
fine RAP particles because fine RAP particles were covered by a clump of mastic that did not tend
to participate as active bitumen in the mixture. Despite the fact that fine RAP particles had higher
aged bitumen content, participation by volume was less for the bitumen surrounding the coarse RAP
particles in HMA.

One method that has been extensively used to evaluate the PG of virgin bitumen, in adding to
HMA containing a high amount of RAP, is the blending chart [29]. In blending, it is assumed that there
is a linear relationship between the amount of RAP bitumen and the rigidity (or DSR results) at a given
temperature. Figure 4 shows a blending chart for the tested mix. To get results for all mixes at the same
temperature, linear best fit curves were drawn from the results shown in Figure 3 (all with R2 > 0.95),
and results were calculated for missing temperatures. At 70 ◦C, G*/sin(d) value of control mix (0.4 KPa)
was referred to as 0% coarse rap content, and G*/sin(d) value of CR (6.038 KPa) was referred to as 100%
coarse rap content. With these two values, the linear relationship between coarse RAP bitumen content
and rigidity was plotted in Figure 4. The linear best fit curve for fine rap content was drawn at 70 ◦C
and 1.6 Hz as well as in Figure 4.

Figure 4. Blending charts for the fine and coarse RAP mixes at 70 ◦C and 1.6 Hz.

As shown in Figure 4, if we compare mixes with 51% FR or CR RAP, we have G*/sin (d) values
of 14.4 and 3.2 KPa respectively. It showed that a mix with CR binder had a huge difference in shear
modulus from the same mix with FR. It might be because the bitumen aging rate around finer particles
is faster than the binder surrounding coarse particles, but more studies are needed to precisely verify
this hypothesis. It may also be because fine particles have more surface area than coarse particles.
Clearly, 51% CR had the same impact as 11% FR in mixes. Thus, it was important to clarify properly
characterized RAP bitumen for a given particle size before mixing with virgin materials.
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3.2. Shear Modulus (G*)

Figure 5 shows the 2S2P1D Cole–Cole plot of the shear complex modulus at different temperatures
and frequencies for all recovered bitumen from CR, CRM, FR, FRM, and control mix. 2S2P1D was
adopted to model the shear modulus of recovered bitumen. From Figure 5, it seemed that the virgin
bitumen (PG64-28) was more viscous than the other bitumen.

Figure 5. Cole–Cole shear modulus of recovered bitumen (2S2P1D model).

Table 2 shows the seven constant values for all four mixes. As mentioned earlier, these seven
constants represented the bitumen characteristics. In general, the same binder was supposed to have
equal values for the constants. Table 2 shows that the constants were not the same, so it could be
concluded that recovered binder from FR was not the same as CR. Virgin bitumen was expected to
have higher viscous components. Aged binder lost some parts of its viscous components and became
brittle, so it mixed with aged bitumen and had a lower viscosity than virgin bitumen.

Table 2. The 2S2P1D model constants for all recovered binder.

G0 G∞ k h δ τE β

(Pa) (Pa) (s)

virgin 2 3,700,000 0.59 0.99 3.90 0.00015 5000
CR 100 5,000,000 0.38 0.86 4.90 0.00080 5000
FR 500 4,000,000 0.51 0.89 3.90 0.06000 5000

Coarse RAP Mix (CRM) 2 3,500,000 0.56 0.98 7.00 0.00250 5000
Fine RAP Mix (FRM) 10 3,900,000 0.48 0.90 10.00 0.00700 5000

Figure 6 shows the master curve of shear modulus (Pa). The G* values of FR and CR were higher
than the other mixes. Asphalt production, lifetime, and presence of air impacted the aging progress.
A single source of RAP was used for CR and FR. Then, since all these factors were the same for CR
and FR, the recovered bitumen was supposed to have the same master curve. Figure 6 shows that,
except for the mentioned factors, particle size may change the rheology of bitumen. This was because
FR and CR mixes had higher aged bitumen content than CRM and FRM at intermediate and lower
frequencies. FR was stiffer than CR, which meant that the finer RAP particles were covered by a stiffer
bitumen. This could be explained as bitumen that surrounded fine particles aged faster than when they
surrounded coarse particles; a higher surface area of the bitumen was exposed to oxidative aging. After
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mixing the coarse and fine RAP with virgin materials, master curves from recovered bitumen were
plotted. Here, we again saw that FRM was stiffer than CRM at intermediate and lower frequencies.

Figure 6. G* master curve at 10 ◦C of recovered binder (2S2P1D model).

The Reduced G* (RG*) index was looked at to clarify the interaction of RAP bitumen with virgin
bitumen according to RAP particles. G* was determined for CR and FR as well as for CRM and FRM.
According to CRM (FRM) mix design, CR (or FR) was added to the 2.2% virgin bitumen. The difference
between CR (or FR) and CRM (FRM) showed the impact of virgin bitumen on total bitumen stiffness.
(RG*) is calculated by Equation (2) as a percentage:

RG∗ = ((Gi
∗ −GiM

∗))/(Gi
∗), (2)

where RG* is the percentage of reduced G*, G*i is the shear modulus of pure RAP, and G*iM is the shear
moduli of RAP and virgin bitumen mixes. The difference of G*i and G*iM showed how well the bitumen
mixed together. As the aged bitumen was stiffer than virgin bitumen, eventually G*i was supposed to
be higher than G*iM. Figure 7 indicates the rheology transition before and after mixing RAP with virgin
materials. Both CR and FR mixed with 2.2% virgin binder. Most of the influence of aged binder was
observed at low frequency. The difference between aged bitumen and mixture bitumen changed from
0% to 90%. These differences meant rigidity was changed. FRM was 90% softer than FR; it increased
rapidly and was constant over a wide frequency range. The impact of CR clearly differed from FR. The
different trends in CR and FR could translate to the impact of each type of RAP on virgin bitumen.
CR and CRM had the same rigidities at high frequency and gradually increased at low frequency.
CR and FR bitumen recovered from a single source of recycled asphalt were supposed to have the
same characteristics when blended with a specific amount of virgin bitumen, but the interactions were
different. Aging rates were not the same between fine gradation and coarse gradation.

3.3. FTIR–ATR Spectrometry

The results for the FTIR–ATR analysis are presented in Figures 8–10. Asphalt aging was
characterized by oxidization indices shown in Table 1. The C=O and S=O indices both increased
significantly with RAP and blended bitumen relative to the virgin bitumen. There was a small increase
in the RAP bitumen compared to the blended bitumen in the indices. The aging indices were higher
for the fine RAP, likely because of its higher surface area, compared to the course RAP, which allowed
for a greater degree of aging. The sulfoxide indices for all bitumen were higher, as was typical for
asphalt bitumen [30].
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Figure 7. Reduced G* for CR and FR at 10 ◦C.

  

Figure 8. Compilation of FTIR spectra featuring C=O and S=O oxidation bands.

Figure 9. FTIR carbonyl oxidation indices.
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Figure 10. FTIR sulfoxide oxidation indices.

3.4. Environmental Scanning Electron Microscopy (ESEM) Analysis

The images from the ESEM analysis are shown in Figure 11, before electron beam irradiation and
after stabilization of the sample. The bitumen before irradiation showed a ‘bee’ type structure, similar
to the one found in AFM observations [31,32], which was denser in the RAP bitumen compared to the
virgin and blended bitumen.

 
Figure 11. Environmental scanning electron microscopy (ESEM) Images of Samples at 1000× before
Electron Beam Irradiation and After Image Stabilized.

After the sample was exposed to the electron beam, and the accumulation of energy irradiated the
sample, the asphalt bitumen tended to reveal a ‘fibril’ microstructure as lighter components of the
bitumen dispersed [33], which was the case for the virgin bitumen. However, both the blended and
RAP bitumen responded much less to beam irradiation. This was likely because the microstructure
of the bitumen stiffened from aging, and the molecular mobility was reduced. This made revealing
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the microstructure by ESEM irradiation a slower and more difficult process with the settings that
were used.

4. Conclusions

It is common to use green alternatives in asphalt mix designs such as recycled asphalt, crumb
rubber, etc. Several studies showed the advantages of RAP in hot mix asphalt. Still, there is no clear
vision of the impact RAP size has on HMA behavior. In this study, a single Quebec source of RAP was
separated into coarse and fine particles and mixed in with bitumen pavement mixture. Properties of
the asphalt mixes were evaluated by the complex modulus test and DSR. Also, the ignition test
(ASTM D6307) was used to quantify bitumen content in the RAP, FTIR spectrometry was used for
chemical properties of the bitumen, while ESEM image analysis was used to visualize the differences
of the virgin and RAP bitumen at a microscopic level.

FRM was designed with 35% fine RAP particles, including 2.3% aged bitumen and 2.2% virgin
bitumen. CRM was designed with 54% coarse RAP particles, including 2.3% aged bitumen and 2.2%
virgin bitumen. Recovered bitumen (4.3%) was measured for CR particles, and bitumen content was
6.6% for FR particles. Designed mixes were compared with the control mix, and the following results
were achieved:

• FR-recovered bitumen is more sensitive to temperature changes than virgin and
CR-recovered bitumen.

• FR-recovered bitumen is stiffer than CR-recovered bitumen. Also, FRM-recovered bitumen is
stiffer than CRM-recovered bitumen. This shows that the bitumen grade of coarse particles is not
the same as fine particles in RAP.

• Reduced G* (RG*) was looked at to clarify the interaction of RAP bitumen with virgin bitumen
according to RAP particles. The CR reduced factor was higher than FR; CR bitumen and CRM
bitumen were more similar than FR and FRM. This factor might be applied in mixing designs to
predict the stiffness of HMA with the inclusion of RAP, which is the case for future studies.

• Aging rates in fine particles are faster than coarse particles because fine RAP has a higher
surface area.

• Results for the FTIR–ATR analysis showed aging indices are higher for the fine RAP, likely because
of its higher surface area compared to the course, which allowed for a greater degree of aging.

• Images from the ESEM analysis shows both the blended and RAP bitumen respond much less to
beam irradiation. This is likely because the bitumen microstructure stiffened from aging.

More work is needed to better understand the impact of RAP gradation. The results shown here
definitely give new information about different RAP bitumen contained in different sizes, but new
tests with several other RAP size are needed to confirm the results presented here.
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Abstract: In this study, the feasibility of a natural peat fiber and finely ground peat powder as a
modifier for bitumen was investigated. Initially, the as-received peat material was characterized
in detail: the material was ground to various degrees, separated into fiber and powder fractions,
and the gradation of the powder fraction as well as the size of the fibers were determined. A possible
solubility in bitumen, the moisture content, and the density of both fractions were evaluated, and a
limited chemical characterization of the fibers was conducted. Secondly, the rheological behavior of
the powder and the fibers when blended with bitumen was evaluated. Additionally, a limited asphalt
study was conducted. The rheological data showed the stiffening effects of the powder fraction and
the presence of a fiber network, which were obvious as a plateau modulus towards lower frequencies.
The fiber network was strain-dependent and showed elastic effects. This was further confirmed by
the multiple stress creep recovery (MSCRT) tests. These tests also indicated that the fibers should
improve the rutting resistance, although it was not possible to confirm this in asphalt rutting tests.
Asphalt drainage tests demonstrated that adding dry peat, whether this is ground or not, is effective
in reducing the binder drainage. However, the data also revealed that the amount of added peat
fibers and powder should be limited to avoid difficulties in the compaction of these asphalt mixes.

Keywords: peat; asphalt; rheology; drainage; wet process; rutting

1. Introduction

Peat is an accumulation of partially decayed vegetation or organic matter formed in wetlands: fens
with typical plants, such as bushes and trees, which are fed by ground water rich in nutrients; and bogs
with typical plants, such as mosses, cotton grass, and heather, which are fed by rain water poor in
nutrients [1]. The most-used material is Sphagnum moss peat, which is the main material building up
in bogs in the Northern hemisphere. In some countries, peat is regarded as a slow-renewable material,
although the rate of extraction and usage of peat far exceeds the rate of reforming. In Finland in
2016, bogland usage was 9.39 million ha with peat usage of 3 million m3 and 3% of the annual energy
production was provided by peat [2]. Peat, apart from usage as an energy provider, has agricultural
applications, such as increasing the water-holding capacity of sands, and industrial applications,
such as an oil absorbent or as an efficient filtration medium for mine waste streams, municipal storm
drainage, and septic systems [3].

The major distresses that occur in asphalt pavement are related to crack formation, permanent
deformation, and water damage. Moreover, the properties of asphalt change with time, mainly due
to ageing effects occurring in the binder phase. Additives, such as polymers, crumb rubber, waxes,
and surface-active components, have been used to prevent distresses and improve the durability of
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the pavement. Among the additives, fibers have also been used. Fibers, in particular cellulose fibers,
are added to avoid binder drainage during transportation from the asphalt plant to the construction
site, typically in open mixes that contain a high binder percentage. Fibers have also been added for
other reasons, such as increasing the viscosity, and, related to this, the rutting resistance. Glass fibers,
for example, have a potential to improve fatigue life and deformation characteristics by increasing the
rutting resistance [4]. The application of natural fibers, such as banana [5], bamboo [6], cellulose [7],
coconut [8,9], hemp [10], jute [11], kapok [12], peat [13,14] and sisal [15], has so far been used for
improving the drainage, water sensitivity, and stability, and increasing the tensile strength, of the
asphalt pavement. Typically, the optimum added fiber content into the asphalt mix is 0.3–0.5% by
weight of the asphalt mix [16]. In terms of workability, mixes with fibers showed a slight increase in
the optimum binder content compared to the control mix. This is comparable to the addition of very
fine aggregates. The proper quantity of bitumen to coat the fibers is dependent on the absorption and
the surface area of the fibers. Therefore, this content is affected not only by the fiber concentration
but also by the fiber type [17]. In addition, the degree of homogeneity or dispersion of the fibers
within the mix is also important and determines the strength of the resulting mixes [4]. If the fibers are
longer, typically more than 40 mm, a so called “balling” problem may occur, i.e., some of the fibers
may lump together, and other fibers may not blend well with bitumen. Short fibers may not provide
any reinforcement effect and can serve just as a filler in the mix [17]. The inclusion of fibers during
the mixing process as a stabilizing agent has several advantages, including the possibility of using an
increased binder content, creating an increased film thickness around the aggregate, an increased mix
stability, and interlocking between the fibers and the aggregates, which improves the strength and
reduces the possibility of drain down during transport and paving. Peat has already been applied in
asphalt as a stabilizing additive for peat-based asphalt–concrete mixes, providing high performance to
the road surface at a low cost [13].

Peat has perhaps a unique trait. Wettability, or the hydrophilic property of the peat, is observed as
long as the peat contains a minimum moisture level (depending on the peat type, this is around 70%).
Below this level, the hydrophilic character of peat weakens, and it becomes hydrophobic, meaning it
will expel water [18]. For the application of fibers in bitumen or asphalt, hydrophobic characteristics
are preferred.

This study will discuss the results of an investigation on peat itself and on the effects of adding
peat powder and peat fibers into bituminous binders and the asphalt mix, where peat is seen as an
example of a natural additive, such as cellulose and many other fiber types.

2. Materials and Methods

2.1. Materials

The Finnish company VAPO Fibers provided different sizes of peat material: medium (PM),
long (PL), and extra-long (PEL) peat fibers with approximate lengths of <8 mm, <16 mm, and >16
mm, respectively. Extra-long peat fibers (PEL) with a moisture content of 20 wt% and 55 wt% were
chosen for the present study, and denoted as PEL20 and PEL55, respectively. Peat was dried for at least
2 h in an oven at 110 ◦C before applying it in the experiments. Peat was ground in a blender “Philips
ProBlend 6”, which resulted in a fine powder mixed with a fiber fraction (10–30 mm). Ground peat
was subsequently sieved to separate the fiber from the powder fraction (see Figure 1a,b).

Three different powders: PEL20, PEL20(3), and fine FPEL20, with a grinding time of 1, 3,
and 10 minutes, respectively, were obtained (see Figure 2a). The granulometric composition of
these three powders in comparison to Duras II filler is shown in Figure 2b. It can be seen in Figure 3a
that powders after grinding for 3 min still may contain very fine fiber fractions (below 1 mm). Grinding
for a longer time excluded this possibility. During the sieving of peat and the separation of fibers and
powder, it was observed that in the as-received peat the fiber content is around 3%, and the powder
content around 97%.
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(a) (b) 

Figure 1. The preparation of peat material for testing: (a) grinding and (b) sieving.

 

(a) (b) 

Figure 2. (a) The obtained peat powders and (b) the granulometric composition of the peat powders
and filler.

  
(a) (b) 

Figure 3. An example of fluorescence images of PEL20: (a) powder and (b) fibers (scale 50×).

The base bitumen was a standard 70/100 unmodified binder, with a penetration of 70 dmm and a
softening point of 47.2 ◦C.

2.2. Test Methods

The density of peat fibers and powders was defined according to the standard NBN EN
15326+A1 [19]. In this paper, toluene was used as the test liquid.

Fourier Transform Infrared Spectroscopy (FT-IR) combined with attenuated total reflection (ATR)
was used. The instrument was a Nicolet IS 1, with a diamond cell (smart-orbit).

Fluorescence microscopy was performed with a Carl Zeiss Axioskop 40Fl microscope equipped
with a digital camera DeltaPix DP200. In fluorescence mode, a high-pressure mercury arc lamp HBO50,
which transmits intense light with a wavelength between 450 and 490 nm, was used. Microscopy
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images of peat powder FPEL20 and fibers are shown in Figure 3a,b. These images give an indication of
the variation in the particle and fiber shape and size.

Scanning Electron Microscopy (SEM) images were scanned using a Coxem EM 30 P. A high
vacuum and Tungsten element with an accelerating voltage of 20 KV and a magnification of 236 times
were used. In Figure 4, a SEM image of the fiber fraction is shown, indicating the thickness and
thickness variability within this fraction, and a minor porosity effect on the fibers.

 

Figure 4. An SEM image of peat fibers (scale 236×) with a fiber thickness of 50 μm (the appearance of
bubbles in the background is the result of evaporation of the glue on the heated surface).

The rheological properties were determined by an Anton Paar MCR 500 rheometer. Measurements
were conducted at 50 ◦C using the 25 mm plate geometry to relate with the rutting test. The base
binder was investigated at a gap setting of 1 mm, while samples modified with peat were investigated
with a gap setting of 1.5 mm. Stress sweeps, frequency sweeps, and repeated creep measurements
were performed. For some samples, frequency sweeps were also recorded at 40 ◦C, 60 ◦C, and 70 ◦C
to observe the effect of temperature. The specimens were prepared in silicon moulds and afterwards
transferred to the rheometer plate. Special precautions to obtain repeatable results were taken,
which will be discussed in the results section.

The binder drainage test was performed in accordance with NBN EN 12697-18 [20] using drainage
baskets constructed from 3.15 mm perforated stainless-steel sheets, in accordance with ISO 3310-2,
on the side and base, to form 100-mm cubes with feet at each corner of the base. The asphalt mixes
consisted of 1100 g batches of (loose) stone mastic asphalt (SMA) mix with the following composition:
70.7% crushed porphyry aggregates with the maximum size of 10 mm, 20.4% crushed porphyry sand,
8.90% Duras II filler, and 6.9% bitumen of standard penetration grade 70/100.

The rutting resistance of asphalt mixes was evaluated using the wheel tracking test in accordance
with standard NBN EN 12697-22 [21]. The same mix composition as for the drainage tests was used
for all of the measurements. Six slabs (see Figure 5a) with dimensions 18 × 50 × 5 cm were produced.
The asphalt mixing temperature was 150 ◦C.

Wheel tracking tests were performed with the LCP rut tester at 50 ◦C. The slabs were conditioned
at 50 ◦C for a period of 12 h prior to the testing. The rut depth in the slabs was measured manually,
using a specifically designed setup (see Figure 5b) at 15 predetermined locations. Rut depths were
measured after 1 000, 3 000, 5 000, 10 000, 20 000, and 30 000 load cycles.

The volumetric properties of the asphalt slabs were determined according to NBN EN 12697 [22,23].
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(a) (b) 

Figure 5. The rutting test: (a) the prepared slabs for testing and (b) the rut depth measuring procedure.

3. Results and Discussion

Before using the peat material in bitumen or asphalt, several simple tests were carried out to
investigate whether the peat is blending or interacting with, or possibly even modifying, the bitumen,
and which properties it may influence. To have an indication of the solubility of the peat or peat
fractions in bitumen, the solubility in several organic solvents, such as toluene (ρ = 870 kg/m3), acetone
(ρ = 781 kg/m3), and heptane (ρ = 684 kg/m3), was investigated (see Figure 6). It was concluded
that there is no solubility in any of these solvents, and therefore no solubility in bitumen is expected.
However, for the fine peat powder FPEL20, it was observed that the solution was slightly colored in
toluene and acetone (see Figure 6a, the photograph was taken after 24 h). That indicates that a minor
solubility of this powder FPEL20 may occur in bitumen. The solubility tests also demonstrate that
the density of the peat fibers and powder is between 1 and 0.87 kg/m3. A more exact determination,
according to NBN EN 15326+A1, showed that the average density for the powders varied from
929 kg/m3 to 989 kg/m3, and for the fibers it was 989 kg/m3.

 
(a) 

 
(b) 

Figure 6. The solubility test of peat (a) powder and (b) fibers.
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Natural materials often contain moisture, and when blending such materials in asphalt it is
important to remove this moisture or at least to know the percentage of moisture. According to the
literature, three types of water could be present in peat: chemically bound, capillary, and free water.
The chemically bound water is usually the most difficult to remove. Regarding the moisture content of
peat, when heating an initial mix of peat fibers and powder, a quick decrease in weight was observed,
probably due to the free water fraction, which could be very easily removed. This stage is followed by
a much slower weight decrease, which is probably related to capillary water, which is more difficult to
remove. It can be noted that, after drying, the peat mix weight is again increasing, indicating that the
material reabsorbs moisture again from the environment. Therefore, peat powder and fibers were kept
in a dry atmosphere after drying and before applying them in bitumen or asphalt tests (see Figure 7).

Figure 7. Weight losses of peat during drying (weight loss compared to the as-received sample) [24].

In FT-IR spectroscopy, water can be determined by the broad hydrogen bonding region
(3500–3000 cm−1); this was used to investigate the water content differences between PEL20 and PEL55.
The spectra of PEL20 and PEL55 are shown in Figure 8. The data confirm differences in moisture
content between both samples. For each moisture content, three repeat tests were performed, and they
showed little variation. Besides water, the spectra also indicate that peat consists of saturated organic
groups, alcoholic groups, a very small amount of C=O groups, and probably also inorganic material,
indicated by the large signal at 1000 cm−1. Moreover, there were no differences in the spectra of the
powder and the fiber fraction, indicating that both fractions are chemically identical. Similarities to the
spectrum of cellulose were also observed, indicating that the findings for the peat material may be
very similar to what is seen for cellulose fibers.

Figure 8. FT-IR spectra of medium peat fibers containing two water contents [24].
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Peat bitumen blends were investigated by rheological test methods. In the initial tests, the peat
bitumen samples were prepared in 100 mL cans, and from these cans, specimens for the rheological
tests were taken. However, the repeatability of the so-obtained data was not very high, showing a
difference of about 30% between tests on material from the same can, but different specimens. This was
only the case for the fiber-modified samples. For the bitumen modified with powder, the repeatability
was on the same level as for unmodified binders. Therefore, several actions were taken to improve the
repeatability of the fiber-modified samples. Test samples were prepared directly in a silicon mold with
the same dimensions as the specimen needed for the rheometer, in a sample size of 1 g. In this way,
it was assured that the added amounts were also present in the test sample. Additionally, the fibers
were cut to about 5 mm in length.

In rheological tests, it is common practice to test inside the linear viscoelastic (LVE) range of the
material. Within this region, weak structures and networks will stay intact and particles, if present
in the sample, will not be deformed. As an example, stress sweeps at 50 ◦C and 0.1 Hz are plotted
in Figure 9. The evolution of the complex modulus and the phase angle with strain are shown for
various bitumen (base binder is denoted as REF), fiber and powder combinations. As these tests
were conducted on heterogeneous materials, the samples were observed very carefully to assure that
the sample radius and shape were still intact after each test. The obtained data indicate a nice LVE
range for the unmodified and the powder-modified binders. However, the fiber-modified binders are
extremely strain-sensitive even at low strain levels, and the modulus and elasticity decrease quickly
with increasing strain, indicating damage or rearrangements in the sample structure.

 
(a) (b) 

Figure 9. Stress sweeps taken at 50 ◦C and 0.1 Hz: (a) complex modulus and (b) phase angle.

For one sample, the effect of what happens after a high strain was investigated further. In this test,
the changes after applying a strain sweep were followed with time by applying an oscillation at low
strain (0.1%). The strain sweeps as well as the “recovery” period at low strain are shown in Figure 10a,b.
It is obvious that, after the strain sweep, which in this case went up to 200%, the fiber-modified sample
can recover the modulus and phase angle almost back to its starting value. In these tests, the sample
was visually checked and remained unchanged, so edge effects can be excluded.

Frequency sweeps at 50 ◦C were also performed using a strain of 1% for all the samples. The results
are shown in Figure 11a,b. When adding powder to bitumen, there is mainly a stiffening effect.
However, when adding fibers, there is an effect on the elasticity, especially at low frequencies.
All measurements were made in duplicate, resulting in very similar results.

The formation of a plateau modulus at low frequencies in the fiber-modified samples was further
investigated. For the reference binder and the 2% fiber-modified sample, the frequency sweep at 50 ◦C
was extended, based on horizontal shift factors, by frequency sweeps at 40 ◦C, 60 ◦C, and 70 ◦C. This
is shown in Figure 12. These data show that the storage and loss modulus are moving to a plateau
modulus if the frequency decreases or the temperature increases, in the investigated temperature range.
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(a) (b) 

Figure 10. The recovery after stress sweeps on a 2% fiber sample (50 ◦C, 0.1 Hz): (a) complex modulus
and (b) phase angle.

  
(a) (b) 

Figure 11. Frequency sweeps at 50 ◦C, 1% strain: (a) complex modulus and (b) phase angle.

Figure 12. The master curves at 50 ◦C for the reference binder and the 2% fiber sample.

Finally, repeated creep tests were performed at 50 ◦C, according to the multiple stress creep and
recovery test (MSCRT) specification [25]. This test is developed as a performance-based binder test to
predict asphalt rutting. The test results are plotted in Figure 13, while the calculated parameters are
shown in Table 1. These data indicate that, as the modification level with fibers increases, the rutting
resistance could improve. Even adding a small percentage of fibers (0.1 wt% fibers, see Figure 13),
already has an effect. As the fiber percentages increase, the percentage recovery increases and the
non-recoverable compliance, as well as the end strain level, decreases. In the MSCRT tests, the recovery
part and the non-recoverable part are dependent on the stress level. This corresponds to the behavior
observed in the stress sweeps.
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Figure 13. The multiple stress creep and recovery (MSCRT) test results, 50 ◦C (only repeated creep
tests at 3200 Pa are shown).

Table 1. The parameters derived from the MSCRT test for various bitumen–peat combinations at 50 ◦C.

Parameter REF 2% Fibers 1% Fibers
0.5% Fibers

and 0.5% Powder
0.1% Fibers 7.5% Powder

Average recovery
100 Pa (%) 6.0 56.7 53.3 36.8 22.2 13.5

Average recovery
3200 Pa (%) 2.8 40.5 26.9 16.8 5.8 6.2

Average non-recoverable
creep compliance 100 Pa (1/Pa) 1.1 0.1 0.2 0.4 0.7 0.5

Average non-recoverable
creep compliance 3200 Pa (1/Pa) 1.1 0.2 0.4 0.6 0.9 0.5

End strain 37.1 8.0 13.1 18.7 29.8 17.6

When interpreting the rheological data, it is important to consider that these samples consist of
very different phases. The fibers, and the powder, are embedded in an almost unmodified bitumen
phase, there are fiber–fiber contacts, and the fibers are long (long enough to bridge the gap between
the plates). The effects of adding powder or fibers to a base binder are quite different: powders stiffen
the binder, while the fibers also induce an elastic effect. In the fiber-added blends, the elastic effects
are due to the fiber skeleton. This skeleton becomes obvious, under test conditions of frequency and
temperature, where the binder stiffness is in the same range or below that of the skeleton. For example,
for the blend modified with 2% fibers, the modulus level of the fiber network is around 1 kPa, and for
5% fibers it is around 10 kPa. In the frequency sweeps, there is a frequency range where the binder
stiffness is in the same range as the one of the fiber network; at 50 ◦C, this frequency is around 0.1 Hz
for 2% fibers and 1 Hz for 5% fibers.

When tested at higher frequencies, the binder stiffness determines the behavior; if the frequency
is reduced, the modulus of the binder drops below the one of the fiber network. In that case, the fiber
network is determining the rheological test result, and, as this network is stiff, it is rather independent
of frequency or loading time which results in an elasticity effect. As the network points formed by
the fibers are just loose contact points, they can start to move under high strain, explaining the high
strain dependency that was observed. Surprising is the recovery seen in the creep-recovery tests and
after the stress sweep. This indicates that although the network points in the fiber skeleton are loose
they still tend to move back to their initial position after deformation. This could be related to the stiff
character of these fibers.

It is known that fibers are used to prevent drainage. The optimal amount of fibers (%) per asphalt
mix composition was defined in [14] to keep an asphalt batch mass homogeneous by manual mixing.
A variation in fibers of 0.3–1.5% was applied, and, according to the obtained results, it was decided
to keep 0.5% of peat fibers per mix. According to the drainage test results, the amount of drained
material for the reference mix was 0.33% (see Figure 14b), and no drainage was observed for mixes
modified with PEL20. The data show that peat fibers (ground/non-ground) are effective in reducing
or even preventing drainage.
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(a) (b) 

Figure 14. The drainage test: (a) asphalt mixes with peat and (b) the REF asphalt mix [24].

During the drainage test, it was observed that a direct addition of peat fibers into the asphalt
mix, and mixing it manually, does not really result in a homogeneous spread of the fibers in the
asphalt mix. To obtain a more homogeneous mixing, two approaches were compared: (1) a dry
process: direct mixing of peat fibers with hot aggregates, before or after adding bitumen and filler
in the mixer (see Figure 15a); and (2) a wet process: blending the peat fibers with a Janke & Kunkel
RW-20 variable-speed stirrer at speed of 300 rpm in hot bitumen at the temperature of 150 ◦C with
specially designed steel blades before adding it to the hot aggregates mix (see Figure 15b). To reach a
homogeneous distribution of peat fibers in the asphalt mix, mixing should be performed only by the
second approach; with the first approach, this homogeneity cannot be reached (see Figure 16). This is
remarkable, since, considering the type and length of fibers, it has been reported in the literature that
dry mixing was supposed to be sufficient [4,9,15,26] or it was not mentioned at all how fibers were
mixed in the asphalt mixes [5–8,11,16].

  
(a) (b) 

Figure 15. Mixing of peat fibers in the asphalt mix: (a) the first approach and (b) the second approach.

It was mentioned by Kumar et al. [15] that natural fibers tend to mix thoroughly with dry heated
aggregates. During the present experimental study, it was observed that natural fibers might tend to
mix thoroughly with dry heated aggregates, depending on the length of the fibers (no more than 10 mm
in length); however, as soon as the binder is added into the mix, the homogeneous fiber distribution
disappears, which can be clearly observed in Figure 16 on the slab surface. Button and Lytton already
in 1987 stated that the proper quantity of bitumen for a consistent coating of all particles is different
not only for different concentrations but also for different types of fibers. This is likely due to the
variations in surface area of the different fiber types. In addition, mix design procedures showed that
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the incorporation of fibers in an asphalt mix will increase the resulting air void content when the
compaction effort remains constant [17].

 

Figure 16. An example of an asphalt slab produced by the dry approach (mixing peat with aggregates
in the asphalt mix).

In this study, several slabs were produced: (1) two reference slabs (denoted as REF), (2) two slabs
with 0.5% peat fibers and 0.5 % peat powder (FPEL20), and (3) two slabs with 1% peat fibers in the
asphalt mix. In these tests, the mix design was not changed since the fiber and powder percentages
were small. The rut depth results are shown in Figure 17. It can be seen that there is no significant
difference among the results. The addition of peat fibers seems to reduce the rut depth, as was
predicted from rheological tests, but the effect is in fact too small to be considered.

Figure 17. Examples of wheel tracking tests (50 ◦C).

Finally, the air voids (AV) for the various slabs was determined. The results are shown in Table 2.
It is very clear that adding peat fibers or peat powder or very fine peat powder leads to a larger void
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content and shows that compaction becomes more difficult. When adding this material to asphalt,
the mix design needs to be re-optimized.

Table 2. Air void properties of the slabs.

Mix AV, %

REF 5.15
0.5% Fibers and 0.5% Powder 6.53

1.0% Fibers 8.80

4. Conclusions

In this study, the applicability of a natural peat fiber, as a modifier for bitumen, was investigated.
It was noticed that the peat fiber material did not dissolve in bitumen, not even partly. Only for the
very fine powder fraction some color change was observed in toluene and in acetone. Therefore,
the peat products, whether this is the powder or the fiber, cannot be regarded as a bitumen extender or
modifier; they should be treated as solid additives.

Rheological tests were carried out, and despite the heterogenous nature of the investigated blends
of bitumen, powder, and fiber, the tests showed repeatable and consistent results, indicating some
trends: the powder part mainly acts as a filler and the fiber part introduces an increment of elasticity.
The data also show that the elastic action of the fibers is weak and quickly destroyed at higher stresses.
As both the fiber part and the powder part show similar FT-IR spectra, the differences in the rheological
behavior are related to the size difference of these components. A fiber skeleton is observed in the
rheological tests when the binder has a stiffness that is similar or lower as compared to this network.
Under test conditions where the binder is stiffer, a binder phase is observed, while, as soon as the
binder stiffness drops or is in the same range as the fiber network, this network will influence and
determine the rheological behavior. MSCRT tests were also conducted and indicated recovery effects,
again mainly when adding fibers. This would suggest that especially the fibers could improve the
rutting resistance; however, it was not possible to confirm this in asphalt rutting tests.

The asphalt drainage tests have shown that adding dry peat, whether this is ground or not, is
effective in reducing the binder drainage, and, consequently, from this point of view would allow for
thicker binder films around the aggregate. However, if the mix design is not adapted, the amount of
added peat fibers and powder should be limited to keep the mixes workable. Compaction problems
became obvious and resulted in high void contents.

When mixing peat fibers and powder with asphalt, it was observed that, to reach a homogeneous
distribution of peat fibers in the asphalt mix, mixing should be performed only by the wet method;
i.e., by blending the peat fibers in hot bitumen before adding them to the hot aggregates in the mixer.
Direct mixing of peat fibers with hot aggregates and filler before adding the bitumen does not guarantee
an even distribution of the fibers in the asphalt mix.

As a continuation, it could be worthwhile to investigate how powder and fibers influence the
asphalt performance, when a thicker binder film is used, and when the mix design is re-optimized.
In this way, modified asphalt mixes with sufficient workability and compactability could be compared.
Also, possible beneficial effects of using peat fibers on the cracking resistance and investigation of the
distribution of peat fibers in the asphalt mix with X-ray computed tomography (X-ray CT), which have
not been investigated in this study, could be interesting to provide more information.
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Abstract: A laser Doppler vibrometer (LDV) is a noncontact optical measurement device to measure
the vibration velocities of particular points on the surface of an object. Even though LDV has
become more popular in road engineering in recent years, their signal-to-noise ratio (SNR) is strongly
dependent on light scattering properties of the surface which, in some cases, needs to be properly
conditioned. SNR is the main limitation in LDV instrumentation when measuring on low diffusive
surfaces like pavements; therefore, an investigation on the SNR of different LDV devices on different
surface conditions is of great importance. The objective of this research is to investigate the quality of
two types of commercially available LDV systems—helium–neon (He–Ne)-based vibrometers and
recently developed infrared vibrometers—on different surface conditions, i.e., retroreflective tape,
white tape, black tape, and asphalt concrete. Both noise floor and modal analysis experiments are
carried out on these surface conditions. It is shown that the noise floor of the He–Ne LDV is higher
when dealing with a noncooperative dark surface, such as asphalt concrete, and it can be improved
by improving the surface quality or by using an infrared LDV, which consequently improves the
modal analysis experiments performed on pavement materials.

Keywords: laser Doppler vibrometer (LDV); pavements; vibration measurement; noise floor; modal
analysis

1. Introduction

Nondestructive testing (NDT) is an important part of optimizing any pavement management
system. Techniques such as falling weight deflectometer (FWD) using geophones [1] and rolling wheel
deflectometer (RWD) using laser deflection system [2] are popular among researchers to find properties
of the road. Moreover, accelerometers can be used to find the mechanical properties of asphalt concrete
by applying a back calculation technique [3]. In recent years, laser Doppler vibrometer (LDV) has been
introduced to conduct noncontact measurements in road engineering, and it is replacing the traditional
vibration sensors [4,5].

LDV is an optical measurement system that is used to perform noncontact vibration measurements
on a surface [6]. LDV devices were first introduced in the 1980s, but their limited sensitivity and low
signal-to-noise ratio (SNR) allowed measurements only on very diffusive surfaces or by applying a
retroreflective tape on the testing objects. It was only in the early 1990s that hardware and software
developments increased instrumentation performances and applicability, leading to many researchers
using LDV. LDV can significantly extend measurement capabilities compared to traditional vibration
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sensors, such as accelerometers, because the results will not be affected by errors due to mass loading
of accelerometers. This is relevant for modal parameter estimation, especially when testing light or
small structures or highly damped nonlinear materials [7]. LDV can also replace accelerometers for
vibration measurement in cases where installing accelerometers in different measurement points is
difficult [8]. One of the main applications of the LDV in road engineering is traffic speed deflectometer
(TSD). TSD is an RWD that uses Doppler technology to measure pavement deflection while traveling
at normal traffic speed. Using the measured deflection, bearing capacity indices can be derived, and
pavement fatigue or residual life can be estimated [5]. Furthermore, scanning laser Doppler vibrometer
(SLDV) has the ability to rapidly and precisely move the measurement point on the structure, allowing
the analysis of a large surface with high spatial resolution. Using an SLDV, it is possible to perform
modal analysis on targets and evaluate the natural frequencies, modal damping, and modal shapes
of a structure [9,10]. This method can be used for pavement materials in order to conduct a modal
analysis experiment and determine the mechanical properties of different types of asphalt concretes
using a back-calculation technique [11].

For many years, the He–Ne laser was the leading technology used in commercial laser Doppler
instruments. The desire for long-range measurements without reduction of the signal quality has
seen the introduction of an instrument with a higher power infrared (invisible) fiber laser, which is
used in conjunction with a green laser for sighting purposes. The infrared laser technology is now
migrating into instrument designs for short-range applications on optically less cooperative surfaces,
finally challenging the supremacy of the He–Ne laser [12]. This is an important improvement as the
poor surface quality of the asphalt concretes can increase measurement uncertainties.

In data acquisition and signal processing, the noise floor is a measure of the summation of all the
noise sources and unwanted signals generated by the entire data acquisition and signal processing
system. In any measurement, the minimum resolvable signal level must be sufficiently larger than
the noise content of the signal to obtain reliable measurements. To be able to use an LDV system for
measurement, it is important to know the minimum detectable level. The noise floor can be established
by examining the content of the spectrum of a signal measured by LDV where no external vibration
is applied to the system. It is dependent on the optics, electronics, the software of the LDV, and the
properties of the media and reflective target [13]. Speckle noise is one of the main sources of noise
in LDV, especially in cases where there is relative motion between the test item and laser beam [7].
This particular type of noise has been investigated and modeled by several researchers [14–16].

In this research, noise floor measurements are firstly reported for two types of LDV on four
different surface conditions. Then, a modal analysis experiment is designed to investigate the ability
of both instruments to perform measurements on different types of pavements with both treated and
untreated surface conditions.

This paper is divided into four sections. The first section includes the introduction and state of
the art. In Section 2, an overview of the research methodology, experimental setup, and measurement
procedure is given. In Section 3, the measurement results are discussed in detail. This entails a
comparison of the noise floor of both instruments, the effect of the surface quality on the noise floor
measurements, and modal analysis of three types of pavements. Finally, conclusions of the research
are given in the last section.

2. Materials and Methods

Three measurement instruments were used in this research: a He–Ne SLDV (Polytec PSV-400),
an infrared LDV (Polytec RSV-150) with two short-range and long-range lenses, and an infrared SLDV
(Polytec PSV-500-3D Xtra). The LDV has the ability to carry out measurements at one point, and the
SLDV has a computer-controlled mirror that can direct the laser to the desired measurement points
so that measurements can be performed on a predefined grid on the surface of an object. The He–Ne
SLDV has a class 2 laser with 633 nm wavelength and less than 1 mW power. The infrared LDV
has a green targeting laser with 523 nm wavelength and a measurement laser with a wavelength
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of 1550 nm. The output power of the infrared LDV when both lasers are in operation is 10 mW
class 2. The autofocus of both SLDV instruments is done automatically, but the infrared LDV has two
long-range and short-range lenses and has to be manually focused. The short-range lens is for standoff
distances between 1 to 5 m, and the long-range lens is used for a standoff distance larger than 5 m and
up to 300 m.

Two sets of experiments were conducted in this research. The first experiment was to estimate the
noise floor on targets with different surface conditions. The He–Ne SLDV and the infrared LDV were
placed at the same standoff distance in front of the target, and measurements were conducted on one
point on the target (Figure 1).

These instruments have different analog-to-digital converters (ADC); therefore, the sensitivity of
the ADC is important for the experiments. To be able to compare the devices with each other, closest
sensitivity values were chosen for both devices in a way that the less accurate device (He–Ne SLDV)
had a lower sensitivity. Afterwards, to compare the noise floor of each device for different surfaces,
the sensitivity of the He–Ne SLDV and infrared LDV were set to 20 and 122.5 mm/s/v, respectively.
The four investigated targets were surfaces covered with a retroreflective tape, white tape, black tape,
and an asphalt concrete.

Figure 1. First experiment: noise floor measurement with two measuring systems on different targets.

The second experiment was designed to investigate the ability of different SLDVs to measure
treated and untreated pavements. Modal analysis experiments were conducted to find the modal
parameters of three different pavement slabs. First, a He–Ne SLDV was used for measurements
on pavements with poor surface quality. To investigate the effect of surface quality, one side of the
specimens were painted with a white spray paint (Ardrox® 9D1B aerosol), and the same modal
analysis experiments were conducted on the painted side. Meanwhile, mode shapes of the specimens
were predicted by a finite element model, and the modal assurance criterion (MAC) was calculated
between the mode shapes acquired by SLDV and FEM. These type of experiments can be used to
find mechanical properties of specimens with inverse method [11]. Then, the same modal analysis
experiments on the same specimens were conducted with a 3D infrared SLDV.

The test items were three types of pavements. The first one was a thin asphalt layer (TAL)
pavement with dimensions of 59 cm in length, 39 cm in width, and 2.6 cm in thickness. This type of
asphalt is used as a top layer with an optimized fine texture in order to reduce tire vibrations and
therefore the tire/road noise. The pavement used in the research project was the N19 in Kasterlee,
Belgium [17,18] and Antwerpen, Belgium [19]. The second specimen was a 50*18*5.5 cm poroelastic
road surface (PERS). PERS is a type of low-noise pavement with a higher elasticity than conventional
road surfaces and a larger percentage of voids. The PERS has a porous structure composed of
granular rubber made from recycled tires, aggregates, and polyurethane (PUR) resin as a binder [20,21].
The third test specimen was a 59*39*3.4 cm stone mastic asphalt (SMA). SMA has been used successfully
in Europe for over 40 years to provide better rutting resistance and to resist studded tire wear [22].
As represented in Figure 2, in this part, the specimens were hung from a frame using two screw eyes
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and fishing lines to simulate the free-free condition. A Brüel & Kjær modal exciter type 4824 excited
the specimens with a periodic chirp signal between the frequency range of 5 to 1000 Hz. Signals
were generated using the Polytec onboard signal generator and amplified by a Brüel & Kjær power
amplifier type 2732. A Brüel & Kjær force transducer type 8230-001 was placed between the tip of the
shaker and the specimen to measure the exact force used for FRF calculations. Then, using an accurate
modal parameter estimator called the Polymax estimator [23], modal parameters of the specimens
were calculated from the spectrum of measured signals. An overview of all the experiments and their
settings are presented in Tables 1 and 2.

 
Figure 2. Second experiment: modal analysis on a pavement plate with two different scanning laser
Doppler vibrometer (SLDV) systems.

Table 1. First experiment: noise floor measurement of two He–Ne and infrared laser Doppler
vibrometers on four different surfaces.

Experiment Test Number Surface Measurement System Standoff Distance (m)

Noise Floor
Measurements

1 Retroreflective tape He–Ne SLDV and infrared LDV 9
2 White tape He–Ne SLDV and infrared LDV 9
3 Black tape He–Ne SLDV and infrared LDV 9
4 Asphalt concrete He–Ne SLDV and infrared LDV 1.7

Table 2. Second experiment: modal analysis of three different specimens with different surface
conditions and different measurement systems.

Experiment Test Number Specimen Surface Condition Measurement System

Part 1

1 TAL Unpainted He–Ne SLDV
2 TAL Painted He–Ne SLDV
3 PERS Unpainted He–Ne SLDV
4 PERS Painted He–Ne SLDV
5 SMA Unpainted He–Ne SLDV
6 SMA Painted He–Ne SLDV

Part 2

1 TAL Unpainted He–Ne SLDV
2 TAL Unpainted 3D infrared SLDV
3 PERS Unpainted He–Ne SLDV
4 PERS Unpainted 3D infrared SLDV
5 SMA Unpainted He–Ne SLDV
6 SMA Unpainted 3D infrared SLDV

3. Results

3.1. He–Ne vs. Infrared LDV

In this section, the noise floor measurements of a He–Ne SLDV and an infrared LDV on a
retroreflective tape were investigated (see Table 1). The sensitivities of the ADCs of the devices were
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chosen as explained before. Both ADCs had the same low pass filters so that the noise floors could be
compared until 105 Hz. Figure 3 shows that the noise floor of the He–Ne SLDV was higher than the
noise floor of the infrared LDV in two different sensitivity settings, even though the sensitivity of the
He–Ne SLDV was slightly lower in both cases compared to the sensitivity of the infrared LDV.

V
 [d

b]

Figure 3. Noise floor comparison between He–Ne and infrared laser Doppler vibrometer (LDV); S =
sensitivity (mm/s/v).

3.2. He–Ne vs. Infrared LDV on Different Surfaces

In this step, the same noise floor experiments were conducted on different surface conditions.
Figure 4 shows that the noise floor of the He–Ne SLDV was higher than noise floor of the infrared LDV
regardless of the surface conditions. The difference between noise floors of the instruments was at its
lowest when retroreflective tape was used on the surface of the object, and it was more excessive for
darker surfaces, especially at high frequencies. It could also be seen that the trend of the noise floor of
each instrument was similar for all surfaces. For the He–Ne SLDV, the noise floor was almost the same
with white tape and asphalt surface, and it was the highest for the black tape. It should be mentioned
that the He–Ne SLDV is not able to autofocus the laser spot on black tape or the asphalt surface and
therefore the laser spot was focused on the surface manually. Moreover, the reason for the sudden
drop in the noise floor of the He–Ne LDV after 25 kHz was that the frequency range of the decoder of
the He–Ne LDV was 0 to 25 kHz. The noise floor of the infrared LDV on different surfaces was almost
the same on all surfaces, decreasing from more than −100 dB in low frequencies to around −140 dB at
1 kHz. After 1 kHz, it started rising for all surfaces and was highest for the black tape and lowest for
the retroreflective tape.

100 101 102 103 104 105

Frequency [Hz]

-180

-160

-140

-120

-100

-80

Retroreflective Tape
White tape
Black tape
Asphalt

Figure 4. Noise floor measurement for four different surfaces by He–Ne SLDV (left) and infrared LDV
(right). Stand-off distance is 1.7 m for asphalt and 9 m for all the other surfaces.
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3.3. Modal Parameters with SLDV

In this section, a He–Ne SLDV was used to calculate the modal parameters of three types of
pavement slabs (see Table 2). Table 3 lists the modal frequencies (f ), damping ratios (D), and MAC
calculated by the SLDV for both (unpainted and painted) sides of three specimens. More mode
shapes of the specimens were acquired from the painted side of the specimens, which proved that the
measurement on the painted side was more accurate. Furthermore, the measurement of each point
was repeated eight times to calculate the coherence function. Figure 5 illustrates that the coherence
function was much better on the painted side compared to the unpainted side.

Table 3. Modal parameters of three types of pavement slabs on their two sides (unpainted and painted).
The gray rows are mode shapes that Polymax estimate was not able to detect.

Mode
TAL PERS SMA

f (Hz) D (%) MAC f (Hz) D (%) MAC f (Hz) − (%) MAC

Unpainted side

1 92.7 9.3 98.2 201.5 12.1 98.4
2 126.8 10.5 73.3 149.1 9.5 97.7 214.4 4.2 * 93.0
3 311.1 10.9 92.5 250.5 10.2 96.3
4 337.2 9.0 90.7 493.1 8.6 94.1
5 378.5 8.8 86.4 454.1 9.3 90.0 567.7 12.1 93.3
6 457.9 8.3 90.1 497.9 10.3 92.6 663.2 8.9 92.2
7 561.5 8.7 95.1
8 673.8 8.1 90.9

Painted side

1 93.8 9.4 99.4 203.0 12.1 93.1
2 125.9 10.5 76.4 151.1 9.8 99.1 215.8 9.8 86.9
3 311.3 8.1 96.6 255.3 10.4 98.6 456.1 8.9 91.1
4 337.1 8.8 91.9 314.5 10.0 97.7 493.4 8.5 75.9
5 378.9 8.9 85.1 439.2 1.3 * 90.6 575.0 10.2 96.3
6 450.7 4.5 79.1 485.5 10.7 86.1 660.5 10.1 96.6
7 563.2 8.2 94.9 641.8 10.2 78.3
8 682.9 8.5 95.0

* In some cases, due to the heavy coupling between two mode shapes, the polymax estimator was not able to
estimate the damping ratio of the mode shapes with a high accuracy.

Figure 5. Coherence function of the specimens: (a) thin asphalt layer (TAL); (b) poroelastic road surface
(PERS); (c) stone mastic asphalt (SMA).

3.4. He–Ne vs. Infrared SLDV for Modal Analysis on Pavement

In this step, a He–Ne SLDV and an infrared 3D SLDV were used to measure the modal parameters
of three specimens. The specimens were the same pavement slabs used in the previous tests, hung in
free-free condition with their unpainted side facing the SLDV. The natural frequencies and damping
ratios of the pavement slabs, measured by the two instruments, are represented in Table 4. It was
evident that using an infrared 3D SLDV led to finding more mode shapes of the specimens, especially
in higher frequencies where the applied load by shaker was lower than that in the lower frequencies;
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thus, the slightest noise could influence the results of the measurement. Therefore, as the infrared
SLDV had a lower noise floor, it was able to conduct better measurements that led to finding more
mode shapes of the specimen.

Table 4. Modal parameters of three specimens estimated from measurements conducted by two
instruments: He–Ne SLDV and infrared 3D SLDV. The gray cells are the mode shapes that Polymax
estimate was not able to detect.

Frequency (Hz) Damping Ratio (%)

He–Ne SLDV Infrared 3D SLDV He–Ne SLDV Infrared 3D SLDV

TAL PERS SMA TAL PERS SMA TAL PERS SMA TAL PERS SMA

92.7 201.5 90.5 188.7 9.2 12.1 9.5 12.9
126.8 149.1 214.4 128.9 144.8 207.0 10.5 9.5 4.2 10.3 10.2 10.7
311.1 250.5 246.5 445.9 10.9 10.2 13.3 12.3
337.2 493.1 337.6 302.3 484.3 9.0 8.6 8.5 9.7 9.9
378.5 454.4 567.7 382.2 450.6 589.9 8.8 9.3 12.1 9.4 11.0 11.6
457.9 497.9 663.2 459.1 651.7 8.3 10.3 8.9 9.1 7.6
561.5 574.2 830.2 8.7 7.6 9.7
673.8 676.0 641.5 964.4 8.1 8.0 11.1 10.6

770.9 7.6
923.7 8.9
969.8 8.7

1044.9 10.2

4. Conclusions

After 30 years of using He–Ne LDV as an accurate, noncontact measurement device, an infrared
LDV with higher power compared to the conventional He–Ne LDV was developed to improve the
quality of measurements in long-range applications. The infrared LDV is now becoming more popular,
including in applications of optically low cooperative surfaces. In this paper, the noise floor of the
two instruments (He–Ne and infrared LDV) were compared, and it was revealed that infrared LDV
had lower noise level than He–Ne LDV in all surfaces, especially dark surfaces with low surface
quality. Furthermore, it was shown that surface quality was more influential in measurements with
He–Ne LDV. For instance, at some frequencies, there could be up to 60 dB difference between the noise
floor measurements performed on the dark and retroreflective surfaces. Meanwhile, in an infrared
LDV, surface quality was not important until 1000 Hz. For higher frequencies, retroreflective tapes
could reduce the noise up to 20 dB. Therefore, in short-range measurements on materials with good
surface quality, the difference of the noise between the instruments would not be significant. However,
in cases where measurements are being conducted on materials with poor surface quality—like in
road engineering where measurements are done on asphalt surface—using an infrared LDV could
lead to better results (up to 30 dB reduction of noise floor in some frequencies).
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