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ABSTRACT

The Norwegian Public Roads Administration (NPRA) is running a project “VegDim” with the
aim of developing and implementing a Mechanistic-Empirical (ME) pavement design system
for Norwegian conditions. The traditional empirical method uses resilient modulus to
characterise the asphalt material by considering pure elastic properties. However, the asphalt
material demonstrates a viscoelastic behaviour in servicing conditions of the flexible pavement.
Therefore, the dynamic modulus closer to the real situation, which is time and temperature
dependent, is adopted in the ME pavement design. The objective of this study is to investigate
the dynamic modulus of various Norwegian asphalt mixtures and model the viscoelastic

properties of asphalt mixtures and pavements.

Asphalt mixtures mostly used in Norway are divided into 20 types, based on the kinds
of mixture and bitumen. In this study, the Marshall mix design was first conducted to determine
the optimum binder contents of 20 types of asphalt mixtures containing Norwegian local
aggregate materials. Then the asphalt slabs and gyratory samples based on the required
aggregate gradings, and the optimum binder content were created by the roller compactor and
the gyratory compactor. The roller compression method was determined as the asphalt sample

preparation approach as it is believed to be closer to the paving situation in the field.

Afterwards, the Cyclic Indirect Tensile Test (CITT) and Cyclic Compression Test
(CCT) under the same temperature and loading frequency conditions were compared regarding
the measured dynamic modulus of asphalt mixtures in the laboratory. The results showed that
the two test modes led to similar dynamic modulus values at intermediate temperatures
(frequencies) and some differences at extreme conditions. Thus, the CCT was considered to
measure the dynamic modulus of asphalt mixtures due to the sample size advantage for both
laboratory and field samples in this study.

The master curves were established through the test results to predict the dynamic
modulus of asphalt mixtures at any temperature and loading frequencies. Different models,
Standard Logistic Sigmoidal (SLS) model, the Generalised Logistic Sigmoidal (GLS) model
and the Christensen-Anderson-Marasteanu (CAM) model, for master curve construction were
estimated to find an optimum model for Norwegian asphalt mixtures as well as the shifting
techniques of log-linear, quadratic polynomial function, Arrhenius, William-Landel-Ferry
(WLF) and Kaelble methods. The result indicated that the SLS model had the most suitable fit



for the specimens tested. The WLF equation was recommended for master curve construction
due to better fit and convenience of temperature and shift factor transition. Therefore, the SLS

model and WLF equation were used to construct the dynamic modulus master curves.

As the modelling method was determined, the dynamic modulus master curves of
asphalt mixtures were established as a database for Norwegian materials, which further was

the input for the ERAPave program for asphalt pavement structure design.

This research also investigated the relationship between material factors and dynamic
modulus. The rheological properties of bitumen were characterised using a dynamic shear
rheometer, in which the bitumen viscosity was fitted log-linearly by the temperature and the
complex shear modulus master curve of bitumen was constructed by the modified Huet-Sayegh
model. The grey relational analysis revealed the correlation existing between material factors
and dynamic modulus. A prediction model was established using multiple linear regression
based on the material factors to reduce dynamic modulus tests. The results indicated that the
dynamic modulus of asphalt mixtures mainly depended on the bitumen type. The correlation
between dynamic modulus and the material factors was found to show a good fit of the model

with Coefficients of Determination, R? > 0.973.

Finally, the Finite Element (FE) method was implemented to predict the stress-strain
response of the asphalt pavement. The viscoelastic behaviour of the materials was described
by the generalised Maxwell model. The FE model was established through the relaxation
modulus converted from the dynamic modulus master curve. The FE modelling was verified
through the stress-strain response of the CITT. The results of the FE model matched the
measured values. After validation, the numerical model incorporating the dynamic modulus
master curve developed in this study was a very useful tool to predict the stress and strain

responses of flexible road pavements.

This research provided a Norwegian material database and proposed the dynamic
modulus modelling method and implement the modelling for the stress-strain response of
asphalt pavements. This study can reduce huge test processes and provide a more accurate

method to predict the viscoelastic behaviour of asphalt materials in cold regions.
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INTRODUCTION

1 INTRODUCTION
1.1 Background

The Norwegian Public Roads Administration (NPRA) is working together with Swedish
Transport Administration (TV), Swedish National Road and Transport Research Institute (VTI)
and Norwegian University of Science and Technology (NTNU) on a project called “VegDim”
with the aim of developing and implementing the Mechanistic-Empirical (ME) pavement
design system and creating a material database for Norwegian conditions (Figure 1) [1]. The
traditional empirical approach is only applicable for a given set of environmental, material and
vehicle loading conditions, which is difficult to estimate the future state of the road pavement.
Whereas the ME method considering the characterisation of traffic, climatic effect and
structural and material factors provides a unified basis for flexible pavement. It can not only
predict a variety of road performances but also establish the relationships between road
management systems and materials, road structure design, construction, climate, traffic, which

can be widely used and more flexible and accurate to operate by engineers [2, 3].

VegDim 2018-2024

Figure 1. lllustration of visual communication of VegDim project.

In order to develop a ME pavement design system for Norwegian conditions, a
corresponding material database is required. The resilient modulus of both bound and unbound
materials under repeated loads was generally applied in the empirical approach. However,
asphalt materials show a viscoelastic behaviour when used in flexible road pavements [4-7].
The dynamic modulus taking viscoelasticity into account is used in the asphalt material
characterisation of the ME pavement design system. Therefore, the dynamic modulus for
asphalt mixtures relates to temperature and loading frequency. The Cyclic Compression Test
(CCT) as a standard test method in the Mechanistic-Empirical Pavement Design Guide

(MEPDG) is generally used in the laboratory to measure the dynamic modulus of asphalt

1
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mixtures under different temperature and frequency conditions [2]. A cylindrical asphalt
specimen with a diameter of 100 mm and a height of 150 mm is usually applied for the CCT.
However, the thickness of the asphalt surface layer is usually thin, around 45 mm in Norway.
In order to measure the dynamic modulus of field samples, another test method suitable for
smaller dimension samples with a diameter of 100 mm and a thickness of 40 mm is applied,
which is the Cyclic Indirect Tensile Test (CITT) [8-11]. The indirect tensile mode was
developed by Kim et al. to assess the dynamic modulus [12] using both the CCT and CITT for
12 asphalt mixtures used in North Carolina. The results indicated similar dynamic modulus
values. However, some studies found the two test modes resulted in a few differences in the
dynamic modulus, phase angle and shift factor [13, 14]. The investigation of the influence of
the two test modes on Norwegian asphalt mixtures is helpful to verify the dynamic modulus

test results and develop the dynamic modulus test method for the ME pavement design system.

Although the CCT and CITT can be used to determine the dynamic modulus of asphalt
mixtures in the laboratory, such test requires sophisticated devices and well-trained skills for
operators. Since the change of asphalt material at high temperatures is equivalent to the change
at low frequencies, and the change at low temperatures is equivalent to the change at high
frequencies, the master curve based on the time-temperature superposition principle is
established to predict the dynamic modulus of asphalt mixtures at any temperatures and loading
frequencies [15, 16]. A smooth curve is obtained from a set of test results shifted through
shifting techniques, which is called a master curve. The Standard Logistic Sigmoidal (SLS)
model is widely used to fit the master curve of asphalt mixtures [17, 18]. However, the SLS
model is more suitable for symmetrical test results. The Generalised Logistic Sigmoidal (GLS)
model developed by Rowe et al. is better employed for asymmetric data [19, 20]. Moreover,
the Christensen-Anderson-Marasteanu (CAM) model proposed by Marasteanu and Anderson
provides a better fit within very low and very high frequencies for unmodified and polymer
modified asphalt materials [21]. In addition, to construct the master curve the shifting
techniques are considered for the time-temperature superposition relationship related to the
viscoelastic properties of asphalt materials. The shifting technique is described by the shift
factor, a(T), which is a function of temperature. In terms of mathematical functions, the log-
linear equation shows the linear relationship between log/o(T)] and temperature normally used
for asphalt materials [17, 22]. The quadratic polynomial equation is another mathematical
function that can accurately fit the shift factor with the temperatures [23-25]. Considering that

the bitumen consists of polymer is a highly heterogeneous mixture of hydrocarbons, the
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temperature dependence of relaxation modes for bituminous materials around glass transition
temperature (Tg) can be described by the Williams-Landel-Ferry (WLF) equation [26].
Furthermore, some experimental studies found that the Kaelble equation developed from the
WLF equation is a symmetric function to accurately reflect the temperature dependence of
viscoelastic properties of asphalt materials below T4 [27]. The Arrhenius equation is another
popular model for the shift factor focusing on the thermally activated process [20, 28]. It is
therefore necessary to select a proper model for the master curve construction in the

development of the ME pavement design system for Norwegian conditions.

Based on the master curve approach, the characterisation of asphalt materials was
incorporated into the ERAPave program, which achieved the ME pavement design. The
dynamic modulus master curves of 20 asphalt mixture types mostly used in Norway were
established in this thesis, which as the material database were input into the program for asphalt

pavement structure design.

In addition to the master curve method constructed from experimental tests, the
dynamic modulus of asphalt mixtures can be also predicted based on the physical, rheological
and mechanical properties of bituminous binder and asphalt mixture itself. For low level road
pavements, such a method can predict the dynamic modulus with relative accuracy based on
material properties, which can also reduce the number of complex experiments. In the ME
pavement design guide, the Witczak 1-37A model is used for Level 2 and Level 3 to predict
the dynamic modulus based on the bitumen viscosity, air void content, effective bitumen
content, cumulative percentage retained on the sieves and percentage passing the No. 200 sieve
[2]. The Witczak 1-40D model was further developed by incorporating the complex shear
modulus and phase angle of the binder in the NCHRP 1-40D protocol [29, 30]. Christensen et
al. [31] used the Hirsch model to evaluate the dynamic modulus by considering the asphalt
stiffness and void properties of the asphalt mixture. Based on the Hirsch model, Al-Khateeb et
al. [32] developed a simpler form of the model to overcome the problem of inaccurate high and
low temperature predictions. Besides, Sakhaeifar et al. [33] proposed two models based on the
viscoelasticity of asphalt materials to predict the dynamic modulus at a wide range of
temperatures called global and simplified global models. Although these models can predict
the dynamic modulus well in previous studies [34-36], such models are based on test results
from hundreds of asphalt mixture types in the United States. Due to differences in environment

and materials around the world, these models exhibit different results for different regions in
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the world [37-39]. Therefore, a dynamic modulus prediction model suitable for Norwegian
conditions considering the material influence on dynamic modulus can be investigated for

developing the Norwegian ME pavement design system.

The dynamic modulus as the main parameter characterising the mechanical properties
of asphalt materials is used to describe the stress-strain response of flexible road pavement
under the vehicle load. In recent years, numerical models based on the Finite Element (FE)
method have been developed for estimating the performance of asphalt road pavements. The
dynamic modulus is one of the inputs for viscoelastic behaviour simulation of asphalt material
in the FE approach. Zhang et al. [40] implemented the generalised Maxwell model to simulate
the viscoelasticity of asphalt mixtures with the FE modelling and verified the model. Wang et
al. [41] found that the viscoelastic numerical simulation results implementing the Burgers
model were in good agreement with the outcomes of the laboratory test. The viscoelasticity of
asphalt materials can be well simulated based on the FE method [42]. Such a numerical model
can be used to predict the stress-strain response of asphalt pavements. Hasan et al. [43]
simulated and analysed the performance of pavement structures containing geosynthetics under
different axle loads. The results showed that the tensile, shear and compressive strains
increased with higher axle loads and the longitudinal strain in the pavement increased with the
thickness of the road structure. Selsal et al. [44] studied the stress distribution at different depths
of hot mix asphalt and stone mastic asphalt road pavements using the FE method,
demonstrating that the latter is more wearing resistant.

1.2 Research objective and approach

The main objective of this research is to model the viscoelastic properties of asphalt pavement
to develop the ME pavement design system for Norwegian conditions. The viscoelasticity of
asphalt mixtures is characterised by the dynamic modulus. The measurements of dynamic
modulus were discussed due to a variety of test methods. After obtaining the dynamic modulus
data, the master curve constructed based on the time-temperature superposition principle with
proper models is used to predict the dynamic modulus of asphalt mixtures. Since the dynamic
modulus of asphalt mixtures was highly influenced by the material properties, the effect of
material factors was also investigated to propose associated prediction models for different
types of asphalt mixtures. Finally, the modelling was implemented through the FE method for
stress-strain response prediction of asphalt pavements. Above all, this project is divided into

five sub-objectives as follows:
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(1) Determination of dynamic modulus test method by comparing the compressive and
indirect tensile modes.

(2) Development of the master curve based on the evaluation of different models and shift
factor equations for Norwegian asphalt mixtures.

(3) Master curve establishment of 20 types of asphalt mixtures mostly used in Norway
through the test results to provide the material database for the ME pavement design
system.

(4) Investigation of the influence of material factors on the determination of dynamic
moduli and development of associated prediction models for different types of asphalt
mixtures.

(5) Implementation of the modelling of viscoelastic properties of asphalt mixtures by the
FE method to predict the stress-strain response of asphalt pavements.

These sub-objectives and related publications (listed in Section 1.4) are summarised in the

following Figure 2.

i | Test method comparison Paper |
s s
1 4 1
: K :
i ’ i
i | Estimation of master curve / ;
' model 7 Paper Il '
Material database Paper Il
establishment J/ P
i ’ |
1 ’ ]
1 /7 1
: J |
i | Influence of material factor | Paper IV
on dynamic modulus P
i | Implement of modelling of i
i | viscoelastic properties of Paper V

asphalt pavement

Modelling of viscoelastic properties of asphalt pavement

Figure 2. Relations between the papers and the sub-objectives discussed in the thesis.



INTRODUCTION

1.3 Thesis structure
This thesis is divided into five main chapters.

e Chapter 1 introduces the research background and scope.

e Chapter 2 describes the viscoelastic properties of asphalt materials, namely the dynamic
modulus.

e Chapter 3 illustrates the source and properties of raw materials, the test modes and the
modelling method as well as the FE analysis for the asphalt pavements.

e Chapter 4 discusses the comparison of test methods, the master curve model selection,
the master curve parameters required for the ME pavement design system, the influence
of material factors on the dynamic modulus and the FE modelling.

e Chapter 5 presents the conclusions, limitations and recommendations for future work.

e The references are listed in Chapter 6.
1.4 Contributions and publications

This research provided the appropriate test method and master curve model for Norwegian
conditions and established the material database for the ME pavement design system. The
dynamic modulus of asphalt mixtures was mainly affected by the bitumen properties. The
prediction model of dynamic modulus based on material factors was proposed for developing
the new system. Based on the dynamic modulus and viscoelastic constitutive relationship of
asphalt materials, the FE model validated by the CITT results was built as a useful tool to
predict the mechanical properties of asphalt pavements. The papers written during the PhD

period are listed as follows:

(1) Thesis related publications

Paper |

Chen, Hao; Barbieri, Diego Maria; Hoff, Inge; Mork, Helge; Wathne, Pal; Liu, Gang.

Construction of asphalt mixture master curves for a Norwegian mechanistic-empirical

pavement design system.

Published and presented at the Eleventh International Conference on the Bearing Capacity of
Roads, Railways and Airfields, Volume 2, 423-434, 2022.
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Contribution:

Chen, Hao: Conceptualization, Methodology, Software, Validation, Formal Analysis,
Investigation, Data Curation, Writing - Original Draft, Writing - Review & Editing,
Visualization. Barbieri, Diego Maria: Investigation, Writing - Review & Editing. Hoff, Inge:
Resources, Writing - Review & Editing, Supervision. Mork, Helge: Writing - Review &
Editing. Wathne, PAal: Investigation, Writing - Review & Editing. Liu, Gang: Writing -
Review & Editing, Supervision.

Paper 11
Chen, Hao"; Barbieri, Diego Maria; Zhang, Xuemei; Hoff, Inge

Reliability of Calculation of Dynamic Modulus for Asphalt Mixtures Using Different Master

Curve Models and Shift Factor Equations.
Published in the Journal of Materials, 15(12), 4325, 2022.
Contribution:

Chen, Hao: Conceptualization, Methodology, Software, Validation, Formal Analysis,
Investigation, Data Curation, Writing - Original Draft Preparation, Visualization. Barbieri,
Diego Maria: Methodology, Writing - Review & Editing. Zhang, Xuemei: Formal Analysis,
Writing - Review & Editing. Hoff, Inge: Resources, Writing - Review & Editing, Supervision.

Paper I11

Chen, Hao"; Saba, Rabbira Garba; Liu, Gang; Barbieri, Diego Maria; Zhang, Xuemei; Hoff,

Inge

Influence of material factors on the determination of dynamic moduli and associated prediction

models for different types of asphalt mixtures.

Published in the Journal of Construction and Building Materials, 365, 130134, 2023.
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Contribution:

Chen, Hao: Conceptualization, Methodology, Software, Formal Analysis, Investigation, Data
Curation, Writing - Original Draft. Saba, Rabbira Garba: Project Administration, Resources,
Writing - Review & Editing, Supervision. Liu, Gang: Methodology, Writing - Review &
Editing, Supervision. Barbieri, Diego Maria: Investigation, Writing - Review & Editing.
Zhang, Xuemei: Investigation, Writing - Review & Editing. Hoff, Inge: Resources, Writing -

Review & Editing, Supervision.

Paper IV

Chen, Hao"; Alamnie, Mequanent Mulugeta; Barbieri, Diego Maria; Zhang, Xuemei; Liu,

Gang; Hoff, Inge.

Comparative study of indirect tensile test and uniaxial compression test on asphalt mixtures:

Dynamic modulus and stress-strain state.
Published in the Journal of Construction and Building Materials, 366, 130187, 2023.
Contribution:

Chen, Hao: Conceptualization, Methodology, Software, Formal Analysis, Investigation, Data
Curation, Writing - Original Draft. Alamnie, Mequanent Mulugeta: Conceptualization,
Methodology, Investigation, Data Curation, Writing - Review & Editing. Barbieri, Diego
Maria: Investigation, Writing - Review & Editing. Zhang, Xuemei: Investigation, Writing -
Review & Editing. Liu, Gang: Methodology, Writing - Review & Editing, Supervision. Hoff,

Inge: Resources, Writing - Review & Editing, Supervision.

Paper V

Chen, Hao; Hoff, Inge; Liu, Gang"; Zhang, Xuemei™; Barbieri, Diego Maria; Wang, Fusong;

Liu, Jianan.

Development of finite element model based on indirect tensile test for various asphalt mixtures.
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Submitted to the Journal of Construction and Building Materials (Under review).
Contribution:

Chen, Hao: Conceptualization, Methodology, Software, Validation, Formal Analysis,
Investigation, Writing - Original Draft, Writing - Review & Editing, Visualization. Hoff, Inge:
Methodology, Validation, Investigation, Resources, Writing - Review & Editing, Supervision.
Liu, Gang: Methodology, Investigation, Writing - Review & Editing, Supervision. Zhang,
Xuemei: Investigation, Writing - Review & Editing, Visualization. Barbieri, Diego Maria:
Methodology, Investigation, Writing - Review & Editing. Wang, Fusong: Investigation,
Writing - Review & Editing. Liu, Jianan: Investigation, Writing - Review & Editing.

(2) Other significant publications

Paper VI

Zhang, Xuemei; Chen, Hao™; Barbieri, Diego Maria; Lou, Baowen; Hoff, Inge.

The classification and reutilisation of recycled asphalt pavement binder: Norwegian case study.
Published in the Journal of Case Studies in Construction Materials, 17, 01491, 2022.
Contribution:

Zhang, Xuemei: Conceptualization, Methodology, Formal Analysis, Writing - Original Draft.
Chen, Hao: Conceptualization, Methodology, Formal Analysis, Writing - Review & Editing.
Barbieri, Diego Maria: Methodology. Lou, Baowen: Methodology. Hoff, Inge: Resources,

Supervision.

Paper VII
Zhang, Xuemei; Chen, Hao™; Saba, Rabbira Garba; Hannasvik, Lisa Tronhuus.

Lateral and Longitudinal Variations in Dynamic Modulus of Asphalt Pavement: Surface Layer

and Base Layer.
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Published in the Journal of Construction and Building Materials, 381, 131304, 2023.
Contribution:

Zhang, Xuemei: Conceptualization, Investigation, Data Curation, Formal Analysis, Writing -
Original Draft. Chen, Hao: Conceptualization, Methodology, Investigation, Data Curation,
Formal Analysis, Writing - Review & Editing. Saba, Rabbira Garba: Resources,
Investigation, Writing - Review & Editing. Hannasvik, Lisa Tronhuus: Methodology,
Writing - Review & Editing.

(3) Additional publications (not part of the thesis)

Zhang, Xuemei”; Chen, Hao; Hoff, Inge.

The mutual effect and reaction mechanism of bitumen and de-icing salt solution.
Published in the Journal of Construction and Building Materials, 302, 124213, 2021.
Contribution:

Chen, Hao: Methodology, Writing - Original Draft, Writing - Review & Editing.

Barbieri, Diego Maria"; Lou, Baowen; Chen, Hao; Shu, Benan; Wang, Fusong; Hoff, Inge.

Organosilane and Lignosulfonate Stabilization of Roads Unbound: Performance during a

Two-Year Time Span.
Published in the Journal of Advances in Civil Engineering, 2021, 1-13, 2021.
Contribution:

Chen, Hao: Investigation, Writing - Review & Editing.

10



INTRODUCTION

Barbieri, Diego Maria”; Lou, Baowen; Dyke, Robert Jason; Chen, Hao; Wang, Fusong;

Connor, Billy; Hoff, Inge.

Mechanical properties of roads unbound treated with synthetic fluid based on isoalkane and

tall oil.
Published in the Journal of Transportation Geotechnics, 32, 100701, 2022.
Contribution:

Chen, Hao: Investigation, Resources, Writing - Review & Editing, Visualization.

Zhang, Xuemei”; Hoff, Inge; Chen, Hao.

Characterization of Various Bitumen Exposed to Environmental Chemicals.
Published in the Journal of Cleaner Production, 337, 130610, 2022.
Contribution:

Chen, Hao: Methodology, Writing - Review & Editing.

Lou, Baowen; Sha, Aimin”; Barbieri, Diego Maria; Zhang, Xuemei; Chen, Hao; Hoff, Inge.
Evaluation of Microwave Aging Impact on Asphalt Mixtures.

Published in the Journal of Road Materials and Pavement Design, 24(3), 730-743, 2022.
Contribution:

Chen, Hao: Investigation, Writing - Review & Editing.

Zhang, Xuemei”; Chen, Hao; Barbieri, Diego Maria; Hoff, Inge.

Laboratory Evaluation of Mechanical Properties of Asphalt Mixtures Exposed to Sodium
Chloride.
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Published in the Journal of Transportation Research Record, 2676, 03611981221082579, 2022.
Contribution:

Chen, Hao: Conceptualization, Methodology, Investigation, Data Curation, Formal Analysis,
Writing - Review & Editing.

Barbieri, Diego Maria”; Lou, Baowen; Dyke, Robert Jason; Chen, Hao; Wang, Fusong;

Dongmo-Engeland, Berthe; Tingle, Jeb S.; Hoff, Inge.

Stabilization of Coarse Aggregates with Traditional and Nontraditional Additives.
Published in the Journal of Materials in Civil Engineering, 34(9), 04022207, 2022.
Contribution:

Chen, Hao: Investigation, Writing - Review & Editing.

Barbieri, Diego Maria”; Lou, Baowen; Dyke, Robert Jason; Wang, Fusong; Chen, Hao; Shu,
Benan; Gazder, Uneb; Horpibulsuk, Suksum; Tingle, Jeb S.; Hoff, Inge.

Design and sustainability analyses of road base layers stabilized with traditional and
nontraditional additives.

Published in the Journal of Cleaner Production, 372, 133752, 2022.
Contribution:

Chen, Hao: Investigation, Resources, Writing - Review & Editing, Visualization.

Zhang, Xuemei”; Fidai, Tawab; Hoff, Inge; Lerfald, Bjgrn Ove; Chen, Hao.

Determination of Rejuvenator Proportion within the Recycled Bitumen: Empirical Double-

Logarithmic Formula and Calibration.
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Contribution:

Chen, Hao: Investigation, Methodology, Writing - Review & Editing.
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X-ray computed tomography analysis of internal voids in steel slag asphalt mixture under

freeze-thaw damage and microwave healing process.
Published in the Journal of Construction and Building Materials, 377, 131132, 2023.
Contribution:

Chen, Hao: Writing - Review & Editing.
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2 VISCOELASTIC PROPERTIES OF ASPHALT MATERIALS

The asphalt pavement exhibits Linear Viscoelastic (LVE) properties when subject to small
strain during service. The mechanical behaviour of asphalt material is time-dependent showing
both viscosity and elasticity. Thus, the stress-strain constitutive relationship of asphalt material
satisfies the Boltzmann superposition principle, and for a one-dimensional condition it is

expressed as follows [45]:
d
o(t)=] E(t—r)idr @

where o is the stress, ¢ is the strain, z is the integration time variable, t is the time, and E(t) is
the relaxation modulus.

2.1 Complex modulus

The complex modulus of asphalt material was mainly discussed in this study, which was also
used for the Mechanistic-Empirical (ME) pavement design system. When a sinusoidal load is

applied to the asphalt material, the strain response delays relative to stress application as shown

in Figure 3.
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Figure 3. Schematic diagram of stress-strain response of asphalt material under sinusoidal

loading.

This lag time, tiag, is described by the phase angle, ¢. The time-dependent stress, o(2),
and strain, g(?), are expressed in Equation 2.
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¢ =ty (2.2)
o(t)=o,sin(wt) (2.2)
e(t)=g,sin(ot—p) (2.3)

where  is the angular frequency, oo is the stress amplitude, and «o is the strain amplitude.

The complex notation, i, is adopted to define the complex stress, ¢"(t), and strain, &"(t),

as expressed below:
o (t)=0o,e" (3.1)
£ (t)=g"" (3.2)
The complex modulus, E”(w), is calculated as follows:

(t) JOeimt

)= e T E I @
0

where |E”| is the norm of complex modulus, which is also called the dynamic modulus equal
to oo divided by 0. Due to the complex form, E” including real, Ez, and imaginary, Ez, parts is
also expressed as follows:

E*:E1+iE2=|E*|COS¢+i|E*|sin(p (5)

E: is the storage modulus representing the recoverable part of the material during
loading and the elasticity of the mechanical behaviour, while E: is the loss modulus reflecting
the unrecoverable viscous part of the material. Equation 5 indicates that when ¢ = 0, the
material exhibits pure elasticity, while a ¢ of 90° denotes pure viscous. When 0 < ¢ < 90°, the
material has LVE behaviour. Similar to the E"(w), the complex shear modulus, G”(w), is
defined as:

* iot
G*(a)) T (t) e

="l 0 G"
) e

6 =G, +iG, =|G"|cos p+i[G"sinp (6)
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where 7°(t) is the complex shear stress, y"(t) is the complex shear strain, 7o is the shear stress
amplitude, and yo is the shear strain amplitude.

2.2 LVE models for asphalt materials

The LVE model is employed to simulate the LVE behaviour of asphalt materials, which is
defined as a combination of springs (representing elastic behaviour) and dashpots (representing
Newtonian viscous behaviour) [46-49]. The LVE models commonly used for asphalt materials

are described as follows.

The generalised Maxwell model consists of a number of Maxwell elements in parallel
with an isolate spring and an isolate dashpot, which prevents zero relaxation modulus and
infinite creep compliance [50], as depicted in Figure 4 [51]. The complex modulus of the
generalised Maxwell model is given by:

o7,

E'(w)=E, +iwn, "’Z:]:Ei Lrior

()

where E. is the equilibrium elastic modulus of the isolate spring, 7e is the equilibrium viscosity
of the isolate dashpot and is infinite for solid materials, E; is the relaxation modulus of the ith
Maxwell element, 7 is the relaxation time,andi=1, 2, ..., n.

IU(U: &(t)
—¢
TS
§ E. Ne
n4 n2 Ny
l LD(.)
o(t), ()

Figure 4. Schematic diagram of generalised Maxwell model.

The generalised Kelvin-Voigt model, illustrated in Figure 5, is composed of several
Kelvin-Voigt elements connected in series with an additional spring and an additional dashpot

[51]. The complex modulus of the generalised Kelvin-Voigt model is expressed as follows:
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-1
. 1 1 3 1
E(w)=] —+ + 8
(@) (E e ] ®)
where i is the viscosity of the ith Kelvin-Voigt element.
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Figure 5. Schematic diagram of generalised Kelvin-Voigt model.

The Huet-Sayegh (HS) model used for asphalt concrete [52, 53] comprises a spring and
two parabolic elements connected in series, as well as a spring in parallel [54, 55] as shown in
Figure 6. The complex modulus of the Huet-Sayegh model is written as follows:

E,—E,

E (w)=E,+
(0)=E, 146, (iwr) ™ +(iwz) ™

©)

where my is the exponent of the first parabolic element, m: is the exponent of the second
parabolic element, dq is the dimensionless coefficient, Eo is the static modulus when ® equals

0, and E is the glassy modulus when ® tends to infinity.

Eo
NN\
o, et) |E-—Fo M M2 | o), g(t)
AN T

Figure 6. Schematic diagram of HS model.

The 2S2P1D model developed by adding a dashpot to the HS model has shown to be
effective in modelling the mechanical behaviour of asphalt materials [56-59] as described in

Figure 7. The complex modulus of the 252P1D model is expressed as:

E'(0)=E+ - Em._ Eofm - =}
1+6(iwr) ™ +(io7) ™ +(i0p.7)

(10)
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where B¢ = #/[(Eo— Ex)1].
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Figure 7. Schematic diagram of 252P1D model.
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3 RESEARCH METHODOLOGY
3.1 Raw materials

A large number of combinations of different binders and aggregates are in use in Norway, and
it is not realistic to test all of them. Since bitumen is believed to be more important the

aggregate type was kept constant.
3.1.1 Bitumen

Three classes of bitumen commonly used for Norwegian roads were applied in this thesis. They
were the neat bitumen named after the penetration, the Polymer Modified Bitumen (PMB) and
the soft bitumen coded by the viscosity, which included nine subclasses of bitumen. The
physical properties of nine types of bitumen as given in Table 1 fulfil the requirements set by
EN 12591 [60]. The bitumen 70/100 and 160/220 were supplied by the company Veidekke
(Trondheim, Norway) and the others were provided by company Nynas (G6teborg, Sweden).

Table 1. Physical properties of bitumen.

Dynamic or
kinematic viscosity
at 60 °C [Pa-s or

Penetration at 25 °C

Bitumen type [0.1 mm] Softening point [*C]

EN 1427 [62]

EN 1426 [61] mm?/s]
EN 13702 [63]

Neat 70/100 92 46.0 235.7 Pa-s
bitumen 160/220 189 38.1 102.6 Pa-s

330/430 - - 445 Pa-s
PMB 65/105-60 88 62.6 391.8 Pa-s

V1500 - - 1708 mm?/s
Soft V3000 - - 2815 mmz/s
bitumen V6000 - - 5450 mm</s

V9000 - - 8990 mm?/s

V12000 - - 14036 mm?/s

The bitumen types tested are examples of commonly used bitumen. However, there are
significant variations in the groups, e.g., one should be careful to use these results as the

representation of a group.
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3.1.2 Stone materials

Two kinds of local stone materials as aggregates were adopted in this research. The first type
was a crushed rock from the Vassfjell area supplied by the company Franzefoss (Heimdal,
Norway), which also presented very good performance and was largely used for road
construction in the central part of Norway [64, 65]. The next type of aggregate was natural
gravel supplied by the company Forset Grus (Tanem, Norway). This material was characterised
by poor mechanical performance and was usually used for low traffic volume roads. Table 2
specifies the wear resistance (abrasion value and Micro-Deval coefficient) and fragmentation
(Los Angeles value) of aggregates. The strength of the crushed rock aggregates met the
requirements of the Norwegian pavement design handbook N200 with an Annual Average
Daily Traffic (AADT) of approximately 15000 [66]. The stone materials obtained from the
quarry were divided into aggregates of various sizes, i.e., 16 mm — 22.4 mm, 11.2 mm — 16
mm, 8 mm —11.2 mm, 4 mm — 8 mm, 2 mm —4 mm, 1 mm — 2 mm, 0.25 mm — 1 mm, 0.063
mm — 0.25 mm and < 0.063 mm, by a sieving machine for the preparation of the mixture. In
terms of asphalt mixtures used for roads with a lower AADT, 30% to 50% of finely crushed
rock aggregates were replaced by natural gravel.

Table 2. Wear resistance and fragmentation of aggregates.

Wear resistance Fragmentation
Stone material Abrasion value [%] Mlcr(_)-pevatl) LOOS Angeles value
EN 1097-9 [67] coefficient [%] [%]
EN 1097-1 [68] EN 1097-2 [69]
Crushed rock 7.8 14.2 18.2
Natural gravel 17.3 17.3 21.7

3.2 Sample preparation for dynamic modulus test

Twenty types of asphalt mixtures mostly used for Norwegian roads were investigated in this
study, which involved five grading types of Asphalt Concrete (AC), Stone Matrix Asphalt
(SMA), Soft Asphalt (MA) for the low traffic volume road, Asphalt Gravel (AG) and Asphalt
Crushed Stone (AP) with a high air void content, and nine kinds of bitumen mentioned above.
The grading types of AC, SMA and MA were used for the surface layer and the other two kinds
of gradings AG and AP were applied to the base layer. All asphalt mixtures were fabricated in
the laboratory with the average values of the upper and lower limits of the required grading

curves according to the Norwegian pavement design report No. 670 [70] and the Optimum
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Binder Contents (OBC) determined by the Marshall mix design method [71]. The used grading

curves and the OBC of the 20 asphalt mixture types are shown in Table 3.

Table 3. Used grading curves and OBC of 20 asphalt mixture types.

Passing percentage [%]

Mixture code =o' 16mm  112mm  8mm 4 mm 2 mm L mm 025mm_ 0063mm °°C [%]
AC 11-70/100 100 95 70 475 335 255 125 75 51
AC 11-160/220 100 95 77 56 415 315 15 75 5.2
AC 11-330/430 100 95 77 56 415 315 15 75 5.8
AC 11-PMB 100 95 70 475 335 255 125 75 52
AC 16-70/100 100 95 71 58 315 245 135 8 49
AC 16-160/220 100 95 76 65 355 245 125 55 5.0
AC 16-330/430 100 95 76 65 355 245 125 55 5.6
AC16-PMB 100 95 71 58 315 245 135 8 4.9
SMA 11-70/100 100 95 555 375 26 16 11 53
SMA 11-PMB 100 95 55.5 375 26 16 11 5.3
SMA 16-70/100 100 95 56 37 225 135 10 5.1
SMA 16-PMB 100 95 56 37 225 135 10 52
MA 11-V1500 100 945 795 60 435 34 17 6 43
MA 11-V6000 100 945 79.5 60 435 34 17 6 43
MA 16-V3000 100 925 80.5 46 31 21 8 5 40
MA 16-V9000 100 925 80.5 46 31 21 8 5 42
MA 16-V12000 100 925 80.5 46 31 21 8 5 4.2
AG 16-70/100 100 95 75 355 125 6 47
AG 16-160/220 100 95 75 355 125 6 4.6
AP 16-70/100 100 95 45 345 17 65 5 28

Based on the grading curves and OBC, the corresponding amounts of bitumen and
aggregates were first preheated at the conditioning temperature and time according to EN
12697-35 [72]. Then, these materials were mixed in a continuously heated blender for 3 — 5
min to obtain the asphalt mixtures. Considering that the roller compression method was closer
to on-site paving, 20 types of asphalt mixtures for the dynamic modulus test were fabricated
by the roller compactor. The 305 mm x 305 mm x 60 mm mould with a 3 mm thickness resin
plate at the bottom for protecting the mould from the following coring operation was also
preheated. The asphalt mixture was poured into the mould with the resin plate to prepare the
asphalt slab. The roller compactor manufactured by Cooper Technology (Ripley, UK) was
performed to compress the asphalt slab based on four sequences with the table moving velocity
of 250 £ 100 mm/s and applying pressures of 2, 4, 6 and 0 bar, respectively [73]. Each stage
consisted of four passes and the vibration was used during the last two passes of the fourth
stage to ensure an adequate compaction. The cylindrical specimens with a diameter of 200 mm
and a height of 40 mm for the dynamic modulus test were cored and cut from the compacted

slabs. Therefore, five samples were obtained from one slab, four of which as the parallel
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samples were applied to the test. A total of 80 testing specimens were fabricated for 20 asphalt

mixture types.

Since different sample preparation methods and dynamic modulus testing methods
were compared in this thesis, the gyratory compaction method was also used to prepare the
specimens for dynamic modulus test. The gyratory compactor ICT-150RB produced by
Invelop oy (Semolina, Finland) was adopted to fabricate the specimens. The asphalt mixture
mixed by the same way mentioned earlier was filled into a preheated cylindrical mould with a
diameter of 150 mm. The mass of the asphalt mixture added was calculated through the density,
which aimed to obtain a cylindrical specimen with a diameter of 150 mm and a height of 180
mm. The compaction pressure was 620 kPa, and the gyratory angle was set to 17 mrad (0.97°)
[74]. The specimens of four asphalt mixture types of AC 11-70/100, AC 16-70/100, SMA 11-
70/100 and SMA 16-70/100 were prepared by the gyratory compactor. The gyrations of 100
and 115 were applied for the AC mixtures and the SMA mixtures, respectively [75]. All four
mixture types were used to compare different sample preparation methods, and AC 11-70/100
and SMA 11-70/100 were also utilised to investigate the differences between dynamic modulus
tests. The cylindrical specimens with a diameter of 100 mm and heights of 40 mm and 150 mm
were cored and cut from the gyratory samples, which were used for the CITT and CCT
respectively. Two testing specimens with a height of 40 mm or one testing specimen with a
height of 150 mm were obtained from one gyratory sample. Four replicate specimens were
adopted for the dynamic modulus test. A total of 24 testing specimens were prepared by the
gyratory compaction method. All specimens used for dynamic modulus tests are given in Table

4. The sample preparation process in the laboratory is shown in Figure 8.

22



RESEARCH METHODOLOGY

Table 4. All specimens used for dynamic modulus tests.

Height of 100mm

N . diameter Number of Sample - Dynamic Dynamic
Investigation Mixture type Lo - preparation modulus test modulus test
cylindrical replicate samples -
method method condition
sample [mm]

AC 11-70/100

AC 11-160/220

AC 11-330/430

AC 11-PMB

AC 16-70/100

AC 16-160/220

AC 16-330/430

. AC 16-PMB

Material database - s A 11-70/100 15, 10,0, 15
and estimation of oM/ 11-PMB 40 4 Roller CITT and 30 °C
master curve SMA 16-70/100 compression 10,5,3,1,0.3
models SMA 16-PMB and 0.1 Hz

MA 11-V1500

MA 11-V6000

MA 16-VV3000

MA 16-V9000

MA 16-V12000

AG 16-70/100

AG 16-160/220

AP 16-70/100
Comparison of AC 11-70/100 -15,0, 15 and
sample AC 16-70/100 40 4 Gyratory CITT 30°C
preparation SMA 11-70/100 compaction 10,5,3,1,0.3
methods SMA 16-70/100 and 0.1 Hz

. 40 CITT -10, 5, 21 and
I
compaction ,9,2,1,0.

modulus tests SMA 11-70/100 150 CCT (UIAY) and 0.1 Hz

“The CCT was conducted in the laboratory of University of Agder (UiA).
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3.3 Experimental procedures
3.3.1 Viscosity test of bitumen

The bitumen properties were characterised to investigate the correlation between material
factors and the dynamic modulus of asphalt mixtures. The dynamic viscosity of the bitumen
was determined by Dynamic Shear Rheometer (DSR) based on the rotational plate method [63,
76]. The bitumen specimen was placed between two plates of a diameter of 25 mm with a gap
distance of 1 mm. The shear rate of 10 rad/s and a shear strain of 1% were set for the rotational
process to ensure the bitumen within the LVE range. The shear stress was measured by the
DSR. The dynamic viscosity was obtained through Newton’s internal friction law:

n= (11)

=0

where 7 is the dynamic viscosity, zs is the shear stress and y is the shear rate.

The stiffer bitumen including 70/100, 160/220, 330/430 and PMB were tested at 60, 80
and 100 °C, whereas the soft bitumen of V1500, V3000, V6000, V9000 and V12000 was
measured under 40, 60 and 80 °C. The testing temperature selection also aimed to ensure the
bitumen was in the LVE range. Three replicate specimens were tested for each bitumen type,
and the mean value was calculated as the dynamic viscosity of the bitumen. A total of 27

specimens were measured for nine bitumen types.
3.3.2 Complex shear modulus test of bitumen

The complex shear modulus of bitumen was also investigated to describe the viscoelastic
response. The measurements were performed at different loading frequencies swept
logarithmically down from 400 rad/s to 0.1 rad/s and temperatures from -10 °C to 80 °C with
an interval of 10 °C [77]. The bitumen specimen was placed between two parallel plates with
a diameter of 10 mm and a gap of 2 mm at low temperatures (< 30 °C) and with a diameter of
25 mm and with a gap of 1 mm at high temperatures (> 30 °C). The shear strain amplitude was
controlled to keep all bitumen within the LVE range. The shear strain amplitude of the stiffer
bitumen of 70/100, 160/220, 330/430 and PMB was 1%. In terms of soft bitumen of V1500,
V3000, V6000, V9000 and V12000, the shear strain amplitudes were 1% and 2% for
temperatures lower and higher than 30 °C, respectively. The average values derived from the
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three replicate specimens were used. A total of 54 specimens were tested for nine bitumen types
at both low and high temperatures.

3.3.3 Dynamic modulus test of asphalt mixture

The CITT and CCT are two commonly used methods to determine dynamic modulus due to
the time and temperature dependence of asphalt mixtures. In this study, the former was
performed by the Nottingham Asphalt Tester (NAT) produced by Cooper Technology [78]. A
harmonic sinusoidal load with a haversine wave controlled by a pneumatic servo as shown in
Figure 9. The x and y axes were defined as the horizontal and vertical directions, respectively.
The horizontal strain was recorded by two Linear Variable Differential Transformers (LVDT)
on both sides of the specimen. The testing condition set of temperatures of -15, -10, 0, 15 and
30 °C and frequencies of 10, 5, 3, 1, 0.3 and 0.1 Hz was selected for material database
establishment and sample preparation comparison. Another sets of testing conditions are the
temperatures of -10, 5, 21 and 40 °C and the frequencies of 10, 5, 2, 1, 0.2 and 0.1 Hz for test
method comparison as given in Table 4. The applied load amplitude was adjusted to control
the initial horizontal strain in a range from 50 pe to 100 pe for every testing condition, keeping
the LVE behaviour of asphalt mixtures. Therefore, the CITT was regarded as a stress-strain

dual control test.

Figure 9. (a) CITT setup using NAT, (b) scheme of CITT specimen subjected to a vertical
load and (c) stress distribution.
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The dynamic modulus of asphalt mixtures was derived from the deviator stress and
strain in the horizontal direction. Based on the viscoelastic solution, a vertical complex load,
P”, is applied as expressed in Equation 12. The stress distribution is shown in Figure 9¢c and
also displayed in Figure 16 by the numerical model. Along the horizontal diameter of the CITT
specimen, the horizontal stress, ox(x,t), and the vertical stress, oy(x,t), are defined by Equation
13 and Equation 14, respectively [79-81].

P = P Lgiet P, [Cos(a)t)+isin(a)t)] (12)

o-x(X,t)=2i[ (1-/R sin 2 tan‘l[l_ X/RE tan aj]

2 /p2 4/ps 1.v2/R2
1+2(x*/R*)cos 2a +x*/R 1+x%/R 13

azl

()_[ (1= R Jsin2a [_/J]
(14)

raz| 1+2(x*/R*)cos 2 + x*/R* 1+x2/R?

2k,
=——= f(x)+g(x
=2 (x)+9(x)]
where x is the distance from the origin along the abscissa, Po is the amplitude of the sinusoidal
load, a is the loading strip width, z is the thickness of the sample, R is the radius of the sample,
and f(x) and g(x) are the substitution expressions for simplifying the formulae. The horizontal

strain, ex(X, t), is expressed:

g (xt)= El [ (x)~vo, (x)] (15)
-2 g () £ (-9 (x]

where v is the Poisson’s ratio. The total deformation between -R and R at the horizontal central

axis, 4H(t), is given:
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AH (t) = ji £,(x,)dx
E*Z—F;;azei("“) [+ F (e (v-1) ] g (x)0x] (16)
— 2PO

B |E*| raz

ei(wt—z/))A

where A is the substitution expression. Therefore, in the CITT mode, the complex modulus
from the horizontal deformation can be expressed as:

. 2R,Sih(wt—¢)A

E
zazAH (t)

a7

Another dynamic modulus test method of the CCT was involved in this thesis, which
was compared with the CITT. The CCT was performed from the laboratory of UiA using the
servo hydraulic Universal Testing Machine (UTM) manufactured by IPC global®. The testing
was done by Mequanent Mulugeta Alamnie. The sinusoidal axial load was applied with the
testing conditions of temperatures of -10, 5, 21 and 40 °C and the frequencies of 10, 5, 2, 1, 0.2
and 0.1 Hz. Three LVDT with 70 mm gauge lengths were installed at 120° apart of the CCT
specimen. The CCT was conducted in a controlled strain mode with a target strain of 50 pe or
less. Differently from the CITT, the CCT determines the complex modulus uniaxially based on
Equation 4 as it measures the vertical stress and strain along the direction of the applied load
as shown in Figure 10.

Figure 10. (a) CCT setup using UTM and (b) scheme of CCT specimen subjected to a vertical

load.
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3.4 Master curve construction

3.4.1 Master curve models

Bitumen complex shear modulus

In this research, the complex shear modulus master curve of bitumen was constructed based on

the modified HS model as expressed:

-1 -1

G (w)=1| G, + G. -G, B (18)
1+51(ia)r1)ml+52(ia)rz) : 17,0

where Go and G., are the complex shear moduli at the infinitesimal and infinite frequencies,
respectively, 71 and 7 are time constants for the parabolic dashpots and m1, mz, 1 and o> are
model parameters. The number of parameters can be decreased using one time constant z = 71

= 72.

Asphalt mixture dynamic modulus

The master curve models for the dynamic modulus of asphalt mixtures were estimated in this
study. Three models were investigated, which were SLS, GLS and CAM models. The SLS
model used in MEPDG is one of the most popular models to describe the rheological properties

of asphalt mixture as given by Equation 19.

E*

)=+ —— s (19)

log ( 14 gf7tou(f)

where f; is the frequency at the reference temperature, J, o, § and y are the fitting parameters.

dand 6 + o represent the minimum and maximum value of |[E”|, respectively.  and y describe
the shape of the SLS model as depicted in Figure 11.
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Figure 11. Graphical interpretation of SLS model.

The GLS model is the general form of the SLS function applicable to asymmetric

curves as expressed:

)=5+ @ (20)
[L4a-em 7m0 s

*

E

Iog(

where ¢', o', f', ' and A are the fitting parameters. A characterises the asymmetric characteristics
shown in Figure 12. 5’ and 6’ + ' represent the minimum and maximum value of |E"|,

respectively. " and y' describe the shape of the GLS model.

A a a0

<®™mQ O™

06

log(IE"))

log(f,)

Figure 12. Graphical interpretation of the role of 4 coefficient in GLS model.

The CAM model given by Equation 21 also satisfactorily describes the viscoelastic

properties of asphalt mixtures.

— Ee+°°—e (21)
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where f¢ is the location parameter with dimensions of frequency, v and w are fitting parameters

and describe the shape of the model as shown in Figure 13.

IE’l

log(f,)

Figure 13. Graphical interpretation of CAM model.

Asphalt mixture phase angle

The phase angle master curve is constructed through the Lorentzian equation, denoted
as Equation 22 [82, 83]:

Kk, k?
= —
[log(f,)—k, | +kj

(22)

where kp is the peak value, Kgq is the growth rate, and k. is the critical point.
3.4.2 Shift factor techniques

The shift factor, a(7), describes the temperature dependency of the dynamic modulus and the
general form is given in Equation 23. It is used to shift the dynamic modulus at different test

temperatures to the reduced frequency of the master curve based on the reference temperature.

a(T)% (23.1)
log(f,)=log( f)+log[(T)] (23.2)

Five commonly used shift factor equations were compared in this research, which were
log-linear, quadratic polynomial, Arrhenius, Williams-Landel-Ferry (WLF) and Kaelble
equations.
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The log-linear equation is one of the most popular temperature shifting methods for

asphalt mixtures, which is expressed as:
log[ «(T)]=C(T-T,) (24)

where T is the reference temperature, and C is the constant which is determined by analysis of

the experimental data.

The quadratic polynomial equation well fits the shift factors over a wide range of

temperatures and is given in Equation 25.
log[a(T)]=p(T-T,)+a(T-T,)’ (25)
where p and q are regression parameters.

The Arrhenius equation for calculating the shift factor is presented in Equation 26.

Iog[a(T)]:C’(%—%}:%(%—%j (26)

where C' is a constant, Ea is the activation energy (J/mol) and Ry is the ideal gas constant (8.314
J/mol-K). Arrhenius equation has only one constant to be determined and can describe the

behaviour of the material below the glass transition temperature, Tg [84].

The WLF equation is widely used to describe the relationship between shift factor and

temperature above Tg and thereby assess the shift factor of asphalt mixtures:

log[ a(T)]= % @7

where C1 and C; are two regression parameters.

The Kaelble equation is a modification of the WLF equation and can describe the

relationship between shift factor and temperature below Tq as given in Equation 28.

-C/(T-T,)

(28)
C, +[T-T,|

log[(T)]=
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where C1" and C,' are two regression parameters.
3.4.3 Fitting procedure and estimation

The Sum of Square Error (SSE) between measured values after shifting and predicted values is
used to fit the master curve as given by Equation 29. The SSE was minimised by the nonlinear

least squares regression to obtain the optimal master curve parameters.

2

predicted (29)

*

£

measured

E

SSE=)_

measured

The constraint range of variables was not defined due to well fitting results for the cases.

The same initial values of master curve parameters were used for each fitting procedure.

The master curve models and shift factor techniques were estimated through the
absolute error, Normalised Square Error (NSE), Standard Error Ratio (Se/Sy) and coefficient of

determination (R?). The absolute error formula is expressed as:

*

predicted

Absolute error = |E* (30)

measured

The NSE reflecting the relative error is also used to evaluate the models as shown in
Equation 31.

2

measured (3 1)

* *

predicted

*

NSE =

measured

The Se/Sy and R? used to evaluate the goodness of fit of the models are defined as:

(32)

5, = |2 V) ¥) 33)
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R2=1—(n_k)~[§J (34)

(n-1) | S

y

where S is the standard error of estimation, Sy is the standard error of deviation, n is the sample
size, k is the number of independent variables, Y is the measured value, ¥ is the predicted value,
and Y is the mean value of measured values. Lower S¢/S, and higher R? values indicate better

goodness between predicted and measured data.
3.5 Dynamic modulus prediction method based on material factors
3.5.1 Grey relational method

Since it was impossible to compare a single material factor under exactly the same conditions,
the grey relational analysis was used to evaluate the influence of material parameters (i.e.,
maximum aggregate size, binder content, rheological properties of bitumen, bulk density and
void characteristics of asphalt mixtures) on the dynamic modulus of asphalt mixtures. The grey
relational analysis is a statistical technique, which is mainly used to elaborate the closeness of
the relationship between main factors and sub-factors in a system as well as to evaluate the
degree of influence that each sub-factor exerts on the main factor [85]. In total, there were m
material parameters and n sets of data. The ith material parameters were expressed as xjj, where
i=1,2,...,mandj=1,2, ..., n. Since the numerical values of the material parameters are in
different ranges, the min-max value method is used for the dimensionless processing of
variables by Equation 35.

%; —min(x; )

)

]

= - fori=12,...mand j=12,...,n (35)
max (x; ) —min(x; )

where Xjj is the comparability sequence from 0 to 1, min(x;) is the minimum value of the xij

matrix and max(xij) is the maximum value of the x;; matrix. The dynamic modulus sequence

was defined as the reference sequence Xoj. The difference between the material parameter

sequence, Xij, and reference sequence, Xoj, is 4ij = |Xoj — Xij|. The grey relational coefficient is

used to determine how close Xij; is to Xoj, which is calculated by Equation 36.

_ min(A)+¢ max(A;)
(X% )= Ay +¢ max(Ay)

fori=12,...,mand j=12,...,n (36)
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where y(Xo;,Xj) is the grey relational coefficient, min(4;) is the minimum value of 4;; matrix,
max(4ij) is the maximum value of 4;; matrix and {is the resolution coefficient between 0 and 1
to reflect the difference in the correlation and the value of 0.3 is selected according to the
previous study [86]. The grey relational grade between the ith material parameter sequence, Xi,

and the dynamic modulus sequence, Xo, is then calculated by Equation 37.

7(Xer X))

DII—‘

n
== 7(Xo. X)) fori=12,...,m (37)
j
where y(Xo,Xi) is the grey relational grade between 0 and 1, and the closer its value is to 1, the
better the correlation between the material parameter and the dynamic modulus.
3.5.2 Dynamic modulus prediction from material properties

In addition to the prediction method by constructing the master curve based on the test results,
the dynamic modulus can be also calculated through material parameters. The corresponding

models investigated in this research are given as follows.

Witczak 1-37A model

The Witczak 1-37A model was developed by Witczak et al. [87]. This model is an empirical
model used for predicting the dynamic modulus of Level 2 and Level 3 designs, which is
described in the ME pavement design guide [2]. The model takes into account the viscosity of

the bitumen and the volumetric properties of asphalt mixtures as expressed:

*|) =3.750063-+ 0.02932 9,5, ~ 0.001767 9,0, )* —0.002841p, — 0058097,

Iog( E

0.603313-0.313351l0g( 1 )-0.393532l0g (7
et 1+ e[ (f)- )]

0 802208( Viest J 3.871977-0.0021p, +0.003958 p,, - 0. 000017(,038) +0.005470p,,

where |E*| is dynamic modulus [psi], # is bitumen viscosity [10° Poise], f is the loading
frequency [Hz], Va is the air void content [%], Vet is the effective bitumen content [%], ps4 is
the cumulative retained on the 3/4 in sieve [%)], p3s is the cumulative percent retained on the
3/8 in sieve [%], p4 is the cumulative retained on the No. 4 sieve [%], and p2oo is the percentage
passing the No. 200 sieve [%].
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Witczak 1-40D model

The Witczak 1-40D model incorporating the complex shear modulus and phase angle of the
binder was improved by Witczak et al. [88]. This model has been widely adopted in the United
States and is one of the most accurate empirical models used for pavement design as given:

log|E7) =—o.349+0.754(\<3;\

—0.0052 )

(39)

2 2 2 Vheff
x| 6.65-0.082 5, +0.0027 () +0.011, ~0.0001(, )" +0.006 95, ~0.00014 )" ~0.08V, ~1.06| -~
beff + a

Vbeff
2.56+0.03V, +0.71| —>'—

heff+ a

]+ 0.012,5 —0.0001( py, )* —0.01p,,
.

[70 7814-0.578585l0g]G; |+0.8834l0g( g, )}

l+e
where |Gy | is the complex shear modulus of binder [psi], and ¢» is the binder phase angle [°].
Hirsch model

The Hirsch model was developed by Hirsch et al. [31]. This empirical model is used to predict
the dynamic modulus of asphalt mixtures based on the volumetric properties and the complex
shear modulus of the binder as follows.

E'|=P, 4200000(1—V—MA)+ 3G; (VMAXVFBJ + LR (40)
100 10000 L VMA
100 . VMA
4200000 3|G,|VFB
. 058
3/G,|VFB
20+ 0L
VMA
R= N 0.58 (41)
3|G;|vFB
650 +| |
VMA

Al-Khateeb model

The Al-Khateeb model was proposed by Al-Khateeb et al. [32]. This model uses a regression
analysis of dynamic modulus data to material factors, which is expressed as:
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r 1066 ]
10000|G;

NV+—F——
VMA
1066
900|G;
1100+ ———
VMA

where |Gg"| is the binder complex shear modulus at the glassy state (assumed to be 145000 psi).

*

E

(42)

:3(1_VMAJ
100

Global model

This global model is also a regression model developed by Sakhaeifar et al. [33]. This model
is applied to predict the dynamic modulus of asphalt mixtures using a large dataset of laboratory
test results based on the void characterisation, which is given as follows.

£

) =6.1716-0.00269,, — 0.00137 py; —0.10641p,5, —0.05248V, —0.1774V,,,, +0.00618V,;
1.0154+0.08395 0, +0.0142V, +0.17103V,,, —0.00747V,2, (43)

-0.81189-0.54698 X ; )

Iog(

+

1+el

24392 x 10—0.0004T2+0.0135T —-0.1003

0.12332 7.72273 (44)
145000 |
G,

X =log

where Xg is the predicted frequency as given in Equation 44.

Simplified global model

This model is the simplified version of the global model described in the former section. This
model predicts the dynamic modulus of asphalt mixtures considering the air voids, the effective
binder content and the complex shear modulus of the binder. It is expressed as follows.

£

) = 6.4197 - 0.00014 0%, —0.00547 p,, —0.11786 p,q, — 0.05528V, —0.16266V,,; —0.00487V,’

beff

Iog(
0.57677 +0.00713p,, +0.16167 p,,, —0.0052 %, +0.01889V, +0.16031V,; —0.00592V,2 (45)
+

beff

N 9[1.864570.9599“09(‘6; m
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3.5.3 Development of dynamic modulus prediction model

Prediction model based bituminous rheological properties

The correlation between the bitumen rheological properties and the dynamic modulus of
asphalt mixtures was investigated using the Multiple Linear Regression (MLR) method as
expressed:

G

Iog[ E

(T, f)]=a-log[n(T)]+a,-log[|G"|(T, f)]+a (46)

where |E"|(T, f) is the dynamic modulus at different temperatures and frequencies, a:, a, and

as are model parameters. 5(7) and |G"|(T, f) are obtained corresponding prediction models.

Prediction model based on modelling of master curve parameters

A model is developed to predict the dynamic modulus of asphalt mixtures by MLR of the
master curve parameters through the material factors. The MLR model is given in Equation 47.

n
Master curve parameters = Zbi (Material parameters)
i=1

(47)

where b; is the model parameters,andi=1,2, ..., n.
3.6 Finite element (FE) analysis

The FE modelling in this study was performed by the COMSOL Multiphysics program for four
types of asphalt mixtures, which were AC 16-70/100, SMA 16-70/100, MA 16-V9000 and AG
16-160/220. The modular structure of the program is shown in Figure 14. The master curve
model was incorporated into the parameter module. Therefore, the inputs of temperature and
loading frequency were used to determine the dynamic modulus in the material module, which
also included the measured density and Poisson’s ratio. The Prony series coefficients of
relaxation modulus based on the generalised Maxwell model were used as inputs in the
viscoelasticity module. The thermal effects were described by the WLF shift function. The
viscoelastic behaviour of asphalt mixtures was defined by the master curve models and the
relaxation modulus. Afterwards, the FE analysis of the CITT was conducted and the results
were compared with the experimental results. Finally, a numerical model was applied for
predicting the stress and strain of some asphalt pavement structures.
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. Definitions
Parameter module: master curve of asphalt mixtures.

. Component

« Geometry module: dimensions of asphalt mixtures
and pavements;

« Materials module: density, modulus and Poisson’s
ratio;

« Physics module: viscoelasticity, boundary load and
fixed constraint;

* Mesh module: element size.

3. Study
« Study module: time dependent or stationary.

¥
4. Results

« Results module: datasets, stress, strain and
displacement (1D, 2D and 3D plots).

¢ o

N

Figure 14. Modular structure of COMSOL Multiphysics program.
3.6.1 Constitutive relationship

The generalised Maxwell model was used to investigate the viscoelastic behaviour of asphalt
materials in this study. A Prony series model was used to characterise the relaxation modulus
[89].

n
E(t)=E,+) Ee™ (48)

i=1
To determine the coefficients of the relaxation modulus in Equation 48 based on the
dynamic modulus test results, the storage modulus, E'(w), and the loss modulus, E"(w), are

calculated as [90]:

", »’7]E,
E'(0)=E L
(0)=Be+ 2 (49)
L orE
E" — 1 1 50
() =21 (50)

The dynamic modulus can be expressed as:

e (o) =\[E(@)] +[E"(0)] (1)
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The least squares regression is used to minimise the error as reported in Equation 52

for obtaining the Prony model coefficients of the relaxation modulus.

* 2

1|, (@),

error =— 1— L~ “Predicted 52
n Z[ E" (o } (52)

i=1

1 /IMeasured

In this study, the relaxation time was selected from 102 s to 10% s. The regression
coefficients for the four considered types of asphalt mixtures are given in Table 5. The
corresponding relaxation moduli are also shown in Figure 15, which were inputs in the LVE

domain of the FE modelling for asphalt materials.

Table 5. Prony series coefficients of relaxation modulus for four types of asphalt mixtures.

Serial Relaxation Relaxation modulus, Ei [MPa]
number time, zi[s] AC 16-70/100 SMA 16-70/100 MA 16-V9000 AG 16-160/220

1 108 684.258 304.314 1.059 1003.717
2 107 2263.211 2163.195 6.879 1705.459
3 10 4489.856 4546.179 450.073 2764.411
4 10 5739.231 6378.464 3736.190 3648.062
5 10 6851.697 7353.890 7254.655 4482.645
6 103 7305.593 7288.608 3466.729 5765.889
7 102 6297.559 5148.745 439.516 5954.210
8 101 2597.327 2783.350 189.400 2415.994
9 10° 1376.162 919.812 28.705 679.442
10 10t 525.526 338.405 0.483 177.008
11 102 228.401 159.158 0.475 27.059
12 10° 5.653 86.483 150.670 14.454

long-term equilibrium

modulus, E. [MPa] 196.681 95.498 244.800 136.690

<-AC 16-70/100 SMA 16-70/100
MA 16-V9000 --- AG 16-70/100

8000

6000 1

= 2000 -

Relaxation modulus [MPa]
&
o
<1

o
'

-6 -4 -2 0 2 4
Log relaxation time [s]

N
o
®

Figure 15. Relaxation moduli for four asphalt mixtures.
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3.6.2 Finite element (FE) modelling of cyclic indirect tensile test (CITT)

Figure 16 presents the schematic diagram of FE modelling of the CITT. The geometry of the
cylindrical sample was established. The load was applied along a strip with a width of 12.7 mm
at the top. The bottom of the geometry was constrained to simulate the CITT. The horizontal
tensile stress and strain on the central plane were calculated and their values were compared
with the experimental CITT results to verify the reliability.

Sinusoid load x10°

005 Mo2

m 0.09.02

[
50 40 30 20 10 0 10 20 30 40 50
Position (x-coordinate) [mm)

I = ~
50 40 30 20 10 0 10 20 30 40 50
Pasition (x-coordinate) [mm]

Figure 16. Schematic of FE modelling for CITT: (a) Von Mises stress, (b) Tensile stress and

(c) Horizontal strain.

The R? and Mean Absolute Percentage Error (MAPE) were evaluated. The MAPE is
expressed as:

Y, -Y

MAPE = 1 Z %100% (53)

N

where Yi is the measured value, Y is the simulated value, and i = 1, 2, ..., n. The R? reflected
the goodness of fit of the FE modelling. The MAPE reflected the relative difference between
the predicted value and the measured value. The FE modelling and test were compared under
nine combinations of three temperatures -10, 0 and 15 °C and three loading frequencies 3, 1
and 0.3 Hz.

3.6.3 Finite element (FE) modelling of asphalt pavement

After the validation of the numerical approach, the FE modelling is applied to an asphalt

pavement (comprising surface layer, base layer and subbase layer) to predict the stress and
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strain responses at the bottom of the surface layer as shown in Figure 17. The information of
the pavement structure is given in Table 6. The mechanical response was investigated for seven
different values of surface layer thicknesses (40, 60, 80, 100, 120, 140 and 160 mm). The AG
16-160/220 mixture was used as the base layer. The dynamic moduli of the surface layer and
the base layer were evaluated according to the master curve model for loading frequency 1 Hz
and temperature 0 °C to simulate the low temperature condition in Norway [11]. The contact
stress of 0.7 MPa is applied on a circular area having a diameter of 200 mm according to
previous studies [91-93]. The corresponding load is approximately 22 kN, which simulates the

equivalent single axle load of 100 kN presenting dual wheels.

0.5
m
0.7 MPa 0
@ 200 mm 0.5
0.4
Asphalt surface layer @77
Asphalt Base layer 45> 0

5 Subbase' Iéyer
Yubiax ;

m
-0.5

Figure 17. FE modelling of asphalt pavement.

Table 6. Thicknesses and material properties of the pavement structure.

Thickness . Material properties
Structure [mm] Material Modulus [MPa3] Poisson’s ratio [-]
AC 16-70/100 17558 0.35
Surface layer 40-160  SMA 16-70/100 15615 0.35
MA 16-V9000 2518 0.35
Base layer 150 AG 16-160/220 12537 0.35
Subbase layer 300 Crushed rock 300" 0.4

" The stiffness of the subbase layer was selected based on typical values for Norwegian
crushed rock.

In a three-dimensional structure, the directions of tensile stress and strain in the XY
plane were various. In this study, the average values of the tensile stress and strain in the x and

y directions in the XY plane shown in Figure 18 are evaluated.
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Figure 18. Tensile stress (a) in x direction and (b) in y direction and strain (c) in x direction
and (d) iny direction of XY plane at the bottom of the 80 mm-thick AC 16-70/100 surface
layer in FE modelling.

For this model, it could have been possible to utilise symmetry to reduce the number of
elements, but since the calculation time was already quite short this was not done. Some tests

were performed also including frost protection/subsoil, but this did not significantly influence
the results that were studied.
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4 RESULTS AND DISCUSSION
4.1 Test method comparison
4.1.1 Comparison of sample preparation methods

Four types of asphalt mixtures, i.e., AC 11-70/100, AC 16-70/100, SMA 11-70/100 and SMA
16-70/100, were used to compare the sample preparation methods of roller compression and
gyratory compaction. The volumetric properties, shift factor, dynamic modulus and phase
angle were evaluated as follows. The study on the comparison of sample preparation methods

was discussed in detail in Paper I.

Volumetric properties

The volumetric properties reflect how well a specimen is compacted, and the results for the
four asphalt mixture types prepared by both roller compactor and gyratory compactor are
shown in Figure 19. The void characteristics of an asphalt mixture depend on many factors
including compaction mode and effort, binder content, aggregate type, mixture type, etc. As
indicated in Figure 19, in this research the gyratory compaction method results in lower Air
Void Content (Va), lower Void in Mineral Aggregate (VMA) and higher Voids Filled with
Binder (VFB) compared to the roller compression method. These findings indicate that gyratory

compaction applied a higher degree of compaction when compared to roller compaction.
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Figure 19. Void characteristics of specimens: (a) Va, (b) WMA, and (c) VFB.

Dynamic modulus master curve

The dynamic modulus master curves of specimens fabricated by two preparation methods were

constructed based on the SLS model and WLF equation due to a better fit of the model

explained in Section 4.2. The fitting parameters, R? and SSE, are reported in Table 7. The R?

of all asphalt mixtures ranged from 0.9927 to 0.9997, and the SSE values were comprised

between 0.0331 and 0.1947, to be concluded that all the experimental values were then

satisfactorily fitted.

Table 7. Fitting parameters, SSE and R? for mixtures.

SLS model

WLF equation

H 2

Mixture s . 7 . Ct ) R SSE

AC 11-R 0.406 4.300 -1.070 0.364 17.93 125.21 0.9997 0.0710
AC11-G 0.830 3.854 -1.097  0.391 18.22 112,91 0.9984 0.0836
AC16-R 0529 4.159 -1.070 0.413 12.11 88.71 0.9976 0.1352
AC16-G 0313 4.391 -1.254  0.396 13.69 91.34 0.9986 0.0780
SMA 11-R 0.777 3.766 -1.037 0.497 6.91 57.31 0.9962 0.0331
SMA 11-G 0.749 3.776 -1.177  0.469 7.36 55.72 0.9946 0.0413
SMA 16-R 1.562 3.026 -0.589 0.515 8.96 67.63 0.9927 0.1947
SMA 16-G 1.436 3.138 -0.851 0.464 9.78 68.21 0.9973 0.1375
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Figure 20 shows the WLF shift factor curves of the different mixtures. It was found that
the logarithm of the shift factor linearly decreased with the increase in temperature. The linear
regression results are calculated according to the linear equation as given in Table 8, where x
is the temperature, and y is the predicted shift factor. The R? of AC 11 and AC 16 were higher
than those of SMA 11 and SMA 16, this showed that the logarithm of the shift factor of the AC
mixtures tended to be more prone to follow a linear trend than that of the SMA mixtures;
furthermore, it also showed that the shifted distances of the dynamic moduli of the AC mixtures

per unit temperature were more even than those of the SMA mixtures when the master curves

were constructed.

Table 8. Linear regression of shift factors.

Mixture type Compact method Linear regression R?
AC 11 Roller compaction y =-0.159x + 2.602 0.990
Gyratory compaction y =-0.182x + 3.002 0.988
AC 16 Roller compaction_ y=-0.161x +2.721  0.980
Gyratory compaction y =-0.176x + 2.957 0.981
SMA 11 Roller compaction_ y =-0.166x + 2.952  0.946
Gyratory compaction y =-0.184x + 3.291 0.942
SMA 16 Roller compaction_ y=-0.169x + 2.948 0.963
Gyratory compaction y =-0.183x + 3.177 0.963

7 . . . . L
o AC 11-70/100_roller
= AC 11-70/100_gyratory
5- AC 16-70/100_roller -
AC 16-70/100_gyratory
- SMA 11-70/100_roller
—_ 3 SMA 11-70/100_gyratory |
E ¢ SMA 16-70/100_roller
3, SMA 16-70/100_gyratory
> 1 -
KS)
-1 L
-3 . : . . .
-20 -10 0 10 20 30 40

Temperature [°C]

Figure 20. WLF shift factor curves for tested mixtures.

Figure 20 shows that the shift factor of AC 11 prepared by roller compactor is different
from the one related to gyratory compaction. At -10 °C, the specimens formed by gyratory

compaction had a higher shift factor than those compressed by roller compactor. At 30 °C, the
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shift factor of the gyratory compacted specimens was smaller than that of the roller
compression method. These results indicated that the shift amplitude of the dynamic modulus
curve of the specimens prepared by the gyratory compactor at each temperature was larger than
the corresponding values related to roller compaction.

As shown in Table 7, the compaction method, asphalt mixture type, and maximum grain
size all exert clear effects on the fitting parameters. The compaction method had a major
influence on the fitting parameters of 6 and o for AC mixtures. However, there was a smaller
difference of ¢ and « between the two compaction methods for SMA mixtures. This showed
that the compaction methods exerted a greater impact on the AC mixtures than the SMA
mixtures. The AC and SMA mixtures had different structures causing this result. The AC
mixture is composed of a dense gradation. The structural strength of the AC mixture is mainly
based on the cohesive force between the mineral aggregate and the binder. The SMA mixture
is a semi-dense and semi-inlaid structure. The structural strength of the SMA mixture is
composed of the squeezing force, internal friction between the mineral aggregates, and the
cohesive force between the mineral aggregate and the binder [94]. The compaction method had

a more important influence on the dense structure.

The master curves are portrayed in Figure 21. The dynamic modulus values are then
compared at the condition of -10 °C and 10 Hz (low-temperature condition) and at the condition
of 40 °C and 0.1 Hz (high-temperature condition) based on the modelling of the dynamic
modulus, as shown in Figure 22.

1 05 . " ul " l o . el ul o R . oL
© 5 e EE R omee
=
@ 10%5 & 3
5 §8
3 x 8 o AC 11-70/100_roller
e '3’5 = AC 11-70/100_gyratory
o -g-§ AC 16-70/100_roller
'€ 10%4 vt AC 16-70/100_gyratory  F
@ ) SMA 11-70/100_roller
s nfa 4 SMA 11-70/100_gyratory
(@] & SMA 16-70/100_roller
5 ¢ SMA 16-70/100_gyratory
0 2
10 10" 102 10" 108 10"
Reduced frequency [Hz]

Figure 21. Master curves for tested mixtures.
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Figure 22. Dynamic modulus at (a) the low-temperature condition -10 °C and 10 Hz and (b)

the high-temperature condition 40 °C and 0.1 Hz.

As shown in Figure 22a, the dynamic moduli of AC mixtures prepared by the gyratory
compactor are higher than those fabricated by the roller compactor at low-temperature
condition. The AC mixtures prepared by the gyratory compactor were denser, leading to a
higher dynamic modulus. However, even though the gyratory compaction also made the SMA
mixtures denser, the dynamic moduli at the low-temperature condition for SMA mixtures
prepared by the gyratory compactor were slightly lower than the corresponding ones attained
by the roller compactor. This indicated that the combined effect of the embedded and dense
structures caused the dynamic modulus of the SMA mixture at low temperatures to be less

affected by the compaction method.

As shown in Figure 22b, the dynamic moduli of gyratory compacted specimens are
higher than roller compressed specimens at the high-temperature condition. Considering the
findings related to high temperatures, the dynamic moduli of AC mixtures and SMA mixtures
were affected the least and the most by the compaction mode, respectively. As the bitumen
attains a viscous flow state at high temperatures, the cohesive force between the binder and the
aggregate is greatly reduced. Therefore, the dynamic modulus of the AC mixtures was less
affected by the compaction method. The structure of the SMA mixture was also improved by
the gyratory compactor, which then caused less affected by the temperature at high

temperatures.
4.1.2 Comparison of dynamic modulus test methods

Although the CCT was usually employed to develop the ME pavement design, the CITT was
considered for the development of the Norwegian ME pavement design system due to the
feasibility for both laboratory and field samples. The asphalt mixtures of AC 11-70/100 and
SMA 11-70/100 prepared by the gyratory compactor were adopted for the test mode
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comparison, which were coded AC 11- or SMA 11-CITT and AC 11- or SMA 11-CCT tested
by the CITT and CCT, respectively. The master curves were established based on the SLS
model, Lorentzian equation and WLF equation with the reference temperature of 21 °C. The

study on comparison of test methods was detailly discussed in Paper V.
Shift factor

The results of the shift factor are shown in Figure 23. The shift factor reflected how far the
measured values moved relative to the dynamic modulus at the reference temperature, resulting
in an impact on the modelling values of the master curves. In terms of AC 11 mixtures, the
slope of the shift factor of AC 11-CITT was higher than the one of AC 11-CCT, which meant
that the curve of AC 11-CITT was shifted more in the construction of the master curve than
that of AC 11-UC. However, for the SMA 11 mixtures, the measured values of SMA 11-UC
moved more at high frequencies relative to SMA 11-IDT. When the measured values were
higher, moving more distance to high and low frequencies widened the difference, reflecting
that the difference in dynamic modulus of the two test methods was greater for the AC 11
mixtures than for the SMA 11 mixtures. This result revealed that the structure of the tested
asphalt mixture had a great impact on the results obtained with the two test procedures. The
SMA mixtures with the embedded structure were less affected by the test than the AC mixtures

with the dense structure.

—o—AC 11-CITT| SMA 11-CITT,
] - —o—Ac11cCT| | 5l SMA 11-CCT| |
0.
31 \

8
i \
0.
1 \ L1
O
o

-3 T T T T T T -3 T - -
-20 -10 0 10 20 30 40 50 -20 -10 0 10 20 30 40 50
(a) Temperature [°C] (b) Temperature [°C]

Figure 23. Shift factors for specimens: (a) AC 11 and (b) SMA 11.

log[a(T)] [-]
log[a(T)] [-]

Dynamic modulus

The dynamic modulus results of the CITT and CCT are shown in Figure 24. Figure 24a displays
that the dynamic moduli of AC 11 mixtures measured by both tests are similar at 5 °C and there
are some differences at higher and lower temperatures. The dynamic moduli of SMA 11
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mixtures obtained by two tests were similar at low temperatures (-10 and 5 °C) and different at
higher temperatures. The Coefficients of Variation (CoV) of the dynamic modulus results are
given in Figure 25. The CoV of AC 11-CITT, AC 11-CCT, SMA 11-CITT and SMA 11-CCT
were smaller at -10, 5 and 21 °C, which were around 10% or less. The CoV of AC 11-CITT,
SMA 11-CITT and SMA 11-CCT were bigger at 40 °C, which was up to 30%. This indicated
that the dynamic modulus test had a smaller variation at low temperatures and a bigger variation
at high temperatures. Furthermore, the CoV of SMA 11 mixtures were lower than the ones of

AC 11 mixtures, which displayed that the grading type of mixtures had an influence on the test

variation.
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Figure 24. Dynamic modulus results: (a) AC 11 and (b) SMA 11.
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Figure 25. CoV of dynamic modulus results: (a) AC 11 and (b) SMA 11.

To compare the two test methods under a wider range of conditions, dynamic modulus
master curves of asphalt mixtures were constructed. The dynamic modulus master curves of
AC 11-IDT, SMA 11-IDT, AC 11-UC and SMA 11-UC are presented in Figure 26. The fitting
parameters and the goodness of fit statistics [95], including the Se, Sy, Se/Sy and R?, are given in
Table 9. All master curves had good fits. The R? of the dynamic modulus were over 0.988.
Both R? of dynamic modulus for AC 11-CITT and SMA 11-CITT were bigger than the R?
values of AC 11-CCT and SMA 11-CCT. Meanwhile, both the Se/Sy of dynamic modulus for
AC 11-CITT and SMA 11-CITT were smaller than the S¢/Sy of AC 11-CCT and SMA 11-CCT.
These outcomes indicated that the dynamic modulus master curves had a better fit for IDT test
data. Furthermore, it is observed from Figure 26 that the dynamic moduli obtained by the two
tests are relatively consistent in the frequency range from 10 Hz to 10* Hz. When the frequency
was higher than 10* Hz or lower than 10 Hz, the dynamic moduli displayed differences.
Compared with SMA 11, two tests induced a more severe difference in dynamic modulus at
both higher and lower frequencies for AC 11. This result indicated that the AC 11 structure
tended to expand the difference in dynamic modulus caused by the two tests compared to SMA

11 structure.
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Figure 26. Master curves of dynamic modulus: (a) AC 11 and (b) SMA 11.

Table 9. The fitting parameters and statistical parameters of the dynamic modulus master
curves for asphalt mixtures.

Fitting parameter AC11-CITT SMA11-CITT AC11-CCT SMA11-CCT

0 1.755 2.152 1.594 1.575

o 2.974 2431 2.823 2.847
SLS model -0.382 -0.106 -0.385 -0.432

y 0.413 0.504 0.701 0.650
WLF Ci 33.802 49.893 19.297 11.018
equation C 243.539 356.001 166.369 87.622
Goodness of fit statistics
Se 724.649 673.983 798.555 1098.795
Sy 12566.958 10345.098 8937.466 10067.358
SelSy 0.058 0.065 0.089 0.109
R? 0.997 0.996 0.992 0.988

As all the dynamic modulus master curves of the four asphalt mixtures have a good fit,
the dynamic modulus predicted by the master curves at each frequency is compared by the NSE

following Equation 54. The smaller the NSE value, the more consistent the two test results.

* *

2
CITT B CCT ) (54)

(v )

where |E"lcitT is the dynamic modulus obtained by the CITT, |E"luc is the dynamic
modulus obtained by the CCT. The NSE between the two tests of AC 11 and SMA 11 is

NSE:(

*

illustrated in Figure 27. The dynamic moduli obtained by the two tests were considered
relatively consistent with a NSE of less than 0.005.
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Figure 27. NSE of dynamic modulus between two test modes for AC 11 and SMA 11.

As presented in Figure 27, the dynamic moduli obtained from both tests for the AC 11
are consistent in the frequency range from 102 Hz to 10° Hz. The dynamic modulus evaluated
from both tests for the SMA 11 was consistent in the frequency range from 10 Hz to 10* Hz.
Meanwhile, the NSE of the two mixtures increased gradually with the increase of the frequency
over 10* Hz or the decrease of the frequency less than 10 Hz. The NSE of SMA 11 was smaller
than that of the NSE of AC 11. These results indicated that the dynamic moduli of asphalt
mixtures measured by the two tests were almost the same in the reduced frequency range from
10 Hz to 10* Hz. However, some differences were found at high and low frequencies
(temperatures) where the dynamic moduli measured by the CITT were greater than those
obtained with the CCT test. Figure 27 shows that the NSE of the two mixtures is large at
extreme frequencies, particularly at very low reduced frequencies. This might be connected to
the various stress-strain responses of the specimens under the two test modes at relatively high
temperatures. The difference in NSE between the two asphalt mixtures might be caused by the
distinct physical structures. Comparing with the AC 11 mixture, SMA 11 had an embedded
structure between large size aggregates and its dynamic modulus is less affected by temperature
[96].

Phase angle

Figure 28 presents the phase angle results of the CITT and the CCT. The phase angles obtained
by both tests were similar at 21 °C for AC 11 and SMA 11 mixtures. The differences in phase

angles between the two tests occurred at higher and lower temperatures. The CoV of phase
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angle results are smaller at 21 °C as shown in Figure 29, which indicates that the two test modes

are stable at 21 °C leading to fewer result differences of both tests in the properties of the same

materials.
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Figure 28. Phase angle results: (a) AC 11 and (b) SMA 11.
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Figure 29. CoV of phase angle results: (a) AC 1

Similar to the dynamic modulus, phase angle master curves were constructed to
compare the differences between the two test methods over a wider range of conditions. The
phase angle master curves of AC 11-CITT, SMA 11-CITT, AC 11-CCT and SMA 11-CCT are
presented in Figure 30. The fitting parameters and the goodness of fit statistics are given in
Table 10. The statistical parameters of phase angle for the two tests were different from the
ones of dynamic modulus. Both R? of phase angle for AC 11-CITT and SMA 11-CITT were
smaller than R? of AC 11-UC and SMA 11-UC. Both S./Sy of phase angle for AC 11-CITT and
SMA 11-CITT exceed S¢/Sy of AC 11-CCT and SMA 11-CCT. Thus, the phase angle master
curves of the CCT data have a better fit than that of the CITT data. As shown in Figure 30, the
phase angle master curves for both tests are similar at high frequencies and shows differences

at lower frequencies. This difference was more severe for the SMA 11 mixtures than for the

AC 11 mixtures.
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Figure 30. Master curves of phase angle: (a) AC 11 and (b) SMA 11.

Table 10. The fitting parameters and statistical parameters of the phase angle master curves for
asphalt mixtures.

Fitting parameter AC11-CITT SMA11-CITT AC11-CCT SMA11-CCT
Lorentzian Ko 40.006 45.656 38.960 37.745
equation Kg 3.167 3.141 2.946 3.114

Ke -0.910 -1.154 -0.639 -0.653
Goodness of fit statistics
Se 2.961 2.661 1.299 1.611
Sy 11.358 12.273 11.223 11.934
SelSy 0.261 0.217 0.116 0.135
R? 0.932 0.953 0.987 0.982

The NSE of the phase angle was calculated from the Lorentzian equation and was also
utilised to compare the phase angle at each frequency as similar to the comparison of dynamic
modulus. Figure 31 presents the NSE of the phase angle for AC 11 and SMA 11. A smaller
NSE value was obtained at a higher frequency and a bigger NSE value emerged at a lower
frequency. Meanwhile, the NSE of AC 11 was less than 0.005 in the range of 0.1 Hz to 10° Hz,
showing the consistency of the phase angle of the two tests in this range. For the SMA 11
mixtures, the consistent range of phase angles from 10 Hz to 10° Hz for both tests was smaller
than the range for the AC 11 mixtures. Furthermore, the NSE values of SMA 11 mixtures were
bigger than the ones of AC 11 mixtures in the low frequency range. This phenomenon indicated
that the difference in phase angle between the two test methods was larger for SMA 11 mixtures
than for AC 11 mixtures. Besides, the phase angle of the CITT test was larger than that of the
CCT, which was consistent with Kim’s research [12]. The horizontal phase angles of the CITT
were generally higher than the phase angles determined from the CCT. The averaged phase

angles from the horizontal direction and vertical direction were close to the values from the
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CCT. It can be interpreted that the CITT only considers the phase angle in the horizontal

direction.
010 n L L L L L o ul ! ul o
+ AC 11
x  SMA 11| L
1o 10 102 10° 108

Reduced frequency [Hz]
Figure 31. NSE of phase angle between two test modes for AC 11 and SMA 11.

Stress-strain response

In order to clarify the fundamental difference between the two test modes, the stress-strain
response was investigated. The stress-strain states of AC 11 mixtures for the two tests are
represented in Figure 32 at various temperature and frequency conditions. Figure 33 shows the
CoV of the stress and strain results. As shown in Figure 32a and 32c, the stresses of both test
modes for AC 11 decreases as the temperature increases. This was explained that both test
modes control the strain in a certain range to ensure that the tested asphalt mixture was in the
LVE range. The increase in temperature caused the softening of the asphalt mixture yet the
strain range did not change. The strains of two tests for AC 11 are shown in Figure 32b and
32d. It was observed that the strains of the CCT were maintained around 40 pe at all
temperatures except for 40 °C. However, the strains of the CITT were not stable at a certain
value with the temperature changing, and there was no intuitive changing trend between the
strain and the temperature. This indicated that the CCT controlled the strain better than the

CITT and the strains of both tests were varied at high temperatures.

Figure 32 also shows the changes in stress and strain with the frequency. At low
temperatures, the stresses measured for both tests were maintained at a relatively constant stress
level as the frequency changed. The stresses were gradually affected by frequency as the
temperature increased. For high temperatures, the stress values fluctuated more with various
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frequencies for both tests. The variation in the trends of strain and stress with frequency for the
CITT was similar, while the strain in the CCT was stable at an average of 40 pe. When it came
to the changes in strains, the CCT had better deformation control than the CITT. However,
both approaches did not control the deformation well at high temperatures due to the viscous
properties of the asphalt mixture at high temperatures. The change in the stress-strain state with
temperature and frequency can be explained by considering the viscoelastic behaviour of
asphalt materials. At low temperatures, the elastic component played a major role; therefore,
the dynamic modulus did not change much with frequency, and the stress and strain were
stable. At high temperatures, the viscous component played a more important role, and the
dynamic modulus, as well as the stress-strain state, were highly related to temperature values.
It was worth noting that the strain value measured during the CITT at a high temperature and
low frequency was close to the upper limit. Therefore, it was difficult to ensure that the asphalt
material specimen was within the LVE range at high temperatures when investigated with the
CITT.
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Figure 32. Stress-strain states of AC 11 in CITT and CCT at various conditions: (a) AC 11-
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Figure 33 indicates that the CoV of stress and strain results for AC 11 mixtures are small
at -10, 5 and 21 °C and high at 40 °C, which is consistent with the CoV of dynamic modulus
results. This result further reflected that the mechanical properties of asphalt mixtures were
more stably determined at low and medium temperatures by both two test modes. The larger

variations occurred at high temperatures.
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Figure 33. CoV of stress and strain results of AC 11 mixtures: (a) stress and (b) strain.

The stress-strain states measured for SMA 11 mixtures are shown in Figure 34. The
trend of stress-strain states for SMA 11 was similar to the one for AC 11, indicating the major
relevance of the viscoelastic properties of asphalt materials. However, there were still some
distinctions between the two asphalt mixtures. At low temperatures, the stress of the SMA 11
was larger than that of the AC 11 except for 10 Hz in the CITT. The strain of the SMA 11 was
bigger than that of the AC 11 except for 10 Hz in the CITT. Meanwhile, the stresses of the
CCT grew slowly with the increase in frequency, and the strains remained around 40 pe for
both AC 11 and SMA 11. Thus, this finding illustrated that the CCT had better control of stress
and strain than the CITT. Comparing the results depicted in Figure 32a and 32c and Figure 34a
and 34c for high temperatures, the CITT stress values measured for the SMA 11 samples are
smaller than the ones for the AC 11 specimens. At 40 °C, the stress values of the SMA 11 in
the CITT decreased on average by about 15% relative to the AC 11. However, the stress of the
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SMA 11 was almost the same as that of the AC 11 in the CCT at 40 °C. The trends of the strain
values measured for both SMA 11 and AC 11 asphalt mixtures were similar at high

temperatures.
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Figure 34. Stress-strain states of SMA 11 in CITT and CCT at various conditions: (a) SMA
11-CITT stress, (b) SMA 11-CITT strain, (¢) SMA 11-CCT stress and (d) SMA 11-CCT
strain.

The CoV of stress and strain results for SMA 11 mixtures have a similar trend to that
for AC 11 mixtures as presented in Figure 35. It was worth finding that the CoV of the CCT
strain was very small at -10, 5 and 21 °C and was relatively large at 40 °C for both asphalt
mixtures. This reflected that the CCT had a very stable control on strain at -10, 5 and 21 °C
and controlled strain unstably at high temperatures.
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Figure 35. CoV of stress and strain results of SMA 11 mixtures: (a) stress and (b) strain.

As the different modes of control strain for the two tests, the stress and the strain were
normalised by dividing by the maximum value method for comparison. The normalised stresses
at every temperature were used to reflect the changing trend of the stress. The exponential
formulations used to fit the experimental values of mean stress and temperature are shown in
Figure 36. The high R? values validated the reliability of the relationship. The normalised
stresses at -10 °C were similar for both tests and the difference occurred at high temperatures.
At 40 °C, the values of normalised stresses measured by the CITT were approximately 3.26
and 2.34 times greater than the ones measured by the CCT for AC 11 and SMA 11 mixtures,
respectively. Compared with the CCT, the results indicated that the stress level of the CITT
was higher and the difference between the two tests of AC 11 was greater than that of SMA 11

in terms of stress.
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Figure 36. Relationship between normalised stress and temperature: (a) AC 11 and (b) SMA

11.

The relationship between normalised strain and temperature is shown in Figure 37. At
-10 °C, the normalized strain of the CCT had a stable value of around 0.8, which corresponded
to 40 pe. The strain difference with frequencies increased gradually with the increase in
temperature. At 40 °C, the strains of the CCT at six frequencies were quite different. The
normalised strain of the CITT showed large deviations at all four test temperatures. The strain
deviation under different frequencies of the CITT was greater than that of the CCT at -10, 5
and 21 °C and smaller than that of the CCT at 40 °C. The results indicated that the changing
trend of strain with temperature for the CCT was smaller than that of the CITT at low and
medium temperatures, while higher at high temperatures. This result demonstrated a better
control over the strain of the CCT at low and medium temperatures, which was consistent with
the CoV of strain results.
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4.2 Estimation of master curve models

After obtaining test results, the master curves were constructed to predict the dynamic modulus
of asphalt mixtures. The different master curve models were estimated in this thesis, which
involved four asphalt mixture types of AC 11-70/100, AC 11-PMB, SMA 11-70/100 and SMA
11-PMB prepared by roller compactor. The study on the estimation of master curve models
was detailly discussed in Paper I1.

4.2.1 Master curve results

The fitting results of master curves are presented in Figure 38, where red represents the SLS
model, blue represents the GLS model and green represents the CAM model, moreover, circle
markers, square markers, triangle markers, diamond markers and crosses represent the log-
linear equation, the polynomial equation, the Arrhenius equation, the WLF equation and the
Kaelble equation, respectively. The results of the three model fits were similar for the four
types of asphalt mixtures. The differences appeared in the various shift factor equations. No
matter whether at a high or low reduced frequency, the dynamic modulus values fitted by the
log-linear equation, Arrhenius equation and Kaelble equation were bigger than the ones fitted
by the polynomial equation and WLF equation. The fitting parameters of the log-linear
equation and the Kaelble equation were similar, and the fitting parameters of the polynomial
function and the WLF equation were very close.
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Figure 38. Dynamic modulus master curves of logarithmic scale: (a) AC 11-70/100, (c) AC
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Figure 39 shows the changes in shift factors with temperature, where the colour and
shape of the marker represent the same master curve models and shift factor equations as in
Figure 38. The curves of the log-linear equation, Arrhenius equation and Kaelble equation were
relatively close and show a linear shape, while the curves of the polynomial equation and the
WLF equation were similar and more curved than the former ones. This indicates that the
polynomial equation and the WLF equation shift the curve more to the right at high reduced
frequencies and more to the left at low reduced frequencies in Figure 38 resulting in the

dynamic modulus values fitted by the log-linear equation, the Arrhenius equation and the
Kaelble equation higher.
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Figure 39. Shift factors of (a) AC 11-70/100, (b) AC 11-PMB, (c) SMA 11-70/100 and (d)
SMA 11-PMB.

Figure 40 presents the modelling values of the dynamic modulus at the reduced
frequency of 10* Hz (T, = 15 °C) for three master curve models and five shift factor equations.
The distinction of dynamic modulus was not greatly affected by the master curve models. The
influence of the five shift factor equations was divided into two categories. The first category

including the log-linear equation, Arrhenius equation and Kaelble equation showed a higher
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value in dynamic modulus. Another category, the polynomial equation and the WLF equation,
exhibited a lower dynamic modulus of mixtures. The dynamic modulus of the former category

was on average about 23% higher than the one of the latter one.
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Figure 40. Modelling values of dynamic modulus at the reduced frequency of 10* Hz (T, =
15 °C): (a) SLS model, (b) GLS model and (c) CAM model.

The modelling values of dynamic modulus at the reduced frequency of 102 Hz (T, =
15 °C) are given in Figure 41 and had a similar trend as the results at 10* Hz, which also were
divided into the same two categories. The former has an average 19% higher dynamic modulus
than the latter one. The results of Figure 40 and Figure 41 indicate that the modelling values of

dynamic modulus fitted by the log-linear equation, Arrhenius equation and Kaelble equation
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are approximately 20% higher than the ones fitted by the polynomial equation and the WLF

equation both at high and low reduced frequencies.
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Figure 41. Modelling values of dynamic modulus at the reduced frequency of 102 Hz (T, =
15 °C): (a) SLS model, (b) GLS model and (c) CAM model.

4.2.2 Error analysis
Absolute error

After comparing the master curves constructed by different models, the error analysis of each
model and shift factor equation was carried out. The absolute errors of dynamic modulus
between the modelling values fitted by the three master curve models and the five shift factor

equations and the measured values are shown in Figure 42, where the colour and shape of the
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marker represent the same master curve models and shift factor equations as in Figure 38. The
absolute error was small at high temperatures and relatively big at the temperature range
between-15 °C to 0 °C for all mixtures. The maximum absolute error at -10 °C can be explained
by the connection between the viscoelastic stage and elastic stage, which in turn changes the
mechanical response of mixtures. As the temperature continues to decrease (the reduced
frequency increases), the absolute error became smaller again at -15 °C (higher reduced
frequency). This result was attributed to the elastomer of asphalt mixture at very low
temperatures, resulting in a constant dynamic modulus.

Master curve models: MW SLS model ® GLS model CAM model
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Figure 42. Absolute errors of (a) AC 11-70/100, (b) AC 11-PMB, (c) SMA 11-70/100 and (d)
SMA 11-PMB.

The shift factor equation has more influence on the Sum of Absolute Error (SAE) than
the master curve models as shown in Figure 43. There were 15 master curve model-shift factor
equation combinations for four types of mixtures resulting in a total of 60 fitting procedures.
The average SAE of the fitting procedures with the controlled fitting condition are used for
comparing the distinctions of the master curve models, shift factor equations and asphalt

mixture types as expressed in Equation 55.
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SAE < z SAE (master curve models, shift factor equations, asphalt mixture types)
n

(55)

where SAE is the average SAE, n is the number of fitting procedures. The SAE of fitting
procedures with the SLS model, the GLS model and the CAM model were 21598 MPa, 23851
MPa and 27244 MPa, respectively. This indicated that the SLS model had the smallest absolute
error, the CAM model had the largest absolute error and the GLS model was in between.
Regarding the shift factor equations, the SAE for the log-linear equation and the Kaelble
equation were similar and classified as class 1, the SAE for the polynomial equation and the
WLF equation were close and grouped into class 2 and the value for the Arrhenius equation
lies between them as class 3. The absolute error of class 1 was more than twice the one of class
2. The results revealed that the SLS model and the polynomial function had the smallest
absolute errors in three master curve models and five shift factor equations, respectively. For
class 1, the absolute error of SMA mixtures was larger than the one of AC mixtures. Comparing

four types of mixtures, the AC 11-PMB had the highest absolute error of class 2.
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Figure 43. SAE of all fitting procedures: (a) SLS model, (b) GLS model and (c) CAM model.

Normalised square error (NSE)

Since the dynamic modulus of asphalt mixtures was distinct at different temperatures and
frequencies, it was difficult to compare the error under the same condition over the full
frequency range. The NSE was analysed to compare different models and shift factor equations
at the same condition. From Figure 44, the NSE is larger at high temperatures and smaller at
low temperatures contrary to the results of the absolute error, which reflects the error of
dynamic modulus at high temperatures. The maximum NSE appeared at a high temperature of
30 °C. As the temperature increased, the asphalt transitioned to a viscous flow state, and its
dynamic modulus was more obviously affected by the loading conditions and became unstable,

resulting in an increasing NSE. Furthermore, the distinction between different asphalt mixtures
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was also found. The NSE for asphalt mixtures containing PMB was relatively higher than the
one for asphalt mixtures containing bitumen 70/100. Comparing with the bitumen 70/100, the
polymer molecular in the PMB also provided a portion of the stiffness modulus for the asphalt
mixture. The complex connection between the polymer molecular and the asphalt binder, such
as the composition and distribution of the polymer molecular in the asphalt binder, determined
the stiffness modulus of the asphalt mixture [97, 98]. Therefore, the dynamic modulus change
of the asphalt mixture containing PMB was more complicated than the one of the asphalt
mixture with bitumen 70/100, resulting in a larger error. Otherwise, the SMA mixtures had a
higher NSE than the AC mixtures. The SMA mixture contained more coarse aggregates than
the AC mixture, leading to more particle angularity. The more particle angularity, the higher
the stiffness modulus of the asphalt mixture [99]. Thus, the change of the dynamic modulus of

the SMA mixture was more complex than the one of the AC mixtures, resulting in a larger

error.
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Figure 44. NSE of (a) AC 11-NB, (b) AC 11-PMB, (c) SMA 11-NB and (d) SMA 11-PMB.

The SSE for different models has the same trend as the SAE as shown in Figure 45. The

same approach as SAE is used for SSE as shown in Equation 56.
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SSE - ZSSE (master curve models, shift factor equations, asphalt mixture types)
n

(56)

where SSE is the average SSE. The SSE of SLS model was 0.20, which was also smaller than
the ones of the GLS model (0.25) and the CAM model (0.26). Based on SSE values, five shift
factor equations were divided into three classes the same as the classification in Section 4.2.2.1.
The SSE of class 1 is around 5 times the one of class 2. The results showed that the SLS model
and the polynomial function had the smallest SSE in the three master curve models and the five
shift factor equations, respectively. The mixtures containing PMB had a lower SSE than the
mixtures containing bitumen 70/100, which indicated that the fit of the model for bitumen
70/100 was better than the one for PMB which was explained by the effect of the PMB structure
on the dynamic modulus of asphalt mixture.
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Figure 45. SSE of all fitting procedures: (a) SLS model, (b) GLS model and (c) CAM model.

4.2.3 Goodness of fit

The Se/Sy and R? were used to evaluate the quality of the model. From Figure 46, the SLS model
has the smallest average value of Se¢/Sy (0.0853) and the highest average value of R? (0.9915)
than the GLS model (0.0951, 0.9906) and the CAM model (0.1090, 0.9859). Otherwise, the
average values of S¢/Sy and R? for the polynomial equation were the smallest (0.0394) and the
largest (0.9982), respectively. While the Kaelble equation had the biggest average value of
Se/Sy (0.1441) and the smallest average value of R? (0.9810). These results indicated that the
SLS model and the polynomial function had the best goodness of fit in the three master curve
models and the five shift factor equations, respectively. Among the 15 kinds of fits, the asphalt

mixture containing bitumen 70/100 showed an overall better goodness of fit than the PMB
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asphalt mixture. This indicated that the dynamic modulus of the PMB asphalt mixture was
affected by more factors than the one of the asphalt mixtures with bitumen 70/100 due to the

effect of polymer molecular in the binder.
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Figure 46. S¢/Sy and R? of all fitting procedures: (a) and (b) SLS model, (c) and (d) GLS
model and (e) and (f) CAM model.

Master curve model estimation

The comparison of master curve models between measured dynamic modulus and predicted
dynamic modulus is shown in Figure 47, where blue represents AC 11-70/100, orange
represents AC 11-PMB, grey represents SMA 11-70/100 and yellow represents SMA 11-PMB
and the shape of the marker represents the same shift factor equation as in Figure 38. All the
models fitted the data satisfactorily according to the goodness of fit ranking criteria. The SLS
model had the lowest Se/Sy of 0.0925 and the highest R? of 0.9916, which indicated that this
model showed better goodness of fit than the GLS model and CAM model under the test
conditions of this study. The S¢/Sy and R? of the CAM model were, respectively, 28.2% higher
and 0.5% lower than the respective parameters of the SLS model showing the worst correlation
in the three models. Therefore, the SLS model with better goodness of fit was considered for

modelling the four asphalt mixtures.
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Asphalt mixtures: ® AC 11-70/100 ® AC11-PMB ® SMA 11-70/100 = SMA 11-PMB
Shift factor equations: O Log-linear O Polynomial A Arrhenius > WLF X Kaelble
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Figure 47. Comparison between measured dynamic modulus and predicted dynamic modulus
of three master curve models: (a) SLS model, (b) GLS model and (c) CAM model.

Shift factor equation estimation

The comparison between measured dynamic modulus and predicted dynamic modulus related
to the selection of shift factor equation is shown in Figure 48, where the colour represents the
same type of asphalt mixtures as in Figure 47, furthermore, circle markers, square markers and
triangle markers represent the SLS model, GLS model and CAM model, respectively. The
fitting results showed that all the considered five equations fit the data satisfactorily according
to the goodness of fit ranking criteria. The log[a(T)] of the Kaelble equation showed a linear
trend within the test temperature range, the fitting results of the Kaelble equation and log-linear
equation were similar and the same findings were also shown in the former Sections. The
quadratic polynomial equation displayed the best goodness of fit with the lowest Se/Sy of 0.0275
and the highest R? of 0.9984. The fitting results of the WLF equation and quadratic polynomial
equation were similar and showed a good fit. The fit related to the Arrhenius equation was in
the middle among the five equations. Furthermore, the transform between frequency and
temperature was more convenient for the WLF equation than the quadratic polynomial due to
the quadratic form. Therefore, the WLF equation was recommended for modelling the dynamic

modulus of the asphalt mixtures.
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Asphalt mixtures: ® AC 11-70/100 ®m AC 11-PMB ™ SMA 11-70/100 = SMA 11-PMB
Master curve models: O SLS model O GLS model A CAM model
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Figure 48. Comparison between measured dynamic modulus and predicted dynamic modulus
of five shift factor equations: (a) log-linear equation, (b) quadratic polynomial equation, (c)

Arrhenius equation, (d) WLF equation and (e) Kaelble equation.
4.3 Master curves of 20 asphalt mixture types

Based on the above research, Paper I11 presented the dynamic modulus master curves of asphalt
mixtures constructed using the SLS model and the WLF equation as shown in Figure 49.
Furthermore, Figure 49 also documents that the dynamic modulus master curves of asphalt
mixtures containing the bitumen types belonging to the same group (i.e., neat, PMB, soft) are
relatively close. The fitting parameters of both the SLS model and the WLF equation are given
in Table 11. All results displayed a high goodness of fit R > 0.973.
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Figure 49. Dynamic modulus master curves of asphalt mixtures.

Table 11. Fitting parameters of SLS model and WLF equation for dynamic modulus.
SLS model WLF equation

H 2
Mixture code s a 7 » L s R
AC 11-70/100 0.72 3.97 -0.98 0.38 17.87 123.47 0.999
AC 11-160/220 1.89 2.60 -0.09 0.63 9.39 82.16 0.995

AC 11-330/430 2.16 2.27 0.23 0.64 10.33 79.76 0.988
AC 11-PMB 1.74 2.73 -0.59 0.57 12.14 86.34 0.994
AC 16-70/100 0.90 3.80 -0.92 0.42 13.20 92.23 0.991
AC 16-160/220 1.87 2.67 -0.08 0.63 8.51 77.17 0.990
AC 16-330/430 2.02 2.46 0.07 0.50 11.60 83.09 0.990
AC 16-PMB 1.76 2.77 -0.65 0.49 11.40 74.07 0.997
SMA 11-70/100 1.40 3.21 -0.71 0.49 12.30 92.50 0.999
SMA 11-PMB  0.85 3.69 -1.04 0.42 9.94 69.26 0.998
SMA 16-70/100 1.74 2.89 -0.46 0.53 12.24 91.17 0.998
SMA 16-PMB_ 1.59 291 -0.78 0.51 12.20 83.56 0.997

MA 11-V1500 2.26 1.71 1.47 0.89 111 41.09 0.973
MA 11-V6000  1.65 2.86 0.45 0.61 5.50 70.76 0.977
MA 16-V3000  2.66 1.28 2.53 131 1.85 44.84 0.994

MA 16-V9000  2.55 1.83 1.97 1.02 18.41 167.42 0.980
MA 16-V12000 2.05 241 0.63 0.56 33705.31 180907.61 0.990
AG 16-70/100 1.17 3.43 -1.06 0.42 23.02 149.73 0.997
AG 16-160/220 1.91 2.53 -0.28 0.76 491 50.67 0.981
AP 16-70/100 -4.86 9.43 -2.26 0.36 8.20 57.47 0.996

All master curve parameters are applied in the ERAPave pavement design program to
characterise the mechanical properties of asphalt materials as shown in Figure 50. In the

structure modular, the pavement structure is defined by the material type and the layer thickness,
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where the asphalt material can be chosen from the above 20 asphalt mixture types (the mixture
codes in Figure 50 based on the Norwegian codes) and several field core samples.

Structure

Kongv-base-Ag 16 1
Langs-suf-Ab 11-PMB
gs base-Ag 16 160/220

Figure 50. Pavement structure modular in ERAPave pavement design program.

The phase angle master curves are constructed based on the Lorentzian equation as
shown in Figure 51. The fitting parameters of the Lorentzian equation are given in Table 12.
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Table 12. Fitting parameters of Lorentzian equation for phase angle.

Lorentzian equation

Mixture code R?
Ko Kg Kc

AC 11-70/100 36.57 3.56 -1.01 0.951
AC 11-160/220 39.89 3.59 -1.39 0.957
AC 11-330/430 43.21 2.94 -0.80 0.955
AC 11-PMB 40.35 4.07 -1.74 0.939
AC 16-70/100 40.14 4.12 -0.82 0.940
AC 16-160/220 37.64 4.47 -0.47 0.925
AC 16-330/430 43.79 3.28 -0.77 0.935
AC 16-PMB 40.74 4.12 -0.15 0.922
SMA 11-70/100 44.16 291 -1.20 0.964
SMA 11-PMB 37.76 4.71 -1.99 0.959
SMA 16-70/100 45.28 3.01 -1.01 0.960
SMA 16-PMB 38.02 4.64 -2.06 0.926
MA 11-V1500 43.47 2.30 2.50 0.818
MA 11-V6000  40.55 2.50 1.67 0.894
MA 16-V3000 47.56 3.72 2.83 0.747
MA 16-V9000  50.02 2.35 1.54 0.896
MA 16-V12000 47.50 3.12 151 0.773
AG 16-70/100 41.77 3.01 -1.66 0.974
AG 16-160/220 43.00 3.71 -1.17 0.964
AP 16-70/100 46.27 3.52 -2.39 0.935
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Figure 51. Phase angle master curves of asphalt mixtures.

Based on these test results, the Norwegian material database was established, which

was also input into the ERAPave program for the asphalt pavement structure design.
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4.4 Impact factor of materials on the dynamic modulus of asphalt mixtures

The influence of material factors including maximum aggregate size, binder content,
rheological properties of bitumen, bulk density and void characteristics of asphalt mixtures on
the dynamic modulus of asphalt mixtures was discussed detailed discussed in Paper Ill. The
rheological properties of bitumen, i.e., viscosity and complex shear modulus were first
characterised by the DSR method to reveal the correlation between material factors and

dynamic modulus and to develop the prediction model.
4.4.1 Bitumen viscosity

The viscosities of the nine types of bitumen are presented in Figure 52, with PMB being
associated with the highest values in the range of 40 °C to 100 °C due to the network structure
of the polymer in the bitumen [100, 101]. Soft bitumen had the lowest viscosity, which
presented a flow state at room temperature. The neat bitumen was characterised by average
values, and its viscosity decreases as the penetration increases. The log value of viscosity is
linear with temperature, as shown in Table 13. All R? were higher than 0.989, which indicated
almost perfect fits. Therefore, the viscosity of the bitumen at a given temperature can be
predicted by the linear regression model, which is used as a material factor influencing the

dynamic modulus of asphalt mixtures.
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Figure 52. Relationship between viscosity of bitumen and temperature.
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Table 13. Linear regression of viscosity, #, with temperature, T.

Bitumen Linear regression equation R?
70/100 log(n) = -0.0448.T + 6.0315 0.997
Neat bitumen  160/220 log(n) = -0.0430-T + 5.5481 0.992
330/430 log(n) = -0.0408-T + 5.0483 0.989
PMB 65/105-60 log(n) = -0.0325-T + 5.5327 0.999
V1500 log(n) =-0.0348-T + 3.3888 0.992
V3000 log(n) = -0.0376-T + 3.7867 0.991
Soft bitumen V6000 log(n) = -0.0411.T + 4.2923 0.991
V9000 log(n) =-0.0454-T + 4.7810 0.991
V12000 log(n) =-0.0461-T + 5.0168 0.991

4.4.2 Bitumen complex shear modulus

The complex shear moduli of the nine types of bitumen are shown in Figure 53. The complex
shear modulus of neat bitumen was higher than the one of soft bitumen. In terms of neat
bitumen, the values of complex shear modulus decreased with increasing penetration.
Regarding the soft bitumen, the values of complex shear modulus decreased with decreasing
viscosity. The complex shear modulus of PMB was lower than the one of neat bitumen at high
frequencies (low temperatures) and higher than that of neat bitumen at low frequencies (high
temperatures). This is connected that the polymer increases the flexibility of the binder at low
temperatures and the network structure of the polymer provides the elasticity in neat bitumen
at high temperatures [102, 103]. The modified HS model and WLF equation parameters of nine
bitumen are given in Table 14. The results displayed good goodness of fit as all R? values were
higher than 0.968. Therefore, the complex shear modulus of bitumen at an arbitrary condition
can be obtained by the master curves and used as a material factor for evaluating the dynamic

modulus.

82



Figure 53. (a) Complex shear modulus and (b) phase angle master curves of bitumen.
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Table 14. Modified HS model and WLF equation parameters of complex shear modulus.

Bitumen Modified HS model WLF equation R
Go Go T m my J1 02 13 C1 C

Neat 70/100 451x102 3.52x10% 6.30x10° 0.55 1.00 15.04 1.00 1.00x10°° 13.44 108.37 0.968

bitumen 160/220  4.01x101% 559x10% 9.16x10* 0.45 1.00 12.57 1.00 9.97x10* 14.23 125.06 0.994
330/430 3.54x10°% 5.82x10% 2.18x10* 0.34 1.00 13.25 6.55 3.60x10°° 11.26 100.32 0.985

PMB 65/105-60 1.62x10*  3.48x10° 3.35x10° 0.22 0.70 29.03 5.59 1.00x10°%° 13.53 104.01 0.984
V1500 1.09x10°¢  3.30x10% 1.76x10° 0.49 1.00 10.11 1.00 3.24x10*° 8.34 100.91 0.991

Soft V3000 2.15x106  7.70x10% 9.86x107 0.48 1.00 7.17 1.00 1.83x10*® 7.53 92.78 0.988

bitumen V6000 3.23x10163 5.22x10°% 6.83x10° 0.5 1.00 7.98 1.00 8.64x10'%° 9.34 102.05 0.987
V9000 1.60x102%° 3.71x108 3.22x10° 0.48 0.99 9.00 1.00 9.98x10*° 9.6 92.97 0.984
V12000 5.46x10%8! 3.99x10° 1.17x10* 0.5 1.00 12.42 1.04 1.10x10%° 10.95 99.83 0.978
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4.4.3 Grey relational analysis of material factors

In this research, only bitumen 70/100, 160/220 and PMB were characterised by the following
parameters of the penetration at 25 °C, Penzs oc, and softening point tested in the water, Tras.
Thus, the grey relational grad was assessed regarding the correlation between the dynamic
modulus of asphalt mixtures and the following available material parameters: maximum
aggregate size, Pmax, binder content, B, bitumen viscosity, #(7), bitumen complex shear
modulus, |G"|(T,f), asphalt mixture density, pmix, Va, VMA and VFB. The bitumen viscosity and
complex shear modulus obtained at the same testing conditions adopted for the evaluation of
the dynamic modulus were calculated according to the regression and modified HS models
illustrated in Section 4.4.1 and Section 4.4.2, respectively. The 20 asphalt mixtures were
analysed, and their dynamic moduli were measured for 30 combinations of frequencies and
temperatures for neat bitumen and PMB and 24 combinations for soft bitumen. Thus, the grey
relational analysis is conducted for a total of 570 sets of data leading to the result shown in
Figure 54. The grey relational degree was ranked as follows in descending order: |G™|(T,f), #(7),
VFB, Va, n60°c, B, pmix, Pmax, and VMA. The result indicated that the dynamic modulus was
greatly affected by the bitumen complex shear modulus and its viscosity as the two
corresponding factors were higher than 0.7, followed by the void characteristics of VFB and Va
with values of 0.595 and 0.592. Other factors, such as bitumen properties and binder content,
had a relatively low effect on the dynamic modulus since their values range from 0.428 to 0.562.
On the one hand, this outcome was explained considering that the rheological properties of
bitumen dominate the viscoelastic behaviour of asphalt mixtures. On the other hand, the factors
of bitumen complex shear modulus and viscosity, resembling dynamic modulus, changed with
frequency and temperature, whereas others were not dependent on these two conditions and
therefore did not vary, e.g., VFB, Va, 7760 °c, B, pmix, Pmax, and VMA.
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Figure 54. Grey relational grade of material parameters except Pens -c and Tres.

Considering the effect of Penys .c and Tres, 13 asphalt mixtures with these two
parameters were selected for the grey relational analysis; the corresponding 390 sets of data
were analysed. The results are presented in Figure 55, which are similar to the findings already
reported in Figure 54. The effect of Penas .c and Tres on the dynamic modulus of asphalt
mixtures were close to 7o -c, and were ranked according to the descending order: |G”|(Tf),
n(T), VFB and Va.

The results of the grey relational analysis illustrated that the most influential factor in
the determination of the dynamic modulus of asphalt mixtures was represented by the
rheological properties of the bitumen, which changed with frequency and temperature. The
void characteristics of VFB and Va as well as #eo °c, Penzsec and Treg of the binders were the

other parameters exerting the largest influence.
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4.4.4 Development of dynamic modulus prediction model

Prediction model based on rheological properties of bitumen

Based on the results of the grey relational analysis, the correlation between bitumen viscosity,
bitumen complex shear modulus and dynamic modulus of asphalt mixtures was investigated.
As shown in Figure 49, the dynamic modulus of asphalt mixtures containing the different types
of bitumen belonging to the same group is relatively close. Therefore, the asphalt mixtures
were divided into nine types according to the type of bitumen. Based on the experimental data
of the asphalt mixture dynamic modulus and the modelling data of the viscosity and complex
shear modulus of the bitumen, Multiple Linear Regression (MLR) was performed to evaluate
the correlation. The MLR model is given in Equation 57.

IOgDE*KT’ f)} :a1'|09[77('|')]+a2~Iog[|G*|(T, f):|_,_a3 (57)

where |E”|(T, f) is the dynamic modulus at different temperatures and frequencies, ai, a, and
az are model parameters. The model parameters are displayed in Table 15 and the results are
illustrated in Figure 56. All nine bitumen types had a good fit with R? > 0.901. The value of
Sig. is the p-value, which indicates the significance of the independent variable in the model.
The lower p-value showed the greater significance of the variable. Analysis of Variance
(ANOVA) was used to verify the significance of the model. As shown in Table 15, the p-values
of az are all O, reflecting the significance of bitumen complex shear modulus in the model.

Whereas the p-values of a; are from 0 to 0.837, and neat bitumen showed a lower value than
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the other bitumen. This result indicated that the effect of viscosity on dynamic modulus
depended on bitumen types. The ANOVA results indicated that the models for all bitumen had
a good correlation with the test results. The R? of soft bitumen was more variable when
compared to neat bitumen and PMB. This might be caused by the relatively unstable test results
of the asphalt mixtures containing the soft bitumen, causing fluctuations, especially at high
temperatures [104]. Nevertheless, the dynamic modulus of asphalt mixtures was predicted with
high reliability by the viscosity and complex shear modulus of the bitumen for certain loading
frequency and temperature conditions. This method can save testing time and the required

materials for performing the dynamic modulus test.
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Figure 56. Results of multiple linear regression of Equation 57: (a) Neat bitumen, (b) PMB
and (c) Soft bitumen.

Prediction model based on master curve parameter modelling

Although the method of Equation 57 can well predict the dynamic modulus of asphalt mixtures,
it is necessary to assess the viscosity and complex shear modulus of bitumen, which are
evaluated by means of laboratory devices requiring highly specialized equipment and well-
trained operating skills. While the dynamic modulus varied with loading frequency and
temperature, some other material parameters (i.e., Pmax, B, 760 °c, pmix, Va, VMA, VFB, Pen and
Treg) did not vary. The sigmoidal function fitted the dynamic modulus well and its fitting
parameters were also fixed for one material. Thus, the material parameters can be used to
predict the fitting parameters of the sigmoidal function and thus estimate the dynamic modulus.
In this case, the selected material parameters were Pmax, B, 760 °c, pmix, Va, VMA, VFB, Pen and
Tres, While d, a, § and y were chosen as the fitting parameters of the sigmoidal function. The
MLR is also used to find the correlation between material parameters and fitting parameters of
the sigmoidal function as expressed in Equation 58 in two ways: one for the material parameters
without Pen and Tres (Equation 58.1) and another one for all obtained material parameters
(Equation 58.2).

For material parameters without Pen and Tras
o,a,fand y =bP,_ +b,B+b,.c +b,0. +0V, +BVMA+bVFB +b, (58.1)
For material parameters with Pen and Tres

S,a,Band y=b'P +b,/B+b Pen,.c +b, Tags +bs Mg +0 O 15 -V, +B,VMA+BVFB+b," (58.2)
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where bi10“ and big are the regression parameters and all material parameters are in the

international system of units. The MLR model parameters of Equation 58 are given in Table
16. The results indicated that there was a good fit between parameters J, a, f and material
parameters. The correlation between y and material parameters was relatively poor. This
reflected the y was less affected by the material properties. Nevertheless, in the MLR model
with material parameters containing Pen and Tres, the R? of y was also as high as 0.837,
showing a certain dependence of y on the material parameters. Furthermore, in this MLR model,
the variables of #e0 °.c and Va were excluded. This was due to the small correlation between
neo °c and fitting parameters of the master curve, which was also verified by small values of bz
for the MLR model without Pen and Treg. The variable of Va was excluded due to a higher

variance inflation factor, which was caused by the correlation between Va, VMA and VFB.

The dynamic modulus of the asphalt mixtures predicted by the SLS model fitted with
the material parameters and Witczak 1-37A, Witczak 1-40D, Hirsch, Al-Khateeb, global and
simplified global models for comparison are shown in Figure 57. The R? of the MLR without
and with Pen and Tres are 0.973 and 0.993, respectively, which can reasonably predict the
dynamic modulus for more types of asphalt mixtures [86]. The soft bitumen displayed a lower
R? than the other types, especially at low frequencies (high temperatures). This can be
interpreted by taking into consideration the small contribution of soft bitumen to the elasticity
of the asphalt mixture at high temperatures. In this condition, the stiffness was provided mainly
by the aggregate skeleton, thus defining estimated actual stiffness, which deviated from the
dynamic modulus predicted by the material parameters. Compared with the Witczak 1-37A (R?
= 0.707), Witczak 1-40D (R? = 0.926), Hirsch (R? = 0.815), Al-Khateeb (R? = 0.814), global
(R? = 0.906) and simplified global (R?> = 0.891) models, the prediction results of the MLR
model in this research showed a better fit. Furthermore, the empirical model of Witczak 1-40D

was more suitable for Norwegian asphalt mixtures.
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Figure 57. Comparison between the predicted and measured dynamic modulus: (a) MLR
model without Pen and Tras, (b) MLR model with Pen and Treg, (c) Witczak 1-37A model,
(d) Witczak 1-40D model, (e) Hirsch model, (f) Al-Khateeb model, (g) Global model and (h)

Simplified global model.

For each type of asphalt mixture, Figure 58 shows that the MLR model offers a better
fit for stiffer bitumen. This was related to the larger variation in the dynamic modulus test for
the asphalt mixtures containing soft bitumen. In summary, the dynamic modulus of asphalt

mixtures can be predicted based on the material parameters by this MLR model.

91



RESULTS AND DISCUSSION

Q QO O O O O L
(@) \\ AN @\\0 \\0 S P @ S \b?a \gbb@%@%@@s LR
AN «06'\'\'\@'@@0\' SRR W AN AT IO
'\' (0, % y I ’ '\ 2’ fb '\ b % v :\ '\
SN \Q"o\@'\\ O O T G
¥ Su¥ ¥ 00 Tro 0 W N o N

Figure 58. Goodness of fit R? for each type of asphalt mixture: (a) MLR model without Pen
and Tres and (b) MLR model with Pen and Tres.

4.5 FE modelling

The modelling of the dynamic modulus of asphalt mixture can be implemented into the FE
model to predict the mechanical behaviour of asphalt pavement. The asphalt mixtures of AC
16-70/100, SMA 16-70/100, MA 16-V9000 and AG 16-160/220 were investigated in the FE
modelling. The development of the FE model for mechanical behaviour prediction of asphalt
pavements was detailly discussed in Paper V.
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4.5.1 Validation of cyclic indirect tensile test (CITT)

The FE model was first validated through the test results of the CITT. The tensile stress at 0 °C
and 1 Hz of the FE modelling and the CITT are compared as shown in Figure 59. The five
analytical cycles were selected. The waveform of tensile stress simulated by the FE modelling

was similar to the measured values of the CITT.
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Figure 59. Comparison of tensile stress between FE modelling and the CITT at 0 °C and 1
Hz: (a) AC 16-700/100, (b) SMA 16-70/100, (c) MA 16-V9000 and (d) AG 16-160/220.

The R? and MAPE of tensile stress for the four types of asphalt mixtures at nine
temperature and frequency combinations are presented in Figure 60a and 60b, respectively.
The results indicated that most R? were higher than 0.99 and the minimum value was 0.95,
which displayed a good fit of the FE modelling. The results also showed small relative errors
for most comparisons. Very few large MAPE reflected big relative errors at certain test times

(around the peak of the wave) under the corresponding condition.
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Figure 60. (a) R? and (b) MAPE of tensile stress between FE modelling and the CITT.

Since the applied load was controlled in the CITT, the tensile stress value of the FE
modelling had high goodness of fit. However, the horizontal strain was a response to stress
based on the viscoelastic behaviour of asphalt materials. The differences between the predicted
and measured horizontal strain values were larger than the tensile stress results. The
comparison of horizontal strain at 0 °C and 1 Hz between FE modelling and the CITT are
displayed in Figure 61. The R? and MAPE of the FE modelling for the four types of asphalt
mixtures at nine temperature and frequency combinations are shown in Figure 62a and 62b,
respectively. The R? and MAPE of horizontal strain were obviously smaller and higher than
those of tensile stress, respectively. Moreover, with the increase of the reduced frequency, the
R? and MAPE of horizontal strain became larger and smaller, respectively. This result indicated
that the FE modelling had a better fit at the reduced frequency higher than 100 Hz representing
the low temperature (high loading frequency) conditions. This phenomenon can be explained
by considering the viscoelastic behaviour of asphalt materials, which become more viscous
when temperature increases. However, the calculation in the FE modelling was still based on

linear viscoelasticity, which caused the differences.
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Figure 61. Comparison of horizontal strain between FE modelling and the CITT at 0 °C and 1
Hz: (a) AC 16-700/100, (b) SMA 16-70/100, (c) MA 16-V9000 and (d) AG 16-160/220.
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Figure 62. (a) R? and (b) MAPE of horizontal strain between FE modelling and the CITT.

Based on Equation 4, the dynamic modulus was calculated by the amplitudes of stress
and strain in analytical cycles. The comparison between the predicted and measured values for
the four types of asphalt mixtures at nine temperature and frequency combinations is shown in

Figure 63. The R? was 0.98, thus showing that the FE modelling can properly simulate the
viscoelasticity.
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Figure 63. Comparison of dynamic modulus between FE modelling values and the testing

results.
4.5.2 Stress and strain prediction for asphalt pavements

In practice, it is difficult to measure the stress and strain of the internal pavement structure,
especially for very small strains [105]. Based on the above validation, the FE modelling
performed with the COMSOL Multiphysics program had the potential to predict the stress and
strain for asphalt pavements. Figure 64 shows the von Mises stress and displacement magnitude
on x and y cross sections of pavements with an 80 mm-thick surface layer. The stress and
displacement depended on the dynamic modulus of asphalt mixtures. Under the same load
condition, the displacement of MA 16-V9000 was the most remarkable due to the lowest
dynamic modulus of 2518 MPa, and the displacements of AC 16-70/100 and SMA 16-70/100
were similar because of the close values of dynamic moduli (17558 and 15616 MPa).

When a flexible road pavement is subjected to vehicle load, the bottom of the asphalt
layer is prone to crack under tensile stress leading to thermal fatigue damage [106]. Therefore,
the stress and strain at the bottom of both the asphalt surface and base layers were investigated
in the following sections. Furthermore, their variation as a function of the surface layer

thickness was also investigated.
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Figure 64. Von Mises stress (a) AC 16-70/100, (b) SMA 16-70/100 and (c) MA 16-V9000
and displacement magnitude (d) AC 16-70/100, () SMA 16-70/100 and (f) MA 16-V9000 of

FE modelling on x and y cross-sections of pavements with an 80 mm-thick surface layer.

Stress prediction

The compressive and tensile stresses at the bottom of surface layers predicted by the FE
modelling are shown in Figure 65 for different thicknesses. The result displayed that both
compressive and tensile stresses decreased when augmenting surface thickness. The
compressive stresses of AC 16-70/100 and SMA 16-70/100 were smaller than the ones of MA
16-V9000 due to the values of dynamic moduli. Generally, asphalt layers with larger dynamic
moduli showed smaller stresses response at the bottom of the asphalt layers under the same
vehicle load. As the variation trend of stress depended on the viscoelasticity of the asphalt
mixture, soft bitumen with lower viscosity showed a wider range of stress changes for MA 16-
V9000. Comparing Figure 65a and 65b, the compressive stress at this position is greater than
the tensile stress. When the thickness of the surface layer reached 100 mm, the influence of
increasing surface thickness on stress reduction gradually became smaller. For example, the
reduction in compressive stress of AC 16-70/100 caused by thickness increasing from 100 mm

to 140 mm was 15.8% of that led to by increasing the thickness from 60 mm to 100 mm.
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RESULTS AND DISCUSSION

Moreover, a strong correlation between the thickness of the surface layer and the stress was
found, which fulfilled the power function well. The regression analysis for stress predictions
of asphalt surface layers is given in Table 17, where x is the surface thickness and y is the stress.
The R? was higher than 0.94 showing a good fit of the regression equations. Therefore, this
outcome confirmed the common practice adopted in pavement structure design to reduce the
stress at the bottom of the surface layer by increasing its thickness. However, the most
appropriate value of the layer thickness should also be defined based on economic and energy

costs as well other environmental considerations.
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Figure 65. (a) Compressive and (b) Tensile stress predictions at the bottom point of asphalt

Table 17. Regression analysis for stress predictions of asphalt surface layers with different

thicknesses.

surface layers with different thicknesses.

Stress type Surface layer Regression equation (power function) R?
Compressive AC 16-70/100 y= 225348x‘1'2‘3‘ 0.9806
stress SMA 16-70/100  y = 226557x™ 0.9819
MA 16-V9000 y = 226348x°183 0.9901
Tensile AC 16-70/100 y = 3720x1%# 0.9828
stress SMA 16-70/100  y =1081x1% 0.9400
MA 16-V9000 y = 91932x°180 0.9905

Figure 66 presents the compressive and tensile stress predictions of the FE modelling
at the bottom point of the asphalt base course for different thickness values of surface layers.
The stress of the base course showed a trend which was similar to the one already found for
the surface layer. The stress of the base course was affected by the dynamic modulus of the
asphalt surface layer. This phenomenon was explained by the different capacities of

transferring the vehicle load to the base course for different asphalt mixtures. AG 16-160/220
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was subjected to greater stress under the surface layer of MA 16-V9000 with a smaller dynamic
modulus and viscosity. As the asphalt mixtures of the base course were the same, the stress
variation trends with the surface thickness under different asphalt surface layers were similar.
However, the compressive stress of the base course is smaller than the tensile stress from the
comparison between Figure 66a and 66b, which is different from the results of the surface layer.
This result indicated that the compressive stress decreased faster during transmission down due
to the support at the bottom of the pavement structure, while the tensile stress was not supported
on bhoth sides resulting in a larger value. This outcome further reflected that the tensile stress
at the bottom of the asphalt layer was more prone to cracking. Moreover, the changing trend
of stress for the base course did not have an obvious inflexion point with the decrease of the
surface thickness compared to the asphalt surface layer. The trend is better fitted by a
logarithmic function than by a power function shown in Table 18. This result indicated that the

stress response of the base course was different from the surface layer due to the reduction of
compressive stress.
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Figure 66. (a) Compressive and (b) Tensile stress predictions at the bottom point of asphalt

base course under different thickness surface layers.

Table 18. Regression analysis for stress predictions of asphalt base course under different

thickness surface layers.

Stress type Surface layer Regression equation (logarithmic function) R?
Compressive AC 16-70/100 y =-0.635In(x) + 4.546 0.9982
stress SMA 16-70/100  y =-0.646In(x) + 4.619 0.9985
MA 16-V9000 y =-0.704In(x) + 5.307 0.9948
Tensile AC 16-70/100 y = -14.86In(x) + 84.528 0.9991
stress SMA 16-70/100  y =-14.96In(x) + 85.493 0.9993
MA 16-V9000 y = -15.45In(x) + 94.999 0.9969
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Strain prediction

Figure 67 shows the compressive and tensile strain predictions of the FE modelling at the
bottom point of asphalt surface layers with different thicknesses. Similarly, to the variation
trend of the stresses, the strains also became smaller with the increase in surface thickness. It
was worth noting that the tensile strains at the bottom of the three asphalt surface layers were
very close in numerical values. The tensile strain might be influenced by the relatively stiffer
asphalt layer at the interface between the courses. The tensile strains of AC 16-70/100 and
SMA 16-70/100 surface layers depended on their dynamic modulus, while the stiffer AG 16-
70/100 base course reduced the tensile strain of the MA 16-V9000 surface layer. Similar to the
stress of the asphalt surface layer, when the thickness reached 100 mm, the influence of
increasing the thickness on reducing the strain became smaller. The strains of asphalt surface
layers with the change of thickness can be also fitted by the power function shown in Table 19,

where x is the surface thickness and y is the strain.
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Figure 67. (a) Compressive and (b) Tensile strain predictions at the bottom point of asphalt

surface layers with different thicknesses.

Table 19. Regression analysis for strain predictions of asphalt surface layers with different

thicknesses.

Strain type Surface layer Regression equation (power function) R?
Compressive AC 16-70/100 y = 8613x 1% 0.9896
sirain SMA 16-70/100  y=9777x18 0.9895
MA 16-VV9000 y = 64829x 1% 0.9899
Tensile AC 16-70/100 y= 2194x‘1~2§ 0.9961
strain SMA 16-70/100  y =2281x™* 0.9960
MA 16-V9000 y = 11317x%% 0.9848
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The strain predictions of the FE modelling for the base course for different thickness

surface layers are presented in Figure 68. The trend of the strains of the base course was

consistent with the trend of the surface layer. The compressive strain was reduced to about the

same as the tensile strain. The base courses under different surface layers had different tensile

strain values. This was because the subbase layer was soft, resulting in the tensile strain of the

interface between the base and the subbase layers depending on the stiffer asphalt base course.

In addition, the correlation between the strain and the thickness of the surface layer is also fitted

well by the logarithmic function given in Table 20.
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Figure 68. (a) Compressive and (b) Tensile strain predictions at the bottom point of asphalt

base course under different thickness surface layers.

Table 20. Regression analysis for strain predictions of asphalt base course under different

thickness surface layers.

Strain type

Surface layer

Regression equation (logarithmic function)

RZ

Compressive
strain

AC 16-70/100
SMA 16-70/100
MA 16-V9000

y = -0.807In(x) + 4.703
y = -0.812In(x) + 4.754
y = -0.827In(x) + 5.239

0.9986
0.9987
0.9942

Tensile
strain

AC 16-70/100
SMA 16-70/100
MA 16-V9000

y =-0.762In(x) + 4.377
y =-0.768In(x) + 4.425
y =-0.789In(x) + 4.903

0.9992
0.9994
0.9965
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5 FINAL CONSIDERATIONS
5.1 Conclusions

The objective of this research was to model the viscoelastic properties of asphalt pavements
for developing the Norwegian Mechanistic-Empirical (ME) pavement design system.

Based on the standard testing setting, comparing with the gyratory compaction, the
roller compression method resulted in lower Air void content (Va), lower Void in Mineral
Aggregate (VMA) and higher Voids Filled with Binder (VFB), as well as leading to a little
higher dynamic modulus at both low and high temperature situations. Since the roller
compression method was closer to pavement paving and five specimens with similar volumetric
properties can be obtained from one asphalt slab, the roller compression was recommended to
develop the Norwegian ME pavement design system and for modelling the dynamic modulus

of asphalt mixtures.

Two laboratory tests of Cyclic Indirect Tensile Test (CITT) and Cyclic Compression
Test (CCT) for dynamic modulus determination were investigated in this study. The dynamic
moduli measured using both tests at the intermediate frequency (temperature) range were the
same. The values obtained from CITT were higher than the ones assessed by CCT at extreme
frequencies (temperatures). The stress level pertaining to the CITT was bigger than the one
achieved during CCT. The CITT strain values were various at all four test temperatures.
Although the variation of strain obtained from the CCT was based on the frequency largens as
the temperature increased, the stress-strain states were stable at low and medium temperatures,
showing a better stain control than the CITT. In general, both tests can be used to properly
characterise the dynamic modulus of asphalt materials. The CITT can be efficiently used for
the characterisation of road surfaces built in cold regions. Moreover, the CITT plays an
important role when it comes to the mechanical characterisation of existing asphalt pavements
since the dimensions of the field samples normally meet the size requirements. The CCT
controls strain better for low and medium temperature ranges compared with CITT, resulting
in more accurate results. A confining pressure can be applied for CCT, which better simulates
real field conditions. For Norwegian conditions as a basis for practical design, the CITT seems
to be the best choice due to easier/more realistic sample preparation and to compare with field

cored samples.
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Three master curve models of Standard Logistic Sigmoidal (SLS), Generalised Logistic
Sigmoidal (GLS) and Christensen-Anderson-Marasteanu (CAM) models and five shifting
techniques of log-linear, quadratic polynomial, Arrhenius, Williams-Landel-Ferry (WLF) and
Kaelble equations were estimated in this research. The SLS model showed the best fitting
quality and was considered to model the dynamic modulus of asphalt mixtures. Due to better
goodness of fit and more convenience for temperature and frequency transform, the WLF

equation was considered for the dynamic modulus modelling.

The dynamic modulus database of 20 asphalt mixture types commonly used in Norway
was established. All master curves had good fits with the R? > 0.973. The corresponding master

curve parameters were utilised in the ERAPave program for asphalt pavement structure design.

The influence of different material factors (i.e., maximum aggregate size, binder
content, rheological properties of bitumen, bulk density and void characteristics of asphalt
mixtures) on the dynamic modulus was investigated. According to the grey relational analysis
results, the dynamic modulus of asphalt mixtures is greatly affected by the viscosity and
complex shear modulus of bitumen, followed by the void characteristics of VFB and Vs, and
then by the bitumen penetration and softening point. The dynamic modulus can be well
predicted by the bitumen viscosity and complex shear modulus using Multiple Linear
Regression (MLR), showing the goodness of fit values R? > 0.901. Moreover, the MLR was
also used to predict the SLS model parameters through the material factors aiming to obtain

the dynamic modulus. This method had a better fit than the existing models.

After the viscoelastic properties of asphalt mixtures were modelled, the dynamic
modulus was implemented into the Finite Element (FE) model. The FE model incorporated the
dynamic modulus master curve and the viscoelastic constitutive model was established. The
model was validated through the CITT results with a high goodness of fit at low temperature
conditions. Furthermore, the mechanical properties were simulated by this FE model, which
gave reasonable results of stress and strain at the bottom of the asphalt layers for a generic road
pavement structure comprising surface, base and subbase layers. Therefore, based on the
modelling of viscoelastic properties of asphalt mixtures the FE modelling was a very useful

tool to predict the performance of asphalt pavements.
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5.2 Limitation of this research and recommendations for future work

The findings from this thesis imply the test method selection for the Norwegian situation, the
Norwegian material database establishment based on 20 asphalt mixture types, the
development of the model for predicting the dynamic modulus according to the material factors
and the FE model for the asphalt pavement mechanical properties prediction. However, some
limitations of this research and recommendations for future work are considered as follows.

e There is a certain difference between the CITT and the CCT under extreme conditions.
The connection of the CITT and CCT under such conditions should be established to
develop the wide application of the CITT in the ME pavement design.

e There are many new simulation methods now available. Besides the regression method,
other machine learning methods can be developed to predict the dynamic modulus of
different asphalt materials under various temperature and frequency conditions based
on a large amount of experimental data.

¢ Inthe long term, the Norwegian material database needs to be replenished due to a large
number of other types of asphalt mixtures in Norway and the use of new materials.

e The MLR results for master curve parameters show that some material factors have a
significant influence on the prediction model for some asphalt mixtures, while they
have little effect on other asphalt mixtures. Therefore, the types of material factors can
be further optimised for a specific asphalt mixture to improve the accuracy of the
prediction model and reduce the workload in future studies.

e The FE model proposed in this research only considered linear viscoelastic behaviour
for asphalt materials and limited pavement structure and material type. In order to
simulate their stress-strain response more accurately, more advanced FE models with
more accurate geometric structures implementing material nonlinear viscoelasticity and
plasticity can be further developed. Furthermore, based on a large scale of field test
database, the FE model can be incorporated into the flexible pavement design system
such as the VegDim project in Norway. Engineers can conveniently perform the
computation remotely once the interface is defined by the input such as temperatures,
loading frequencies, material parameters etc. and the output like stress-strain responses,

pavement structure and distress condition etc.
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ABSTRACT: As part of the development of a mechanistic-empirical pavement design system
for Norwegian conditions, this paper presents the results of a laboratory study assessing asphalt
mixture master curves based on Cyclic Indirect Tensile Tests (CITT). Specimens were prepared
by means of a gyratory Intensive Compactor Tester (ICT), as well as by means of a roller com-
pactor. The four asphalt mixtures of AC (asphalt concrete) 11, AC 16, SMA (stone mastic
asphalt) 11, and SMA 16 with bitumen 70/100 commonly used as the surface layer in Norway
were investigated. The dynamic modulus of the asphalt mixture samples was determined by fre-
quency-sweep CITT at different temperatures. Based on the time-temperature superposition
principle, the master curves were constructed and they are an important input for the mechanis-
tic-empirical pavement design system to be implemented in the country. The voids characteris-
tics, shift factor, and dynamic modulus of the four types of asphalt mixtures were compared.
Besides, the effect of different compaction methods in the laboratory was investigated and
recommendations regarding the specimen preparation were given.

Keywords:  Asphalt mixture, cyclic indirect tensile test, dynamic modulus, master curve

1 INTRODUCTION

The Norwegian Public Roads Administration (NPRA) in cooperation with Swedish Transport
Administration (TV), Swedish National Road and Transport Research Institute (VTT) and Nor-
wegian University of Science and Technology (NTNU) is developing and implementing a new
mechanistic design system for Norwegian roads adopting the mechanistic-empirical approach,
which is based on the mechanics of materials for evaluating the pavement response (Huang,
1993). The characterization of asphalt mixtures is a central task to achieve this. The asphalt
materials have viscoelastic behavior with distinctive temperature- and frequency-dependent prop-
erties (Lesueur et al. 1996). The dynamic modulus at different temperatures and frequencies char-
acterizes the mechanical properties of asphalt mixtures, and can be evaluated in the laboratory
by performing the uniaxial compression test (NCHRP, 2004) and the Cyclic Indirect Tensile Test
(CITT) (Kim et al. 2004). The dynamic modulus master curve can then be constructed according
to the time-temperature superposition principle within the Linear ViscoElastic (LVE) range by
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horizontally shifting the test results measured based on a selected reference temperature (Chehab
et al. 2002, Schwartz et al. 2002). A dynamic modulus master curve is constructed by fitting
a sigmoidal function to the data, by using a time-temperature shift factor based on the Mech-
anistic-Empirical Pavement Design Guide (MEPD Guide) (NCHRP, 2004). The shift factor
for asphalt materials can be accurately described by using the Williams, Landel and Ferry
(WLF) equation at temperatures above the glass transition temperature (Williams et al. 1955).
The dynamic modulus master curve can be used to predict the mechanical properties of the
asphalt material for a wider frequency and temperature range than included in the actual test
conditions.

The compaction of the asphalt pavement is an important factor affecting the overall perform-
ance of the material (Hunter et al. 2009). The roller compression method and gyroscopic com-
pression method are two most commonly preparation methods of asphalt mixtures in the
laboratory. Therefore, many studies have compared the influence of two laboratory compression
methods on the asphalt mixture performance. Consuegra et al. (Consuegra et al. 1988) compared
the engineering properties (resilient moduli, indirect tensile strengths and strains at failure, and
tensile creep data) of laboratory-compacted samples prepared by roller compactor and gyratory
compactor. The results related to the resilient modulus of laboratory specimens created with
roller compactor were closer to the performance of field core samples than those created with
gyratory compactor. Later, Button et al. (Button et al. 1994) investigated the physical properties
of laboratory samples created by different compaction methods, and compared the results to the
ones pertaining to pavement cores. The specimens prepared by both gyratory compactor and
roller compactor were more similar to the pavement cores than the specimens prepared by the
Marshall method. Besides, the roller compactor exhibited better air-void distribution than the
gyratory compactor. Other researchers also indicate that the selected compaction methods exert
different responses in terms of void characteristics and mechanical properties of asphalt mixtures
(Sarsam and Jumaah 2016, Renken, 2000). However, the effect of the compaction methods on
the dynamic modulus of asphalt mixtures has been studied less: ie. a comparison of the influence
of the roller compactor method and the gyratory compactor method on the dynamic modulus of
asphalt mixtures can provide recommendations regarding the specimen preparation procedures
to be used in the development of the new Norwegian pavement design system.

In this research study, four asphalt mixtures were selected; AC 11, AC 16 (asphalt concrete),
SMA 11 and SMA 16 (stone mastic asphalt), being the most commonly used surface layers of
Norwegian asphalt pavements. The roller compactor and the gyratory Intensive Compactor
Tester (ICT) were used to prepare the asphalt mixture specimens. The dynamic modulus was
measured by the CITT employing the Nottingham Asphalt Tester (NAT). The sigmoidal func-
tion based on the MEPD Guide and the WLF equation were used to construct the dynamic
modulus master curves, and the influence of the different types of asphalt mixtures and the differ-
ent compaction methods on the dynamic modulus master curve was evaluated. Hence, the object-
ive of this study is to provide data support for the development of the mechanistic-empirical
design system for Norwegian conditions, and to recommend a proper compaction approach.

2 MATERIALS AND METHODS

2.1 Materials

A 70/100 bitumen supplied by the Veidekke company (Trondheim, Norway) was used and its
main physical properties are given in Table 1.

Table 1. Physical properties of bitumen 70/100.

Physical properties Unit Value Test standard
Penetration at 25 °C 0.1 mm 91.6 EN 1426 (CEN, 2015)
Softening point (Ring and Ball) °C 46.0 EN 1427 (CEN, 2015)
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The crushed rocks and limestone filler supplied by the Franzefoss company (Heimdal,
Norway) were adopted, and their resistance to wear and fragmentation is specified in Table 2.
The aggregates used in this study fulfil the requirements for AC and SMA mixtures consider-
ing an Annual Average Daily Traffic (AADT) bigger than 15000 (NPRA, 2018).

Table 2. Resistance to wear and fragmentation of crushed rock aggregates.

Requirements for

Test Value AADT > 15000 Test standard
Los Angeles value 18.2 <20 EN 1097-2 (CEN, 2020)
Micro-Deval coefficient 14.2 <15 EN 1097-1 (CEN, 2011)

2.2 Specimen preparation

The asphalt mixture specimens were prepared in the laboratory based on the gradation curves
of AC 11, AC 16, SMA 11, and SMA 16 shown in Figure 1 (NPRA, 2019), and the Optimum
Binder Content (OBC) was determined by the Marshall mixture design and specific require-
ments of the Air Voids Content (V,) and the Voids Filled with Binder (VFB) (NPRA, 2005).
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Figure 1. Gradation curves of (a) AC 11, (b) AC 16, (c) SMA 11, and (d) SMA 16.

The void characteristics of the Marshall specimens impacted by 50 blows per side were verified
to meet the requirements of the design criteria (NPRA, 2019). The OBCs were 5.1%, 4.9%, 5.3%,
and 5.1% for AC 11, AC 16, SMA 11, and SMA 16, respectively.

The specimens were prepared by both a roller compactor (manufactured by Cooper
Technology, Ripley, UK) and a gyratory compactor (ICT-150RB produced by Invelop oy,
Semolina, Finland). Referring to the former one (CEN, 2019), the space inside a mold cor-
respond to a rectangular parallelepiped with dimensions 305 mm X 305 mm X 57 mm. The
compaction process was divided into four stages further subdivided into four passes. The
pressure in the first, second stage, and the third stage is 2 bar, 4 bar and 6 bar, respectively.
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No pressure was provided during the fourth stage, only the weight of the roller was applied
to the specimen; meanwhile, the vibration was applied at the last two passes of the fourth
stage for sufficient and effective compaction.

For the gyratory compactor, the cylindrical asphalt mixture specimens had a diameter of
150 mm and a height of 180 mm. The compaction pressure was 620 kPa, and the gyratory
angle was set to 17 mrad (0.97°) (CEN, 2019). To ensure sufficient compaction, 100 and 115
gyrations were applied for the AC mixtures and SMA mixtures, respectively.

Afterwards, cylindrical specimens with a diameter of 100 mm and a height of 40 mm were
drilled and cut from the asphalt slabs and gyratory specimens to be tested by the CITT. The
eight mixture types designated in Table 3 were investigated in this study and four parallel spe-
cimens were prepared for each type, ie. a total of 32 specimens was tested. The preparation
process of specimens is shown in Figure 2. The void characteristics of NAT test specimens
were also recorded (CEN, 2018).

Table 3. Designation of the tested specimens according to
selected mixture type and compaction method.

Mixture type Compaction method Designation
AC 11 Roller compaction AC11-R
Gyratory compaction AC11-G
AC 16 Roller compaction AC 16-R
Gyratory compaction AC 16-G
SMA 11 Roller compaction SMA 11-R
Gyratory compaction SMA 11-G
SMA 16 Roller compaction SMA 16-R
Gyratory compaction SMA 16-G
Sample preparation Drilling and cutting Test sample

Preparation by roller compactor Drilling machine 100mum

Sample size: A
Length and width - 305 mm.
Height - 57 mm.

NAT test sample

Nottingham Asphalt Tester (NAT)

Asphalt slab

+ Vibration at the last two passes
of Stage 4

Preparation by gyratory compactor Cutting machine
+ Sample size:

2

Gyratory specimen

Figure 2. Preparation process of specimens.

2.3 Cyclic indirect tensile test

The cyclic indirect tensile test was performed by a servo-pneumatic universal testing machine
produced by Cooper Technology exerting a controlled harmonic sinusoidal load without rest
periods according to the relevant standard (CEN, 2018). The applied load ensured that the
sample was in the LVE range as the initial horizontal strain was in a range between 50 e to
100 pe for each test temperature and frequency. This research study presents the mean results
corresponding to the CITT testing of four parallel specimens for each asphalt mixture.
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The CITT was performed at temperatures of -15 °C, 0 °C, 15 °C and 30 °C and at frequencies
of 10 Hz, 5 Hz, 3 Hz, 1 Hz, 0.3 Hz and 0.1 Hz for each specimen.

The dynamic modulus was determined for each load pulse in the CITT using the following
equation:

F-(vr+0.27)

E| =
E7] P

(1)
where |E"| is the dynamic modulus, in megapascal (MPa), v is the Poisson’s ratio, F is the max-
imum load, in Newton (N), z is the sample thickness, in millimeter (mm), and /% is the horizon-
tal deformation, in millimeter (mm).

2.4 Master curve construction

The sigmoidal function described in MEPD Guide (NCHRP, 2004) and the WLF equation as
the shift factor (Williams, 1955) were referred to in this study. The sigmoidal function is given
by equation (2):

i a
10g(|E |) =9 + 1 + e[f*}'(logfr) (2)
where |E"| is the dynamic modulus, in megapascal (MPa), f, is the frequency at the reference tem-
perature, in hertz (Hz), d, a, f and y are the fitting parameters, where J represents the minimum
value of |El. 6 + o represents the maximum values of |E"l, # and y describe the shape of the sig-
moidal function as shown in Figure 3 (Pellinen et al. 2004).

Dynamic modulus, MPa

Reduced frequency, Hz

Figure 3. Shape description of dynamic modulus considering the parameters of sigmoidal function.

The shift factor, a7, describes the temperature dependency of the dynamic modulus and
Equation (3) provides the general form.

ar :f} (3a)
log(f,) = log(f) + log(ar) (3b)

where £, is the reduced frequency at the reference temperature, in hertz (Hz), f'is the frequency at
the test temperature, in hertz (Hz), and T is the test temperature, in degrees Celsius (°C).
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The Williams-Landel-Ferry (WLF) equation is widely used to describe the relationship
between the shift factor and the temperature and thereby assess the shift factor of asphalt
mixtures:

-C(T-T,)

logla(T)] = G (T-T)

)

where T is the temperature, in degrees Celsius (°C), T, is the reference temperature chosen to
construct the compliance master curve, in degrees Celsius (°C), C; and C, are two empirical
constants adjusted to fit the values of the shift factor.

The fitting procedure to construct the dynamic modulus master curve was conducted by
using the Microsoft Excel Solver tool, in which optimization of the data with non-linear least
squares regression techniques was performed. The Sum of Square Error (SSE) between meas-
ured values after shifting, 1E ™ easureds and predicted values, IE*Ip,.ed,»c,(,d, as shown in Equation
(5) was used to optimize the fitting procedure. To define the optimum results of the master
curves, the values of J, o, 8, v, C; and C, were fitted to minimize SSE.

(|E*‘n srd7|E*| r‘d"t)d)2
SSE:Z 1eaui pzc icte (5)
(|E ‘measured)

3 RESULTS AND DISCUSSION

3.1 Void characteristics

The void characteristics reflect how well a specimen is compacted, and the results for the four
asphalt mixture types prepared by both roller compactor and gyratory compactor are shown
in Figure 4. The void characteristics of an asphalt mixture depend on many factors including
compaction mode and effort, binder content, aggregate type, mixture type, etc. As indicated
in Figure 4, the V, of AC 11-G, AC 16-G, SMA 11-G and SMA 16-G were 0.6%, 0.7%, 1.7%
and 0.8% lower than for the corresponding specimens prepared by roller compactor, respect-
ively. The Void in Mineral Aggregate (VMA) of AC 11-G, AC 16-G, SMA 11-G and SMA
16-G were 0.5%, 0.6%, 1.5% and 0.6% lower than for the corresponding specimens prepared
by roller compactor, respectively. The VFB of AC 11-G, AC 16-G, SMA 11-G and SMA 16-
G were 3.0%, 3.9%, 8.0% and 3.8% higher than for the corresponding specimens prepared by
roller compactor, respectively. These findings indicate that gyratory compaction applied
a higher degree of compaction when compared to roller compaction. Based on the Marshall
mix design performed in this study, the AC mixtures had lower V, and VMA, and higher
VFB than the SMA mixtures. Meanwhile, the specimens with larger particle size had lower V,
and VMA, and higher VFB than the specimens with smaller maximum grain size.

3.2 Shift factors

Figure 5 shows the WLF shift factor curves of the different mixtures. It was found that the
logarithm of the shift factor linearly decreased with the increase in temperature. The linear
regression results are calculated according to an equation of the form y = ax + b, where x is
the temperature, y is the predicted shift factor, a is the slope of the line, and b is the intercept
(Table 4). The coefficients of determination (R?) of AC 11 and AC 16 were higher than those
of SMA 11 and SMA 16, this shows that the logarithm of the shift factor of the AC mixtures
tends to be more prone to follow a linear trend than that of the SMA mixtures; furthermore,
it also shows that the shifted distances of the dynamic moduli of the AC mixtures per unit
temperature were more even than those of the SMA mixtures when the master curves were
constructed.
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Figure 4. Void characteristics of specimens: (a) V,, (b) WMA, and (c) VFB.

Table 4. Linear regression of shift factors.

Linear regression

Mixture a b R?

AC11-R -0.159 2.602 0.990
AC11-G -0.182 3.002 0.988
AC 16-R -0.161 2.721 0.980
AC 16-G -0.176 2.957 0.981
SMA 11-R -0.166 2.952 0.946
SMA 11-G -0.184 3.291 0.942
SMA 16-R -0.169 2.948 0.963
SMA 16-G -0.183 3.177 0.963

Figure (b) shows that the shift factor of AC 11 prepared by roller compactor is different
from the one related to gyratory compaction. At -10 °C, the shift factors of AC 11-G, AC 16-
G, SMA 11-G and SMA 16-G were 15.8%, 8.5%, 11.9% and 7.7% higher than for the corres-
ponding specimens prepared by roller compactor, respectively. At 30 °C, the shift factors of
AC 11-G, AC 16-G, SMA 11-G and SMA 16-G were 11.4%, 10.2%, 8.8%, and 8.4% lower
than for the corresponding specimens prepared by roller compactor, respectively. These results
indicate that the shift amplitude of the dynamic modulus curve of the specimens prepared by
the gyratory compactor at each temperature is larger than the corresponding values related to
roller compaction.

Figure (c) indicates that SMA 11-R has higher shift factors at both low temperatures and
high temperatures than that of AC 11-R. The shift factors of SMA 11-R, SMA 11-G, SMA
16-R, and SMA 16-G were 19.6%, 15.5%, 10.5%, and 9.7% higher than that of AC 11-R, AC
11-G, AC 16-R, and AC 16-G, respectively, at -10 °C, and 25.2%, 27.0%, 7.2%, and 8.7%
higher at 30 °C. These results indicate that the dynamic modulus curves of the SMA mixtures
shifted more at the low temperature (high frequency) and less at the high temperature (low
frequency) than that of the AC mixtures.
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Figure 5.  WLF shift factor curves for tested mixtures.

Figure (d) illustrate that there are just slight differences in the shift factors between AC 11-
R and AC 16-R. The shift factor did not change much with the maximum grain size of the
asphalt mixture, thus indicating the minor role played by the particle size of the aggregates.

3.3  Master curves

The fitting parameters, R? and SSE, are reported in Table 5. The R? of all asphalt mixtures
ranged from 0.9927 to 0.9997, and the SSE values were comprised between 0.0331 and 0.1947,
to be concluded that all the experimental values were then satisfactorily fitted.

As shown in Table 4, the compaction method, asphalt mixture type, and maximum grain size
all exerted clear effects on the fitting parameters. The compaction method had a major influence
on the fitting parameters of 6 and o for AC mixtures. However, there was a smaller difference of
d and o between the two compaction methods for SMA mixtures. This shows that the compac-
tion methods exerted a greater impact on the AC mixtures than the SMA mixtures. The AC
and SMA mixtures have different structures causing this result. The AC mixture is composed of
a dense gradation. The structural strength of the AC mixture is mainly based on the cohesive

430



Table 5. Fitting parameters, SSE and R? for mixtures.

Sigmoidal function WLF equation

Mixture 8 o B Y C, C, R? SSE

AC 11-R 0.406 4.300 -1.070 0.364 17.93 125.21 0.9997 0.0710
AC11-G 0.830 3.854 -1.097 0.391 18.22 112.91 0.9984 0.0836
AC 16-R 0.529 4.159 -1.070 0.413 12.11 88.71 0.9976 0.1352
AC 16-G 0.313 4.391 -1.254 0.396 13.69 91.34 0.9986 0.0780
SMA 11-R 0.777 3.766 -1.037 0.497 6.91 57.31 0.9962 0.0331
SMA 11-G 0.749 3.776 -1.177 0.469 7.36 55.72 0.9946 0.0413
SMA 16-R 1.562 3.026 -0.589 0.515 8.96 67.63 0.9927 0.1947
SMA 16-G 1.436 3.138 -0.851 0.464 9.78 68.21 0.9973 0.1375

force between the mineral aggregate and the binder. The SMA mixture is a semi-dense and
semi-inlaid structure. The structural strength of the SMA mixture is composed of the squeezing
force, internal friction between the mineral aggregates, and the cohesive force between the min-
eral aggregate and the binder (Jiang et al. 2020). The compaction method has a more important
influence on the dense structure.

The range of the dynamic modulus reflects the temperature sensitivity of asphalt mixtures.
The 6 values for AC mixtures were generally lower than those for SMA mixtures while the 6 + a
values for AC mixtures tended to be higher than those for SMA mixtures. These results indicate
that the AC mixtures were more sensitive to temperature than the SMA mixtures. This phenom-
enon can be explained by considering their structures: for AC mixtures, the cohesiveness of the
binder exerts more influence on the structural strength; therefore, their temperature sensitivity is
stronger than for SMA mixtures.

The fitting parameters also varied for each considered aggregate grading curve. As the
coarse grains constitute the three-dimensional matrix structure of the asphalt mixture and are
directly related to the stiffness, the different aggregate sizes form a skeleton structure of vari-
ous qualities resulting in different values and trends of the dynamic modulus.

The master curves are portrayed in Figure 6. The dynamic modulus values are then com-
pared at the condition of -10 °C and 10 Hz (low-temperature condition) and at the condition
of 40 °C and 0.1 Hz (high-temperature condition) based on the modeling of the dynamic
modulus, as shown in Figure 7.

O0ACI1I-R ®ACI11-G ©AC16-R AC 16-G
4 SMA 11-R 4 SMA 11-G 0 SMA 16-R ® SMA 16-G
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Figure 6. Master curves for tested mixtures.
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Figure 7. Dynamic modulus at (a) the low-temperature condition -10 °C and 10 Hz and (b) the high-
temperature condition 40 °C and 0.1 Hz.

As shown in Figure 7 (a), the dynamic moduli of AC 11-G and AC 16-G were 14.6% and
9.4% higher than those of AC 11-R and AC 16-R at the low-temperature condition. The AC
mixtures prepared by the gyratory compactor were denser, leading to a higher dynamic modu-
lus. However, even though the gyratory compaction also made the SMA mixtures denser, the
dynamic moduli at the low-temperature condition for SMA mixtures prepared by the gyratory
compactor were slightly lower than the corresponding ones attained by the roller compactor.
This indicate that the combined effect of the embedded and dense structures caused the dynamic
modulus of the SMA mixture at low temperature to be less affected by the compaction method.

As shown in Figure 7 (b), the dynamic moduli of AC 11-G, AC 16-G, SMA 11-G, and SMA
16-G were 13.4%, 4.3%, 27.7%, and 28.3%, respectively, higher than those of AC 11-R, AC
16-R, SMA 11-R, and SMA 16-R at the high-temperature condition. Considering the findings
related to high temperatures, the dynamic moduli of AC mixtures and SMA mixtures were
affected the least and the most by the compaction mode, respectively. As the bitumen attains
a viscous flow state at high temperatures, the cohesive force between the binder and the aggre-
gate is greatly reduced. Therefore, the dynamic modulus of the AC mixtures was less affected
by the compaction method. The structure of the SMA mixture was also improved by the gyr-
atory compactor, which then caused less affected by the temperature at high temperatures.

The dynamic modulus of SMA 16-G decreased by 17.7% at the low-temperature condition and
increased by 63.6% at the high-temperature condition compared to that of AC 16-G. The lower
dynamic modulus at low temperatures can prevent thermal cracking of an asphalt pavement,
while a higher dynamic modulus at high temperatures is beneficial for protecting an asphalt pave-
ment from permanent deformations (Zhang et al, 2012). This outcome documents that the SMA
mixture has a better performance than the AC mixtures at both high and low temperatures.

At high temperatures, the dynamic moduli of AC 16-R and SMA 16-R were 11.0% and
8.4% higher than those of AC 11-R and SMA 11-R, respectively. As thoroughly documented
in other studies, the scaling effect of the aggregates including particle shape and particle size
has a significant impact on its strength (Thuro et al. 2001) and thereby on the modulus of
the asphalt mixture. In this study, as the particle shapes were the same for all asphalt mixtures,
the large-sized mineral aggregates improved the quality of the skeleton structure showing a higher
dynamic modulus.

4 CONCLUSIONS

In this laboratory study, the asphalt mixtures that are most commonly employed in Norway
were prepared using two different compaction methods, namely gyratory compaction and
roller compaction. The corresponding dynamic moduli at different temperatures and frequen-
cies were obtained using the Cyclic Indirect Tensile Test (CITT). The dynamic modulus master
curves for these mixtures were constructed by the Sigmoidal function and the Williams, Landel
and Ferry (WLF) equation. Based on the results attained, the conclusions are as follows:
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* QGyratory compaction made both AC and SMA mixtures denser compared to the case of
roller compaction, resulting in lower Air voids content (V,), lower Void in Mineral Aggre-
gate (VMA), and higher Voids Filled with Binder (VFB), as well as leading to a higher
dynamic modulus of AC mixtures at low temperatures and of SMA mixtures at high tem-
peratures. The shift factors of specimens prepared by the gyratory compactor were higher
at low temperatures and lower at high temperatures than those related to the samples pre-
pared by the roller compactor.

* The SMA mixtures were characterized by a lower dynamic modulus at low temperature
and higher dynamic modulus at high temperature when compared to the AC mixtures,
thus showing better performance than the AC mixture. The shift factors of SMA mixtures
were significant higher at both high and low temperatures than those of AC mixtures.

» The asphalt mixtures with a larger maximum grain size displayed better compact ability,
resulting in lower V,, lower VMA, and higher VFB, as well as higher dynamic modulus
than the asphalt mixtures with a smaller maximum grain size. The grain size had little effect
on the shift factor.

According to these key-findings, the SMA mixture can be recommended for asphalt pave-
ments carrying a high traffic volume because of its better mechanical properties at both high
and low temperatures from the perspective of asphalt stiffness. Besides, the volumetric proper-
ties and dynamic modulus of specimens prepared by roller compactor and gyratory compactor
were different. Considering that the roller compactor method is closer to on-site paving, the
roller compaction is thus recommended to develop the new Norwegian pavement design
system and for modeling the dynamic modulus of asphalt pavements.
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Abstract: To develop a mechanistic-empirical pavement design system for Norwegian conditions,
this paper evaluates the influence of the adoption of different models and shifting techniques on the
determination of dynamic modulus master curves of asphalt mixtures. Two asphalt mixture types
commonly used in Norway, namely Asphalt Concrete (AC) and Stone Mastic Asphalt (SMA) contain-
ing neat bitumen and polymer-modified bitumen, were prepared by the roller compactor, and their
dynamic moduli were determined by the cyclic indirect tensile test. The dynamic modulus master
curves were constructed using the standard logistic sigmoidal model, a generalized logistic sigmoidal
model and the Christensen—Anderson—-Marasteanu model. The shifting techniques consisted of log-
linear, quadratic polynomial function, Arrhenius, William-Landel-Ferry and Kaelble methods. The
absolute error, normalised square error and goodness-of-fit statistics encompassing standard error
ratio and coefficient of determination were used to appraise the models and shifting methods. The
results showed that the standard logistic sigmoidal model and the Williams-Landel-Ferry equation
had the most suitable fits for the specimens tested. The asphalt mixtures containing neat bitumen
had a better fit than the ones containing polymer-modified bitumen. The Kaelble equation and
log-linear equation led to similar results. These findings provide a relevant recommendation for the
mechanistic-empirical pavement design system.

Keywords: asphalt mixture; dynamic modulus; master curve model; shift factor; goodness of fit

1. Introduction

To develop the mechanistic-empirical pavement design system for Norwegian condi-
tions envisaged by the Norwegian Public Roads Administration (NPRA) [1], the mechanical
characterization of asphalt pavement is of primary importance. The asphalt material is
sensitive to the temperature and the rate-of-load due to its viscoelastic properties [2,3].
Based on the Mechanistic-Empirical Pavement Design Guide (MEPDG) [4], the dynamic
modulus is a relevant parameter to characterise the mechanical properties of asphalt pave-
ments. Due to the time-consuming process of specimen preparation and testing, master
curves were developed according to the time-temperature superposition principle [5,6].
It is necessary to select an appropriate method to evaluate the dynamic modulus master
curve among all the formulated extrapolation methodologies in order to develop a proper
mechanistic-empirical pavement design system.

The Standard Logistic Sigmoidal (SLS) model used in the MEPDG is widely used to
construct the dynamic modulus master curve of asphalt materials. The SLS model can
more accurately fit the dynamic modulus test data in a wider temperature range than
a single polynomial model [7,8]. However, the SLS model is more applicable when test
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data are symmetrical, whereas the Generalized Logistic Sigmoidal (GLS) model developed
by Rowe et al. is better employed to fit asymmetric data [9,10]. Moreover, Marasteanu
and Anderson proposed a Christensen—Anderson-Marasteanu (CAM) model based on the
Christensen—Anderson (CA) formulation [11], which provides a better fit of the dynamic
modulus of asphalt mixtures within very low and very high frequencies for unmodified
and polymer modified bituminous binders [12-14].

To construct the dynamic modulus master curve, different shifting techniques (shift
factor, at) were used to model the time-temperature superposition relationship related to
the viscoelastic properties of asphalt materials. Traditionally, the temperature dependence
of relaxation modes in the vicinity of glass transition temperature (Tg) is modelled with the
Williams-Landel-Ferry (WLF) equation [15]. However, recent experimental studies [16,17]
found that the temperature dependence of viscoelastic properties deviate from the WLF
equation below T,. To address this issue, the Kaelble equation based on the WLF formula-
tion was proposed [18-20]. The Kaelble equation is a symmetric function devised to reflect
the temperature dependence of viscoelastic properties below Tg [21]. The Arrhenius equa-
tion is another popular model used to describe the temperature dependence of viscoelastic
properties of materials. The WLF and Arrhenius equations focus on the volume processes
and the thermally activated processes, respectively [10,22]. In addition to the above two
methods, the log-linear equation can also describe the temperature dependence of asphalt
materials [7]. The log-linear equation presents the straight-line relationship between log(x)
and temperature, and is normally used for asphalt mixtures [23]. The quadratic polynomial
equation is another well-known shift factor equation that can accurately fit the shift factors
over a wide range of temperatures [24-26].

The objective of this study is to adopt various models and shift factor equations
to evaluate the dynamic modulus of four types of asphalt mixtures commonly used in
Norwegian highway by means of Cyclic Indirect Tensile Tests (CITTs) conducted in the
laboratory. The three master curve models and five shift factor equations were employed
to assess the dynamic modulus master curve. The quality of the extrapolation calculations
was assessed by error analysis and goodness-of-fit statistics. The results can provide
recommendations for the selection of the proper master curve model and shift factor
equation for developing the mechanistic—empirical pavement design system.

2. Materials and Methods
2.1. Materials

The Neat Bitumen (NB) of Pen 70/100 and the Polymer Modified Bitumen (PMB)
of Pen 65/105 were supplied by Veidekke company (Trondheim, Norway) and Nynas
company (Goteborg, Sweden), respectively. Their main physical properties are given in
Table 1. In PMB, the critical network structure is formed between the polymer molecule
and the asphalt binder, which enhances its deformation resistance at high temperature,
resulting in a lower penetration and a higher softening point [27].

Table 1. Physical properties of neat bitumen and PMB.

Bitumen
Physical Properties Test Standard
NB PMB
Penetration at 25 °C [0.1 mm] 92 86 EN 1426:2015 [28]
Softening point (Ring and Ball) [°C] 46.0 62.6 EN 1427:2015 [29]

Crushed rock aggregates supplied by Franzefoss company (Heimdal, Norway) were
adopted, and their resistance to wear and fragmentation are specified in Table 2. The
aggregates fulfilled the requirements for AC and SMA mixture with an Annual Average
Daily Traffic (AADT) higher than 15,000 [30].
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Table 2. Resistance to wear and fragmentation of crushed rock aggregates.
Requirements for
Test Value AADT > 15,000 Test Standard
Micro-Deval coefficient 14.2 <20 EN 1097-1:2011 [31]
Los Angeles value 18.2 <15 EN 1097-2:2020 [32]

2.2. Cyclic Indirect Tensile Test
2.2.1. Sample Preparation

The asphalt mixture specimens were prepared in the laboratory based on the average
value of the upper limit and lower limit in the gradation curves of AC 11 and SMA 11 shown
in Figure 1 [30], and the Optimum Binder Contents (OBC, by asphalt mixture weight) were
determined by the Marshall mix design. Therefore, four types of mixtures were used in
this study, as shown in Table 3. The OBC of AC 11-NB, AC 11-PMB, SMA 11-NB and SMA
11-PMB were, respectively, 5.1%, 5.2%, 5.3% and 5.3%.
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Figure 1. Gradation curves of (a) AC 11 and (b) SMA 11.

Table 3. Designation of the tested specimens according to selected mixture types and bitumen types.

Mixture Type Bitumen Type Designation
NB AC11-NB
ACT1 PMB AC 11-PMB
NB SMA 11-NB
SMA 11 PMB SMA 11-PMB

The asphalt slabs were compacted using a roller compactor based on the gradation
curves and OBC of asphalt mixtures. Then, designated specimens with a diameter of
100 mm and a height of 40 mm were drilled, cut and further used to perform CITT. A total
of 16 specimens were prepared (four replicate specimens for each type of mixture). The
maximum density of each asphalt mixture was determined by its aggregate density and its
bitumen density based on the mathematic procedure method. The void characteristics of
specimens are given in Table 4.

Table 4. Maximum density and void characteristics of specimens.

Maximum Air Voids Content [%] Voids in Mineral Aggregate [%]  Voids Filled with Bitumen [%]
Mixture Densitgr Value Standard Value Standard Value Standard
[Mg/m®] Deviation Deviation Deviation
AC 11-NB 2.753 35 0.197 16.9 0.170 79.1 0.947
AC 11-PMB 2.748 29 0.314 16.6 0.269 82.8 1.636
SMA 11-NB 2.740 44 0.252 18.1 0.216 75.8 1.101
SMA 11-PMB 2.740 3.1 0.296 17.1 0.254 81.6 1.438
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2.2.2. Testing Procedure

The CITT was performed using the Nottingham Asphalt Tester (NAT) produced by
Cooper Technology Company (Ripley, United Kingdom). The controlled harmonic sinu-
soidal load was applied without rest period through a servo-controlled double acting
pneumatic actuator. The horizontal deformation was detected by two Linear Variable Dif-
ferential Transformers (LVDT). The sets of frequencies and temperatures were, respectively,
10 Hz, 5Hz, 3 Hz, 1 Hz, 0.3 Hz, 0.1 Hz and —15 °C, —10 °C, 0 °C, 15 °C, 30 °C for each test.
The applied load ensured that the tested samples were in the linear viscoelastic range as
the initial horizontal strain was in a range between 50 pe to 100 pe for each temperature
and frequency. This research presents the average results deriving from the testing of four
replicate specimens.

2.3. Master Curve Construction
2.3.1. Master Curve Models
SLS Model

The SLS model used in the MEPDG is one of the most popular models used to describe
the rheological properties of asphalt mixture. The SLS model is given by Equation (1).

o

log(|E*|) =6+ T4 eF1o8 ()

@
where | E*| is the dynamic modulus, f; is the frequency at the reference temperature of
15 °C in this research, and ¢, &, 8 and 7y are the fitting parameters. § and ¢ + a represent the
minimum and maximum values of | E*|, respectively.  and < describe the shape of the
SLS model as depicted in Figure 2.
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Figure 2. Graphical interpretation of SLS model.

GLS Model

The SLS model provides an excellent fit to symmetric experimental data points, but
it cannot acceptably fit non-symmetric curves. Therefore, the use of a GLS model was
recommended by Rowe et al., as it is the general form of sigmoidal function applicable to
asymmetric curves [33] as given by Equation (2).

* a,
log(|E*|) = 0"+ T @)
[1 £ AP =108 (fr)] 1

where &', &/, B/, 7' and A are the fitting parameters. A characterizes the asymmetric
characteristics shown in Figure 3. ' and &’ + &’ represent the minimum and maximum
values of | E*I, respectively. ' and ' describe the shape of the GLS model.
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Figure 3. Graphical interpretation of the role of A coefficient in GLS model.

CAM Model
The CAM model given by Equation (3) can also satisfactorily describe the viscoelastic
properties of asphalt mixtures.

Ez —E;
I
T
1+ (4
where E; is the equilibrium modulus representing the minimum modulus, Ej is the glassy
modulus representing maximum asymptotic modulus, f; is the location parameter with

dimensions of frequency, v and w are fitting parameters and describe the shape of the model
as shown in Figure 4.

|E*| = E + 3)

1.2

1.0
0.8

0.6

IE

0.4
0.2

0.0

log(f,)

Figure 4. Graphical interpretation of CAM model.

2.3.2. Shift Factor Equations

The shift factor describes the temperature dependency of the dynamic modulus and
the general form is given in Equation (4). It can be used to shift the dynamic modulus
at different test temperatures to the reduced frequency of the master curve based on the
reference temperature of 15 °C.

fr=far (4a)
log(fr) = log(f) + log(ar) (4b)

Five commonly used shift factor equations were adopted in this research, which were
the log-linear equation, quadratic polynomial equation, Arrhenius equation, WLF equation
and Kaelble equation.
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Log-Linear Equation

The log-linear equation is one of the most popular temperature-shifting methods
for asphalt mixtures. Christensen and Anderson [11] suggested that below 0 °C, log(at)
varies linearly with temperature for many binders, and this same relationship has been
deemed suitable for asphalt mixture at low to intermediate temperatures [34]. The log-linear
equation for calculating the shift factor is:

log(ar) =C-(T-T,) ©)

where at is the shift factor, T is the temperature, T’ is the reference temperature (15 °C), C
is the constant which is determined by analysis of the experimental data.

Quadratic Polynomial Equation

The quadratic polynomial equation can well fit the shift factors over a wide range of
temperatures, and is expressed as:

log(ar) =a-(T—T,)+b-(T—T,)? (6)
where a and b are regression parameters.

Arrhenius Equation

The Arrhenius equation for calculating the shift factor is presented in Equation (7):

o (1 1Y\ _0437-E, (1 1
mor-c- (- 4)-SFE(-3) o

where C’ is a constant, E, is the activation energy (J/mol) and R is the ideal gas constant

(8.314 ] /mol-K). The Arrhenius equation has only one constant to be determined and can
describe the behaviour of the material below T [16].

WLF Equation

The WLF equation is widely used to describe the relationship between shift factor and
temperature above Ty and thereby assess the shift factor of asphalt mixtures:

—C, - (T—T,
o) = S ) ®

where C; and C; are two regression parameters.

Kaelble Equation

The Kaelble equation is a modification of the WLF equation and can describe the
relationship between shift factor and temperature below T, as given in Equation (9).

¢/ (T—T,)

_ 9
G/ +IT— T ®

log(ar) =

where C;’ and Gy’ are two regression parameters.

2.3.3. Fitting Procedure

To construct the master curves deriving from the experimental data, the nonlinear
least squares regression analysis was integrated in the Microsoft Excel Solver tool. The Sum
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of Square Error (SSE) between measured values after shifting, | E*| ;05,704, and predicted
values, | E*| yygicted, @s shown in Equation (10) was used for the fitting procedure.

2
measured — |E* ‘predicted)
2
(|E* ‘meusured)

To define the optimal results of master curves, the coefficients of the models and shift
factor equations were fitted to minimize SSE. The constraint range of variables was not
defined due to well fitting results for the cases. The selection of solving method was GRG
Nonlinear. Furthermore, the same initial values of fitting parameters were used for each
fitting procedure.

SSE=Y OE*'

(10)

2.4. Goodness of Fit Statistics

The standard error ratio and coefficient of determination (R?) were used to evaluate the
goodness of fit between measured and predicted values. The standard error of estimation
and standard error of deviation are defined as follows [35]:

y-¥)°

% % v
Ly -9’

SN\ TS (12)

where S, is the standard error of estimation, Sy is the standard error of deviation, 7 is
sample size, k is the number of independent variables, Y is the measured value, Y is the
predicted value and Y is the average value of measured values. The standard error ratio is
defined as Se/Sy. R? is determined as follows:

R2oq- 1=K <§—;>2 (13)

Lower S,/S, and higher R? values indicate better goodness between predicted and
measured data. Based on the criteria of the goodness of fit from previous research [36],
S./Sy and R? of this research are lower than 0.35 and higher than 0.90, respectively, which
indicates that all results have a good fit.

3. Results and Discussion
3.1. Dynamic Modulus Master Curve

The fitting results of master curves are presented in Figure 5, where red represents
the SLS model, blue represents the GLS model and green represents the CAM model,
moreover, circle markers, square markers, triangle markers, diamond markers and crosses
represent the log-linear equation, the polynomial equation, the Arrhenius equation, the
WLF equation and the Kaelble equation, respectively. The results of the three model fits are
similar for the four types of asphalt mixtures. The differences appear in the various shift
factor equations. No matter at high or low reduced frequency, the dynamic modulus values
fitted by the log-linear equation, Arrhenius equation and Kaelble equation are bigger than
the ones fitted by the polynomial equation and WLF equation. The fitting parameters of
the log-linear equation and the Kaelble equation are similar, and the fitting parameters of
the polynomial function and the WLF equation are very close.



Materials 2022, 15, 4325

8 of 21

10°
T
a
=
e 10*
=]
°
o
£
L
g 10°
[
[
>
[a]
102
10°
T
a
=
2 10*
3
el
)
£
L 3
£ 10
(]
c
>
a
102
10°
T
a
=
2 10¢
=
o
o
£
2
€ 10°
[
c
>
[a]
102
10°
T
a
=
2 10*
S
el
o
£
L 3
£ 10
(]
s
>
[a]
10?

Master curve models: ® SLS model ® GLS model ® CAM model

Shift factor equations: 0 Log-linear O Polynomial A Arrhenius ¢ WLF x Kaelble

(a) AC 11-NB_logarithmic scale

-~
a
L}
[ &
L]
@
10 10 100 10"
Reduced frequency [Hz]
(c) AC 11-PMB_logarithmic scale
E ld
£
L}
o
L ]
-
107 10 108 10"
Reduced frequency [Hz]
(e) SMA 11-NB_logarithmic scale
@
@
107 10 100 10"
Reduced frequency [Hz]
(g) SMA 11-PMB_logarithmic scale
L L]
-
L]
1074 10 100 10"

Reduced frequency [Hz]

Dynamic modulus [MPa] Dynamic modulus [MPa] Dynamic modulus [MPa]

Dynamic modulus [MPa]

(b) AC 11-NB_arithmetic scale

4 %104
SR
4 |
3x10 sy ey
BA ED
2x104 | ?
=
o
100 | b=
o
0 _ad..
104 10 108 10"
Reduced frequency [Hz]
(d) AC 11-PMB_arithmetic scale
4 %104
3x10*
LY ma o
2x10% | W
aen
100 | -
o
0 Lone¥f | i
107 10 108 10"
Reduced frequency [Hz]
(f) SMA 11-NB_arithmetic scale
4 x10*
A
P
3x10¢ % @0
2 B
2% 104 | =
L
as
10 @
.
0 __lg L -
107 10 108 10"
Reduced frequency [Hz]
(h) SMA 11-PMB_arithmetic scale
4 %104
3x10¢ | 2 il
B RS
=A [ o
2104 | s
-
10¢ | ae
o
0 W L an
1074 10 100 10"
Reduced frequency [Hz]

Figure 5. Dynamic modulus master curves of (a) and (b) AC 11-NB, (c) and (d) AC 11-PMB, (e) and
(f) SMA 11-NB and (g) and (h) SMA 11-PMB.
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Figure 6 shows the changes in shift factors with temperature, where the colour and
shape of the marker represent the same master curve models and shift factor equations
as in Figure 5. The curves of the log-linear equation, Arrhenius equation and Kaelble
equation are relatively close and show a linear shape, while the curves of the polynomial
equation and the WLF equation are similar and more curved than the former ones. This
indicates that the polynomial equation and the WLF equation shift the curve more to the
right at high reduced frequency and more to the left at low reduced frequency, as shown in
Figure 5, resulting in the higher dynamic modulus values fitted by the log-linear equation,
the Arrhenius equation and the Kaelble equation. Meanwhile, the difference in the shift
factor of the PMB asphalt mixtures is more obvious than the one of the NB asphalt mixtures,
and the SMA mixtures have a more pronounced effect on the difference between shift
factors than the AC mixtures. This indicates that the PMB and the SMA mixtures are more
sensitive to the shift factor equations. This can be explained considering that the different
cross-linked structures of the NB and the PMB and the different skeleton structures of the
SMA and the AC mixtures lead to the distinction in the mechanical response of the asphalt
mixtures, which causes the difference in the shift factor equations on the modelling of
dynamic modulus.

Master curve models: ® SLS model ® GLS model ® CAM model

Shift factor equations: O Log-linear O Polynomial A Arrhenius ¢ WLF X Kaelble
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Figure 6. Shift factors of (a) AC 11-NB, (b) AC 11-PMB, (c) SMA 11-NB and (d) SMA 11-PMB.

Figure 7 presents the modelling values of the dynamic modulus at the reduced fre-
quency of 10* Hz (T, = 15 °C) for three master curve models and five shift factor equations.
The distinction of dynamic modulus is not greatly affected by the master curve models.
The influence of the five shift factor equations can be divided into two categories. The
first category including the log-linear equation, Arrhenius equation and Kaelble equation,
shows a higher value in dynamic modulus. Another category including the polynomial
equation and the WLF equation exhibits a lower dynamic modulus of mixtures. The dy-
namic modulus of the former category is on average about 23% higher than that of the
latter one.
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Figure 7. Modelling values of dynamic modulus at the reduced frequency of 10* Hz (T, = 15 °C).

The modelling values of the dynamic modulus at the reduced frequency of 1072 Hz
(T, = 15 °C) are given in Figure 8 and have a similar trend as the results at 10* Hz, which
can also be divided into the same two categories. The former one has an average 19%
higher dynamic modulus than the latter one. The results of Figures 7 and 8 indicate that
the modelling values of dynamic modulus fitted by the log-linear equation, Arrhenius
equation and Kaelble equation are approximately 20% higher than the ones fitted by the
polynomial equation and the WLF equation, both at high and low reduced frequencies.
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Figure 8. Modelling values of dynamic modulus at the reduced frequency of 1072 Hz (T, = 15 °C).

3.2. Error Analysis
3.2.1. Absolute Error

After comparing the master curves constructed by different models, the error analysis
of each model and shift factor equation was carried out. The absolute errors of the dynamic
modulus between the modelling values fitted by the three master curve models and the five
shift factor equations, and the measured values are shown in Figure 9, where the colour
and shape of the marker represent the same master curve models and shift factor equations
as in Figure 5. The absolute error is small at high temperatures and relatively big at the
temperature range between —15 °C to 0 °C for all mixtures. The maximum absolute error
at —10 °C can be explained by the connection between viscoelastic stage and elastic stage,
which in turn changes the mechanical response of mixtures. As the temperature continues
to decrease (the reduced frequency increases), the absolute error becomes smaller again
at —15 °C (higher reduced frequency). This result is attributed to the elastomer of asphalt
mixture at very low temperature, resulting in a constant dynamic modulus.

Master curve models: ® SLS model ® GLS model ® CAM model

Shift factor equations: © Log-linear O Polynomial A Arrhenius ¢ WLF X Kaelble
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Figure 9. Cont.
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Figure 9. Absolute errors of (a) AC 11-NB, (b) AC 11-PMB, (c) SMA 11-NB and (d) SMA 11-PMB.

The shift factor equation has more influence on the Sum of Absolute Error (SAE)
than the master curve models, as shown in Figure 10. There are 15 master curve model-
shift factor equation combinations for 4 types of mixtures resulting in a total of 60 fitting
procedures. The average SAE of the fitting procedures with the controlled fitting condition
are used for comparing the distinctions of the master curve models, shift factor equations
and asphalt mixture types as expressed in Equation (14).

SAE — Y SAE(master curve models, shift factor equations, asphalt mixture types)
n

(14)

where SAE is the average SAE and 7 is the number of fitting procedures. The SAE of the
fitting procedures with the SLS model, the GLS model and the CAM model are 21,598 MPa,
23,851 MPa and 27,244 MPa, respectively. This indicates that the SLS model has the smallest
absolute error, the CAM model has the largest absolute error and the GLS model is in
between. Regarding the shift factor equations, the SAE for the log-linear equation and the
Kaelble equation are similar and classified as class 1, the SAE for the polynomial equation
and the WLF equation are close and grouped into class 2 and the value for the Arrhenius
equation lies between them as class 3. The absolute error of class 1 is more than twice
that of class 2. The results reveal that the SLS model and the polynomial function have
the smallest absolute errors in three master curve models and five shift factor equations,
respectively. For class 1, the absolute error of SMA mixtures is larger than the one of AC
mixtures. Comparing four types of mixtures, the AC 11-PMB has the highest absolute error
of class 2.
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Figure 10. Cont.
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Figure 10. SAE of all fitting procedures: (a) SLS model, (b) GLS model and (c) CAM model.

3.2.2. Normalised Square Error

Since the dynamic modulus of asphalt mixtures is distinct at different temperatures
and frequencies, it is difficult to compare the error under the same condition over the full
frequency range. The normalised square error was analysed to compare different models
and shift factor equations at the same condition. From Figure 11, the normalised square
error is larger at high temperatures and smaller at low temperatures, contrary to the results
of the absolute error, which reflects the error of dynamic modulus at high temperatures. The
maximum normalised error appears at the high temperature of 30 °C. As the temperature
increases, the asphalt transitions to a viscous flow state, and its dynamic modulus is more
obviously affected by the loading conditions, becoming unstable, resulting in an increasing
normalised square error. Furthermore, the distinction between different asphalt mixtures
can also be found. The normalised square error for asphalt mixtures containing PMB is
relatively higher than the one for asphalt mixtures containing NB. Compared to the NB,
the polymer molecular in the PMB also provides a portion of the stiffness modulus for the
asphalt mixture. The complex connection between the polymer molecular and the asphalt
binder, such as the composition and distribution of the polymer molecular in the asphalt
binder, determines the stiffness modulus of the asphalt mixture [37,38]. Therefore, the
dynamic modulus change of the asphalt mixture containing PMB is more complicated than
that of the NB asphalt mixture, resulting in a larger error. Otherwise, the SMA mixtures
have a higher normalised square error than the AC mixtures. The SMA mixture contains
more coarse aggregates than the AC mixture, leading to more particle angularity. The
greater the particle angularity, the higher the stiffness modulus of the asphalt mixture [39].
Thus, the change of the dynamic modulus of the SMA mixture is more complex than that
of the AC mixture, resulting in a larger error.
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Figure 11. Normalised square errors of (a) AC 11-NB, (b) AC 11-PMB, (c) SMA 11-NB and (d) SMA
11-PMB.

The SSE for different models has the same trend as the SAE as shown in Figure 12.
The same approach as SAE is used for SSE as shown in Equation (15).

SSE— Y SSE(master curve models, shift factor equations, asphalt mixture types)
n

where SSE is the average SSE. The SSE of the SLS model is 0.20, which is also smaller than
those of the GLS model (0.25) and the CAM model (0.26). Based on SSE values, five shift
factor equations are divided into three classes, the same as the classification in Section 3.2.1.
The SSE of class 1 is around five times that of class 2. The results show that the SLS model
and the polynomial function have the smallest normalised square errors in the three master
curve models and the five shift factor equations, respectively. The mixtures containing
PMB have a lower SSE than the mixtures containing NB, which indicates that the fit of the
model for NB is better than the one for PMB, which can be explained by the effect of the
PMB structure on the dynamic modulus of the asphalt mixture.

(15)

(b) mAC 11-NB ®AC 11-PMB ®SMA 11-NB = SMA 11-PMB
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Figure 12. SSE of all fitting procedures: (a) SLS model, (b) GLS model and (c) CAM model.
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3.3. Goodness of Fit

The Se/Sy and R? are used to evaluate the quality of the model. From Figure 13, the SLS
model has the smallest average value of S./S, (0.0853) and the highest average value of R?
(0.9915) compared to the GLS model (0.0951, 0.9906) and the CAM model (0.1090, 0.9859).
Otherwise, the average values of S./S, and R? for the polynomial equation are the smallest
(0.0394) and the largest (0.9982), respectively. While the Kaelble equation has the biggest
average value of S¢/S, (0.1441) and the smallest average value of R? (0.9810). These results
indicate that the SLS model and the polynomial function have the best goodness-of-fit in
the three master curve models and the five shift factor equations, respectively. Among the
15 kinds of fits, the NB asphalt mixture shows an overall better goodness-of-fit than the
PMB asphalt mixture. This indicates that the dynamic modulus of PMB asphalt mixture
is affected by more factors than that of NB asphalt mixture due to the effect of polymer
molecular in the binder.
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Figure 13. S./S; of (a) SLS model, (b) GLS model and (c) CAM model and R? of (d) SLS model,
(e) GLS model and (f) CAM model.
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3.3.1. Master Curve Models

The comparison of master curve models between measured dynamic modulus and
predicted dynamic modulus is shown in Figure 14, where blue represents AC 11-NB, orange
represents AC 11-PMB, gray represents SMA 11-NB and yellow represents SMA 11-PMB,
and the shape of the marker represents the same shift factor equation as in Figure 5. All the
models fit the data satisfactorily according to the goodness-of-fit ranking criteria. The SLS
model had the lowest Sg/Sy of 0.0925 and the highest R? of 0.9916, which indicates that this
model shows a better goodness-of-fit than the GLS model and the CAM model under the
test conditions of this study. The Se/Sy and R? of the CAM model were, respectively, 28.2%
higher and 0.5% lower than the respective parameters of the SLS model, showing the worst
correlation in the three models. Therefore, the SLS model with better goodness-of-fit can be
considered for modelling the four asphalt mixtures.
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Figure 14. Comparison between measured dynamic modulus and predicted dynamic modulus of
three master curve models: (a) SLS model, (b) GLS model and (¢) CAM model.

3.3.2. Shift Factor Equations

The comparison between measured dynamic modulus and predicted dynamic modu-
lus related to the selection of shift factor equation is shown in Figure 15, where the colour
represents the same type of asphalt mixtures as in Figure 14. Furthermore, circle markers,
square markers and triangle markers represent the SLS model, GLS model and CAM model,
respectively. The fitting results showed that all the considered five equations had fit the
data satisfactorily according to the goodness-of-fit ranking criteria. The log(xt) of the
Kaelble equation showed a linear trend within the test temperature range, the fitting results
of the Kaelble equation and the log-linear equation were similar, and the same findings
were also shown in the former sections. The quadratic polynomial equation displayed
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the best goodness-of-fit with the lowest S./S, of 0.0275 and the highest R? of 0.9984. The
fitting results of the WLF equation and the quadratic polynomial equation were similar
and showed a good fit. The fit related to the Arrhenius equation was in the middle among
the five equations. Furthermore, the transform between frequency and temperature was
more convenient for the WLF equation than the quadratic polynomial due to the quadratic
form. Therefore, the WLF equation was recommended for modelling the dynamic modulus

of the asphalt mixtures.
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Figure 15. Comparison between measured dynamic modulus and predicted dynamic modulus of

five shift factor equations: (a) log-linear equation, (b) quadratic polynomial equation, (c) Arrhenius
equation, (d) WLF equation and (e) Kaelble equation.
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3.4. Comparison of Fits

In this study, four indicators of absolute error, normalised square error, S./S, and R?
were used to evaluate the fitting quality of the models. The 15 permutations of the three
master curve models and five shift factor equations for the four types of asphalt mixtures
were ranked from good to poor (from 1 to 15), and the index of fitting quality is expressed
by Equation (16).

I - AgetAnsetAs, /5, T Ao
fa = 4

T a2 A e A _NB+HA _ +A _NB+A _
Ao, Anse, ASE/SV and Az = 2acu=NstAscu-pup 4SMAU NB+AsMALL-PMB (16)

Aac11-NB, Aaci1-pmB, Asmari-ng and Aspann-pmp =1, 2, ..., 15

where I, is the index of fitting quality, Age, Anse, Asessy and Ay are the average arrays of
absolute error, normalised square error, S¢/S, and R?, respectively, Aac 11-NB, AAc 11-PMB/
Asma 11-NB and Agyia 11-pmp are the arrays of the order in 15 permutations. The average
values of sequences are summarised in Table 5. The shift factor equation has a more
significant effect on the dynamic modulus modelling than the master curve model. The
modelling of the SLS model with the polynomial equation has the best fitting quality, while
the result fitted by the CAM model with the Kaelble equation is the worst in this study.
Among the five shift factor equations, the polynomial equation has the best fit, followed
by the WLF equation. The intertransform between frequency and temperature is more
convenient for the WLF equation than the quadratic polynomial due to the quadratic form.
Therefore, the SLS model and the WLF equation were recommended for modelling the
dynamic modulus of these mixture types.

Table 5. Comparison of fits for three master curve models and five shift factor equations.

Shift Factor Master Curve Model

Equation SLS Model GLS Model CAM Model

Log-linear 9.75 12.56 14.00

Polynomial 1.94 2.31 344

Arrhenius 6.81 8.50 9.75

WLF 3.31 4.00 6.19

Kaelble 10.75 12.44 14.25

Colour bar of fitting quality: Good (1) Poor (15).

The same method was used to compare the models and how well the models fit
different asphalt mixtures. The degree-of-fit for the four types of asphalt mixtures was
ranked from good to poor (from 1 to 4) as shown in Table 6. The results indicate that the
models have a better fit for asphalt mixtures containing NB than the ones containing PMB.
The fitting results of AC mixtures are better than those of SMA mixtures when the bitumen
is the same. These results are caused by more impact factors of the PMB asphalt mixture
and the SMA mixture on the dynamic modulus.

Table 6. Comparison of fits for different asphalt mixtures.

R Bitumen Type
Mixture Type
NB PMB
AC11 1.45 2.92
SMA 11 2.38 3.25

Colour bar of fitting quality: Good (1) < Poor (4).
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4. Conclusions

In this study, the reliability of calculation of dynamic modulus using the three master
curve models and the five shift factor equations was evaluated by the absolute error,
normalised error and the goodness-of-fit encompassing S./S, and R? for four types of
asphalt mixtures. The conclusions are summarised as follows.

e  The selected shift factor equations were more influent with respect to the employed
models in determining the final fitting reliability.

e  The relationship between log(at) and temperature of both the log-linear equation and
the Kaelble equation were linear in the testing temperature range. These two shift
factor equations had similar goodness-of-fit when extrapolating dynamic modulus
master curves.

e Considering the results of absolute error, normalised square error, S./S, and R?, the
combination of the SLS model and the polynomial equation had the best fitting quality
index (1.94), while the combination of the CAM model and the Kaelble equation had
the worst fitting quality index (14.25). Regarding the different asphalt mixtures, the
fitting quality index of AC 11-NB (1.45) was the best, whereas the one of SMA 11-PMB
(3.25) was the worst.

e  The SLS model showed the best fitting quality and was considered to model the
dynamic modulus of the asphalt mixtures most used as surface layer for Norwegian
highway within the investigated CITT temperature range.

e Due to better goodness-of-fit and more convenience for temperature and frequency
transform, the WLF equation was considered for modelling the dynamic modulus of
the asphalt mixtures most adopted in Norway.

e  The master curves constructed according to all the models and all shifting techniques
were characterized by better goodness-of-fit for the asphalt mixtures containing NB
than the ones comprised of PMB due to the effect of PMB structure on the dynamic
modulus of the asphalt mixture. The modelling of dynamic modulus master curves for
SMA mixtures has a better fit than the one for SMA mixtures because of the influence
of more particle angularity on the dynamic modulus of the asphalt mixture. Therefore,
the models can be developed further to be suitable for the asphalt mixtures containing
the PMB and SMA types of asphalt mixtures.
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In a Mechanistic-Empirical (ME) pavement design system, the dynamic modulus is used to characterise asphalt
mixtures, which are affected by many factors including environmental conditions and material properties. This
study examined twenty types of asphalt mixtures containing nine types of bituminous binders that are commonly
used for construction of road pavements in Norway. The objective of the study was to investigate the relationship
between material factors and dynamic modulus. The dynamic moduli of asphalt mixtures were experimentally
determined employing cyclic indirect tensile tests and were modelled with master curves implementing the
sigmoidal function. The rheological properties of bitumen were characterised using a dynamic shear rheometer.
The viscosity was simulated using a temperature-based log-linear relationship and the complex modulus was
obtained based on the modified Huet-Sayegh model. The grey relational analysis revealed the correlation existing
between the material factors and the dynamic modulus. A prediction model was established using a Multiple
Linear Regression (MLR). The results indicate that the dynamic modulus of asphalt mixtures is greatly affected by
the following parameters ranked in order of decreasing significance: viscosity and complex modulus of the
binder, void filled with bitumen, air void content, bitumen penetration and softening point. Based on the MLR
model, the correlation between the dynamic modulus and the bitumen viscosity and complex modulus fit well
with Coefficient of Determination (R%) > 0.901. The determination of the sigmoidal function parameters to
predict the dynamic modulus had good reliability with R? > 0.973. This study contributes to the development of
an accurate and convenient method to predict the dynamic moduli of asphalt mixtures based on the material
factors for a ME pavement design system.

1. Introduction (NTNU) on a project called “VegDim” with the aim of developing and

implementing a Mechanistic-Empirical (ME) pavement design system

Asphalt pavement is widely used in highways, urban roads and
airport runways due to the advantages of comfortable driving, low noise,
anti-skid and short construction period, etc. [1-3]. Over the past de-
cades, road construction in Norway has been dominated by an empirical
design approach. With increasing traffic volumes, axial loads and new
materials being used in road construction, the Norwegian Public Roads
Administration (NPRA) is working together with Swedish Transport
Administration (TV), Swedish National Road and Transport Research
Institute (VTI) and Norwegian University of Science and Technology

* Corresponding author.

and to create a material database for Norwegian materials [4]. The ME
pavement design approach provides a unified basis for the design of
flexible pavements. Based on this method, the performance of a road is
affected by a number of different factors, e.g., management systems,
construction materials, structural design, environmental conditions,
traffic type and volume [5,6]. In this regard, the dynamic modulus is
important for asphalt material characterisation and generally deter-
mined by Cyclic Compression Test (CCT) or Cyclic Indirect Tensile Test
(CITT) performed at different loading frequencies and temperatures
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[7-10]. Since the wearing and binder courses in Norway are commonly
around 40 mm, the dimension of core samples derived from fields can
meet the requirement of CITT (i.e. a diameter of 100 mm and a thickness
of 40 mm) instead of CCT (i.e. a diameter of 100 mm and a height of 150
mm). Thus, the CITT was used in this study. However, the dynamic
modulus test requires sophisticated devices and well-trained operational
skills. Furthermore, the procedure is time-consuming and needs a
cumbersome amount of the material to be tested. Therefore, the estab-
lishment of correlations between the properties of asphalt material
factors and corresponding dynamic moduli is useful to make a reason-
ably accurate prediction of dynamic modulus for ME pavement design
system.

In the ME pavement design guide, the prediction of the dynamic
modulus for an asphalt mixture is based on the physical, rheological and
mechanical properties of bituminous binder (e.g., viscosity, penetration,
content), aggregates (e.g., grading curve) and asphalt mixture itself (e.
g., air void) in the Witczak 1-37A model for the Level 2 and Level 3
conditions [11]. This model was further developed by incorporating the
complex modulus of binder and the binder phase angle in the NCHRP 1-
40D protocol, which was called Witczak 1-40D model [12]. Christensen
et al. [13] used the Hirsch model to evaluate the dynamic modulus by
taking into account bitumen stiffness and void characteristics of asphalt
mixtures. Based on the Hirsch model, Al-Khateeb et al. [14] developed a
simpler form of the model to overcome the problem of inaccurate pre-
diction at high and low temperatures. Sakhaeifar et al. [15] developed
two models based on the viscoelastic and time-temperature super-
position principles to predict the dynamic moduli at a wide range of
temperatures (e.g., —10, 4.4, 37.8 and 54.4 °C) named global and
simplified global models. Although these models were established based
on hundreds of asphalt mixture types in the United States, the materials
in different regions of the world exhibit different properties [16-18].

In addition, the determination of the factors affecting dynamic
modulus has received more attention from researchers. Shu et al. [19]
developed a new micromechanical model based on the particulate-filled
composite theory to predict the dynamic modulus of asphalt mixtures.
The results showed that the stiffer binder, lower binder content and
lower air void content lead to a higher dynamic modulus. Zhang et al.
[20] analysed the influence of some material factors on the dynamic
modulus by using grey relational analysis and established a prediction
model to simulate the dynamic modulus based on the material param-
eters. The softening point of bitumen and the air void content of the
asphalt mixture were highly correlated with the dynamic modulus. A
regression model of dynamic modulus was proposed based on the
loading rate and material parameters; results show that a higher Coef-
ficient of Determination (R?) was found for the conditions of the Chinese
province Jilin compared to the outcomes of Witczak model. Whereas the
viscosity and complex modulus of bitumen changing with different
environmental conditions were not considered in this research. Bi et al.
[21] compared the master curves of different types of asphalt mixtures
to find the correlation between binder/mastic properties and dynamic
modulus. The results indicated that the type of bitumen and the filler-to-
binder ratio had a clear effect on the dynamic modulus, whereas the
dynamic modulus of asphalt mixtures with different types of aggregates
and fillers showed an insignificant difference. Moreover, there was a
good correlation between the bitumen/mastic complex modulus and the
dynamic modulus of asphalt mixtures. Previous studies mainly investi-
gated several material factors in developing prediction models, while
few studies provide a model for the dynamic modulus prediction
considering all aspects of the material properties.

Therefore, a prediction model adopted for Norwegian materials,
which comprehensively considers the material influence on dynamic
modulus of asphalt mixtures, has not been investigated. To contribute to
this research gap, this work aims to investigate the influence of material
factors (i.e., maximum aggregate size, binder content, rheological
properties of bitumen, bulk density and void characteristics of asphalt
mixtures) on the dynamic modulus and establish an innovative
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prediction model for Norwegian asphalt mixtures.

In this research, the 20 types of asphalt mixtures commonly used for
the construction of Norwegian roads were investigated. The dynamic
moduli of the asphalt mixtures were determined by using the CITT. A
regression model of the experimental data was developed based on the
sigmoidal function. The bitumen viscosity was measured by the plate
method and the experimental data were fitted to a temperature-
dependent log-linear relationship. The bitumen complex modulus was
obtained by performing a frequency sweep test using a Dynamic Shear
Rheometer (DSR) and modelled based on the modified Huet-Sayegh
formulation. The grey relational analysis was used to evaluate the de-
gree of influence that each material factor (i.e., maximum aggregate
size, binder content, rheological properties of bitumen, bulk density and
void characteristics of asphalt mixtures) exerted on the dynamic
modulus. The relationship between bitumen viscosity, bitumen complex
modulus and dynamic modulus of asphalt mixtures was investigated and
a prediction model for the master curve parameters was established.
Statistical analysis was used to estimate the quality of the model. The
results reveal the correlation between dynamic modulus and material
factors and thus provide an accurate and convenient method to predict
the dynamic modulus for use in the ME pavement design system.

2. Materials and methods
2.1. Materials

2.1.1. Bitumen

Three types of bitumen commonly used for Norwegian roads were
investigated. The first type included bituminous binders with penetra-
tion of 70 — 100, 160 — 220 and 330 — 430 (0.1 mm at 25 °C). The second
type was Polymer Modified Bitumen (PMB) with penetration of 65 - 105
(0.1 mm at 25 °C) and softening point higher than 60 °C. The third type
comprised soft bitumen with viscosity values equal to 1500, 3000, 6000,
9000 and 12000 mm?/s at 60 °C named V1500, V3000, V6000, V9000
and V12000, respectively. The physical properties of the investigated
binders are shown in Table 1 and fulfil the requirements set by EN
12,591 [22]. The bitumen 70/100 and 160/220 were supplied by Vei-
dekke company (Trondheim, Norway), and the other types were pro-
vided by Nynas company (Goteborg, Sweden).

2.1.2. Rock aggregates

Two types of aggregates were used in this study. The first type was a
crushed rock from the Vassfjell area and supplied by Franzefoss com-
pany (Heimdal, Norway). This material is characterised by very good
mechanical properties and is largely used for road construction in the
central part of Norway [26,27]. The second type of aggregates used in
this study was natural gravel and supplied by Forset Grus company
(Tanem, Norway). This material has a poorer mechanical performance
and is used for low-volume roads. The resistance to wear (abrasion value
and Micro-Deval coefficient) and fragmentation (Los Angeles value) of
the aggregates are specified in Table 2. The strength of the crushed rock
aggregates fulfils the requirements set by the Norwegian pavement
design code “N200” for high Annual Average Daily Traffic (AADT) of
around 15 000 [28]. For asphalt mixtures used for roads with a lower
AADT, 30 % to 50 % fine aggregates consist of natural gravel.

2.2. Specimen fabrication

In this study, the 20 asphalt mixture types, mostly used for Norwe-
gian roads were investigated. They included five kinds of grading and
nine types of bitumen. In terms of grading, they included Asphalt Con-
crete (AC), Stone Matrix Asphalt (SMA), Soft Asphalt (MA) for the low
traffic volume road, Asphalt Gravel (AG) for the base layer and Asphalt
Crushed Stone (AP) with a high air void content also for the base layer.
All asphalt mixtures were prepared in the laboratory based on the
average values of the upper and lower limits of the grading curves set by
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Table 1
Physical properties of bitumen.
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Bitumen type Penetration at 25 °C [0.1 mm]

Softening point [°C]

Dynamic or kinematic viscosity at 60 °C [Pa-s or m.mz/s]

EN 1426 [23] EN 1427 [24] EN 13,702 [25]
Value Specification Value Specification Value Specification

Neat bitumen 70/100 92 70 - 100 46.0 43 -51 235.7 Pa-s > 90 Pa-s
160/220 189 160 - 220 38.1 68 - 43 102.6 Pa-s > 30 Pas
330/430 - - - - 44.5 Pass > 12 Pas

PMB 65/105-60 88 65 - 105 62.6 > 60 391.8 Pas -

Soft bitumen V1500 - - - - 1708 mm?/s 1000 - 2000 mm?/s
V3000 - - - - 2815 mm?/s 2000 - 4000 mm?/s
V6000 - - - - 5450 mm?/s 4000 — 8000 mm?/s
V9000 - - - - 8990 mm?/s 6000 — 12000 mm?/s
V12000 - - - - 14036 mm?*/s 8000 - 16000 mm?*/s

Table 2
Resistance to wear and fragmentation of rock aggregates.

Strength Abrasion value Micro-Deval Los Angeles
property coefficient value
EN 1097-9 EN 1097-1 [30] EN 1097-2 [31]
[29]
Crushed rock 7.8 14.2 18.2
Natural gravel 17.3 17.3 27.7

the Norwegian pavement design code “Nr. 670" [32] and the Optimum
Binder Contents (OBC) determined by the Marshall mix design method
[33]. The grading curves and the OBC of the 20 asphalt mixture types are
given in Table 3.

Based on the grading curves and OBC, all asphalt mixture specimens
were prepared according to the procedure shown in Fig. 1. The bitumen
and aggregates were preheated at the conditioning time and tempera-
ture in accordance with EN 12697-35 [34]. After preheating process, the
bitumen and aggregates were mixed in a continuously heated blender
for 3 — 5 min to obtain the asphalt mixtures. The asphalt mixture was
poured into a preheated mould to prepare asphalt slabs with dimensions
305 mm x 305 mm x 57 mm using a roller compactor. This device
compressed the asphalt slab according to four sequences with the table
moving velocity of 250 + 100 mm/s and applying pressures of 2 bar, 4
bar, 6 bar and 0 bar, respectively [35]. Each stage consisted of four
passes and vibration was used during the last passes of the fourth stage
to ensure adequate compaction. Moreover, a 3 mm resin plate was
placed at the bottom of the mould to protect the mould during the

following sample coring operations. From the compacted slab, speci-
mens with a diameter of 100 mm and a height of 40 mm were cored and
cut from the asphalt slabs [36]. At least four testing specimens were
obtained from each asphalt plate. The density and void characteristics
including Air Void Content (V,), Voids in the Mineral Aggregate (VMA)
and Voids Filled with Bitumen (VFB) of testing specimens are given in
Table 4.

2.3. Characterisation of material properties

2.3.1. Viscosity of bitumen by DSR rotational plate method

The dynamic viscosity of the bitumen was determined by a DSR
based on the plate method [25,39]. The bitumen samples were placed
between two 25 mm diameter plates. The rotation was conducted at a
shear rate of 10 rad/s and a shear strain of 1 %. The shear stress was
measured by the DSR. Based on Newton’s internal friction law, the dy-
namic viscosity was calculated by Eq. (1).
n=: ¢)

14
where 7 is the dynamic viscosity, 7 is the shear stress and 7 is the shear
rate. The viscosity test was performed at 40 °C, 60 °C, 80 °C and 100 °C
to assess the relationship between viscosity and temperature. The
bitumen types 70/100, 160/220, 330/430 and PMB were tested at
60 °C, 80 °C and 100 °C, while the soft bitumen of V1500, V3000,
V6000, V9000 and V12000 were investigated at 40 °C, 60 °C and 80 °C.
The testing temperatures were selected to ensure the bitumen behaviour

Table 3
Used grading curves and OBC of asphalt mixtures.
Mixture code Passing percentage [%)] OBC [%]
22.4 mm 16 mm 11.2 mm 8 mm 4 mm 2 mm 1 mm 0.25 mm 0.063 mm

AC 11-70/100 100 95 70 47.5 33.5 25.5 12.5 7.5 5.1
AC11-160/220 100 95 77 56 41.5 31.5 15 7.5 5.2
AC 11-330/430 100 95 77 56 41.5 31.5 15 7.5 5.8
AC 11-PMB 100 95 70 47.5 33.5 25.5 12.5 7.5 5.2
AC 16-70/100 100 95 71 58 31.5 24.5 135 8 4.9
AC 16-160/220 100 95 76 65 35.5 24.5 12.5 5.5 5.0
AC 16-330/430 100 95 76 65 35.5 24.5 12,5 5.5 5.6
AC 16-PMB 100 95 71 58 31.5 24.5 13.5 8 4.9
SMA 11-70/100 100 95 55.5 37.5 26 16 11 5.3
SMA 11-PMB 100 95 55.5 37.5 26 16 11 5.3
SMA 16-70/100 100 95 56 37 22.5 13.5 10 5.1
SMA 16-PMB 100 95 56 37 22.5 13.5 10 5.2
MA 11-V1500 100 94.5 79.5 60 43.5 34 17 6 4.3
MA 11-V6000 100 94.5 79.5 60 43.5 34 17 6 4.2
MA 16-V3000 100 92.5 80.5 46 31 21 8 5 4
MA 16-V9000 100 92.5 80.5 46 31 21 8 5 4.2
MA 16-V12000 100 92.5 80.5 46 31 21 8 5 4.2
AG 16-70/100 100 95 75 35.5 12,5 6 4.7
AG 16-160/220 100 95 75 35.5 12.5 6 4.6
AP 16-70/100 100 95 45 34.5 17 6.5 5 2.8
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Roller compactor
+ Compression pressure: 2 bar (stage 1), 4 bar
(stage 2), 6 bar (stage 3) and 0 bar (stage 4).
« Vibration used during the last two passes of

) Stage 4.
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* Specimen dimension: 305 mm x 305 mm x 57

+ The 3 mm resin plate placed at the bottom of
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Aggregate and bitumen mixing
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Coring machine

+ Diameter: 100 mm.

V6000 MA 163000  MA 16-V9000

¥y

ul - 3
*+ Thickness: 40 mm. MA 16-V12000 AG 16-70/100 AG 220 AP 16-70/100

Roller compression Coring and cutting Asphalt mixture specimen

Fig. 1. Specimen preparation procedure.

Table 4
Density and void characteristics of testing specimens.

Mixture code Density [Mg/m®] Va [%] VMA [%] VFB [%]
EN 12697-6 [37] EN 12697-8 [38]
AC 11-70/100 2.655 3.5 16.9 79.1
AC 11-160/220 2.557 3.0 16.1 81.7
AC 11-330/430 2.539 2.7 17.2 84.6
AC 11-PMB 2.684 2.3 16.1 85.7
AC 16-70/100 2.686 2.9 16.0 81.7
AC 16-160/220 2.647 2.8 15.9 82.6
AC 16-330/430 2.574 4.4 18.7 76.4
AC 16-PMB 2.697 2.5 15.6 83.8
SMA 11-70/100 2.597 5.2 18.8 72.5
SMA 11-PMB 2.676 2.3 16.4 85.8
SMA 16-70/100 2.650 3.9 17.3 77.5
SMA 16-PMB 2.689 2.3 16.2 85.6
MA 11-V1500 2.684 3.7 15.6 76.4
MA 11-V6000 2.635 5.7 17.0 66.3
MA 16-V3000 2.629 6.3 17.2 63.1
MA 16-V9000 2.631 6.0 17.3 65.1
MA 16-V12000 2.594 7.4 185 60.2
AG 16-70/100 2.563 7.9 19.9 60.0
AG 16-160/220 2.565 8.1 19.7 59.2
AP 16-70/100 2.430 15.8 22.6 30.0

within the Linear Viscoelastic (LVE) range. Three replicate specimens
were tested for each type of bitumen and the mean value of dynamic
viscosity was assessed, i.e., a total of 27 specimens were tested.

The kinematic viscosity is calculated as the dynamic viscosity
divided by the bitumen density, which varies from 980 kg/m® to 1 010
kg/m® for the binders selected in this study. The kinematic viscosity
expressed in mm/s? is therefore close to 1 000 times the associated
dynamic viscosity expressed in Pa-s.

2.3.2. Complex modulus of bitumen by DSR frequency sweep method

The complex modulus of bitumen was also determined using the DSR
by performing measurements at different loading frequencies and tem-
peratures [40]. The bitumen samples were placed between two parallel
plates with a diameter of 10 mm and a gap of 2 mm at low temperatures
(<30 °C) and with a diameter of 25 mm and a gap of 1 mm at high
temperatures (>30 °C). The test temperatures ranged from —10 °C to
80 °C with intervals of 10 °C. The frequency was swept logarithmically
down from 400 rad/s to 0.1 rad/s. The shear strain was controlled to
keep all bitumen within the LVE range. The shear strain of the bitumen
70/100, 160/220, 330/430 and PMB was 1 %. The shear strain of the
soft bitumen of V1500, V3000, V6000, V9000 and V12000 was 1 % and

2 % for temperatures lower or higher than 30 °C, respectively. The
average results derived from the three replicate specimens were pre-
sented for a total of 54 samples that were tested.

2.3.3. Dynamic modulus by CITT method

The CITT was performed by a servo-pneumatic universal testing
machine applying a controlled harmonic sinusoidal load. Two Linear
Variable Differential Transformers (LVDT) were located on each side in
the horizontal direction to obtain the corresponding deformation. The
testing temperatures and frequencies vary from region to region ac-
cording to local climatic and traffic conditions. In the United States, the
testing temperatures of —12, 4, 21, 38 and 54 °C the testing frequencies
from 0.1 Hz to 25 Hz are adopted based on the ME pavement design
guide [11]. In Australia, the testing was carried out at four temperatures
of 5, 20, 35 and 50 °C and six frequencies of 0.1, 0.5, 1, 5 10 and 25 Hz
[16]. However, in Norway, the dynamic modulus of asphalt mixtures at
low temperatures is of more concern. Thus, lower temperatures of —15,
—10, 0, 15 and 30 °C and the frequencies 0of 0.1, 0.3, 1, 3, 5and 10 Hz in
accordance with EN 12697-26 were selected for the dynamic modulus
test in this study [41]. The applied loads were adjusted to make sure that
the initial horizontal strain amplitude was in a range comprised between
50 and 100 pe for each testing frequency and temperature; this
requirement ensured that the asphalt mixture specimens were in the LVE
range. The dynamic modulus of the asphalt mixtures was determined
based on the deviator stress and strain in the horizontal direction, and
was calculated by the formula [42,43].

. P
|E| = 3 (v +027) )

where |E*| is the dynamic modulus, P is the vertical harmonic sinusoidal
load, v is the Poisson’s ratio, t is the thickness of the asphalt mixture
samples and AH is the horizontal deformation. To reduce random vari-
ation, four replicate samples were tested and the average values of the
dynamic modulus were calculated; overall, a total of 80 CITT specimens
were tested.

2.4. Master curve approach

2.4.1. Master curve construction for bitumen complex modulus

The master curve is constructed according to the time-temperature
superposition principle by shifting the experimental results based on a
selected reference temperature [44], which aims at predicting the
stiffness for a wider frequency and temperature ranges than the tested
ones. In this research, the Modified Huet-Sayegh (MHS) model was used
to describe the master curve of bitumen expressed as [45,46]:
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where G*(w) is the complex modulus, w is the angular frequency, Gop
and G, are the complex moduli at the infinitesimal and infinite fre-
quencies, respectively, 7; and 7, are time constants for the parabolic
dashpots and mj, my, 5; and &, are model parameters. The number of
parameters can be decreased using one time constant 7 = 7; = 7. The
Willian, Landel and Ferry (WLF) equation was used to shift the measured
values based on the reference temperature of 15 °C given in Eq. (4) [47].

logla(T)] = 7C’C+l((TTiTT>> @

where a(T) is the shift factor, T is the testing temperature, T, is the
reference temperature and C; and Cy are the model parameters. The
fitting result was obtained by calculating the minimum error between
the measured and modelled value.

2.4.2. Master curve construction for asphalt mixture dynamic modulus

The sigmoidal function was used to construct the master curve for
the asphalt mixtures described in the ME pavement design guide [11],
which also had better goodness of fit for the Norwegian AC and SMA
mixtures [48], expressed as:

a

1 + ef—rloe() )

log(|E"|) =6+
where |E*| is the dynamic modulus, fis the frequency, 6 and § + a are the
dynamic moduli at the infinitesimal and infinite frequencies, respec-
tively and 8 and y are the model parameters. The WLF equation (Eq. (4))
was also used to shift the measured value based on the same reference
temperature of 15 °C. The fitting result was calculated by minimizing
the error between the measured and modelled values.

2.5. Grey relational analysis method

The grey relational analysis is a statistical technique, which is mainly
used to elaborate the closeness of the relationship between main factors
and sub-factors in a system as well as to evaluate the degree of influence
that each sub-factor exerts on the main factor [49]. In recent research, it
has been applied in the field of bituminous binders [50,51]. In this
study, the grey relational analysis method was used to investigate the
degree of influence that each material parameter (i.e., maximum
aggregate size, binder content, rheological properties of bitumen, bulk
density and void characteristics of asphalt mixtures) had on the dynamic
modulus of asphalt mixtures. In total, there were m material parameters
and n sets of data. The ith material parameters can be expressed as X,
wherei=1,2,..,mandj=1,2,..,n

Since the numerical values of the material parameters are in different
ranges, the min-max value method was used for the dimensionless
processing of variables by Eq. (6).

x; — minx;) fori=1,2,...mandj=1,2,...n )

X = max (x;) — min(x;)
where Xj; is the comparability sequence from 0 to 1, min(x;) is the
minimum value of the x;; matrix and max(x;) is the maximum value of
the x; matrix. The dynamic modulus sequence was defined as the
reference sequence Xo;. The difference between material parameter
sequence, Xj;, and reference sequence, Xy, is Aj = |Xoj - Xjj|. The grey
relational coefficient is used to determine how close Xj; is to Xg;, which
can be calculated by Eq. (7).

min(A;) + ¢max(A;)

7o X0) = ()

fori=1,2,...omandj=1,2,...n

@)
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where y(Xo;, Xj) is the grey relational coefficient, min(4;) is the mini-
mum value of A;; matrix, max(4;) is the maximum value of A;; matrix and
¢ is the resolution coefficient between 0 and 1 to reflect the difference in
the correlation and the value of 0.3 is selected in this study [20]. The
grey relational grade between the ith material parameter sequence, X,
and the dynamic modulus sequence, Xy, can be then calculated by Eq.
(8).

7(Xo, X)) :%Zy(xo,-ﬁx,,) fori=1,2,....m (8)

where y(Xp, X;) is the grey relational grade between 0 and 1, and the
closer its value is to 1, the better the correlation between the material
parameter and the dynamic modulus.

3. Results and discussion
3.1. Analysis of material properties

3.1.1. Viscosity-temperature curve of bitumen

The viscosities of the nine types of bitumen are presented in Fig. 2,
with PMB being associated with the highest values in the range of 40 °C
to 100 °C due to the network structure of the polymer in the bitumen
[46,52]. Soft bitumen has the lowest viscosity, which presents a flow
state at room temperature. The neat bitumen is characterised by average
values, and its viscosity decreases as the penetration increases. The log
value of viscosity is linear with temperature, as shown in Table 5. All R?
are higher than 0.989, which indicates almost perfect fits. Therefore, the
viscosity of the bitumen at a given temperature can be predicted by the
linear regression model, which is used as a material factor influencing
the dynamic modulus of asphalt mixtures.

3.1.2. Complex modulus master curve of bitumen

The complex moduli of the nine types of bitumen are shown in Fig. 3.
The complex modulus of neat bitumen is higher than the one of soft
bitumen. In terms of neat bitumen, the values of complex modulus
decreased with increasing penetration. Regarding the soft bitumen, the
values of complex modulus decreased with decreasing viscosity. The
complex modulus of PMB is lower than the one of neat bitumen at high
frequencies (low temperatures) and higher than that of neat bitumen at
low frequencies (high temperatures). This is connected that the polymer
increases the flexibility of the binder at low temperatures and the
network structure of the polymer provides the elasticity in neat bitumen
at high temperatures [53,54]. The MHS model and WLF equation pa-
rameters of nine bitumen are given in Table 6. The results display good
goodness of fit as all R? values are higher than 0.968. Therefore, the
complex modulus of bitumen at an arbitrary condition can be obtained
by the master curves and used as a material factor for evaluating the
dynamic modulus.

3.1.3. Dynamic modulus master curve of asphalt mixtures

The dynamic modulus master curves of asphalt mixtures were con-
structed using the sigmoidal function and the WLF equation based on the
measured values of dynamic modulus at different frequencies and
temperatures as shown in Fig. 4. Furthermore, Fig. 4 also documents
that the dynamic modulus master curves of asphalt mixtures containing
the bitumen types belonging to the same group (i.e., neat, PMB, soft) are
relatively close. Moreover, the order of dynamic modulus of asphalt
mixtures with different bitumen was in accordance with that of the
viscosity and complex modulus of corresponding bitumen under the
same testing conditions. This can be explained considering that the
viscoelastic behaviour of asphalt mixture is highly determined by the
rheological properties of bitumen [7-10]. The fitting parameters of both
sigmoidal function and WLF equation are given in Table 7. All results
display a high goodness of fit R? > 0.973. Since the viscosity of soft
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Fig. 2. Viscosity of bitumen.
parameters: maximum aggregate size, Ppqy, binder content, B, bitumen
I;E:r iegression of viscosity, 5, with temperature, T. Visco.Sity’ 7(T), bitumen complex mOdUI.uS’ |G (.T’ﬂ’.asPhah mixture
i > density, pmix, Voo VMA and VFB. The bitumen viscosity and complex
Bitumen Linear regression equation R? modulus obtained at the same testing conditions adopted for the eval-
Neat bitumen 70/100 log(n) = —0.0448-T + 6.0315 0.997 uation of the dynamic modulus are calculated according to the regres-
160/220 log(i) = —0.0430-T + 5.5481 0.992 sion and MHS models illustrated in Section 3.1.1 and Section 3.1.2,
PMB zg% 32?60 i‘;igz i :3‘ g;‘gg:;i ; g;g‘; g‘ggg respectively. The 20 asphalt mixtures were analysed and their dynamic
Soft bitumen V1500 log(p) — —0.0348.T + 3.3888 0.092 moduli were measured for 30 combinations of frequencies and tem-
V3000 log(n) = —0.0376-T + 3.7867 0.991 peratures for neat bitumen and PMB and 24 combinations for soft
V6000 log(n) = —0.0411-T + 4.2923 0.991 bitumen. Thus, the grey relational analysis was conducted for a total of
V9000 log(n) = —0.0454-T + 4.7810 0.991 570 sets of data leading to the result shown in Fig. 5. The grey relational
V12000 log(i) = —0.0461°T + 5.0168 0991 degree is ranked as follows in descending order: |G*|(T,f), (T), VFB, V,,
160 > Bs Pmixs Pmax, and VMA. The result indicates that the dynamic
modulus is greatly affected by the bitumen complex modulus and its
1.0E+10 viscosity as the two corresponding factors are higher than 0.7, followed
— 070/100 by the void characteristics of VFB and V,, with values of 0.595 and 0.592.
& 10E+07 E 160/220 Other factors, such as bitumen properties and binder content, have a
-} relatively low effect on the dynamic modulus since their values range
g 330/430 from 0.428 to 0.562. On the one hand, this outcome can be explained
g 1.0E+04 § oPMB considering that the rheological properties of bitumen dominate the
3 oVv1500 viscoelastic behaviour of asphalt mixtures. On the other hand, the fac-
2-1 oE+01 | 83000 tors of bitumen complex modulus and viscosity, resembling dynamic
8 : , 2V6000 modulus, change with frequency and temperature, whereas others are
S not dependent on these two conditions and therefore do not vary, e.g.,
1.0E-02 lsiix PSS S S aVve000 VFB, Vg, 60 <C» B, pmixs Pmax, and VMA.
1.0E-08 1.0E-04 1.0E+00 1.0E+04 1.0E+08 ©V12000 Considering the effect of Penys -¢ and Trep, 13 asphalt mixtures with

bitumen is very small at high temperatures, the dynamic modulus of the
corresponding asphalt mixtures varies at high temperatures (>15 °C)

Reduced frequency [Hz]

Fig. 3. Complex modulus of bitumen.

resulting in an R? lower than the ones of other mixtures.

3.2. Grey relational analysis of material factors

In this research, only bitumen 70,100, 160/220 and PMB are char-
acterised by the following parameters of the penetration at 25 °C,
Penys -, and softening point tested in the water, Trep. Thus, the grey
relational grad was assessed regarding the correlation between the dy-
namic modulus of asphalt mixtures and the following available material

these two parameters were selected for the grey relational analysis; the
corresponding 390 sets of data were analysed. The results are presented
in Fig. 6, which are similar to the findings already reported in Fig. 5. The
effect of Penys -¢c and Trgp on the dynamic modulus of asphalt mixtures
are close to 769 °¢, and are ranked according to the descending order: |
G*|(T,f), n(T), VFB and V.

The results of grey relational analysis illustrate that the most influ-
ential factor in the determination of the dynamic modulus of asphalt
mixtures is represented by the rheological properties of the bitumen,
which change with frequency and temperature. The void characteristics
of VFB and V, as well as 76 -, Penys -¢c and Trep of the binders are the
other parameters exerting the largest influence.
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Table 6
MHS model and WLF equation parameters of complex modulus.
Bitumen MHS model WLF equation R?
Go Goo T my my 2 82 N3 C; Ca
Neat bitumen 70/100 451 x 1072 3.52 x 10° 6.30 x 10°° 0.55 1.00 15.04 1.00 1.00 x 10%° 13.44 108.37 0.968
160/220 4.01 x 1071 5.59 x 10® 9.16 x 10°* 0.45 1.00 12.57 1.00 9.97 x 10% 14.23 125.06 0.994
330/430 3.54 x 1077 5.82 x 108 2.18 x 107* 0.34 1.00 13.25 6.55 3.60 x 10°° 11.26 100.32 0.985
PMB 65/105-60 1.62 x 10 3.48 x 10° 3.35 x 10°° 0.22 0.70 29.03 5.59 1.00 x 10%%° 13.53 104.01 0.984
Soft bitumen V1500 1.09 x 10°° 3.30 x 10® 1.76 x 10°° 0.49 1.00 10.11 1.00 3.24 x 10% 8.34 100.91 0.991
V3000 2.15 x 1071° 7.70 x 10° 9.86 x 1077 0.48 1.00 7.17 1.00 1.83 x 10% 7.53 92.78 0.988
V6000 3.23 x 1071° 5.22 x 10® 6.83 x 10°° 0.5 1.00 7.98 1.00 8.64 x 10'%° 9.34 102.05 0.987
V9000 1.60 x 1072%° 3.71 x 108 3.22 x107° 0.48 0.99 9.00 1.00 9.98 x 10* 9.6 92.97 0.984
V12000 5.46 x 1028 3.99 x 108 1.17 x 1074 0.5 1.00 12.42 1.04 1.10 x 10 10.95 99.83 0.978

1.0E+05
oAC 11-70/100
AC 11-160/220
AC 11-330/430
oAC 11-PMB
oAC 16-70/100
AC 16-160/220
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Fig. 4. Dynamic modulus master curves of asphalt mixtures.

3.3. Correlation between bitumen viscosity, bitumen complex modulus
and dynamic modulus of asphalt mixtures

Based on the results of the grey relational analysis, the correlation
between bitumen viscosity, bitumen complex modulus and dynamic
modulus of asphalt mixtures was investigated. As shown in Fig. 4, the
dynamic modulus of asphalt mixtures containing the different types of
bitumen belonging to the same group is relatively close. Therefore, the
asphalt mixtures were divided into nine types according to the type of
bitumen. Based on the experimental data of the asphalt mixture dynamic
modulus and the modelling data of the viscosity and complex modulus of

the bitumen, Multiple Linear Regression (MLR) was performed to eval-
uate the correlation. The MLR model is given in Eq. (9).

log[|E"|(T.f)] = ar-logln(T) ] + axlog[|G" (T, f) | +as 9)

where |E*|(T, f) is the dynamic modulus at different temperatures
and frequencies, a;, az and az are model parameters. 7(T) and |G*|(T, f)
are obtained as illustrated in Section 3.1.1 and Section 3.1.2,
respectively.

The model parameters are displayed in Table 8 and the results are
illustrated in Fig. 7. All nine bitumen types have a good fit with R? >
0.901. The value of Sig. is the p-value, which indicates the significance of
the independent variable in the model. The lower p-value shows the
greater significance of the variable. Analysis of Variance (ANOVA) is
used to verify the significance of the model. As shown in Table 8, the p-
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Fig. 5. Grey relational grade of material parameters except Penzs -c and Tres.

Table 7
Fitting parameter of sigmoidal function and WLF equation for dynamic modulus.
Mixture code Sigmoidal function WLF equation R?
3 a s 4 Cr' G

AC 11-70/100 0.72 3.97 —0.98 0.38 17.87 123.47 0.999
AC 11-160/220 1.89 2.60 —-0.09 0.63 9.39 82.16 0.995
AC 11-330/430 2.16 2.27 0.23 0.64 10.33 79.76 0.988
AC 11-PMB 1.74 2.73 —0.59 0.57 12.14 86.34 0.994
AC 16-70/100 0.90 3.80 —0.92 0.42 13.20 92.23 0.991
AC 16-160/220 1.87 2.67 —0.08 0.63 8.51 77.17 0.990
AC 16-330/430 2.02 2.46 0.07 0.50 11.60 83.09 0.990
AC 16-PMB 1.76 277 —0.65 0.49 11.40 74.07 0.997
SMA 11-70/100 1.40 3.21 -0.71 0.49 12.30 92.50 0.999
SMA 11-PMB 0.85 3.69 —1.04 0.42 9.94 69.26 0.998
SMA 16-70/100 1.74 2.89 —0.46 0.53 12.24 91.17 0.998
SMA 16-PMB 1.59 291 —0.78 0.51 12.20 83.56 0.997
MA 11-V1500 2.26 1.71 1.47 0.89 1.11 41.09 0.973
MA 11-V6000 1.65 2.86 0.45 0.61 5.50 70.76 0.977
MA 16-V3000 2.66 1.28 2.53 1.31 1.85 44.84 0.994
MA 16-V9000 2.55 1.83 1.97 1.02 18.41 167.42 0.980
MA 16-V12000 2.05 2.41 0.63 0.56 33705.31 180907.61 0.990
AG 16-70/100 117 3.43 —1.06 0.42 23.02 149.73 0.997
AG 16-160/220 1.91 2.53 —0.28 0.76 4.91 50.67 0.981
AP 16-70/100 —4.86 9.43 -2.26 0.36 8.20 57.47 0.996
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Table 8
MLR model parameters of Eq. (9) calculated for the nine bitumen types.
Bitumen type Coefficient ANOVA Model summary
a; Sig. as Sig. as Sig. F Sig. R?
Neat bitumen 70/100 0.041 0.057 0.463 0.000 6.385 0.000 7614.192 0.000 0.989
160/220 0.086 0.039 0.452 0.000 6.212 0.000 2309.521 0.000 0.982
330/430 0.300 0.000 0.320 0.000 6.385 0.000 2269.337 0.000 0.988
PMB 65/105-60 —0.009 0.837 0.501 0.000 6.442 0.000 4041.070 0.000 0.986
Soft bitumen V1500 —-0.131 0.411 0.336 0.000 38.213 0.000 95.217 0.000 0.901
V3000 0.111 0.369 0.259 0.000 7.453 0.000 124.104 0.000 0.922
V6000 0.024 0.719 0.429 0.000 6.858 0.000 1095.766 0.000 0.991
V9000 0.093 0.437 0.407 0.000 6.511 0.000 285.341 0.000 0.965
V12000 0.258 0.019 0.370 0.000 6.128 0.000 364.748 0.000 0.972

values of ay are all 0, reflecting the significance of bitumen complex
modulus in the model. Whereas the p-values of a; are from 0 to 0.837,
and neat bitumen shows a lower value than the other bitumen. This
result indicates that the effect of viscosity on dynamic modulus depends
on bitumen types. The ANOVA results indicate that the models for all
bitumen have a good correlation with the test results. The R? of soft
bitumen is more variable when compared to neat bitumen and PMB.
This might be caused by the relatively unstable test results of the asphalt
mixtures containing the soft bitumen, causing fluctuations, especially at
high temperatures [55]. Nevertheless, the dynamic modulus of asphalt
mixtures can be predicted with high reliability by the viscosity and
complex modulus of the bitumen for certain loading frequency and
temperature conditions. This method can save testing time and the
required materials for performing the dynamic modulus test.

3.4. Dynamic modulus prediction model by master curve parameter
modelling

Although the method illustrated in Section 3.3 can well predict the
dynamic modulus of asphalt mixtures, it is necessary to assess the vis-
cosity and complex modulus of bitumen, which are evaluated by means
of laboratory devices requiring highly specialized equipment and well-
trained operating skills. While the dynamic modulus varies with
loading frequency and temperature, some other material parameters (i.
€., Pmaxs B, 1160 °C> Pmixs Vas VMA, VFB, Pen and Tgrep) do not vary. The
sigmoidal function fits the dynamic modulus well and its fitting pa-
rameters are also fixed for one material. Thus, the material parameters
can be used to predict the fitting parameters of the sigmoidal function
and thus estimate the dynamic modulus. In this case, the selected ma-
terial parameters were Py, B, 7160 <Cs Pmixs Vas VMA, VFB, Pen and Tr«s,
while &, a, f and y were chosen as the fitting parameters of sigmoidal
function. The MLR was also used to find the correlation between

material parameters and fitting parameters of sigmoidal function as
expressed in Eq. (10) in two ways: one for the material parameters
without Pen and Trgp (Eq. (10.1)) and another one for all obtained
material parameters (Eq. (10.2)).

For material parameters without Pen and Trep

8,0, and y = by-Pryay + ba-B + b3l + ba-Prge + bs-Vi + bg- VMA
+bs-VFB + by
(10.1)

For material parameters with Pen and Trep

85,0, and y = b, -Puax + by-B + by-Penos o+ b,-Tras + by gy -¢ + by Pruie
4 b3V, + by VMA + by-VFB + b,
(10.2)

where b;.;¢9' and by g are the regression parameters and all material
parameters are in the international system of units. The MLR model
parameters of Eq. (10) are given in Table 9. The results indicate that
there is a good fit between parameters §, a, # and material parameters.
The correlation between y and material parameters is relatively poor.
This reflects the y is less affected by the material properties. Neverthe-
less, in the MLR model with material parameters containing Pen and
Tras, the R? of y is also as high as 0.837, showing a certain dependence
of y on the material parameters. Furthermore, in this MLR model, the
variables of 59 -¢c and V, were excluded. This is due to the small cor-
relation between 7¢p ¢ and fitting parameters of master curve, which
can also be verified by small values of bz for the MLR model without Pen
and Trgp. The variable of V, is excluded due to a higher variance
inflation factor, which is caused by the correlation between V,, VMA and
VFB.

The dynamic modulus of the asphalt mixtures predicted by the
sigmoidal function fitted with the material parameters and Witczak 1-



H. Chen et al.

11 -
é R2pcat bitumen = 0.987 o AC 11-70/100
8 s AC 11-160/220
£ I¢
E w0l ﬁ‘i} AC 11-330/430
E _ B 0 AC 16-70/100
Id zégs' AC 16-160/220
el # O
g 9r - & AC 16-330/430
g X 2 SMA 11-70/100
= ," ©SMA 16-70/100
g 8 : ' X AG 16-70/100

8 o 10 . AG 16-1601220

@ Log Predicted dynamic modulus [Pa] ;
w M -
E R2pys = 0.986
3 i
o Bt
£
e 10
E _ oAC 11-PMB
= oAC 16-PMB
§ 9 4 SMA 11-PMB
g > SMA 16-PMB
=
g 8
- 8 9 10 11

®) Log Predicted dynamic modulus [Pa]

11 -

El Reeottbitumen = 0.967
3
o
s 10
= O MA 11-V1500
g o MA 16-V3000
oo
T o MA 11-V6000
E oMA 16-V9000
é o MA 16-V12000
g 8 - :
|

8 9 10 1

© Log Predicted dynamic modulus [Pa]

Fig. 7. Results of multiple linear regression of Eq. (6): (a) Neat bitumen, (b)
PMB and (c) Soft bitumen.

37A, Witczak 1-40D, Hirsch, Al-Khateeb, global and simplified global
models for comparison are shown in Fig. 8. The RZ of the MLR without
and with Pen and Tgrep are 0.973 and 0.993, respectively, which can
reasonably predict the dynamic modulus for more types of asphalt
mixtures [20]. The soft bitumen displays a lower R? than the other types,
especially at low frequencies (high temperatures). This can be inter-
preted by taking into consideration the small contribution of soft
bitumen to the elasticity of the asphalt mixture at high temperatures. In
this condition, the stiffness is provided mainly by the aggregate skeleton,
thus defining estimated actual stiffness, which deviates from the dy-
namic modulus predicted by the material parameters. Compared with
the Witczak 1-37A (R? = 0.707), Witczak 1-40D (R? = 0.926), Hirsch
(R? = 0.815), Al-Khateeb (R = 0.814), global (R? = 0.906) and
simplified global (R? = 0.891) models, the prediction results of the MLR
model in this research shows a better fit. Furthermore, the empirical
model of Witczak 1-40D is more suitable for Norwegian asphalt
mixtures.

For each type of asphalt mixture, Fig. 9 shows that the MLR model

Table 9

MLR model parameters of Eq. (10).

Model

ANOVA

Coefficient

Master curve parameter

summary
RZ
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sig.
24.08 0.000 0.934

Sig.

bs

Sig.

.4

sig.
—0.647 0.001 2.580

bs

sig.
—5.533 0.026

by Sig. bs
~0.018 0.193

sig

bs

Sig.
~4738 0.350 0.001

bz

Sig.

by

0.027

0.234 99.76

0.564

0.049

s 0.129

MLR without Pen and Trep

17.12 0.000 0.909
16.30 0.000 0.905
2.906 0.050 0.629

—118.0 0.033

0.003 —4.188 0.124

0.021 0.646

0.119 7.176

—0.145 0.069 8730 0.171 -0.001 0.615 0.028

a

0.004
0.104

Sig.

0.005 121.9

—0.303 0.029 6.063
—0.063 0.234 0.970

be'

—7.602 0.002
—1.303 0.117
bs'

—0.038 0.006

0.856
0.831
sig.

—14.79 0.004 0.000
—2.481 0.175 0.000

by
0.163 8.187

0.039

p 0118

0.207 24.66

—0.007 0.160

by

0.029 0.062

0.271
Sig.

0.024

by
5 0.107

14

R?

sig.
0.571 43.01 0.000 0.984

Sig.

by

bg'

Sig.

b/

by sig. Sig. Sig.

Sig.
0.005 125.7

—2.375 0.038 11.52

—0.575 0.027

0.942

0.119

0.011

0.041

MLR with

—7.046 0.744 38.06 0.000 0.982

0.034 2.3655 0.048

0.963 0.576

0.683
0.678

—0.010 0.156

0.001

—0.074 0.029 -

—0.110 0.176 -8.242 0.006 -150.0 0.020

a

Pen and Tren

—0.714 0.955 9.808 0.012 0.932
—2.381 0.562 3.669 0.086 0.837

—0.294 0.608

—0.064 0.613

0.828

0.724 -

0.041 0.005
0.013 0.005

0.302 72.37

0.799 31.67

0.430 1.248

$ 0.036

0.893

—0.002 0.954 0.024

0.001  0.636

0.314 -

0.728 0.093

0.005

14
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Fig. 8. Comparison between the predicted and measured dynamic modulus: (a) MLR model without Pen and Trep, (b) MLR model with Pen and Tgres, (c) Witczak 1-
37A model, (d) Witczak 1-40D model, (e) Hirsch model, (f) Al-Khateeb model, (g) Global model and (h) Simplified global model.

offers a better fit for stiffer bitumen. This relates to the larger variation in
the dynamic modulus test for the asphalt mixtures containing soft
bitumen. In summary, the dynamic modulus of asphalt mixtures can be
predicted based on the material parameters by this MLR model.

4. Conclusions

In this study, the dynamic modulus was measured using the cyclic
indirect tensile test for the 20 kinds of asphalt mixtures containing nine

10

types of bitumen that are mostly used for Norwegian roads and corre-
sponding master curves were constructed. The influence of different
material factors (i.e., maximum aggregate size, binder content, rheo-
logical properties of bitumen, bulk density and void characteristics of
asphalt mixtures) on the dynamic modulus was investigated. New pre-
diction models for the dynamic modulus of asphalt mixtures were pro-
posed based on the experimental test data. The testing results are used to
create a database of asphalt materials for the “VegDim” project and the
findings can be incorporated into the development of a ME pavement
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design for Norwegian conditions. The conclusions are summarised as
follows.

o Regarding the nine types of bituminous binders, a log-linear rela-
tionship was used to model the relationship between viscosity and
temperature, whereas the complex modulus was modelled based on
the modified Huet-Sayegh formulation. As for the 20 types of asphalt
mixtures, their dynamic moduli were modelled by using the
sigmoidal function. The reliability associated with all the formula-
tions was good showing Coefficient of Determination (R%) > 0.968.
According to the grey relational analysis results, the dynamic
modulus of asphalt mixtures is greatly affected by the viscosity and
complex modulus of bitumen, followed by the void characteristics of
void filled with bitumen and air void content, and then by the
bitumen penetration and softening point.

The dynamic moduli of asphalt mixtures containing the same
bitumen type were close. The order of dynamic modulus of asphalt
mixtures was in accordance with that of the viscosity and complex
modulus of corresponding bitumen under the same testing condi-
tions. The correlation between the dynamic modulus and bitumen

11

viscosity and complex modulus was established by Multiple Linear
Regression (MLR). The prediction model had the goodness of fit
values R? > 0.901.

The prediction model of the fitting parameters of the sigmoidal
function had a good correlation with R? > 0.973 and asphalt mix-
tures with stiffer bitumen showed a better fit. This value was higher
than the corresponding R? obtained for the other empirical predic-
tion models. Moreover, this method accurately predicts the dynamic
modulus of asphalt mixtures without involving the rheological
properties of bitumen. This can reduce the tedious testing of bitu-
minous rheological properties when predicting the dynamic modulus
of asphalt mixtures.

The MLR results for master curve parameters show that some ma-
terial factors have a significant influence on the prediction model for
some asphalt mixtures, while they have little effect on other asphalt
mixtures. Therefore, the types of material factors can be further opti-
mised for a specific asphalt mixture to improve the accuracy of the
prediction model and reduce the workload in future studies. In addition,
since the current specification in many regions is based on a cyclic
compression test for the circular cylinder to measure the dynamic
modulus of asphalt mixtures, further research can focus on the differ-
ence and connection between compressive and indirect tensile modes in
dynamic modulus results for optimising the prediction model.
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Dynamic modulus is an essential parameter for the performance characterisation of asphalt materials for per-
formance prediction and pavement design. The Indirect Tensile (IDT) test and the Uniaxial Compression (UC) test
are both well-known experiments performed in the laboratory to characterise the dynamic modulus of asphalt
mixtures over a range of temperatures and loading frequencies. A considerable amount of research has inves-
tigated the difference between two test modes, while few studies analysed the fundamental difference in
stress—strain distributions for the two test setups. This work aims at comparing the effect of the two test methods
on dynamic modulus of asphalt mixtures, as well as stress—strain state. For these purposes, two types of mixtures
commonly employed to build road surface layers, namely Asphalt Concrete (AC) and Stone Mastic Asphalt
(SMA), were created and tested. The specimens were prepared with a gyratory compactor. The master curves of
dynamic modulus and the stress—strain states obtained from the two testing procedures were compared. The
dynamic modulus and phase angle results are almost identical for medium frequency and temperature, whereas
the results exhibit significant discrepancies for lower and higher frequency values. AC 11 and SMA 11 mixtures
show differences in comparison between the two tests. Moreover, the strains measured by the IDT test are
variable and the strains obtained from the UC test stabilise around 40 pe. Similarly, both tests have poor strain
control at 40 °C. The values of normalised stresses measured by the IDT test are approximately 3.26 and 2.34
times greater than the ones measured by the UC test for AC 11 and SMA 11 mixtures, respectively. In general, the
results of the mechanical characterisation of the asphalt mixtures conducted using both tests are similar. The IDT
test has the advantage of sample size for sample preparation methods in both laboratory and field, and the UC
test has a better deformation control at low and medium temperatures.

1. Introduction

In the development of pavement design, the Mechanistic-Empirical
(ME) pavement design approach applicable to various materials and
environmental conditions has been gradually adopted to replace previ-
ous empirical design approaches [1,2]. The mechanical characterisation
of road construction materials is necessary to predict the response of the
structure according to the ME pavement design. When it comes to
asphalt materials, the dynamic modulus is an essential parameter for
engineering computations [3]. The dynamic modulus of asphalt

* Corresponding author.

mixtures mainly depends on the temperature and the loading time due
to its viscoelastic properties [4-6]. The Uniaxial Compression (UC) test,
which can be conducted at different temperatures and frequencies with
a dynamic loading form, is the standard test method for the determi-
nation of dynamic modulus of asphalt mixture in the ME pavement
design guide [7]. The dynamic modulus is calculated by dividing the
peak-to-peak stress by the peak-to-peak strain for the asphalt mixture
subjected to a sinusoidal load. Afterwards, the dynamic modulus master
curve is constructed according to the time-temperature superposition
principle [8] to predict the dynamic modulus of asphalt mixture over a
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Table 1
Physical properties of bitumen 70/100.
Physical property Unit Bitumen 70/ Test standard
100
Penetration at 25 °C 0.1 mm 92 EN 1426:2015
[22]
Softening point (Ring and °C 46.0 EN 1427:2015
Ball) [23]
Table 2
Resistance to wear and fragmentation of crushed rock aggregates.
Property Value  Requirements for AADT > Test standard
15 000
Micro-Deval 14.2 <20 EN 1097-1:2011
coefficient [24]
Los Angeles value 18.2 <15 EN 1097-2:2020
[25]
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Fig. 1. Grading curves of (a) AC 11 and (b) SMA 11.
Table 3
OBC and voids characteristics of AC 11 and SMA 11.
Asphalt OBC Void characteristic (EN 12697-8:2018 [29])
i o
mixture (%] Va Standard VFB Standard
[%] deviation [%] deviation
AC11 5.1% 3.8% 0.2 % 77.0 % 1.3%
SMA 11 5.3% 4.0 % 0.3 % 77.1 % 1.6 %
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wide frequency range. This test method is widely used not only for
traditional materials but also for innovative and recycled construction
resources [9-11].

The dynamic modulus can be tested on samples produced in the
laboratory or from samples cored from a real pavement. However, the
thickness of the core sample extracted from the existing pavement is
often less than the required height of the UC test. Differently, the Indi-
rect Tensile (IDT) test determines the dynamic modulus according to a
biaxial stress state on a thinner specimen [12]. Compared with UC test,
the IDT test is largely used thanks to the easiness of operation (e.g.,
smaller samples) and its suitability to characterise core road samples.
Even though the IDT test is commonly used for the evaluation of resilient
modulus, strength and fatigue of asphalt mixture, it has been also per-
formed to assess the dynamic modulus. Zaumanis et al. [13] conducted
IDT investigation to determine the dynamic modulus of 100 % recycled
asphalt mixtures while appraising the suitability of the IDT setup to
characterise highly recycled asphalt mixtures. Mollenhauer et al. [14]
obtained the stiffness of asphalt mixtures by conducting IDT tests to
develop a German ME pavement design. Zhang et al. [15] have adopted
the IDT test to compare the change in dynamic modulus of asphalt
mixture before and after chemical ageing. The Norwegian Public Roads
Administration (NPRA) is currently developing a ME pavement design
system and, therefore, needs the creation of a database defining the
dynamic modulus for the asphalt mixtures employed in the Nordics
pavements [16].

Although both IDT and UC tests can measure the dynamic modulus of
asphalt materials, their results show some discrepancies due to the
different stress—strain states and test conditions [17]. Understanding
these differences is important to select the correct material characteri-
sation testing and to define the pavement design system more accu-
rately. Kim et al. [18] developed an analytical solution to assess the
dynamic modulus from the IDT test. In this regard, twelve asphalt
mixtures used in North Carolina were tested according to both IDT and
UC procedures. The results displayed a little discrepancy in the dynamic
modulus master curves. However, Qin et al. [19] found some differences
between the two tests in dynamic modulus, phase angle, and shift factor.
The dynamic modulus and shift factor measured using the UC test were
higher than the corresponding values obtained using the IDT test. As
very few studies shed light on the differences between the IDT and the
UC testing procedures from the perspective of stress-strain states for
Norwegian asphalt mixtures, this work addresses this gap as well as
delves into the fundamental difference in stress—strain distributions for
the two test setups and provides guidance on test methods for the
development of Norwegian ME pavement design.

In this study, Asphalt Concrete (AC) and Stone Mastic Asphalt (SMA)
mixtures were characterised as they were commonly used for surfacing
road pavements. The mixtures were compressed using a gyratory
compactor and the samples were drilled and cut according to the testing
requirements. The IDT and UC tests were conducted in the laboratories
of the Norwegian University of Science and Technology (NTNU) and the
University of Agder (UiA), respectively. The master curves were con-
structed based on the ME pavement design guide and shift factor func-
tion defined by the Williams-Landel-Ferry (WLF) equation. The
differences in the values of dynamic modulus, phase angle, shift factor as
well as the discrepancies in the stress-strain states for the two tests were
analysed.

2. Materials and test methods
2.1. Materials

The bituminous binder employed was type 70,/100, which is the most
used in Norwegian asphalt pavements. Crushed rocks having magmatic
and metamorphic origin as well as limestone filler were used as aggre-
gates [20,21]. The main physical properties of the binder are given in
Table 1. The resistance of aggregates to wear and fragmentation is
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Fig. 2. (a) IDT test setup using UTM, (b) scheme of IDT test specimen subjected to a vertical load and (c) stress distribution.
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Fig. 3. Schematic trend of stress and strain for IDT test.

Fig. 4. (a) UC test setup using UTM-130 and (b) scheme of UC specimen sub-
jected to a vertical load.

specified in Table 2, which fulfils the Norwegian requirements of AC and
SMA mixtures with an Annual Average Daily Traffic (AADT) higher than
15 000.

2.2. Sample preparation

Sample preparation is very important for the results from laboratory
testing of asphalt and special care was taken to produce samples as
homogeneous as possible to compare the two testing methods without
any bias from the sample preparation.

The particle size distributions are given in Fig. 1 and the average
gradation curves are selected to prepare the tested samples. The Opti-
mum Binder Content (OBC) was determined by the Marshall mixture
design. The asphalt mixture specimens were prepared in the laboratory
of NTNU using a gyratory compactor (ICT-150RB produced by Invelop
Oy, Savonlinna, Finland). The compaction pressure was 620 kPa, and
the gyratory angle was set to 17 mrad (0.97°) [26]. The 100 and 115
design gyrations were applied for the AC 11 and SMA 11, respectively
[27]. Asphalt cylinders with a diameter of 150 mm and a height of 180
mm were thus obtained; afterwards, IDT specimens (diameter = 100
mm, height = 40 mm) and UC specimens (diameter = 100 mm, height =
150 mm) were drilled and cut. The OBC and the void characteristics
including the Air Voids Content (V,) and the Voids Filled with Binder
(VFB) are shown in Table 3, which fulfil the corresponding requirements
[28]. Four replicate samples were created for each asphalt mixture type.
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Fig. 6. Dynamic modulus results: (a) AC 11 and (b) SMA 11.

A total of 16 samples were tested and they were denominated as AC 11-
IDT, AC 11-UC, SMA 11-IDT and SMA 11-UC.

2.3. Dynamic modulus tests

2.3.1. Indirect tensile test

The cyclic IDT test was performed by a servo-pneumatic Universal
Testing Machine (UTM) produced by Cooper Technology exerting a
controlled harmonic sinusoidal load with a haversine wave. Two Linear

Variable Differential Transformers (LVDT) were used on both sides in
the horizontal direction. The test was conducted in accordance with EN
12697-26 [30] at frequencies of 10, 5, 2, 1, 0.2 and 0.1 Hz and the
temperatures of —10, 5, 21 and 40 °C to obtain a broad and continuous
dynamic modulus master curve for measured values. The applied loads
were adjusted to keep the initial horizontal strain amplitude in a range
between 50 pe to 100 pe for every testing temperature and frequency.
The IDT test is regarded as a stress—strain dual control test.

The scheme of the IDT test is shown in Fig. 2; the x and y axes are
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Fig. 7. Coefficient of variation of dynamic modulus results: (a) AC 11 and (b) SMA 11.

defined as the horizontal and vertical direction, respectively. Based on
the linear viscoelastic solution the stress and strain in the horizontal
direction of the IDT test specimen are used to calculate the dynamic
modulus [18]. The stress distribution is presented in Fig. 2(c). The co-
ordinate axis between the position in the horizontal direction and the
stress at this position was established. The IDT test specimen was applied
a vertical harmonic sinusoidal load, P, which can be expressed as shown
in Eq. (1). Along the horizontal diameter of the IDT specimen the hor-
izontal stress, ox(x), and the vertical stress, g,(x), can be evaluated as
defined by Eq. (2) and Eq. (3), respectively [31-33].

P = Py-e"" = Py[cos(wt) + isin(wr) | @
P (1 - x*/R?)sin2a L (1-X/R
oi(x) = maz |1+ 2(x*/R*)cos2a + x* /R* —tan (l +2%/R? tana) @
2P
= a6 — 8]
2P (1 —x*/R*)sin2a L (1-2P/R
o) =1z {1 T 2(@/R)cos2a + AR " (1 ey t“‘"“)
2P
= ) + 5]
3

where x is the distance from the origin along the abscissa, Py is the

amplitude of the sinusoidal load, w is the angular frequency of the si-
nusoidal load, t is time, a is the loading strip width, z is the thickness of
the sample and R is the radius of the sample. The horizontal strain, &x(x,
t), is expressed:

1

e(x,1) = = [O'X(X) - uov(x)]
“4)
= 22 e+ 1) + = Do)
raz

where E* is the dynamic modulus, ¢ is the phase angle and v is the
Poisson’s ratio. The total deformation between -R and R at the horizontal
central axis, AH(t), is given:

AH(1) = /R e.(x,1)dx

2P, * "
= 2P0 o0 [(wr 1)/ Fx)dx + (v — l)/ g(x)dx] %)
E maz —R *
_ %Po Fo-0) 5
E naz

Therefore, in the IDT mode, the dynamic modulus from the hori-
zontal deformation can be expressed as:

2Pysin(wt — ¢)

rmazAH(r) ®

E =|E'|e" =
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Table 4
The fitting parameters and statistical parameters of the dynamic modulus master
curves for asphalt mixtures.

Fitting parameter AC 11-IDT SMA11-IDT AC11-UC SMA11-UC
Sigmoidal 8 1.755 2.152 1.594 1.575
function a 2.974 2.431 2.823 2.847
B —0.382 —-0.106 —-0.385 —0.432
v 0.413 0.504 0.701 0.650
WLF equation C; 33.802 49.893 19.297 11.018
[ 243.539 356.001 166.369 87.622

Goodness of fit statistics
Se 724.649 673.983 798.555 1098.795
Sy 12566.958  10345.098 8937.466 ~ 10067.358
Se/Sy 0.058 0.065 0.089 0.109
R? 0.997 0.996 0.992 0.988

where |E*| is the norm of the dynamic modulus.

The schematic trend of the stress-strain state for the IDT test is
shown in Fig. 3. In the IDT test mode, the value of biaxial stress and
strain in the horizontal direction were recorded. The peak-to-peak stress
and strain of the specified five cycles per test condition according to EN
12697-26 [30] are used to determine the dynamic modulus. For the
cyclic IDT test, the vertical load and the peak-to-peak deformation were
recorded to calculate the dynamic modulus based on Eq. (6). The test
data is analysed to obtain the dynamic modulus of the IDT test specimen
under a certain test condition. The strain response lags to the stress due
to the viscoelastic behaviour of asphalt materials, as shown in Fig. 3. The
phase angle is to describe the lag of the strain response, which is equal to
the lag time, tiqg, multiplied by the angular frequency. The stress and
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strain as a function of the time are expressed in Eq. (7) and Eq. (8).
() = gosin(wr) @)
o(t) = opsin(wr — @) ®)
where o is the stress amplitude, and ¢ is the strain amplitude.

2.3.2. Uniaxial compression test

The UC test was performed using the servo-hydraulic UTM (UTM-
130) manufactured by IPC global®. The machine is capable of exerting
sinusoidal axial load over a wide range of frequencies. Three LVDT with
70 mm gauge lengths installed at 120°apart were used. The test was
conducted in accordance with AASHTO T378-17 [34] at the same test
conditions as the IDT test. The UC dynamic modulus test was performed
in a controlled-strain mode with a target strain of 50 pe or less.

The illustration of the UC test is shown in Fig. 4. Differently from the
IDT test, the UC test determines the dynamic modulus uniaxially as it
measures the vertical stress, oy(t), and strain, ey(t), along the direction of
the applied load as shown in Fig. 5., which is expressed as follows.

o,(t) _ opsin(wt — @)

E =|E'|-¢" = -
IE'l &,(1) gosin(wt)

(C)]

In the UC test, the value of axial stress and strain were recorded. The
mean value of stiffness from the 10 testing cycles determined the dy-
namic modulus of the UC test specimen at a certain test condition. As the
same as the IDT test, the phase angle can be determined by the lag time
between stress and strain.

2.4. Master curve construction

The master curve was constructed by fitting the experimental test
data of dynamic modulus according to the sigmoidal function described
in the ME pavement design guide was selected as expressed in Eq. (10)
and Eq. (11). The WLF equation given in Eq. (12) was used to describe
the relationship between shift factor and temperature above the glass
transition temperature (Ty) [35].

a

log(1B)) = 6+ ey

(10)

log(f;) = log(f) +log[(T) ] aan

where f; is the frequency at the reference temperature, Ty, T is the test
temperature, a(T) is the shift factor, 5, @, f and y are the fitting
parameters.
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logla(T)] = -C(T-T,) a2 at higher and lower temperatures. The dynamic moduli of SMA 11
s TG+ (T-T) mixtures obtained by two tests are similar at low temperatures (-10 and

where C; and C; are the fitting parameters. The reference temperature of
master curve construction for both tests was the same at 21 °C.

The phase angle master curve was constructed through the Lor-
entzian equation, denoted as Eq. (13) [36,37]:

kpok2

13
llog(f,) — k.| + 12 a

@ =

where ¢ is the phase angle, k;, is the peak value, k, is the growth rate and
k. is the critical point. The master curves of both tests were constructed
using the Solver add-in tool in Microsoft Excel. The non-linear least
squares regression was performed to fit the test data based on the
sigmoidal function, WLF equation and Lorentzian equation [38,39].

3. Results and discussion
3.1. Master curve of dynamic modulus and phase angle

3.1.1. Dynamic modulus

The dynamic modulus results of the IDT and the UC tests are shown
in Fig. 6. Fig. 6(a) displays that the dynamic moduli of AC 11 mixtures
measured by both tests are similar at 5 °C and there are some differences

5 °C) and different at higher temperatures. The Coefficients of Variation
(CoV) of the dynamic modulus results are given in Fig. 7. The CoV of AC
11-IDT, AC 11-UC, SMA 11-IDT and SMA 11-UC are smaller at —10, 5,
21 °C, which are around 10 % or less. The CoV of AC 11-IDT, SMA 11-
IDT and SMA 11-UC are bigger at 40 °C, which is up to 30 %. This in-
dicates that the dynamic modulus test has a smaller variation at low
temperatures and a bigger variation at high temperatures. Furthermore,
the CoV of SMA 11 mixtures are lower than the ones of AC 11 mixtures,
which displays that the grading type of mixtures has an influence on the
test variation.

To compare the two test methods under a wider range of conditions,
dynamic modulus master curves of asphalt mixtures are constructed.
The dynamic modulus master curves of AC 11-IDT, SMA 11-IDT, AC 11-
UC and SMA 11-UC are presented in Fig. 8. The fitting parameters and
the goodness of fit statistics [40], including the standard error of esti-
mation (S,), the standard error of deviation (S)), the standard error ratio
(S¢/Sy) and the coefficients of determination (R?), are given in Table 4.
All master curves have good fits. The R? of dynamic modulus are over
0.988. Both R? of dynamic modulus for AC 11-IDT and SMA 11-IDT are
bigger than the R? values of AC 11-UC and SMA 11-UC. Meanwhile, both
the S./S, of dynamic modulus for AC 11-IDT and SMA 11-IDT are
smaller than the Se/S, of AC 11-UC and SMA 11-UC. These outcomes
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Fig. 11. Coefficient of variation of phase angle results: (a) AC 11 and (b) SMA 11.

indicate that the dynamic modulus master curves have a better fit for
IDT test data. Furthermore, it can be observed from Fig. 8 that the dy-
namic moduli obtained by the two tests are relatively consistent in the
frequency range from 10 Hz to 10* Hz. When the frequency is higher
than 10* Hz or lower than 10 Hz, the dynamic moduli display differ-
ences. Compared with SMA 11, two tests induce a more severe difference
in dynamic modulus at both higher and lower frequencies for AC 11.
This result indicates that AC 11 structure tends to expand the difference
in dynamic modulus caused by the two tests compared to SMA 11
structure.

As all the dynamic modulus master curves of the four asphalt mix-
tures have a good fit, the dynamic modulus predicted by the master
curves at each frequency is compared by the Normalized Squared Error
(NSE) following Eq. (14). The smaller the NSE value, the more consistent
the two test results.

(‘E*llDT - |E{> ‘UC )2

2
|E ‘H)T

NSE = a4

where |E*|pris the dynamic modulus obtained by the IDT test, |[E*|yc is
the dynamic modulus obtained by the UC test. The NSE between two
tests of AC 11 and SMA 11 is illustrated in Fig. 9. The dynamic moduli
obtained by the two tests are considered relatively consistent with a NSE
less than 0.005.

As presented in Fig. 9, the dynamic moduli obtained from both tests

for the AC 11 are consistent in the frequency range from 10 Hz to 10°
Hz. The dynamic modulus evaluated from both tests for the SMA 11 is
consistent in the frequency range from 10 Hz to 10* Hz. Meanwhile, the
NSE of the two mixtures increase gradually with the increase of the
frequency over 10* Hz or decrease of the frequency less than 10 Hz. The
NSE of SMA 11 is smaller than that of the NSE of AC 11. These results
indicate that the dynamic moduli of asphalt mixtures measured by the
two tests are almost the same in the reduced frequency range from 10 Hz
to 10* Hz. On the contrary, differences are found at high and low fre-
quencies (temperatures) where the dynamic moduli measured by the
IDT test are greater than those obtained with UC test. Fig. 9 shows that
the NSE of the two mixtures is large at extreme frequencies, particularly
at very low reduced frequencies. This might be connected to the various
stress-strain responses of the specimens under the two test modes at
relatively high temperatures. The difference in NSE between the two
asphalt mixtures might be caused by the distinct physical structures.
Comparing with AC 11 mixture, SMA 11 has an embedded structure
between large size aggregates and its dynamic modulus is less affected
by temperature [41].

3.1.2. Phase angle

Fig. 10 presents the phase angle results of the IDT test and the UC
test. The phase angles obtained by both tests are similar at 21 °C for AC
11 and SMA 11 mixtures. The differences in phase angles between the
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Fig. 12. Master curves of phase angle: (a) AC 11 and (b) SMA 11.

Table 5
The fitting parameters and statistical parameters of the phase angle master
curves for asphalt mixtures.

Fitting parameter AC11- SMA 11- AC11-UC SMA11-
IDT IDT uc
Lorentzian kp 40.006 45.656 38.960 37.745
equation kg 3.167 3.141 2.946 3.114
ke —0.910 —1.154 —0.639 —0.653
Goodness of fit statistics
Se 2.961 2.661 1.299 1.611
Sy 11.358 12.273 11.223 11.934
Se/Sy 0.261 0.217 0.116 0.135
R? 0.932 0.953 0.987 0.982

two tests occur at higher and lower temperatures. The CoV of phase
angle results are smaller at 21 °C as shown in Fig. 11, which indicates
that the two test modes are stable at 21 °C leading to fewer result dif-
ferences of both tests in the properties of the same materials.

Similar to the dynamic modulus, phase angle master curves are
constructed to compare the differences between the two test methods
over a wider range of conditions. The phase angle master curves of AC
11-IDT, SMA 11-IDT, AC 11-UC and SMA 11-UC are presented in Fig. 12.
The fitting parameters and the goodness of fit statistics are given in
Table 5. The statistical parameters of phase angle for the two tests are
different from the ones of dynamic modulus. Both R? of phase angle for
AC 11-IDT and SMA 11-IDT are smaller than R? of AC 11-UC and SMA
11-UC shown in Table 5. Both S./Sy of phase angle for AC 11-IDT and
SMA 11-IDT exceed S./Sy of AC 11-UC and SMA 11-UC. Thus, the phase
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angle master curves of the UC test data have a better fit than that of the
IDT test data. As shown in Fig. 12, the phase angle master curves for both
tests are similar at high frequencies and show differences at lower fre-
quencies. This difference is more severe for the SMA 11 mixtures than
for the AC 11 mixtures.

The NSE of the phase angle is calculated from the Lorentzian equa-
tion and is also utilised to compare the phase angle at each frequency as
similar to the comparison of dynamic modulus. Fig. 13 presents the NSE
of phase angle for AC 11 and SMA 11. A smaller NSE value is obtained at
a higher frequency and a bigger NSE value emerged at a lower
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Fig. 15. Stress-strain states of AC 11 in IDT test and UC test at various conditions: (a) AC 11-IDT stress, (b) AC 11-IDT strain, (c) AC 11-UC stress and (d) AC 11-

UC strain.

frequency. Meanwhile, the NSE of AC 11 is less than 0.005 in the range
of 0.1 Hz to 10° Hz, showing the consistency of the phase angle of the
two tests in this range. For the SMA 11 mixtures, the consistent range of
phase angles from 10 Hz to 10° Hz for both tests is smaller than the range
for the AC 11 mixtures. Furthermore, the NSE values of SMA 11 mixtures
are bigger than the ones of AC 11 mixtures in the low frequency range.
This phenomenon indicates that the difference in phase angle between
the two test methods is larger for SMA 11 mixtures than for AC 11
mixtures. Besides, the phase angle of the IDT test is larger than that of
the UC test, which is consistent with Kim’s research [18]. The horizontal
phase angles of the IDT test are generally higher than the phase angles
determined from the UC test. The averaged phase angles from horizontal
direction and vertical direction are close to the values from the UC test.
It can be interpreted that the IDT test only considers the phase angle in
the horizontal direction.

3.1.3. Shift factor

The results of the shift factor are also investigated, as shown in
Fig. 14. The shift factor reflects how far the measured values have moved
relative to the dynamic modulus at the reference temperature, resulting
in an impact on the modelling values of the master curves. In terms of AC
11 mixtures, the slope of the shift factor of AC 11-IDT is higher than the
one of AC 11-UC, which means that the curve of AC 11-IDT is shifted
more in the construction of the master curve than that of AC 11-UC.
However, for the SMA 11 mixtures, the measured values of SMA 11-
UC move more at high frequencies relative to SMA 11-IDT. When the
measured values are higher, moving more distance to high and low
frequencies widens the difference, reflecting that the difference in dy-
namic modulus of the two test methods is greater for the AC 11 mixtures

10

than for the SMA 11 mixtures. This result reveals that the structure of the
tested asphalt mixture has a great impact on the results obtained with
the two test procedures. The SMA mixtures with the embedded structure
are less affected by the test than the AC mixtures with the dense
structure.

3.2. Comparison of stress—strain state

3.2.1. Stress—strain response

The stress—strain states are obtained based on Section 2.3. The stress
amplitude of the IDT test is expressed in Eq. (15). The stress amplitude of
the UC test and the strain amplitudes of the two tests can be obtained
from the testing programs.

0 = 0oy — U0y,

2Py , . 2Py , .
g (sin2a —a) —v| — 7z (sin2a + a) (15)
~ o

EL)
"Rz

v
7Rz

The stress-strain states of AC 11 mixtures for the two tests are rep-
resented in Fig. 15 at various temperature and frequency conditions.
Fig. 16 shows the CoV of the stress and strain results. As shown in Fig. 15
(a, ¢), the stresses of both test modes for AC 11 decrease as the tem-
perature increases. This is explained that both test modes control the
strain in a certain range to ensure that the tested asphalt mixture is in the
linear viscoelastic range. The increase in temperature causes the soft-
ening of the asphalt mixture yet the strain range does not change. The
strains of two tests for AC 11 are shown in Fig. 15(b, d). It is observed



H. Chen et al. Construction and Building Materials 366 (2023) 130187

_80

o

5.50 EAC 11-IDT mAC 11-UC

o

(o]

540

g 30

bS]

= 20

@

5 10

=

g0

&) N N N N N N N NNNN NN NNNINNINNNINNNNNNN
I T I I I I I I I IIIIIIIIIIIIIITIT
GGG SG900SS 560055550858
°© ooog')g')“ mmmoooo“ \—‘—‘—S;-)g-)u oocDoOoQ
ST T TooW W GENNN QYT Yoo
A - - N NI SR

(a) o

.40

o

S, 35

530

T 25

g 20

515

IOC_,1O

o

g O .,

g 0 -

O N N N N NN NN NNIN-NININININNINNNINNINNINNINNNNNN N
I I I r I I I I ITITIIIIITIITITIIIITIITIIT
000 CC 0009 C - 000°® duou°°
OOOOOOOOOOOOOOOOOOOOOOOO
C OO0 0 5 NS o ° v o o ° 00 O0cqs s
ST TToow LW EVNNN QYT Yoo
! N NN < <

(b)

Fig. 16. Coefficient of variation of stress and strain results of AC 11 mixtures:

that the strains of the UC test are maintained around 40 pe at all tem-
peratures except for 40 °C. However, the strains of the IDT test are not
stable at a certain value with the temperature changing, and there is no
intuitive changing trend between the strain and the temperature. This
indicates that the UC test controls the strain better than the IDT test and
the strains of both tests are varied at the high temperatures.

Fig. 15 also shows the changes in stress and strain with the fre-
quency. At low temperatures, the stresses measured for both tests are
maintained at a relatively constant stress level as the frequency changes.
The stresses are gradually affected by frequency as the temperature in-
creases. For high temperatures, the stress values fluctuate more with
various frequencies for both tests. The variation in the trends of strain
and stress with frequency for the IDT test is similar, while the strain in
the UC test is stable at an average of 40 pe. When it comes to the changes
in strains, the UC test has better deformation control than the IDT test.
However, both approaches do not control the deformation well at high
temperatures due to the viscous properties of the asphalt mixture at high
temperatures. The change in the stress-strain state with temperature
and frequency can be explained by considering the viscoelastic behav-
iour of asphalt materials. At low temperatures, the elastic component
plays a major role; therefore, the dynamic modulus does not change
much with frequency, and the stress and strain are stable. At high

11

(a) stress and (b) strain.

temperatures, the viscous component plays a more important role, and
the dynamic modulus as well as the stress—strain state are highly related
to temperature values. It is worth noting that the strain value measured
during the IDT test at a high temperature and low frequency is close to
the upper limit. Therefore, it is difficult to ensure that the asphalt ma-
terial specimen is within the linear viscoelastic range at high tempera-
tures when investigated with the IDT test.

Fig. 16 indicates that the CoV of stress and strain results for AC 11
mixtures are small at —10, 5, 21 °C and high at 40 °C, which is consistent
with the CoV of dynamic modulus results. This result further reflects that
the mechanical properties of asphalt mixtures are more stably deter-
mined at low and medium temperatures by both two test modes. The
larger variations occur at high temperatures.

The stress—strain states measured for SMA 11 mixtures and their CoV/
are shown in Fig. 17 and Fig. 18, respectively. The trend of stress—strain
states for SMA 11 is similar to the one for AC 11, indicating the major
relevance of the viscoelastic properties of asphalt materials. However,
there are still some distinctions between the two asphalt mixtures. At
low temperatures, the stress of the SMA 11 is larger than that of the AC
11 except for 10 Hz in the IDT test. The strain of the SMA 11 is bigger
than that of the AC 11 except for 10 Hz in the IDT test. Meanwhile, the
stresses of the UC test grow slowly with the increase in frequency, and
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Fig. 17. Stress-strain states of SMA 11 in IDT test and UC test at various conditions: (a) SMA 11-IDT stress, (b) SMA 11-IDT strain, (c) SMA 11-UC stress and (d) SMA

11-UC strain.

the strains remain around 40 pe for both AC 11 and SMA 11. Thus, this
finding illustrates that the UC test has better control of stress and strain
than the IDT test. Comparing the results depicted in Fig. 15(a, c¢) and
Fig. 17(a, c) for high temperatures, the IDT test stress values measured
for the SMA 11 samples are smaller than the ones for the AC 11 speci-
mens. At 40 °C, the stress values of the SMA 11 in the IDT test decrease
on average by about 15 % relative to the AC 11. However, the stress of
the SMA 11 is almost the same as that of the AC 11 in the UC test at
40 °C. The trends of the strain values measured for both SMA 11 and AC
11 asphalt mixtures are similar at high temperatures.

The CoV of stress and strain results for SMA 11 mixtures have a
similar trend to that for AC 11 mixtures as presented in Fig. 18. It is
worth finding that the CoV of the UC test strain is very small at —10, 5,
21 °C and is relatively large at 40 °C for both asphalt mixtures. This
reflects that the UC test has a very stable control on strain at —10, 5,
21 °C and controls strain unstably at high temperatures.

3.2.2. Normalised stress and strain

As the different modes of control strain for the two tests, the stress
and the strain are normalised by dividing by the maximum value method
for comparison. The normalised stresses at every temperature are used
to reflect the changing trend of the stress. The exponential formulations
used to fit the experimental values of mean stress and temperature are
shown in Fig. 19. The high R? values validate the reliability of the
relationship. The normalised stresses at —10 °C are similar for both tests
and the difference occurs at high temperatures. At 40 °C, the values of
normalised stresses measured by the IDT test are approximately 3.26
and 2.34 times greater than the ones measured by the UC test for AC 11

12

and SMA 11 mixtures, respectively. Compared with UC test, the results
indicate that the stress level of the IDT test is higher and the difference
between the two tests of AC 11 is greater than that of SMA 11 in terms of
stress.

The relationship between normalised strain and temperature is
shown in Fig. 20. At —10 °C, the normalized strain of the UC test has a
stable value of around 0.8, which corresponded to 40 pe. The strain
difference with frequencies increases gradually with the increase in
temperature. At 40 °C, the strains of the UC test at six frequencies are
quite different. The normalised strain of the IDT test shows large de-
viations at all four test temperatures. The strain deviation under
different frequencies of the IDT test is greater than that of the UC test at
—10, 5 and 21 °C and smaller than that of the UC test at 40 °C. The
results indicate that the changing trend of strain with temperature for
the UC test is smaller than that of the IDT test at low and medium
temperatures, while higher at high temperatures. This result demon-
strates a better control over strain of the UC test at low and medium
temperatures, which is consistent with the CoV of strain results.

3.3. Comparison between IDT test and UC test

The main features of the IDT test and UC test setups and result trends
are summarised in Table 6. Due to the smaller dimension (weight) of the
test specimen dimension (weight) the IDT test is more convenient for
testing field core samples and for sample preparation in the laboratory,
e.g., making plate samples and core and cut from them. The biaxial stress
of the IDT test involves Poisson’s ratio. In this test, the stress—strain
response in horizontal direction is only considered and Poisson’s ratio is
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Fig. 18. Coefficient of variation of stress and strain results of SMA 11 mixtures:

selected as a constant value of 0.35 according to the standard (EN
12697-26). Differently from IDT test, the UC test takes account into
stresses in a single direction (vertical direction) less affected by Pois-
son’s ratio. Moreover, the UC test employs confining pressure, which can
better simulate real service conditions of road pavement [42]. However,
the UC test needs more time to condition temperature due to the larger
size of the sample. Nevertheless, both IDT test and UC test can work well
at intermediate temperatures. Considering the dynamic moduli, the re-
sults from the two tests are almost identical for intermediate frequency
and temperature ranges, and slightly different at extreme temperatures.
Regarding the phase angle, the UC test results are more accurate than
IDT test results. Besides, the stress—strain states for IDT test and UC test
are different. This is due to the different force forms and strain control
modes of the two tests. The biaxial and uniaxial loads are applied to the
IDT and UC tests, respectively. The initial strain of IDT test is controlled
manually, while the strain of UC test is controlled by the software in the
whole test procedure. Furthermore, the greater number of analysed
cycles for the UC test also reflects better stability than the IDT test.
Therefore, the UC test shows better deformation control at low and
medium temperatures.

13

(a) stress and (b) strain.

4. Conclusions

This study compares the two standard laboratory tests used for the
mechanical characterisation of bituminous asphalt, namely Indirect
Tensile (IDT) test and Uniaxial Compression (UC). The performance of
two mixtures commonly employed for road surfacing, Asphalt Concrete
(AC) and Stone Mastic Asphalt (SMA), are compared in terms of dynamic
modulus, phase angle, shift factor and stress-strain state. Based on the
attained results, the conclusions are drawn as follows:

o The dynamic moduli measured using both tests at medium frequency
(temperature) range are the same. Moreover, the values obtained
from IDT test are higher than the ones assessed by UC test at extreme
frequencies (temperatures). The different mesoscopic structures of
the asphalt mixture can account for the discrepancies in the results
attained with the two test methods. The difference in dynamic
modulus of SMA mixtures measured by both tests is smaller than that
of AC mixtures.

e Compared with IDT test, the phase angle master curve has a better fit
for UC test and has lower values.

o The shift factor of SMA 11-UC is bigger than that of SMA 11-IDT at
low temperatures, which is different from the situation for AC 11
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Fig. 19. Relationship between normalised stress and temperature: (a) AC 11
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mixtures. The measured dynamic modulus and the shifting situation
cause a smaller difference between the two test methods in model-
ling dynamic modulus for the SMA 11 mixtures.

The stress level pertaining to the IDT test is bigger than the one
achieved during UC test. The IDT test strain values are various at all
four test temperatures. Although the variation of strain obtained
from the UC test is based on the frequency largens as the temperature
increases, the stress-strain states are stable at low and medium
temperatures, showing a better strain control than the IDT test.
The coefficients of variation of dynamic modulus, stress and strain
results are small at —10, 5, 21 °C and higher at 40 °C indicating that
both test modes are more stable for testing the mechanical properties
of asphalt mixtures at low and medium temperatures. The phase
angle results only show small variations at 21 °C.

In general, both tests can be used to properly characterise the dy-
namic modulus of asphalt materials. The IDT test can be efficiently used
for the characterisation of road surfaces built in cold regions. Moreover,
the IDT test plays an important role when it comes to the mechanical
characterisation of existing asphalt pavements since the dimensions of
the field samples normally meet the size requirements. The UC test
controls strain better for low and medium temperature ranges compared
with IDT test, resulting in more accurate results. A confining pressure
can be applied for UC test, which better simulates real field conditions.
For Norwegian conditions as a basis for practical design, the IDT test
seems to be the best choice due to easier/more realistic sample
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preparation and to compare with field cored samples.

The comparison between IDT and UC modes in dynamic modulus
tests for AC 11 and SMA 11 mixtures was focused on in this study.
Further studies involving more types of asphalt mixtures are recom-
mended to investigate the effect of materials on the difference between
the two test modes and fully understand the two modes of dynamic
modulus tests. Moreover, the connection of the IDT and UC tests under
extreme environmental conditions will be established to develop the
wide application of the IDT test in ME pavement design.
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Table 6
Summarised comparison between IDT test and UC test.

Item IDT test UC test

Standard EN 12697-26:2018  AASHTO T378-17

Cylindrical Diameter 100 mm 100 mm

specimen Thickness 40 mm 150 mm
dimension (height)

Conditioning temperature time >4h —10 °C ~ Overnight
(Better for low 5°C~4hor
temperature) Overnight

21°C~3h
40°C~2h

Test temperature (this study)
Test frequency (this study)
Applied load

Load control mode

Number of analysed cycles
Dynamic fr 107

modulus 4~

10 Hz

f10
~10*

fo10*
~10°
Hz

So/S,
R2

Phase angle fr 10
4.

10 Hz

f=10
~10*

fr 10*
~10°

Se/Sy
R2

Shift factor T<T,

AC
11
CoV
SMA
11
CoV
AC
11
CoV
SMA
11
CoV
AC
11
CoV
SMA
11
CoV
AC
11
SMA
11
AC
11
SMA
11
AC
11
CoV
SMA
11
CoV
AC
11
CoV
SMA

CoV
AC
11
CoV
SMA
11
CoV
AC
11
SMA
11
AC
11
SMA
11

11
SMA
11

(Suitable for
intermediate and
high temperature)

—-10°C,5°C, 21 °C, 40 °C
10 Hz, 5 Hz, 2 Hz, 1 Hz, 0.2 Hz, 0.1 Hz
Harmonic sinusoidal load

Controlled
stress-strain

5 cycles

255 ~ 6379 MPa

1.4% ~11.0%
292 ~ 5341 MPa

0.2% ~ 10.6 %
6379 ~ 24329 MPa

0.1%~7.7%
5341 ~ 21066 MPa

0.5% ~8.3%

24329 ~ 45411
MPa

1.1% ~39%

21066 ~ 35123
MPa

4.0% ~7.5%

0.058

0.065

0.997

0.996

20 ~ 40°

1.0% ~55%
25 ~ 46°

0.1% ~121%
12 ~29°

0.3% ~13.4%
12 ~31°

21%~16.9%
4 ~12°

9.7 % ~ 27.8%
5~12°

10.1% ~ 17.4 %
0.261

0.217
0.932
0.953
2.4 ~49

23~48

Controlled strain

10 cycles
67 ~ 5072 MPa

5.7 % ~ 32.9%
74 ~ 5028 MPa

5.7 % ~ 32.3%
5072 ~ 20224 MPa

58% ~11.7 %
5028 ~ 19546 MPa

53% ~ 6.7 %
20224 ~ 25731 MPa

4.1% ~6.2%
19546 ~ 25808 MPa

4.8% ~ 4.9 %
0.089

0.109
0.992
0.988
17 ~ 39°

2.2% ~13.6 %
18 ~ 38°

0.8 % ~ 10.0 %
11 ~ 30°

3.0% ~19.8%
12 ~29°

1.7% ~24%
4~11°

19.0% ~ 19.7 %
4~11°

31%~49%
0.116

0.135
0.987
0.982
2.0~ 4.4

25~6.0
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Table 6 (continued)

Item IDT test UC test
T>T, AC -24~0 -2.0~0
11
SMA -25~0 -20~0
11
Stress Direction Horizontal and Vertical (uniaxial)
vertical (biaxial)
T<T, AC 766 ~ 1982 kPa 240 ~ 987 kPa
11
CoV 1.5% ~ 18.4 % 43% ~ 12.5%
SMA 665 ~ 2047 kPa 306 ~ 1087 kPa
11
CoV 0.1% ~ 5.5% 4.7 % ~ 6.2 %
T>T, AC 35 ~ 468 kPa 5~ 143 kPa
11
CoV 1.2% ~ 28.3 % 7.3% ~ 49.2 %
SMA 22 ~ 310 kPa 6 ~ 146 kPa
11
CoV 0.3% ~ 8.3 % 5.6 % ~ 33.2%
Strain Direction Horizontal Vertical
T<T, AC 52 ~ 100 pe 38 ~ 43 e
11
CoV 2.3% ~ 14.3% 0.6 % ~ 1.5 %
SMA 51 ~ 100 pe 38 ~ 43 e
11
CoV 0.1% ~ 14.9% 0.3% ~1.8%
T>T, AC 54 ~ 101 pe 12 ~ 51 pe
11
CoV 0.5% ~ 21.3 % 0.8 % ~ 35.5 %
SMA 52~ 101 pe 14 ~ 51 pe
11
CoV 0.8% ~ 11.9% 0.3 % ~ 28.5%
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