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ABSTRACT

Sustainability has become a paramount concern in modern research, aligning with global efforts
to reduce carbon emissions and embrace circular economy principles. The mentioned
imperative extends to the field of pavement engineering, where the widening of existing
pavements, a common practice to accommodate increasing traffic demands, necessitates
sustainable solutions. The current thesis addresses the pressing need for pavement engineering
practices that align with ambitious sustainability goals while ensuring structural integrity and
performance.

Drawing upon the context of countries like the Netherlands, striving for zero carbon emissions
and full circularity by 2030, the research explores avenues for sustainable pavement widening.
This involves optimizing designs to minimize material usage, reduce emissions, incorporate
recyclable materials, and extend the lifespan of road infrastructure. The challenges posed by
non-uniform settlements and stress concentrations at widening joints are investigated,
highlighting the importance of accurate material modelling and interface characterization.

Motivated by the need for sustainable pavement solutions, the research aims to guide decision-
making in pavement design towards environmental sustainability while meeting functional
requirements. The scope encompasses FEM models, EVP behaviour of asphalt surfaces, base
layer variations, interface modelling, and comparative analyses between 2D and 3D models.

The current study undertakes a thorough examination of the implications of pavement widening
on stress concentrations, material behaviour, and interface modelling, aiming for development
of more sustainable and resilient pavement designs. Employing a comprehensive research
framework encompassing theoretical modelling and numerical simulations, the study seeks to
elucidate the issues inherent in widened pavement structures.

The main thesis objective is the development of an elasto-visco-plastic (EVP) material model,
to capture the time-dependent behaviour exhibited by asphalt surfaces under varying loading
conditions. Using the Finite Element Method (FEM), the developed material model serves as a
foundational pillar for subsequent investigations, facilitating an examination of stress
distribution patterns within widened pavement structures.

The Research provides a detailed framework for conducting the study on pavement widenings.
It begins with the delineation of study parameters, including cross-sectional geometry, material
properties, and simulation techniques. The development and validation of the EVP material
model are elaborated, along with the implementation of finite element method (FEM)
simulations to analyse stress distributions. Parametric analyses are conducted to investigate the
effects of load variations, base layer characteristics, and interface modelling on widened
pavement performance. The methodology also includes the utilization of cohesive zone
modelling for interface characterization, enabling a more detailed representation of pavement
layer interfaces.

The identification of critical stress concentrations emerges as a focal point of inquiry,
necessitating a crucial to understand the interplay between load variations, base layer thickness,
and material stiffness. Through various numerical analyses, the study seeks to unravel the
intricate web of factors influencing stress propagation within widened pavement structures.
Moreover, the implications of reduced recessing length and base layers in new pavement



designs are subjected to meticulous scrutiny, shedding light on potential trade-offs between
structural integrity and resource optimization.

Overall, the current thesis contributes to advancing pavement engineering practices, promoting
sustainable transportation infrastructure, and supporting global sustainability goals. Through
rigorous analysis and modelling, the research seeks to enhance the understanding of critical
factors influencing widened pavement performance, paving the way for safer, more efficient,
and environmentally conscious road networks.
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1. Introduction

Sustainability is key in modern research as it aligns with global goals to reduce carbon
emissions and adopt circular economy principles. Countries like the Netherlands have set
ambitions for zero carbon emissions and full circularity by 2030[1]. This has also an implication
for the pavement engineering community which has to proactively look for sustainable ways to
support the growing traffic demand[1].

Widening of existing pavements (henceforth referred to as “pavement widening”) is a
commonly adopted practice by road agencies to support more traffic [2]. Hence, there is a
demand from various road agencies around the globe to widen the pavements more sustainably
[1]. These ambitions can be achieved as sustainability in pavement widening involves
optimizing designs to require less material. Therefore, reducing emissions, implementing
recyclable materials, and ensuring a longer lifespan of road infrastructure to avoid frequent
reconstruction[3].

For example, in the Netherlands, the arterial road network reached a mature state many years
ago, and since then, traffic intensities continued to grow, causing significant congestion [1].
Therefore, the most practical solution in many cases has been to widen the pavement on existing
embankments to create additional lanes for vehicles [4].

Previous research literature [3] concluded that as the road is widened, non-uniform settlements
between the old and new sections of the embankment may arise. These non-uniform settlements
may cause differences in layer thicknesses [5]. These variations can lead to stress
concentrations at the longitudinal widening joint, which are prone to cracking and ravelling [6].
The high-stress areas are common at the joint interface where the new pavement connects with
the old [7].

Using EVP material model is considered important according to the literature[2] for AC as the
behaviour of asphalt pavements under traffic loads and environmental conditions is time-dependent
and complex. Such behaviour involves various physical phenomena like viscoelasticity,
viscoplasticity, and cracking [8].

Another popular material choice used in research [9] is viscoplastic material model. These
materials can undergo permanent deformation under cyclic loads beyond their elastic limit [10].
Both viscoelastic and viscoplastic types of materials show dependencies on temperature and
loading conditions, but their long-term behaviours are notably different, with viscoelasticity
being associated with recoverable deformations and viscoplasticity with permanent
changes[11].

Past research studies [12] introduced a combined elasto-visco—plastic (EVP) material model
which integrates the generalized Maxwell model to represent viscoelastic behaviour and the
Drucker—Prager model for plasticity. The comparison between elastic and EVP-material models
showed that EVP models give a more accurate numerical interpretation of the creep recovery
response of hot mix asphalt concrete[9].

Also, accurate modelling of the interface in pavement widening is technologically challenging
due to the complex behaviour of materials. Additionally, the computational demands of such
models are high, and obtaining adequate field data for validation adds to the challenge [6]. The
past research study [13], used an interfacial cohesive zone model (CZM) to characterize the
properties of interlayer bonding materials. Such method allows evaluation of shear strength
along with other associated properties such as the adhesive's ductility, cohesion, and internal
friction angles[14].
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1.1 Problem Statement

The widening of existing pavements, a commonly adopted practice to accommodate growing
traffic demands, presents significant challenges in terms of sustainability, structural integrity,
and performance. As countries like the Netherlands strive towards zero carbon emissions and
full circularity by 2030, there is a pressing need for pavement engineering solutions that align
with these ambitious goals. However, existing research predominantly focuses on individual
aspects such as material models or pavement widening, overlooking the integrated influence of
geometrical sensitivity, material behaviour, and interface modelling.

The necessity for an improved understanding of stress concentrations in widened pavement
structures is underscored due to the implications for sustainable and resilient pavement design.
An examination of the effects of material properties, joint placement, and load distribution on
stress concentration is critical for maintaining or enhancing pavement performance and
longevity while reducing carbon emissions. The knowledge gap regarding these effects is
addressed by the implementation of advanced material models into Finite Element Method
simulations to optimize pavement design practices effectively. The challenge is to guide
decision-making in pavement design towards attaining environmental sustainability while
fulfilling the functional requirements of transportation infrastructure. Enhanced understanding
of related factors is pursued to aid in advancing pavement design and promoting sustainable
transportation systems.

1.2 Research Motivation

The motivation behind the current research stems from the need to improve the understanding
of critical locations in widened pavements to develop more sustainable and resilient pavement
designs. By implementing material models and conducting in-depth analyses, the study aims to
contribute to reducing carbon emissions while maintaining or enhancing the performance and
durability of pavements. Additionally, the findings will assist pavement engineers and
designers in making informed decisions regarding material selection, joint placement, and load
distribution, ultimately leading to safer and more efficient transportation infrastructure.

1.3 Research Scope

The research will focus on Finite Element Method (FEM) models in pavement widening,
specifically addressing the elasto-visco-plastic (EVP) behaviour of asphalt surfaces. The study
investigates the impact of variations in base layer thickness, base layer material stiffness, and
load location on stress concentrations. Additionally, the effectiveness of reduced base layers in
new pavement and the implications of reducing the recessing length of old pavement into the
new pavement is explored. The research will also delve into the interface between pavement
layers using cohesive zone modelling and compare it with a full bond model and a sensitivity
analysis. A comparative analysis between 2D and 3D models will be conducted.

1.4 Research Questions

In order to resolve the research problem explained in Section 1.1 and based on the motivation
and scope from Section 1.2 and Section 1.3, the main research questions will be formulated. To
answer the research questions, it will be further sub-divided into sub-research questions which
will be studied chronologically. The main research questions are:
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How can an elasto-visco-plastic material model be developed for the surface asphalt
layer in finite element method simulations?

- Sub-questions:

a) What are the key parameters required to define the elasto-visco-plastic
behaviour of asphalt materials?

b) How does the newly developed EVP model compare with existing material
models in terms of accuracy and reliability?

Where are the critical stress concentrations located in pavements due to widening, and
how can they be identified?

- Sub-questions:

a) What simulation techniques can be used to accurately identify these critical
locations?

b) How does widening of pavement influence the distribution and magnitude of
stress concentrations?

In what ways does the variation of load location, base layer thickness, and base layer
material stiffness effect stress concentration in pavement widening scenarios?

- Sub-questions:
a) Which of these factors has the greatest impact on stress concentration, and to
what degree?
b) How does the interaction between these factors influence the overall stress

distribution in the widened pavement?

How do reduced recessing lengths and reduced base layers in new pavement designs
perform compared to standard designs?

- Sub-questions:

a) What trade-offs exist between reducing recessing length/base layer thickness
and maintaining pavement integrity?

How does modelling the interface between pavement layers using cohesive zone
modelling compare with a full bond model in terms of predicting pavement
performance?

- Sub-questions:

a) How do the results of cohesive zone model impact the design
recommendations for pavement interfaces?

In summary, the research seeks to investigate the implementation of developed material models
into Finite Element Method based software to determine critical locations within pavements.
By addressing specific research questions related to material models, joint behaviour, and stress
concentrations, the study aims to enhance the understanding of pavement performance. The
following chapters will delve into the methodologies, analyses, and findings that contribute to
addressing the research objectives. Through this research, valuable insights will be gained,
paving the way for improved pavement designs and sustainable transportation infrastructure.
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1.5 Research Outline

Chapter 1: Introduction and Background

Chapter 2: Literature Review

A 4

Chapter 3: Research Methodology

A

Chapter 4: Results and Discussion

y

Chapter 5: Conclusions

y

Chapter 6: Future Recommendations

Figure 1 Research Framework

The thesis is structured to progressively introduce, explore, and conclude an investigation into
the challenges and solutions involved in pavement widening. Each chapter is designed to
present a logical progression of research activities and findings:

Chapter 1: Introduction - This chapter sets the stage for the entire thesis by introducing the topic
of pavement widening. It establishes the background by highlighting the importance and the
context within which the research is conducted. The chapter also clearly defines the aim of the
research, the scope within which the research questions will be addressed, and the specific
objectives that the research intends to achieve.

Chapter 2: Literature Review - In this chapter, a detailed review of existing literature relevant
to pavement widening is provided. Here, the focus is on outlining the challenges specifically
related to widening joints and summarizing the body of research that has already been
conducted in this area. The literature review serves to identify where there are gaps in current
knowledge that this thesis will attempt to fill.

Chapter 3: Methodology - The third chapter describes the research methods used to carry out
the study. It explains the material modelling techniques that were employed and provides details
of the numerical simulations that were conducted.
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Chapter 4: Results - Here, the outcomes of the numerical simulations and analyses are
presented. The chapter dives into the specifics of the stress distribution found within the
pavement structure due to widening, and highlights areas that may be problematic. These
findings are crucial as they provide evidence-based insights that could influence pavement
design practices.

Chapter 5: Conclusions - The concluding chapter wraps up the study by summarizing the key
findings. It shows the importance of the study in advancing the field of pavement engineering
and discusses the implications of the research results. The conclusions drawn from the research
are intended to contribute to knowledge and suggest potential areas for future research.
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2 Literature Review

In the current chapter, a literature review is performed to identify the parameters that effect
pavement widening and to determine the type of material models (including viscoelastic and
elasto-visco-plastic etc.) used in the modelling of pavement materials. Also, the interface
material in widened pavements joints from previous research is discussed. The literature is
divided into three sections as follows, Section 2.1 presents the materials and common material
models that are available currently to implement into pavement models. Section 2.2 contains
the description of the possible effects that can arise due to widening of pavements and Section
2.3 describes the computational modelling details of the interface with cohesive zone
modelling.

2.1 Pavement Widening

The current section initially describes the types of pavements widening and the techniques
involved in their construction from previous studies. Later the common effects within the
pavement due to widening according to past researchers were also discussed.

interface

Figure 2 Widened Pavement section and the joint interface along widened section.

2.1.1 Types of Pavements widening

Smooth and well-maintained roads are essential for ensuring the smooth flow of traffic and
providing a safe and comfortable driving experience [3]. Some of the benefits and
considerations associated with pavement and widening projects include increased road
capacity, improved safety for motorists, enhanced accessibility for pedestrians and cyclists,
reduced travel times, and improved overall infrastructure quality [15]. Moreover, the concept
of pavement widening with respect to sustainability involves optimizing designs to require less
material and thus reducing emissions, while implementing recyclable materials and ensuring
longer lifespan of the road infrastructure[16].This approach aligns with global sustainability
goals and is highlighted as a necessary consideration for pavement engineering to support the
growing traffic demand in a responsible manner.[3]
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However, as identified by the researchers [4], the Netherlands' arterial road network reached a
mature state of coverage throughout the country, and since then, traffic volumes increased
steadily, and each workday now sees an intolerable number of hours of delays due to
congestion. In this condition, when the current road width cannot handle the traffic, a road
widening project (considered the quickest and most affordable solution to this mobility and
environmental issue [4]) is typically used.

The choice of pavement type and widening technique is crucial in ensuring the durability and
long-term performance of the road infrastructure [15]. Factors such as traffic volume, climate
conditions, and available budget are supposed to be considered while selecting the appropriate
pavement type and widening technique, as suggested by the study [3].

Existing - New \
J \ Asphalt | " Qverlay
% Existing /. Asphalt \Base aw
| Base i' Base \
Taper Method 1 Taper Method 2
i \
Existng o New Existing New

l | Aspnalt J— _Asnhall_
( Base 4[7 ? Dase ?

Stepped Method Vertical Method

Figure 3 Different types of joint configurations in pavement widening from the study|[3]
According to the research [3], Common pavement widening techniques included:

1. Constructing new lanes adjacent to existing ones: Additional lanes parallel to the existing
ones, effectively increasing the road's capacity are constructed.

2. Adding shoulder lanes: Widening the road by adding extra lanes specifically designated as
shoulders, for emergency vehicle access or as a space for cyclists and pedestrians.

3. Reconstructing the entire pavement: For this process, the existing pavement was removed
and replaced with a wider and more durable pavement structure that can accommodate
increased traffic volumes.

The current research deals with the addition of parallel lanes to the existing ones. However,
there are numerous critical issues in road widening, and if the widening is done incorrectly,
several problems can arise during its lifetime, such as non-uniform settlements between the old
and new parts of the embankment and stability issues at the longitudinal joints causing reflective
cracking [16]. Hence, such effects within the pavement due to widening are discussed in the
following section.
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2.1.2  Current Failure mechanisms of Pavement Widening

The current section provides an overview of the prevailing failure mechanisms in pavement
widening projects, including cracking due to stress concentrations, settlements, and
construction failures. Recent research findings elucidate strategies to mitigate these issues, such
as optimizing loading positions, surface thickness, and material properties, as well as
implementing geosynthetic reinforcement and comprehensive maintenance plans. Additionally,
the utilization of Finite Element Method (FEM) modelling techniques to analyse pavement
widening scenarios is discussed, highlighting the value of these approaches in informing design
decisions and enhancing pavement performance. Future research directions focus on
identifying load distribution patterns and optimizing critical parameters at joint locations in
widened pavement models, aiming to address existing gaps in understanding and improve the
long-term sustainability of transportation infrastructure.

2.1.2.1 Cracking due to stress concentrations

An inevitable issue due to the joint widening between the new and the old pavement sections,
were found to be longitudinal surface cracking and ravelling along the joint line [15]. To
prevent such cracking issues, it is advised that the choice of loading position that significantly
affects the pavement's response, should be factored into the design. The study from [17]
concluded that deterioration is more critical when the location of the joint is in the vehicle wheel
path. In practice, keeping a sufficient gap between the joint's location and the position of the
vehicle's wheels is advised. Under repeated traffic loading, cracks develop at the joints and
propagate in an upward direction[17]. To avoid such cracks methods like increasing the surface
thickness and having the modulus values of existing and new pavement close to each other were
adopted[5]. Another interesting finding from the research [17] showed that, as the modulus for
hot mix asphalt is increased, the reflective cracking of asphalt in widened pavement section
increases. For finding an optimal stiffness difference between the asphalt material in new and
old pavement. A parametric analysis with respect to base stiffness was performed.

REFLECTION CRACK

OLD BASE COURSE NEW BASE COURSE

OLD SUB BASE COURSE

EXISTING ROAD Y WIDENING

WIDENING
JOINT

Figure 5 Development of cracks at the joint in the widened section[16]
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Also, another study [18] shows highlighted that increasing the thickness of hot-mix asphalt
surfacing and decreasing surface modulus can mitigate reflective cracking. Moreover, uniform
modulus across new and existing pavement bases significantly reduces the potential for crack
propagation.[18] Geosynthetic reinforcement was also shown to effectively decrease stress
centralization, thereby delaying the reflective cracking process.[18]

2.1.2.2 Cracking due to settlements

The studies [7] and [4] concluded that the process of widening and raising an existing roadway
on a soft soil foundation resulted in significant differential settlement between the old and new
sections of the roadbed. In a comparative analysis conducted over a period of fifteen years post-
construction, research [7] has revealed that roadbeds subjected to raising and widening
processes demonstrate significantly greater settlement than those constructed without
modification. Specifically, central measurements of the roadbeds indicated that the total
settlement of modified roadbeds reached 297.05 mm, whereas directly constructed roadbeds
exhibited a lesser total settlement of 234.85 mm. According to another study [5], due to such
settlements in the foundation, it is the subbase that first reaches the failure strength due to the
tensile stress experienced from the differential settlement, which serves as the critical location
to further investigate.

2.1.2.3 Construction Failures

The study [19] identifies several factors contributing to these structural failures, including
inadequate design considerations, improper construction techniques, and insufficient soil
stabilization measures. It also highlights the impact of increased traffic loads and environmental
factors on the performance of widened roads.

The paper [20] outlines remedial measures, which include retrofitting road sections with
additional reinforcements, improving drainage systems to prevent water accumulation, and
implementing proper soil stabilization techniques. The study emphasizes the importance of
enhanced quality control during construction and a comprehensive maintenance plan to ensure
the durability and safety of widened road sections.

2.1.2.4 Previous Studies of FEM Modelling in Pavement Widening

The research [17] incorporated linear elastic fracture mechanics to analyse the influence factors
of crack propagation and utilized the computer code ABAQUS for the finite element analysis.
The results demonstrate that certain improvements in construction quality, pavement design,
and the use of crack insulating products like geogrid can prevent or delay the onset of such
reflective cracking in asphalt pavement widening[17].

The study [18] harnesses FEM to delve into the propagation mechanisms of reflective cracks
in asphalt pavements through a sophisticated three-dimensional layered model. Utilizing the
ABAQUS software, the research [18] integrates fracture mechanics theory alongside the
extended finite element method, investigating into the dynamic mechanical responses of
pavements subjected to various external loads and internal  properties.

By integrating full structural modelling within the finite element analysis, the research [4]
identifies the distribution of stress and strain, mapping areas prone to potential damage. This
approach facilitates a nuanced understanding of how widened pavements respond under
varying traffic loads, revealing the importance of detailed modelling in anticipating the
performance of widened sections and informing strategies to prevent cracking and deformation.
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The study [19] simulates various loading and temperature conditions to understand the stresses
and the potential for cracking in the concrete pavement slabs. The stress distributions in
widened slabs were compared with skewed and rectangular joints under different loading
scenarios, applying temperature loads and mechanical loads separately and combined. From
the research conducted previously using Finite Element Modelling (FEM), it has proved to be
a valuable approach to simulate real world scenarios and hence FEM also plays an important
role in the current research.

2.1.2.5 Current Research Focus

The current research identifies load distribution patterns that affect joint performance by
simulating different loading positions along and away from the joint path, offering insights into
optimizing the load response of widened pavements. Moreover, although numerous researchers
studied the settlement and cracking related issues in pavement widening, the effects at the
critical location developed due to widening have not been discussed. The current research
focused on the development of multiple widened pavement models to understand the effect of
variation in parameters (such as the stiffness, layer thickness, load location etc) at the critical
location.

2.2 Pavement Materials and Material Models

A standard structure for a flexible pavement consists of layers of materials that are specifically
designed to withstand the stresses and strains caused by vehicular traffic[21]. The layers are
Surface layer, Base layer, subbase layer and a subgrade layer[21]. The surface layer is usually
the topmost layer of the pavement, directly exposed to traffic with a primary function providing
a smooth and durable riding surface for vehicles[22]. The base layer, located beneath the
surface layer, helps to distribute the load from traffic evenly and provide additional support[22].
The subbase layer, positioned beneath the base layer, further enhances the structural integrity
of the pavement by providing additional load-bearing capacity and drainage capabilities. The
subgrade layer, located at the bottom of the pavement structure, serves as the foundation, and
transfers the load from the upper layers into the underlying soil [7]. These layers work together
to ensure the long-term performance and durability of the pavement[21]. To achieve maximum
effectiveness and longevity, it is crucial that these layers are constructed using appropriate
materials.

2.2.1 Pavement Materials

In pavement construction, the various layers contribute unique properties to the overall
performance of the roadway[21]. Typically, the surface layer and the base layer consist of
asphalt, a material chosen for its durability and ability to withstand traffic wear[22]. The
subbase layer is usually composed of granular materials, serving as a foundation for the asphalt
layers above and providing drainage, while the subgrade is the bottommost layer composed of
compacted natural soil or engineered fill material, imparting structural support to the entire
pavement system[22].

Previous research into the material models for asphalt has set a strong foundation for the current
study. By reviewing and discussing these established material models, the current research can
build upon them, potentially offering insights into the behaviour of asphalt, especially in the
context of widened pavements, that present their own unique set of challenges and stress
conditions.
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2.2.2 Visco-Elastic Generalized Maxwell Material Model

In the above-mentioned materials, asphalt is a viscoelastic material. Viscoelastic materials are
materials that exhibit a combination of elastic and viscous behaviour during deformation
[23].The elastic behaviour allows these materials to store energy when a force deforms them,
like a spring, and this deformation is recoverable. The viscous behaviour, on the other hand,
enables the material to dissipate energy during deformation, like honey or syrup, and the
deformation might not be recoverable [24]. The unique characteristic of viscoelastic materials
is that their response to load includes an immediate elastic response and a time-dependent
viscous response[2]. Hence, upon the application of a load, the material will instantly deform
to some extent (elastic response), and then continue to deform slowly over time (viscous
response). When the load is removed, the material will recover its shape partially but might not
return to its original form completely due to the energy dissipated during the viscous flow[24].
The behaviour can be mathematically described through forms like the Prony series to express
the relaxation modulus in terms of time [8].
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Figure 6 Stress and Strain response of Viscoelastic material over time.

The Generalized Maxwell (GM) material model is commonly used to represent the viscoelastic
(VE) behaviour of asphalt pavements[24]. The model considers the asphalt layer as a series of
Maxwell elements, each consisting of a spring and dashpot in parallel. The spring represents
the elastic response of the asphalt, while the dashpot represents its viscous behaviour[25]. The
combination of these elements’ accounts for both the immediate elastic response and the
delayed viscous response of the asphalt pavement[24]. According to the authors [8], the
generalized Maxwell material model enables more accurate modelling of asphalt surface layers.
The authors [26], also concluded that the viscoelastic model predicted larger displacements
than the linear-elastic model, emphasizing the importance of using a viscoelastic constitutive
model for a more accurate analysis. However, none of the mentioned studies considered the
plastic deformation experienced by the pavement surface due to long term repetitive loads. The
current research adopts the criteria that the VE displacements or strains being higher than the
elastic strains, according to researchers [26], to validate the VE nature of the developed Elasto-
Visco-Plastic (EVP) material model. Moreover, the material model developed also considered
the plastic behaviour to predict permanent deformations occurring in the pavement surface.
Few studies that also discuss the implementation of EVP material model into pavement surface
layer were reviewed in the following section.
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2.2.3 Elasto-Visco-Plastic Material Model

Asphalt pavements experience both recoverable deformations (viscoelastic behaviour) and
permanent deformations (plastic behaviour). According to a study by[12], an EVP model
addressed the shortcomings of simpler models that were unable to capture the combined effects
of viscoelastic behaviour, plastic deformation, and damage under environmental loading
conditions. By analysing the numerical results in [12], it was possible to identify the
mechanisms of failure, such as the loss of cohesion proved as a dominant failure mechanism in
porous asphalt mixtures, that cannot be understood with simpler material models. Another study
from [2] concluded that the EVP model presented more accurate predictions of both the
maximum strain during loading and the residual strain after unloading compared to elastic
models. Moreover, [2] also concluded that the stress-strain curves generated from EVP models
displaying both the initial elastic response and the subsequent viscoelastic flow, presented a
more complete picture of the material's mechanical behaviour under various loading conditions.
Also, a study from [11], concluded that the accumulation of tensile viscoplastic strain at the
pavement surface due to repeated loading can be associated with the onset of pavement cracking
on the surface. However, in contrast to the above findings, on study by [9] concluded that
because of its over-prediction of yield stresses, the EVP material model could lead to an under-
prediction of permanent deformation, which is critical for understanding and preventing rutting
in asphalt pavements.

While the studies employing EVP material models have significantly advanced the
understanding of asphalt pavement behaviour under various loading conditions, they do not
extend their analysis to the specific context of pavement widening. Although the models offer
valuable insights into general pavement performance and potential failure mechanisms, the
unique considerations associated with widened pavements—such as the impact of joints, the
differential behaviour of adjoining sections, and the altered stress distribution due to
widening—were not covered within these studies. Therefore, there remains a research gap in
applying EVP material models to simulate the distinct conditions inherent to pavement
widening, that the current research has dealt with. The next section explains the literature on
modelling the joint interface in pavement widening.

2.3 Cohesive Zone Modelling

Interface in pavement structure refers to the zone where two different pavement layers meet
each other[27]. In pavement widening, the cross-section of the joint along the length of a
pavement at which the existing (old) and new pavement meet is known to be an interface. The
interface behaves as a critical transition zone between the existing pavement structure and the
new pavement section added during the widening process[1]. The interface is a key focal point
in pavement widening projects because of the potential for differential behaviour between the
old and new pavements due to differences in materials, construction methods, aging, and
environmental exposure[28]. This is typically where an adhesive material is applied to bond the
pavement layers together[13]. The adhesive material used in pavement engineering between
the layers is known as tack coat[29]. The purpose of using asphalt tack coat in these pavement
interlayers is to ensure a strong bond between the asphalt overlay and the semi-rigid base[14].
The bond is crucial for the mechanical response of the asphalt pavement during traffic and
temperature loading[14]. Asphalt tack coat plays a significant role in the mechanics response
of asphalt pavement, especially in terms of reflective crack propagation[29].
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Figure 7 Adhesive bond testing in a Stepped lap joint configuration from research[27]

The study [30], concluded that the CZM is an effective modelling technique for predicting the
mechanical performance of adhesively bonded stepped-lap joints. Moreover, it was also found
that the geometry of the joint plays a significant role on the maximum load supported by the
adhesive joint. Within pavement engineering, a study from researchers [31], concluded that the
cohesive zone modelling is capable of accurately simulating the fracture behaviour of asphalt
concrete, as demonstrated by close agreement with laboratory experiments. Conclusions from
another research[13], suggested to underscore the importance of considering the influence of
the interlayer adhesive material as an actual layer rather than simply as a coefficient in
pavement structure design and performance analysis. Moreover, according to the research [32],
lower adhesive strengths were suggestive of more damage initiations at the pavement surface,
potentially indicating that adhesive damage is a significant factor in "top-down" cracking
initiations.

CZM requires defining a traction-separation relationship that describes the stress across the
potential crack surfaces as a function of the separation distance. The law reflects the material's
ability to transfer stress across a crack before it fully propagates[14].

The researchers in the study [13] used an interfacial cohesive zone model to characterize the
properties of interlayer bonding materials. This approach included experimental tests like a
pull-out test and an oblique-shear test to determine the optimal dosage of adhesive material.

Existing Tack Paving Asphalt
Pavement Coat Fabric Overlay

Figure 8 Tack coat material between the layers of pavement for interlayer bonding.

The literature extensively explores Cohesive Zone Modelling as a valuable method for
predicting the mechanical performance of adhesive joints, demonstrating its effectiveness in
various materials engineering contexts, including its ability to simulate fracture behaviour in
asphalt concrete closely. Despite these advancements, there remains a noticeable gap in the
current body of knowledge, the application of CZM within the specific scope of pavement
widening. None of the studies have investigated the potential of integrating CZM with an
elasto-visco-plastic material model in the context of pavement widening. Furthermore, the
combination of CZM and EVP models have not been explored to examine the interfacial effects
between the old and new pavement sections, which is a critical aspect of widened pavement
structures. The current research intends to bridge this gap by developing an integrated CZM
and EVP approach, aiming to provide a more comprehensive understanding of the interface
behaviour in widened pavements. In doing so, this study will contribute novel insights into the
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design and maintenance of durable, expanded roadway infrastructure, addressing a crucial need
in the field of pavement engineering.

2.4 Conclusion

In conclusion, the literature review was structured to explore crucial aspects of pavement
widening, significant design factors, and material models used in computational simulations.
Three main sections divided the review: Pavement Widening, Pavement Materials and Material
Models, and Cohesive Zone Modelling.

The Pavement Widening section discussed the crucial role of such projects in easing traffic
congestion and enhancing road infrastructure. Various methods of widening were examined,
including an assessment of their advantages and the technical challenges encountered. Notable
issues such as non-uniform settling and the stability of longitudinal joints indicated the need
for rigorous design and precise construction techniques.

In the section concerning Pavement Materials and Material Models, the behaviour of pavement
materials, with a focus on asphalt under stress, was detailed. The discussion centred on
viscoelastic and elasto-visco-plastic models, highlighting their capability to effectively capture
asphalt responses to various conditions. Nonetheless, the frequency of applying these models
to pavement widening scenarios was noted as relatively rare.

Cohesive Zone Modelling, in the final section, was presented as a significant approach for
examining interactions at interfaces where different pavement layers merge during widening
projects. While Cohesive Zone Modelling ability to predict joint performance was recognized,
its combined use with material models in the context of widened pavements was seen as an
under-investigated area.
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3 Research Methodology

To make the research process more efficient, a research framework was developed as the first
task. As described in Figure 12, at the beginning of research, the study parameters, cross-section
of geometry and material models are outlined. With the obtained parameters, the next step is to
develop a representative Finite Element Method (FEM) based model with appropriate material
choice. Considering permanent deformation as an important aspect for the widened pavements,
an elasto-visco-plastic (EVP) material model was implemented. The implementation of EVP
was done to achieve a more realistic simulation of widened pavement model behaviour under
different conditions as the required models are not commonly available in the commercially
available FE programs.

After implementation of the material model, at first the material model is validated. The
validated material model is then used to implement into widened pavement FEM model,
prepared to identify critical locations due to the addition of widened sections. Parametric
analyses of load locations, base layer thickness and material stiffness are then carried out to
investigate their effects at the identified critical locations. Moreover, two different widened
pavement models with “reduced recessing length” (see Section 3.4) and reduced base layers
(see Section 3.4) were also developed to study the effect at the critical locations. Finally, the
interface between widened pavement layers is modelled using cohesive zone modelling,
comparing the results with a full bond interface model. The comparative assessment is designed
to understand the role of interlayer bonding in enhancing the performance of the widened
pavement structures.

3.1 Cross Sectional geometry of widened pavements

The cross-sectional geometry of the widened pavement model analysed in the current research
is presented in Figure 10. Elastic material parameters and thicknesses use for the different layers
are listed in Table-1. As mentioned in the methodology framework, a 2D geometry of the
widened pavement structure was developed initially to implement the study parameters and
developed material model into the pavement layers. All the layers expect the surface layer (SL)
are assumed to be elastic and fully bonded with its nearing layers. Since the SL is one of the
most important layers of the structure, more realistic EVP material parameters are used (see
Table 2-3). The reinforcement was embedded into the New Base Layer 2 (NBL-2) as shown in
Figure 10, and the reinforcement details used in the model are mentioned in Table-1. The
boundary conditions, load and mesh are discussed in detail under the Finite Element Model

(FEM) chapter.
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Figure 9 Cross-Section of Widened pavement model analysed in the current research.
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3.2 Study Parameters

The section describes different parameters that were consider in this study. These include
material parameters for elastic, viscoelastic and plastic materials, pavement layer thicknesses
and parameters for modelling the interface of joint in pavement widening.

3.2.1 Elastic Parameters

Elastic parameters such as stiffness and Poisson ratio of the material used in this research are
presented in Table-1. The elastic material parameters are based on current design standards
adopted in Netherlands [1].

Table 1 Elastic Parameters of material in each pavement layer in a widened pavement model
based on current design standards adopted in Netherlands[22]

Material Existing | Surface | Existing | New New Sand Reinforcement
Properties Subbase | Layer asphalt | asphalt | Subbase | bed Glasfalt

(EsubL) | (SL) Base Base (NSL) (SBL)

(EBL) (NBL)

Stiffness 600 2500 5000 7500 600 150 73000
(MPa)
Poisson ratio | 0.3 0.3 0.3 0.3 0.3 0.2 0.2
Thickness 200 mm | 50 mm 270 mm | 210 mm | 260 mm | 1000 4 mm

(L-3) (L-1) (L-2) (LN-2) | (LN-3) | mm

(L-4)

3.2.2 Viscoelastic Material Parameters

As proposed by several past studies [33][24][25], asphalt mix layers can be modelled as a
viscoelastic (VE) material to effectively capture the pavement responses in several cases. This
is because, asphalt mixes are found to recover the original shape to some extent when the stress
is removed[25], which is a typical characteristic of VE material [33]. According to the past
research [33], for VE materials, the generalized Maxwell (GM) model, as shown in Figure 12,
allows to capture a wide range of VE responses to loading conditions that asphalt pavements
experience in the real world. Moreover, when comparing GM model with single Maxwell or
Kelvin-Voigt researchers [22] concluded that GM model is more accurate in representing the
material behaviour in the context of Asphalt pavements. Hence, in the current research, two
components-based GM model was used.

The VE parameters for the GM model characterized by elastic moduli and dynamic viscosities
adopted from the previous research [24] as mentioned in Table-2. The top component of the
GM model (E,), as shown in Figure 12, represents an infinite elastic spring to capture the long-
term elastic response of the asphalt material, whereas the middle and last components in Figure
12 utilize elastic modulus (E;), and dynamic viscosity (7;), to capture the material behaviour
under sustained loading.

Table 2 Viscoelastic Parameters for EVP material in widened pavement model

Material Number of Modulus-E Dynamic Infinite Elastic
behaviour Component MPa viscosity-n Spring Modulus-
(MPa.s) Einf (MPa)
Viscoelastic 1 750 24.607044 50
2 1700 10.094521 50
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Figure 11 Generalized Maxwell material model configuration.

3.2.3 Plastic Material Parameters

Plastic materials are crucial in pavement engineering as materials can undergo permanent
deformation without fracturing[34]. This deformation, often caused by repetitive traffic loads,
can lead to rutting, a common pavement distress [16]. To describe this behaviour, a plastic
material model widely used in pavement engineering, such as the Drucker-Prager (DP) model,
is employed [24]. This model considers pressure-dependent yielding, making it suitable for
materials experiencing varying stresses [13]. Capturing appropriate plastic material properties
is important in this research because it enables more realistic behaviour of the material and
determines the response of the pavement to repeated traffic under long-term loading conditions.

Table-3 presents the DP plasticity model's material parameters, such as cohesion, friction angle,
and hardening parameters adopted from the previous research [9]. The parameters represent
internal strength, resistance to sliding, and the material's ability to strengthen under repeated
loading, respectively. The selection of these parameters ensures a realistic simulation of the
material's response to various stresses and deformation conditions.

Table 3 Plastic Material parameters for EVP material model based on Drucker-Prager yield
criteria.

Material Cohesion Friction Angle | Hardening-A | Hardening-B
behaviour
Plastic 0.8 0.087 1 1

3.2.4 Cohesive Material Parameters

Tack coat material is utilised in pavement widening, facilitating bonding between existing and
widened pavement layers [24]. The type of tack coat material selection significantly impacts
bonding effectiveness [20]. The tack coat at the joint in pavement widening in this research is
modelled using Cohesive Zone Modelling (CZM), a widely used method for accurately
simulating joint interface behaviour [25, 26].

Table 4 outlines the material parameters used in CZM for the current research. These
parameters include Young’s Modulus, Nominal stress, and fracture energy, providing insights
into the initial bonding strength and crack propagation within the tack coat material. Modelling
the interface in pavement widening allows for comparison with a fully bonded widened
pavement model, assessing the interface's influence at critical locations.
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Table 4 Material parameters for Cohesive Zone Modelling material at the joint in pavement

widening.
Cohesive Young’s Nominal Fracture
Material Modulus (E) Stress Energy (mlJ)
Tack Coat 8500 MPa 2 MPa 1.5

3.3 Material Model

In the current chapter, the focus is on the study of material models, essential for the prediction
of material behavior in asphalt. The foundational concepts of material models, specifically
targeting the elasto-plastic and viscoelastic-plastic models, are explained.

Attention is given to the theoretical frameworks that dictate material responses and the
consequential ramifications for their use in practical environments. A basic elastic material
followed by Generalized Maxwell model based Viscoelastic (VE) material and the Drucker-
Prager criterion for plasticity, are described for their applications in structural and geotechnical
engineering. The subsequent development and analysis of an elasto-visco-plastic material
model underscores the chapter's dedication to presenting accurate descriptions of material
behaviors, particularly in the case of asphalt.

3.3.1 Basic Material Models
Understanding the mechanical behaviour of materials is fundamental in various engineering
disciplines, from structural design to materials science. This part of the current chapter explores

three basic material models: Elastic, Viscous, and Plastic, each capturing distinct aspects of
material response under different loading conditions.

3.3.1.1 Elastic Material Model

E
o

== ~VVVVVVV—

;S

Figure 12 Elastic Single Spring Mechanical Model

Elasticity refers to the ability of a material to undergo deformation and then return to its original
shape and size when the deforming force is removed. It is characterized by the linear
relationship between stress (force per unit area) and strain (deformation) in the material.
Elasticity is often defined with an example of a spring component which can store energy under
stress.

Hooke's Law is a fundamental principle that describes the relationship of stress in the context
of elastic deformation. For a single spring system as shown in Figure 13, consider a linear
spring subjected to a stress (g) with an elastic modulus (E), Hooke's Law for this system is
expressed as:

o=F.¢
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The equation describes the linear relationship between stress (o) and strain (), reflecting the
elastic behaviour of the material. Stress is defined as force per unit area, and strain is the ratio
of deformation to the original dimension. The equation describes the linear relationship
between stress and strain, reflecting the elastic behaviour of the material.

To simulate the elastic behaviour of a material, multiple spring components are placed in
parallel configuration as shown in Figure 14. Depending on the situation a series configuration
can also be used. Parallel configuration of components emphasizes on stresses being divided
into each individual component and for springs in series the stresses are equal in all the
components. The strain experienced by all the spring components in Figure 14 is equal.
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Figure 13 Elastic Spring in Parallel Configuration

3.3.1.2 Viscous Material Model

Viscosity is a property of a material that measures its resistance to flow or deformation under
the influence of an applied force. In the context of a simple viscous system, the relationship
between stress and strain rate is often described by Newton's law of viscosity.

For a simple fluid flow scenario, Newton's Law of Viscosity is given by:

o=n.¢
where:
o — Stress,
1 — Viscosity,
& —Strain rate.

The above equation expresses the linear relationship between stress and strain rate in a viscous
material. The dynamic viscosity (1) is a measure of the internal friction or resistance to flow.
Generally, viscosity is represented with dashpot mechanical model element, to simulate the
material behaviour.
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Figure 14 Viscous Single Dashpot Mechanical Model
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3.3.1.3 Plastic Material Model

The behaviour of plastic materials is characterized by their ability to undergo permanent
deformation or plastic deformation under applied stress. Unlike elastic materials that return to
their original shape after deformation, plastic materials undergo permanent changes in shape.
The stress-strain relationship for plastic deformation is typically described by the flow rule.
For a simple one-dimensional plastic deformation scenario, the stress-strain relationship can be
expressed as follows:

0=0y—q

The equation defines the stress (o) in the material as the difference between the yield stress (o7,)
and the overstress (-q). The yield stress is the stress level at which the material begins to deform
plastically. Overstress (-q) is a concept used in plasticity models that accounts for stress that is
exceeding the yield stress, and is defined as:

oy

3

The overstress (-q) is related to the plastic potential function (y) through its derivative with
respect to equivalent plastic strain (§). This relationship suggests that the overstress changes
based on how the plastic potential function changes with respect to the equivalent plastic strain.

The plastic flow function is represented by f, which defines the condition under which plastic
deformation occurs. The function involves stress and overstress, or alternatively, stress and the
change in the equivalent plastic strain (A£)

f(e,q) = f(0,48) -0
The plasticity condition is met when this function approaches zero.

Finally, the plastic strain rate (A€,) is defined as the rate at which the material continues to

deform plastically. It is given by the product of the change in the internal variable (A&) and the
partial derivative of the plastic flow function (f) with respect to the stress (o)

Al A of
&, = AE—

p do

These equations collectively describe a model in which a material begins to deform plastically
after reaching a certain yield stress level, and it continues to deform at a rate governed by its
internal state and the stress applied. A reduction needs to be caused in the overstress for stresses
to reach back to yield surface. This type of model is essential for predicting the behaviour of
materials under loads that result in permanent deformation.
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Figure 15 Single Plastic Slider Mechanical Model

3.3.2 Combination of basic material models

The current section explores the integration of fundamental material models to capture the
behaviour of materials subjected to mechanical loading and environmental factors. Specifically,
focusing on the combination of viscoelastic and elasto-plastic material models, essential for
accurately simulating the mechanical response of asphalt under varying conditions.

3.3.2.1 Viscoelastic Material Models

Asphalt material, which is of primary interest for the current research, is both viscous and elastic
in nature. Such a material is called viscoelastic material [8]. The behaviour of asphalt pavements
under traffic loads and environmental conditions is time dependent. A previous study [26] found that
the deflection values predicted by the viscoelastic model were slightly larger than those predicted by
the linear-elastic model. This is because the viscoelastic model accounts for the time-dependent
behaviour of the asphalt material, which is more representative of real-world conditions.

For accurate modelling of asphalt behaviour, various configurations of spring and dashpot
elements exist. Few examples of such configurations are Maxwell, Kelvin-Voigt, and Burgers
model. In a simple Maxwell model, the spring and dashpot are arranged in series and for the
Kelvin-Voigt model, spring and dashpot are arranged in parallel configuration. An example for
a basic Maxwell element in presented in Figure 17.
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Figure 16 Viscoelastic Maxwell Element

For a series combination, the total stress (0;¢4; (t)) is equal to the stress in each component:

Gtotal(t) = GElastic(t) = GViscous(t)

For a simple Maxwell element, one of the basic components of a viscoelastic model, the stress-
strain relationship is given by:
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o(t) =E.e(t)+1.4(0)

where:

o(t) is the stress at time t,

E is the elastic modulus,

&(t)is the instantaneous strain at time t,
7 is the viscosity of the material,

£(t) is the strain rate.

The above equation combines both elastic and viscous components, illustrating how the
material responds to both instantaneous deformation and time-dependent deformation.

For the current research, a Generalized Maxwell (GM) model is adopted to simulate the
required viscoelastic material behaviour. GM model is generally used when the material model
comprises of multiple elements as it helps in capturing broad range of material behaviour
compared to a single element [24]. The GM Model is a viscoelastic model that extends the
simple Maxwell model to incorporate multiple Maxwell elements in parallel, each contributing
to the overall material response. GM model is used to capture more complex viscoelastic
behaviour with a distribution of relaxation times. Basic GM model configuration is presented
in Figure 18.

The overall stress in the GM model, considering the contributions from different Maxwell
elements is given by,

0 =0yt 0;

M=

where:

o is the stress,

O 18 the stress single spring,

0; is the stress in i*" Maxwell component of the GM model,
N is the total number of components.

The equations to arrive at the above equation for the stresses in GM model is given in detail
in the next section of this chapter.

The Generalized Maxwell (GM) model and Prony series are related concepts in the context of
viscoelasticity. The Prony series is a mathematical representation used to approximate the
relaxation behaviour of a viscoelastic material, while the Generalized Maxwell model is a
physical model that describes the viscoelastic behaviour based on multiple Maxwell elements
in parallel [25].

For the Generalized Maxwell model with Prony series, the relaxation times and Prony
coefficients are needed as input for the material model along with the number of components
in the model. The function below is represented in terms of Prony series, which assumes that,

N
t
E=E, +Z E;exp (——E>
i=1 ti

where E, E; - elastic moduli of infinite spring and the i*"component of the GM model and

¥ — relaxation times for each Prony component.
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Figure 17 GM material model configuration.

3.3.2.2 Elasto-Plastic Material Model
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Figure 18 Elasto-Plastic material model component.

The elasto-plastic model combines the concepts of linear elasticity and plasticity, particularly
in the context of materials that undergo both elastic and plastic deformation. The Drucker-
Prager (DP) criterion is a widely used criterion for modelling the yield condition of plastic
materials. Generally, the DP criterion is applied in geotechnical purposes and the sign
convention in the equations with respect to compression and tension are different in structural
applications. Also, DP yield surface is an ultimate Desai surface (another widely used plastic
yield criterion) with the Hardening parameter o[9]. Desai surface (shown in Figure 20)
incorporates the ideas from the Drucker-Prager approach but extends them to address material
behaviours, including anisotropy, tension-compression non-symmetry, and the influence of
different stress paths[35]. Hence, the DP model used in structural applications and the further
modified version used in current research are mentioned below.

Standard Drucker-Prager yield criterion in structural engineering is expressed as:

f :\/E—I—A.Il—I-B:hard

The modified Drucker-Prager yield criterion used in current research is expressed as:

f =\Jz + (I+hard).(A. I, + B)

where:

f is the yield function,

J> is the second invariant of the deviatoric stress tensor,

hard is hardening factor,

I; is the first invariant stress tensor, which is also the mean of stresses in principle direction,
A, B are the plastic coefficients.
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Figure 19 Yield function HISS (Desai,1986): (a) in space I;- VI,4[35]

The Drucker-Prager yield surface is typically defined in terms of stress invariants, such as the
first invariant of stress (I;) and the second invariant of deviatoric stress (J,). This graphical
representation is a way to visualize the Drucker-Prager yield surface, which represents the
boundary beyond which plastic deformation occurs in materials subjected to stress. The slope
angle (¢) is typically known as the friction angle and is a key parameter in plasticity models
like Drucker-Prager. The specific parameters (hard and A) determine the characteristics of the
slope angle and hence the shape of the yield surface in this graphical representation.

tan® = —(1 + hard).A

VI &

C - Cohesion

4
< >
B/A

Figure 20 Drucker-Prager yield surface.

3.3.2.3 Replacing Elastic Spring with Viscoelastic Configuration

To capture the viscoelastic nature along with plastic behaviour in material model, the elastic
spring in Figure 19 is replaced by a Generalized-Maxwell (GM) model from Figure 10 as shown
in Figure 18. The GM spring and dashpot system allow to calculate the stresses until yield.
Once the yield stress is reached, the plastic slider activates, causing a reduction in stresses
according to the modified Drucker-Prager yield criterion.
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Figure 21 Replacing the elastic spring in Elasto-Plastic model with GM Model

In the plastic state, plastic strains are accumulated. The plastic flow rule determines how the
material deforms plastically under certain conditions. The evolution of plastic strain is also
governed by an isotropic hardening rule, which modifies the yield surface based on
accumulated plastic strain. The derivation behind the Drucker Prager yield criteria and the
hardening phenomenon is presented in the next subsection of the current chapter.

3.3.3 Elasto-Visco-Plastic Material Model

The paper [12] introduces a viscoelastic—plastic damage model which integrates the generalized
Maxwell model to represent viscoelastic behaviour and the Drucker—Prager model for plasticity. The
comparison results between elastic and viscoelastic-plastic (EVP) damage mode shows that EVP
models give a more accurate numerical interpretation of the creep recovery response of hot mix asphalt
concrete[9]. They better predict the maximum and permanent strains.

Based on previous studies, development of an EVP material model proved necessary to capture
accurate material response of asphalt material in pavements. Hence, the theory and equations behind
the developed EVVP material model for the current research is presented in this section. The EVP model
is a combination of GM material model and Drucker-Prager material model. The GM material model
to simulate the viscoelastic material behaviour is first described followed by the plastic material model.
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Figure 22 Elasto-Visco-Plastic Material Model - Combined GM and Drucker-Prager
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The provided information describes a comprehensive material model, starting with a
viscoelastic model incorporating Maxwell elements, where stress-strain relations, evolution
equations, and constitutive relations are detailed. This model is then integrated into an elasto-
visco-plastic material model, utilizing a Drucker-Prager yield criterion, hardening function, and
Newton-Raphson iterations for force equilibrium. The material model considers hardening,
consistency conditions, and evolves viscoelastic and plastic strains over time. The resulting
equations capture the behaviour of materials under various loading conditions, combining
viscoelastic, and plastic responses in a systematic manner.

3.3.3.1 Viscoelastic material model Equations

The equations (1) & (2) describe the stress-strain relationship for the GM viscoelastic material,
where g; is stress, € is strain, &,; is the viscoelastic strain, E; is the elastic modulus, and 7; is
the viscosity of the i*"* component. The constitutive equations for a single spring (d.) and a
single Maxwell viscoelastic component (a;) are as follows,

O = Egot ¢Y)
0; = Ei(e — &) = i€y, 2

The differential equation (3) governs the behaviour of the Maxwell viscoelastic material which
involve the rates of change of viscoelastic strain (€,;) and viscoelastic strain (&,;)

niéyi + Ejg; = Eje 3)
. K E;
Epi + E‘gvi = ag (4)

From solving equation (4) for all Maxwell components (i), the homogeneous and particular
solutions are calculated. The homogeneous solution to the differential equation, where &y;,
represents the homogeneous part of the viscoelastic strain, and C; is a constant.

. . Ej
Homogeneous solution: &,; + n—i‘svi =0- ¢y, =Ce ™

The particular solution to the differential equation involves a convolution integral over time.
It determines the behaviour of the material based on the external influences.

Particular solution:
Ej
t ——(t-s)
ni .

Ei
Evi, part = fg e ;s(s)ds (5)

1

Taking out the terms dependent on variable (t) from the integral, further solving the equation

),

t B, o E; E;, _Ei t E
f e 779 - e(s)ds =n—le "it-f e’lise(s)ds (6)
0 i i 0

1 1

Using integration by parts on the integral in equation (6),

38



t Ejis 7
f eNig(s)ds = —e’71 e(s)
0 E;

1

f —e’71 s(s)ds = —[e’h e(t) —e(0) — f e s(s)ds]

t _Eig_ g E E; _Ei LB
f e B yas = Bommt T onlee) — (o) - f em%‘(s)ds]:
0 UAt UR El 0
Ej

t i
= £(t) — e(0)e ™' — f e_%(t_s)é(s)ds 7)
0

Equation (7) represent the evolution of strain over time in terms of the material parameters,
incorporating viscoelastic behaviour. The stress in terms of the strain and viscoelastic strain,
implementing the parameters of different Maxwell elements in the model from the 15¢ to the
Nt component is given below,

0i(0) = Ei(e(t) — &,:(D)) )

The overall stress in the Generalized Maxwell Model, considering the contributions from
different Maxwell elements,

0=0,x+t o;

NgE

i=1

The incremental stress in the next time step, considering elastic responses and changes in the
Maxwell element properties, is calculated using the equations below depending on the
dimension of the model.

E;- is an elastic modulus representing the instantaneous or infinite-time response in 1D.
D;- is a stiffness tensor associated with the infinite-time response in 2D or 3D space.

The equation to describe the incremental stress in the next time step ( **%c) in terms of the

total strain (g) and the historic viscoelastic strains (H;) associated with different Maxwell
elements is as follows,

1D: t+AtO. — Eoo,t+At€ +Z£V=1 Ei t+AtHi

Similar to the 1D case, this equation extends to 2D/3D space.

2D/3D: t*Atg = D,: tHAte Z D; t*AtH;
i=1
D, represents the stiffness tensor associated with the infinite-time response in 2D or 3D space
corresponds to the long-term stiffness of the material.

The equation (9) describes the evolution of the historic viscoelastic strain (H;) associated with
the i-th Maxwell element over time.

At At
LHAtH = e KitH; + e 2KitAe
At At
e 2kitHAL[, = ¢ 2kitH, + tAg 9

t+At —

Hi = tHl‘ + tAS
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At
'H; = e 2% 'H, represents the memory of past viscoelastic strain in the i-th Maxwell
element.
Viscoelastic stress ( {0y, ) at time t as a function of total strain (&), historic viscoelastic strain
(H), and changes in total strain over time (Ag) is,

At
e = Dot A% + Dy: tAs +Z Die 2ki: (*TAUH; 4+ tAg) (10)
i=1
Expressing the viscoelastic stress of the next time step in terms of the viscoelastic stress in the

current time step,
t+At .t t+At
Ove - Uve + Ao-ve

At
with Yo, = De: te +z Die 2ki: tH (11)
i=1
and **AtAc,, = <DOo + Z Die_At/Zki>: tHAtAg
i=1
It also holds that,

Y A i} Y A

e = Doo: 170 +Z Dje 2ki; t=AtH 4 (D, +Z Dje 2ki|:tAe (12)
i=1 i=1

Combining the last two equations (10) and (11) for ‘o, results in,

N

_At
De: tS+ZDie 2ki; t
i=1
=D, 74 £+Z D;e 2kl t-Ath, +<D +Z D;e W) tAe

N
Doo: ( tg - t_AtS) + Z Die_z_ki: tl‘_li

i=

1
N At At
ZDle 2ki; &AL 4 Do tAe + ZDe 2ki |: tAg

i=1 =1
N

N At N At At
! EAe—D 'tAs+Z D;e 2ki; tH; = zDe 2k;; t-At[ 4 ZDe 2ki |: tAg

_£ N At
Die 2ki: Z e 2"1: LAt + Z D;e Zkl : tAe (13)
L

t+At

i=1

Equation (14) describes the time-dependent viscoelastic stress 0Oye In terms of total strain,
viscoelastic strain, and their time derivatives,
At
tHAl G o = Doyt te + Doyt PR AE + z Die ki ('H; + 'tAtAg)

i=1

=Do: e+ Doy THAAE + Z DjeAt/2ki; (tg 4 tHALAL)
i=1
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N
At
= <DOO + D;e 2—k1> . ( te + t+AtAg) = Cpe: t+At o (14)
i=1

Cye- is the viscoelastic stiffness tensor that combines the contributions from the instantaneous
elastic response D, and the viscoelastic contributions from each Maxwell element.

The transformation between stress and strain using the inverse of stiffness is defined as:
gem = Cyd:o - ggy = Cid:6
GM ve * GM ve*

The strains obtained from the Generalized Maxwell viscoelastic model are used to calculate
the stresses. These stresses are used as trial stress for the plastic material model of the elasto-
viscoplastic material model. Once these stresses cross the yield stress, reduction of stresses
occurs to simulate the plastic nature.

3.3.3.2 Newton-Raphson Iteration

The Newton-Raphson method is a numerical method used to find successively better
approximations to the roots (or zeroes) of a real-valued function. In the context of material
modelling and finite element analysis, it is used to solve the nonlinear equations that
characterize the material behaviour under certain conditions. The process starts by initializing
the stress variable o, with a trial value and setting the plastic strain increment A& to zero. The
iterative procedure then begins, forming the Jacobian matrix and the residual vector based on
the current state and solving the resulting linear system to update o,and A& This loop
continues, with updates applied at each iteration, until a convergence criterion - a small,
predefined tolerance - is satisfied, indicating that the solution has been found. Upon
convergence, the equivalent plastic strain is updated to reflect the new deformation state,
completing the iteration process.

First 0 is initialized as the "trial" value and A& is initialized to zero.
O « "l g AL = 0; converged = .false .

Inside the loop:
e The Jacobian matrix and residual vector are formed using partial derivatives from the
previous code segment.
A system of linear equations is solved for do,, and dA using matrix inversion.
O and AE are updated.
Residual functions R1 and R2 approach zero after several iterations.
The "converged" variable is updated based on a convergence criterion, comparing the
square of the changes to a predefined tolerance (£2).
e After convergence, the equivalent plastic strain € is updated.

The loop continues until the "converged" condition is satisfied.

#HH#H#CODE###
do while not converged
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Ow < O + 804; AL « AT + SAT
converged = (804:80, + (8AY)?) < €2
enddo
§ §+AY
3.3.3.3 Plastic material model of Equations

The equations below describe the behaviour of materials under plastic conditions, incorporating
plasticity criteria, consistency conditions, hardening, and constitutive relations. The Drucker-
Prager model is a specific instance of such models, providing a yield criterion for plasticity.
The hardening function introduces hardening effects in the plasticity model. Constitutive
equations relate stress, plastic strain, internal variables, and consistency conditions to ensure
that the model remains physically consistent. The Lagrangian formulation, which is based on
the principle of maximum plastic dissipation, helps to setup equilibrium conditions and
evolution equations for the internal variables.

g =—(o:¢,+q.9) (15)
subjected to f(0,q) < 0 (16)

‘f’ represents the plasticity criterion where o is stress, &, is plastic strain rate, € is equivalent

plastic strain rate, and q is the overstress. The equation (15) mentioned above needs to minimize

under the conditions that inequality (16) holds. This minimization problem can be solved via

the mathematical technique, called constrained minimization. The Lagrangian is defined as,
L=g+A.f

Applying constrained minimization technique on our model together with the Kuhn-Tucker
conditions gives,

OL + af =0 17)

60 60 9o

aL adg . of

=_ < A 1

3q 6q+ 3q 0 (18)
Af=0,A>0

Substituting equations (15) and (16) in equations (17) and (18),

0L 9d(—(o:8p,+q.8) . Of
90 30 A5 =0

. L 0f
—gy+A-=0 (19)
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oL a(—(o:sp+q.'§))+ of
oq dq daq
Of

—§+A£=0 (20)

From equation (19) and (20), the rates of plastic strain and equivalent plastic strain can be
calculated as follows,

. _s0f
Sp—A%
. L O0f
E—ka—q

For the Drucker-Prager criteria it holds that Z—z =1 and therefore,
€ =Aor AE= A

af
ASp = A %

And hence,
(21)

The residual functions are initially calculated due to the crucial role in time integration schemes.
The residual functions are used to compute the changes in stress and strain over time while
ensuring that the system remains in equilibrium. If the residual functions are close to zero, it
indicates that the numerical solution is approaching equilibrium.

The equation (22) represents residual function R; that should approach zero. It involves the
stress (o), the viscoplastic strain ( *egy), and the change in viscoplastic strain (Aggy). The
material is in equilibrium when R; is zero.

R, = %G — Cpp: (tegm + Aggm) = 0 (22)
Similar to Ry, equation (23) represents another residual function R,, which should approach
zero. It involves the plasticity criterion f, stress (o), the equivalent plastic strain (§), and the
change in the equivalent plastic strain (A£).

R, = f( 2%, g, A) > 0 (23)

The change in strain vector of the GM model is the total strain increment minus the
plastic strain increment,

Aggy = Ae — Ag, (24)

From the substitution of equation (21) into (24)

af
AEGM = Ae — AE o

do
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The change in residual function R4 equation (22) with respect to stress and the change in the
equivalent plastic strain,

oR of aA

—Lo- , ZGM (25)
do JAggy  do

OR; _ of  OAegy 26)

OAE ~ OAegy  OAE

The equations (27) and (28) involve the change of the residual function R, with respect to stress
and the change in the internal variable,

oR, oOf

_Zz2__ 27
do Jdo @7)

R, of

Equations (29) and (30) describe the partial derivatives of the viscoplastic strain (Aggy) with
respect to stress and the change in equivalent plastic strain,

aASGM azf
do __Azaaac (29)
aASGM of
9AE 9o (30)

The equation (31) defines a constant C,,, (Material tensor) related to the material properties,

af N At

=1D)w+211»- “2ki = ¢ 31
aAEGM L 1e ve ( )

From equations (25), (26), (27) and (28), the change of R; and R, with respect to stress and
the equivalent plastic strain, considering the second derivatives of the plasticity criterion g,

R (a8 = 14 aec, 2100 (32)
do ve: EOGOG B §Coe: doo
Ry C ( E)g)_(c of (33)
oAt '\ 9o/ Y®do
OR, of 31)
doc  do
oR, Of 35)
At DA
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Jacobian matrix | that relates changes in stress and the change in equivalent plastic strain to
changes in the residual functions is presented. It involves the derivatives of R; and R, with
respect to stress and the change in equivalent plastic strain.

I+ AEC,,: o°f Cpp: o
j= § ¢ 9cdoc V¢ do (36)
- of of
90 A

These equations describe a viscoplastic material model with a specific plasticity surface,
residual functions R1 and R2, sensitivity to changes in stress, internal variables, and
viscoplastic strain. The model involves Generalized Maxwell elements and considers the
evolution of the material's behaviour over time.

For the Drucker Prager Yield criteria, the yield function is defined in terms of the second
invariant of the deviatoric stress (J2), the hardening variable ("hard"), and material constants
A, B, hy, and hy,.

f=/]; + (1 + hard )(Al; + B) (37)

The hardening variable depends on time and an additional variable AE,

hard = hy(1 — e otG+ADE) (38)

The Prager consistency condition should hold which is defined as:

Df sof\" of .
E=(a) '0'+a—z' =0 (39)
with
of of 0 hard 0 hard
% ohad ot - AL tB): ( PE ) (40)

The evolution of stress in terms of strain rate, viscoelastic equivalent strain rate (£), and the

R
plasticity direction 5o 18 defined as:

6 =D, (s - E%) (41)

The evolution of strain rate in terms of stress rate is now written as:
e =Dglo + & of (42)
£= (o} —
¢ do

Solving the Prager consistency condition for equivalent plastic strain gives:
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of\" .
E=—(a_(§,)f - (43)
7%

Substituting equation (43) in equation (42) results in:

af\T
Ny 6f(%) o b1 1 af faf\'| "
€= e O'+%—g = e +—(g>%<%) o ( )
a8 a8

To express the stress rate in terms of the strain rate the Sherman-Morrison formula is used.
The strain equation above can then be rewritten as:

o:[D - De%(%)TDel.é
¢ of sof\" . of
| a‘ff(%) De 351

(45)

3.3.4 Summary

In the current chapter, material models were thoroughly explored, and the foundation was laid
for further experimental validation. The principles of the elasto-plastic and viscoelastic-plastic
models, particularly in relation to the Drucker-Prager criterion, were presented in a detailed
manner. The interrelation between these models and the generalized Maxwell model was
systematically examined, providing an advanced elasto-visco-plastic model that enhances the
accuracy in predicting asphalt behaviour. It was shown that a deep comprehension of material
models is vital for the advancement and innovation in materials engineering.

With the theoretical aspects of material models addressed, the focus of the thesis now moves to
the subsequent section, which delves into the Design of Experiment. The next part will seek to
illustrate the real-world utility of the material models discussed, aiming to confirm the
predictive accuracy and applicability in engineering contexts.

3.4 Design of Experiment

The Design of Experiment mentioned in the current research is utilized to systematically
investigate the effects of various parameters such material stiffness, load location etc on the
behaviour of widened pavement models. Table 5 presents different combination of models that
were studied and compared. As explained in the methodology framework, initially, the critical
locations were identified by comparing unwidened pavement (2D-UP) with widened pavement
without reinforcement (2D-WP-NR). Subsequent analyses were done to measure the impact of
embedded reinforcement (2D-WP-R). Furthermore, the effect of variation in material stiffness,
base layer thickness, and load location at the critical location in pavement widening were
analysed.

As explained in the Introduction chapter, one of the major goals of the research was to look at
the possibility of reducing the utilization of natural material which will ultimately lead to
reduction in Carbon-footprint from the pavement sector models with reduced
recessing/overlapping length (2D-RRL-R) and with reduced number of base layers (2D-RBL-
R) were analysed (see Figure 24).
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Finally, the joint interface is a critical location that can dictate the performance and longevity
of the widened pavement, as it is often the weakest link due to potential debonding or
differential settlement. The joint interface behaviour in widened pavement is modelled using
cohesive zone modelling (CZM). By implementing CZM, it is possible to capture the behaviour
of the interface, including the peak stress that can be carried by the joint. Results from the model
incorporating CZM (2D-WP-R-CZM) was compared to those of the widened pavement model,
providing insights into joint interface behaviour.

Table 5 Model acronyms and description for FEM based Pavement Models

Pavement Model Pavement Model Name

Acronym

Model: 2D-UP 2D-Unwidened Pavement Model

Model: 2D-WP-NR 2D-Widened Pavement Model based on Current
Design Requirements No Reinforcement

Model: 2D-WP-R 2D-Widened Pavement Model based on Current
Design Requirements with Reinforcement

Model: 2D-RRL-R 2D-Widened Pavement Model — Reduced
Recessing/Overlapping length with Reinforcement

Model: 2D-RBL-R 2D-Widened Pavement Model — Reduced base layers
with Reinforcement

Model: 2D-EBT-R 2D-Widened Pavement Model — Equal Base
Thickness with Reinforcement

Model: 2D-WP-R-CZM 2D-Widened Pavement Model — Current Design
Requirements with Reinforcement and Cohesive Zone
Modelling

150mm

W- 7 S 100mm

e 5 250mm

(a) Reduced Base Layers:2D-RBL-R () cduced Overlapping Length 2D RRLR

Figure 23 2D-widened pavement FEM models with (a) Reduced number of Base layers and
(b) Reduced Recessing/overlapping length in base layer.

3.5 Finite Element Implementation

The current section presents a brief description of the development and implementation of
material model in Finite elements.

3.5.1 User Material Subroutine

User-MATerial (UMAT) allows users to define custom material models that are not available
in the standard material library[36]. By writing a material subroutine, users can incorporate
desired material behaviour into the numerical simulations that better reflect real-world
conditions[33]. Such implementations are particularly useful in cases where materials exhibit
nonlinear, anisotropic, or rate-dependent properties that standard models cannot accurately
capture[36].
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3.5.2 Finite Element Model

In the widened pavement model as shown in Figure 25, side edges were considered as
symmetrical vertical edges. This is justified because in field condition the stresses can travel
through side bodies such as (soil etc.) [36]. The bottom edge was considered to fixed, assuming
full stability in the underlying layers[36]. This is justified considering perpetual pavement
concepts in the Netherlands. After setting the boundary conditions, the load representing tire
pressure was-applied at three different locations separately (see Figure 10), with a tire pressure
of 0.8MPa.

Standard quadratic CPS8 elements are used to mesh different layers of the widened pavement.
These elements were used because, the 8-node biquadratic plane stress quadrilateral elements
provide a higher level of precision in capturing the stress and strain distribution, due to the
ability to model the curvature and stress more accurately than the linear counterparts [37].

To model the joint, cohesive elements were inserted between the existing and new pavement
base layers. The interface at the joints were designed using COH2D4: A 4-node two-
dimensional cohesive elements. The cohesive elements simulate the behaviour of the jointed
interfaces by allowing for separation and sliding between adjacent pavement layers, thus

capturing the effect of interlayer shear and debonding[38].
LL-1: 0.8 MPa

‘ 50 mm

L-1

B Symmetrical Boundary Condition

M Fixed Boundary Condition
Figure 24 2D-Widened Pavement FEM model with mesh, load location and boundary
condition.

3.6 Validation of material models

As stated in the research objective, an elasto-visco-plastic (EVP) material model is developed
to predict stresses in pavement widening. Before using the models for further analysis, the
developed EVP model was validated by comparing the results with the well-known elastic
material model. Simplified geometry in 2D and 3D were utilized for this purpose to eliminate
other geometrical effect as shown in Figure 26.

3.6.1 Viscoelastic Material Model Validation

According to the past researchers [24] the VE strains are higher in comparison to elastic strains
and such a comparison was used for the material model validation. To capture the material
response a time dependent load of 0.8MPa was applied. As shown in Figure 27, the maximum
magnitude of load is reached at 2.5 seconds and then the load is removed by 5 seconds. The
total analysis time for basic 2D-Geometry model was 10s as the materials relaxation effects can
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only be captured over long period of time. Further moving on to the pavement models, the time
of the analysis is changed back to 1s.

3.6.1.1 2D- & 3D — Geometry

The geometrical dimension of both the 2D and 3D model are presented in the Figure 26a-26b.
To have a correct comparison, the same geometrical dimensions were used to study-both elastic
and EVP models. To observe more impact of the plastic behaviour within the EVP material
model, the applied load is increased from 0.8MPa to 4MPa. The remaining parameters such as
the boundary conditions, load location and mesh, are same as 2D- model shown in Figure 26(a).

The obtained strain &, for the analysis of the basic 2D- Elastic and EVP material models, and
3D-models with EVP material model is illustrated in Figure 28(a) and (b). The material
response to applied load is divided into 3 zones as shown in Figure 28 (b). Zone I is the region
where the load is applied till it reaches the maximum as shown in Figure 27. In Zone II the
unloading starts, and the zone region ends by the time the unloading is complete. Finally, Zone
III represents the region in which the relaxation effects of the material can be observed. It is
noteworthy that even though the elastic model promptly returns to its original shape upon
removal of the load as shown in Figure 28(a). The EVP material takes approximately eight
seconds for the material to reach the same state, this clearly shows that the EVP material is
showing a time effect as comparison of the elastic material.

The strain ¢,, for the 2D model from Figure 28(a) shows how the EVP material model
experiences 5.4% higher strains compared to the elastic material model due to the time-
dependant behaviour of the EVP material. Additionally, it is observed from Figure 28(b) that
the strain €,,, in the EVP model is approximately 10.5% higher than that of the strain in the
elastic material model for the 2D-Geometry. Similarly, for the 3D- EVP material model, the
strain &y, is observed to be approximately 11.3% higher compared to the strain in the elastic
material model. The observed trend of increase in strains for EVP material model prove that
the elastic model results are conservative.

Figure 28(b) also illustrates a comparison between the strains &y, of 2D- and 3D- models,
specifically at the node positioned directly beneath the load location (see Figure 26). The strains
&yy in the 2D model are higher by 22.8% compared to the strain in the 3D model. The 3D model
considers the deformation that occurs not just vertically and horizontally, but also in the depth.
Also, the difference mesh elements used in both the models explain the differences observed in
the models. Given that the 3D FEM model yields more conservative results, the subsequent
focus of the current research is directed towards the utilization of 2D models in pavement
widening analysis.

When the load applied on 2D- model in Figure 26(a) is increased to validate the plastic nature
of the EVP material model, as shown in Figure 29, a permanent micro strain of approximately
5820.9 becomes evident in the material after the complete removal of the load. This shows that
the developed material model is able to capture permanent deformation in the material.
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4 Results & Discussion

The results obtained from the FEM analysis of the pavement models given in Table-5 are
discussed in the current chapter. The main research objective was to develop an EVP material
model to better capture the behaviour surface asphalt layer in pavements. With the development
of an EVP material model, it is incorporated as a subroutine in the FEM software to further
progress into the research with respect to pavement widening. In line with the research
objective, identifying the critical location in widened pavement model without reinforcement
was done by comparison with an unwidened pavement. Additionally, reinforcement was added
to the widened pavement model to understand the influence of reinforcement at the earlier
identified critical location. Moreover, the effect of the parameters such as material stiffness,
base layer thickness and load location at the critical location was investigated. To evaluate the
performance of standard pavement widening design, the widened pavement model with
reinforcement is analysed with reduced recessing/overlapping length and reduced number of
base layers. Finally, to investigate the joint interface in widened pavement model, as sensitivity
analysis was conducted by implementing a material with a high and low stiffness into the
interface. The results from the different stiffness CZM models are then compared to the results
from the widened pavement model. This is done by mainly plotting the stress and strains at the
critical location for the pavement models.
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Figure 29 Critical location in widened pavement.
4.1 Effect of Pavement Widening

Pavement widening can often lead to several distresses, including longitudinal cracking, non-
uniform settlement, and reflection cracking[15]. These issues develop stress concentrations in
a pavement widening situation often at the longitudinal joint, where the new pavement meets
the old[3]. Hence in accordance with the research objective, to identify the critical location with
such stress concentrations in a widened pavement model, an unwidened pavement is designed
and analysed along with a widened pavement model. By comparing the stress and strain values
at the critical location in both the models, the effect of widening in pavements was analysed.

From the analysis of the unwidened and widened pavement models, the critical location was
observed at intersection between subbase and subgrade in the widened pavement section (see
Figure 30). The stresses and strains were hence plotted between the two models at the height of
the critical location, to study the differences due to widening. The stresses along the width (o)
and along the depth (o0,,,) of pavement models, at the height of critical location for both
unwidened and widened pavement models are plotted as shown in Figure 31 (a). Following the
stresses, the strains &y, and €, along the width and depth of the pavement at the height of
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critical location are plotted in Figure 31(b). Also, the stresses and strains at the critical location
in unwidened and widened pavement were described in Table-2.

The stress o, in the widened pavement model was the highest stresses (see Figure 31(a)). g,
in the widened pavement model was 2 times higher than the unwidened model. This difference
is mainly due to change in material stiffness along the width of widened pavement. A similar
trend of increase in stress is also observed in stresses 0y, and oy, for the widened pavement,
with an increase of 29% and 2.29% compared to the unwidened pavement at the critical location
(see Table-6). Also, the micro-strains in the widened and unwidened pavement model at the
critical location were compared. The micro-strains pey,, and pey,, in widened pavement model
at the critical location were higher by 97.2% and 4.92% respectively, as compared to the
unwidened pavement. However, the micro-strains pe,,, was reduced by 27.51% in the widened
pavement model in contrast to unwidened pavement.

The remarkable increase in stress oy, highlights the considerable impact of material stiffness
changes and the resulting stress concentrations post-widening. Similarly, the stresses oy, and
0Oy also exhibit noticeable increases. Furthermore, the corresponding micro-strains pey, have
surged significantly in the widened model. However, the micro-strain pey,, diverges from this
trend, showing a reduction. These findings underscore the necessity for enhanced design and
material selection considerations when widening pavements to mitigate the development of
stress concentrations that could lead to premature failure.

Table 6 Stress and Micro-Strains at the critical location in Unwidened and widened pavement
models

Models Oxx Tyy Oxy WExx HEyy HExy
(MPa) | (MPa) | (MPa)

2D-UP 0.51150 | 0.25590 | 0.19696 107 73.2 93.1

2D-WP-NR 1.55054 | 0.33177 | 0.20146 211 76.8 67.5

Percentage +203% | +29% +2.29% +97.2% +4.92% -27.51%

Increase or

Decrease (%)
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Figure 30 (a) Stress (0yx) and (ay,) , (b) micro-strain (pey, ) and (Hey,, ) and (c) Stress (0yy)
and micro-strain péy, in both unwidened (2D-UP) and widened pavement without
reinforcement (2D-WP-NR) models.

4.2  Effect of Reinforcement in Pavement Widening

The addition of reinforcement to the widened pavement model was investigated to assess its
influence on stress and strain at the critical location. Reinforcement was investigated for its
potential to alleviate the previously identified stress concentrations and strain values in the
widened pavement model. The reinforcement was embedded into the new base layer 2 (NBL-
2) to provide a constraint similar to real life conditions, as shown in Figure 32. Results are
tabulated, contrasting the stress and strain responses for both models (See table 7). Specifically,
the measurements of stress and strain along the width (oy, and peyy), the depth (ay,, and ue,,,),
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and in-plane shear (0y,, and pe,, ) were analyzed at the critical location, also shown in Figure
32 (a) and (b).

The embedment of reinforcement in the 2D-WP-R model resulted in a slight decrease in the
stress o,, by 1.2%. This suggests a subtle improvement along the width due to the
reinforcement. Conversely, a small increase in the vertical stress gy, by 2.7%, and the in-plane
shear stress gy, by 3.56% was observed, indicating a slight improvement in the material's
resistance to both vertical and lateral shifts. Furthermore, strain measurements exhibited minor
but noticeable differences; a decrease in the strain pey, and pey, by 1.4% and 5.2% was
observed while shear strain pe,,, increases by 3.6%.

In the results, it is evident that the stress oy is significantly higher than both o, and gy, (see
Figure 32(a)). The comparatively lower values of 0,5, and gy, suggest that the stresses along
the depth and the shear stress within the plane of the pavement are less critical under the same
loading conditions. The slight differences in stress and strain values indicate that the impact of
reinforcement on the critical location is relatively minimal. Despite the limited effect, the
reinforcement's role in redistributing stresses and its potential in improving the performance of
widened pavements should not be disregarded. It is noted that reinforcement contributes to the
stress transfer across the interface between the existing and new pavement bases, thereby
influencing the stress distribution along the width of the pavement. However, the study related
to the reinforcement is out of the scope for current research and hence, further research may
explore how the design and material of the reinforcement can be optimized for more significant
impact on the widened pavement's structural response.

Table 7 Stresses and Strains at the critical stress location for widened pavement models with
and without reinforcement

Models Oxx Tyy Oxy WExy HEyy HExy
(MPa) (MPa) (MPa)

2D-WP-NR 1.55054 0.04590 | 0.24033 | 0.000205 | -5.7e-05 | 8.33e-05

2D-WP-R 1.53179 0.04714 | 0.248883 | 0.000202 | -5.4e-05 | 8.62e-05

Percentage -1.2% +2.7% +3.56% | -1.4% -5.2% +3.60%

Increase or

Decrease (%)
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Figure 31 (a) Stresses gy, and gy, and (b) Micro-strains ey, and pe,,, along the width of
the pavement in widened pavement models with and without reinforcement.

4.3 Effect of Load Location

In pavement engineering, it's well understood that different points on or within a pavement
structure will respond differently to loads applied on the surface due to variations in the
supporting material, the presence of joints or interfaces, and changes in the geometrical layout
of the pavement layers. The purpose of subjecting the widened pavement model with
reinforcement to varying load locations is to understand how the placement of the load affects
the stress and strain at the critical points within the pavement structure. This critical location is
typically prone to the highest potential for damage exists and where stress concentrations are
most likely to occur.

The widened pavement model with reinforcement is subjected to varying location of load, to
understand the effect of load location at the critical location. The pavement model is analysed
under three loading locations, load location 1 (LL-1) being applied above the joint of subbase
layers. The load location 2 (LL-2) and location 3 (LL-3) are situated + 0.75m away from LL-
1 (see Figure 10). The stress concentrations developed in the critical location are of interest for
the current research and hence the stress and strain results at the critical location are mentioned
in Table-8.

The stress gy, experiences the highest stresses under LL-1 compared to LL-2 and LL-3. g,
under LL-1 experienced an increase of 75 % and 89.5% as compared to stress under LL-2 and
LL-3. A similar trend of increase in stresses is also observed in 0y, and oy, as well (see Figure
33 (a) and (b)). The corresponding strains (Kexy, HEyy and peyy,) were also highest under the
LL-1. LL-3, however, induces the least stresses at the critical location in the pavement structure,
potentially making it more desirable in terms of minimizing the risk of stress-related damage
such as cracks or deformation when compared to LL-2. LL-2, while experiencing higher stress
and strain than LL-3, still experiences stress lower than LL-1. Lower stresses and strains are
generally preferable, as they suggest a reduced likelihood of overstressing the pavement, which
could lead to premature failure[3].
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The significant increase in stress oy, and strain &,, observed at Load Location-1, situated
directly above the joint of the subbase layers, can be attributed to the vulnerability and
sensitivity of this position within the pavement structure. As the joint represents a point of
material discontinuity and potential weakness, it is less capable of dispersing the load, resulting
in a higher concentration of stress and an associated increase in strain. In contrast, Load
Locations-2 and -3, being further from the critical location, distribute the load over a wider
area, lessening the stress and strain before reaching the critical location. The direct path of stress
transfer across the joint at LL-1 and critical location enhances the effects, leading to
significantly higher stress and strain. The understanding of the effect of load location
emphasizes the importance of wheel path in pavement design to minimize the occurrence of
high stress concentrations that can lead to accelerated pavement deterioration. It is safe to say
that a minimum distance between the wheel path and joint location is required for reducing the
effects at the interface in widened pavements.

Table 8 Stresses and Strains at the critical stress location for widened pavement model
subjected to variation in load location.

Models Oxx Oyy Oxy WExx UEyy WExy
(MPa) (MPa) (MPa)
2D-WP-R 1.53179 | 0.14714 0.24888 202.3 54.6 86.2
Load Location-1
2D-WP-R 0.3881 0.11527 0.12082 47.1 453 41.0
Load Location-2
2D-WP-R 0.1670 0.01946 0.00689 21.4 40.9 23.9
Load Location-3
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Figure 32 (a) Stresses 0y, and oy, and (b) Micro-strains ey, and pe,,, along the width of
the pavement in widened pavement models with varying load location.
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4.4 Effect of varying material stiffness of base layer in widened pavement

Variations in the stiffness between the old and new base layers in widened pavements result in
differential settlement and load transfer, which are major contributors to longitudinal
cracking[5]. If the new layer is significantly stiffer, it may attract more load, increasing stress
at points where the new and old pavements meet[5]. If the new layer is significantly less stiff,
the interface may still experience high stress due to inadequate load distribution[5]. Either of
the mentioned scenarios create a potential for pavement cracking and reduced performance.

Hence the performance of current standards in pavement widening was evaluated with
increasing and decreasing material stiffness of the base layer in the widened part of the
pavement. From Table-3, according to the current standards the difference between the stiffness
of the existing base layer (EBL) and new base layer (NBL) is 2500MPa. The difference in
stiffness is increased and decreased by 1500MPa and 3000MPa to conduct parametric analysis
and the results from the analyses were recorded as shown in Table-9.

A 1500MPa increase in stiffness resulted in stress increments of 10% for gy, 31.8% for ay,,,
and 3.11% for ay,, suggesting that the material's rigidity may contribute to higher stress
concentrations. Correspondingly, strains peyy, HEy,y, and ey, decreased by 10%, 9.2%, and
14.8%. Greater stiffness implies that the material will exhibit less immediate deformation under
load; however, excessive rigidity can translate to increased stress within the material,
potentially exceeding its failure point over time.

Meanwhile, enhanced stiffness by 3000MPa intensified the previous trend, with stress increases
of 19% for gy, 47.7% for ay,,, and 5.3% for oy, and decreases in strains ey, HEyy, and Hey,
by 15%, 20.3%, and 28% respectively. The heightened stiffness seems to aggravate stress
concentrations significantly and further reduce material deformation.

Conversely, reducing the base layer's stiffness by 1500MPa led to decreased stresses g, by
13%, 0y, by 65%, and oy, by 4.1% and increased strains pey, by 9%, pe,,, by 14.2%, and
Hexy by 13.8%, implying a less stiff material might absorb and distribute stresses more
efficiently, but with an increase in deformation. A further reduction in stiffness by 3000MPa
dramatically decreased stresses oy, by 23.5%, gy, by 75%, and 0y, by 12.5% while increasing
strains.

In conclusion, the variation in material stiffness of the base layer in widened pavements has a
profound impact on the distribution of stresses and strains at the critical location, influencing
the likelihood of premature pavement failure. An increase in stiffness tends to increase stresses
which could lead to cracking, while a decrease in stiffness may result in higher strains and
potential deformation. These findings underscore the importance of carefully considering and
selecting the stiffness of base layer materials during the pavement widening process to ensure
a balance between load distribution and structural integrity, ultimately extending the lifespan
and sustainability of the pavement structure.
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Table 9 Stresses and Strains at the critical stress location for widened pavement model
subjected to variation in base layer material stiffness.

Models Oxx Tyy Oxy [TE HEyy KExy
(MPa) (MPa) (MPa)
2D-WP-R 1.5317 0.04714 | 0.24888 | 0.0002023 | -5.4e-05 8.62¢e-05
Increased Stiffness by | 1.7034 0.06893 | 0.25753 | 0.0001869 | -4.9¢-05 7.43e-05
1500MPa
Increased Stiffness by | 1.89987 0.08916 | 0.26326 | 0.0001702 | -4.3e-05 6.22¢-05
3000MPa
Decreased Stiffness by | 1.33133 0.01663 | 0.23417 | 0.0002210 | -6.3e-05 0.00010
1500MPa
Decreased Stiffness by | 1.17624 | -0.0107 | 0.21926 | 0.0002358 | -0.00064 | 0.00011
3000MPa
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Figure 33 Micro-Strain pe,, along the width of the pavement in widened pavement models
with varying material stiffness.

4.5 Effect of varying base layer thickness in widened pavement

The impact of varying base layer thickness in the widened section of the pavement model at the
critical location was investigated. By investigating the effects of base layer thickness variations,
engineers and researchers aim to optimize pavement design for durability, safety, and cost-
effectiveness, ensuring that infrastructure can adequately serve its intended purpose throughout
its design life. It has been indicated by previous studies that significant deviations in base layer
thickness between existing and widened pavements may lead to settlement issues at the
subgrade level[5]. Consequently, the current research evaluated the existing pavement
widening standards by altering the thickness of the base layer in the widened section. The
standard design for a widened pavement model (see Figure 10) consists of a base layer thickness
of 210 mm (see Table-3). In this section, the base layer thickness was alternately increased and
decreased, each by 25 mm and 50 mm. Table 10 offers a detailed account of the stresses and
strains at the critical location for the widened pavement model subjected to variations in base
layer thickness.
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In scenarios with the thickness increased by 25 mm, stresses oy, and gy, were observed to
decrease by 3.8% and 4.1% respectively, whereas stress oy, increased by 30%. Strains pey.,,
HEyy, and pey,, experienced decreases of 50%, 9.2%, and 4.6% respectively.

An increase in thickness by 50 mm led to further reductions in stresses gy, and oy, , by 5.8%
and 12.5% respectively. Conversely, stress gy, increased by 14.5%. Strain responses also
followed a decreasing trend, with peyy, pEyy, and pey,, reducing by 70%, 9.2%, and 4.6%
respectively.

When the thickness was reduced by 25 mm, increases in stresses gy, gy, and gy, by 5.5%,
29.8%, and 12.9% respectively were observed. Also, Strains peyy, LEy,y,, and pey,, increased
by 4.7%, 1.8%, and 13.8% respectively. A more significant thickness reduction of 50 mm
increases the stresses oyy, 0y, and gy, by 10%, 42.8%, and 17.2%, respectively, with
corresponding increases in strains Peyy, UEyy, and ey, of 20%, 5.2%, and 10.8%.

Table 10 Stresses and Strains at the critical stress location for widened pavement model
subjected to variation in base layer thickness.

Models Oxx Tyy Oxy WExx KEyy HExy
(MPa) | (MPa) (MPa)
2D-WP-R 1.53179 | 0.04714 0.248883 | 0.0002023 | -5.4e-05 8.62e-05
Thickness 25mm+ 1.47005 | 0.06626 0.237686 | 0.0001007 | -4.9e-05 8.23e-05
Thickness 25mm- 1.62436 | 0.06769 0.285939 | 0.0002138 | -5.5e-05 9.91e-05
Thickness 5S0mm+ 1.44074 | 0.05549 0.216917 | 0.0000898 | -5.0e-05 7.51e-05
Thickness 50mm- 1.70801 | 0.07105 0.292673 | 0.0002581 | -5.7e-05 | 9.67e-05
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Figure 34 Micro-Strain pe&,, along the width of the pavement in widened pavement
models with varying material stiffness.
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4.6  Effect of varying Recessing/Overlapping length in base layer

The partitioning of the new base layer into multiple segments—NBL-1, NBL-2, and NBL-3, as
depicted in Figure-14—was executed within the widened pavement model to deepen the
understanding of different design approaches. The aim of experimenting with varied
dimensions of the layered design in two distinct models was to refine the performance of the
pavement model based on current design standards (2D-WP-R). In one variant, the model
explores the outcome of reducing the recessing or overlapping length where the new base layer
interfaces with the existing base layer. The other variant assesses the implications of decreasing
the number of base layers from three to two. The modifications are designed to yield
comparative data, offering valuable insights for optimizing the widened pavement structure. By
scrutinizing these configurations, the analysis intends to identify the most durable and efficient
structure under real-world loading conditions.

The current design standard uses the recessing lengths of 150mm, 650mm and 150mm for the
layers NBL-1, NBL-2, and NBL-3 into existing base [22]. For the reduced recessing length
(2D-RRL-R) model, the recessing length is reduced to 100mm and 200mm for Layers NBL-1
and NBL-3 (see Figure 24(b)). Whereas for NBL-3 the recessing into the existing base layer is
removed. To evaluate the performance of the 2D-RRL-R model, the stresses and strains at the
critical location are measured as presented in Table-11.

The stress oy, at the critical location showed an increase of 10.9% in the 2D-RRL-R model
compared to the standard design (2D-WP-R). This suggests that the reduction in recessing
length causes the pavement to experience higher tensile forces at the critical location. The shear
stress dy,,, which relates to the force that tries to cause layers to slide relative to each other,
significantly increased by 34.72%. Such a sharp increase indicates that the interface could be
under greater strain, increasing the potential for horizontal movement and shearing at the
critical location. A 3.25% increase in the stress 0y, suggests a moderate elevation in stress
across the width of the pavement. While not as significant as the changes in the other stresses,
it still highlights a response to the shortened recessing length. There are substantial increases
in strains, with pe,, rising by 34.72%, pe,,, by 16.67%, and pe,,, by 27.57%.

These higher strain values suggest more significant deformation at the critical location due to
the reduced recessing, which could be an indicator of a potential for fatigue and other forms of
deformation-induced damage. In summary, the reduction in recessing length influences the
structural performance of the widened pavement. It affects the distribution and magnitude of
stresses and strains within the pavement, which could lead to premature deterioration if not
adequately addressed in the design.

Table 11 Stresses and Micro-Strains at the critical stress location for widened pavement
model with reduced base layer recessing length

Models Oxx Tyy Oxy (MPa) [TE HEyy HExy
(MPa) | (MPa)

2D-WP-R 1.53179 | 0.04714 | 0.248883 | 202 54 86.22

2D-RRL-R 1.69952 | 0.04867 | 0.33532 272 63 110

Percentage 10.96 3.25 34.72 34.65 16.67 27.57

Increase or

Decrease (%)
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4.7  Effect of Reduction in Number of Base Layers in Widened Pavement

The implementation of a pavement model with a reduced number of base layers, known as the
2D-RBL-R model, serves to explore the balance between cost efficiency and structural
performance. By simplifying the layered structure, construction processes may be streamlined,
leading to potential reductions in material, labour, and overall project expenditures. Such a
model is crucial for assessing the criticality of each layer in meeting design objectives while
ensuring sustainability through optimized use of resources. Furthermore, this approach enables
an examination of the pavement's ability to withstand traffic demands with a minimized
structure, which is particularly relevant for regions with variable traffic patterns or lower traffic
loads. Ultimately, the investigation into models like the 2D-RBL-R contributes to the
advancement of pavement engineering by challenging existing design and paving the way for
cost-effective, and adaptable pavement solutions.

Similar to the 2D-RRL-R model, widened pavement model based on current design standards
is compared to the model with reduced base layers (2D-RBL-R). The critical location in the
2D-RBL-R model is shifted upward compared to 2D-WP-R model. The critical location is still
however the point of intersection of new base layer (NBL) and new subbase layer (NSL) as
seen in previous models. The stress and strain values at the critical location are presented in
Table-12.

The model with a reduced number of base layers exhibits a 22.8% decrease in the normal stress
O, This reduction implies that the simplified base layer structure could be experiencing lower
compressive forces due to the traffic loads. There's a 38.7% increase in the stress o, which
suggests a concentrated stress response across the width of the pavement possibly due to the
alteration in the base layer structure. An increase of 17% in shear stress oy, indicates a
significant effect in the force that could cause horizontal sliding between the pavement layers
at the critical location. All strain values experienced an increase, with pey, rising by 40%, ue,,,
by almost 3 times and pey,, by 3.5 times compared to 2D-WP-R model. These heightened strain
readings signal an increased deformation at the critical location, which could potentially affect
the fatigue life and overall durability of the pavement.

Table 12 Stresses and Micro-Strains at the critical stress location for widened pavement
model with reduced number of base layers in widened part

Models Oxx Oyy Oxy WUExy HEyy UExy
(MPa) | (MPa) (MPa)

2D-WP-R 1.53179 | 0.04714 | 0.24888 | 202 54 86.2
2D-RBL-R 1.18404 | 0.06534 | 0.2912 339 204 390
Percentage -22.7 38.7 17.2 67.82 277 352.4

Increase or
Decrease (%)

When comparing the two models with reduced recessing length and reduced number of layers,
two main criteria were considered: the structural integrity of the pavement and the longevity of
service life. 2D-WP-R serves as the baseline for performance given that it adheres to current
design standards. The model with the reduced number of base layers (2D-RBL-R) shows a mix
of decreased compressive and increased deformation responses, which may be beneficial for
lower traffic loads but poses concerns for heavy-duty applications. The reduced recessing
length model (2D-RRL-R), with increased stresses, suggests a potential for decreased service
life due to higher chance of material fatigue and failure in the long term, particularly at
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interfaces where layer sliding is more likely. The strain pé,, is dominant in all three models
and was hence plotted as shown in Figure 36.
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Figure 35 Micro-Strain pe,, along the width of the pavement in widened pavement
models with reduced recessing length and reduced number of base layers.

4.8 Effect of Cohesive Zone Modelling (CZM)

Cohesive zone modelling (CZM) is specifically designed to simulate the behaviour of interfaces
or joints with cohesive forces[38]. More realistic representation of the interaction between the
existing base layer (EBL) and the new base layers (NBL) in widened pavement across the joint
is possible with CZM[39]. In contrast, a full bond model assumes perfect bonding between the
layers, neglecting any potential separation or sliding at the interface while cohesive zone
modelling is more sensitive to variations in interface conditions[13]. Different parameters
within the CZM approach, such as cohesive strength and fracture toughness, can be adjusted to
represent the actual behaviour of the joint more accurately [27].

The parameters for the CZM, as outlined in Table-4, were crucial in dictating the behaviour of
the interface; these included traction-separation relationships that determine how the interface
reacts to stress and how that damage evolves under further loading. The comparison of models
with and without CZM (reflected in Figure 37) provide insights into the impact of including
interface mechanics in widened pavement models. The critical location's stress and strain
behaviours in models with and without cohesive zone modelling were compared, as presented
in Table 13presented in Table-13.

The 2D-CZM-R model shows a 4.49% increase in stress g, compared to the 2D-WP-R model,
suggesting enhanced tensile forces at the critical location. Notably, there's a 1.29% decrease in
the stress ay,, for the 2D-CZM-R model, which could imply that introducing an interface with
CZM marginally reduces the stresses acting across the pavement width. The 2D-CZM-R model
shows an increase of 4.16% in shear stress gy, reflecting a more considerable impact of shear
forces at the joint interface. This increment is crucial because it highlights potential interlayer
sliding effects that may affect pavement integrity over time. The model with CZM exhibits a
18.32% increase in micro-strain pey, along the length of the pavement. This increase points
towards more significant elongation and potential flexibility at the critical location when the
joint is modeled with CZM. An increase of 7.04% in micro-strain ué,, was observed in the
2D-CZM-R model. Although small, this increase could suggest that the interface is
experiencing marginally increased compression across the width of the pavement. Lastly,
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there's a 4.17% increase in shear micro-strain pé,, for the 2D-CZM-R model, indicating the
potential for additional shear deformation at the pavement joint.

An increase in strains at the interface was observed when the stiffness of the cohesive zone
material within the model was reduced. The behaviour was illustrated by the graphs of strain
nEyy (see Figure 37(b)), which compares the model with reduced CZM stiffness against fully
bonded layers. This indicates that the interface's capacity to transfer loads and maintain
structural integrity is influenced by the stiffness of the CZM material. A lower stiffness
correlates to a more significant deformation response under the same loading conditions.

Table 13 Stresses and Micro-Strains at critical location for widened pavement models 2D-
WP-R and model with CZM modelling (2D-CZM-R) of the joint

Models Oxx Tyy Oxy LEqxx HEyy UExy
(MPa) | (MPa) (MPa)

2D-WP-R 1.53179 | 0.04714 | 0.24888 | 202 54 86.2
2D-CZM-R 1.60057 | 0.04655 | 0.25923 | 239 57.8 89.8
Percentage 4.49 -1.29 4.16 18.32 7.04 4.17

Increase or
Decrease (%)
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Figure 36 (a) Micro-Strain pé&y, and (b) u&,, along the width of the pavement in
widened pavement models with CZM and current design standards.
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4.9 Effect EVP material in Base Layers

The comparison between widened pavement models with surface layer EVP material alone and
those with a combination of surface and base layer EVP material provides insights into stress
and strain behaviours at critical locations. The stress and microstrains at the critical location are
shown in Table14 and the microstrains in X- and Y- direction are shown in Figure 37 (a) and

(b).

The 3% increase in stress g, suggests a modest increase in tensile forces at the critical location
when adding a base layer to the surface layer. The increase in tensile stress may influence
pavement performance, particularly in areas prone to cracking or fatigue failure. With a 3.34%
increase in stress gy, there's a slight rise in stresses acting across the pavement width when the
base layer is added. While the increase may contribute to overall structural stability, it also
necessitates careful consideration during pavement design and construction to ensure adequate
support for traffic loads. The 4% increase in shear stress oy, highlights the elevated shear forces
at the joint interface between the surface and base layers. These increased shear stresses may
lead to greater potential for interlayer sliding, which can compromise pavement integrity over
time.

The 1.2% increase in micro-strain pe,, indicates slightly greater elongation and potential
flexibility at the critical location when the base layer is added. While increased flexibility can
be beneficial in mitigating pavement distress, it also underscores the importance of proper
design and construction techniques to maintain pavement performance. The notable 8%
increase in micro-strain pe,, suggests marginally increased compression across the width of
the pavement when the base layer is added. The increase in compression underscores the need
for proper pavement design to account for the additional loads and stresses imposed on the
widened pavement. The 2% increase in shear micro-strain pe,, indicates the potential for
additional shear deformation at the pavement joint. The increased shear deformation highlights
the importance of implementing appropriate construction techniques to minimize pavement
distress and ensure the longevity of the widened pavement.

Overall, the comparison between widened pavement models with and without a base layer
provides valuable insights into the effects of different pavement configurations on stress and
strain behaviours. These insights are crucial for informing pavement design and construction
practices, ultimately contributing to the successful implementation of pavement widening
projects and the long-term sustainability of transportation infrastructure.

Table 14 Stresses and Micro-Strains at critical location for widened pavement models 2D-WP-
R with surface layer EVP material and combined surface + base layer with EVP material.

Models Oxx Tyy Oxy LEqxx HEyy UExy
(MPa) | (MPa) (MPa)

2D-WP-R 1.53179 | 0.04714 | 0.24888 | 202 54 86.2

(Surface Layer

EVP material)

2D-WP-R 1.5759 0.04924 | 0.25883 | 204.24 58.32 87.9

(Surface +Base

Layer EVP

material)

Percentage 3 3.34 4 1.2 8 2

Increase or

Decrease (%)
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5 Conclusions

In the current chapter, the conclusions based on the research questions mentioned in
Chapter 1 are discussed.

1. How can an elasto-visco-plastic material model be developed for the surface asphalt layer
in finite element method simulations?

- Sub-questions:

a) What are the key parameters required to define the elasto-visco-plastic behaviour of
asphalt materials?

b) How does the newly developed EVP model compare with existing material models in
terms of accuracy and reliability?

A material model that captures the viscoelastic and plastic characteristics of asphalt was
developed for use in simulation studies of pavements using the Finite Element Method (FEM).
The material model was tested in both two-dimensional and three-dimensional simulations with
uniform geometry for valid comparisons. During the tests, it was evident that the elasto-visco-
plastic (EVP) material model displayed a delay in returning to its original shape after the applied
load was removed, unlike the elastic model that quickly regains its original shape, emphasizing
the time-dependant nature of the asphalt material's response.

The results indicated that the material model was able to experience higher levels of strain than
the purely elastic model, pointing to the conservative nature of elastic calculations. The two-
dimensional model was particularly sensitive, showing higher strain readings than the three-
dimensional model, which considers the full range of deformation across the material depth.

Clearly, the material model revealed the ability to track permanent deformation, as the model
was unable to retain its original shape even after the load removal. The material model provides
better understanding to elasto-visco-plastic behaviour of the material, useful for more accurate
predictions in widened pavements.

2. Where are the critical stress concentrations located in pavements due to widening, and how
can they be identified?

- Sub-questions:

a) What simulation techniques can be used to accurately identify these critical locations?
b) How does widening of pavement influence the distribution and magnitude of stress
concentrations?

In the pursuit to identify critical locations of stress concentrations due to pavement widening,
the study compared models of both unwidened and widened pavements. It was found that stress
concentrations are particularly significant at the intersection between the base and subbase
within the widened pavement section.

The examination of this critical location showed a substantial increase in stresses within the
widened pavement model, especially along the width of the pavement, where the stiffness of
the material changes. The increase in stress was much higher than that seen in the unwidened
pavement model. Similar trends were observed for other stress directions at the same critical
location.
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Moreover, the study found that strain levels in the widened pavement model increased
significantly in comparison with the unwidened model, underscoring the importance of
focusing on these areas during the process of widening pavements. However, one form of strain
lessened in the widened pavement model, providing an interesting contrast to the other
increases. The discussed results highlight the essential need for careful design and material
consideration when carrying out pavement widening to prevent the development of stress
concentrations that can cause premature deterioration.

3. In what ways does the variation of load location, base layer thickness, and base layer
material stiffness effect stress concentration in pavement widening scenarios?

- Sub-questions:

a) Which of these factors has the greatest impact on stress concentration, and to what
degree?

b) How does the interaction between these factors influence the overall stress distribution
in the widened pavement?

The objective to understand the influence of varying load locations, base layer thickness, and
base layer material stiffness on stress concentration in pavement widening scenarios yielded
informative results.

Load placed directly on the joint leads to greater stress and strain compared to locations further
from the joint. Conversely, load locations situated farther from the joint displayed lower stress
concentrations, suggesting a reduced risk of damage in these areas such as cracks or
deformation.

The remarkable increase in stress and strain at the load location above the subbase joint
underscores the joint's vulnerability as a point of discontinuity. Load locations away from the
joint help to spread out the stresses and thus lessen the overall impact on the pavement.

The findings regarding load location highlight the importance of careful wheel path planning
in pavement design to reduce high stress concentrations. Ensuring an adequate distance
between the wheel path and the joint location is crucial to minimize the detrimental effects on
the interface in widened pavements. Such knowledge is valuable for informing best practices
in pavement widening to support the increasing traffic loads while protecting the structural
integrity of the pavement.

With respect to the change in material stiffness of the base layer, the research demonstrated that
an increase in stiffness led to an increase in stress levels, which may indicate that a more rigid
material transfers higher stress within the pavement. Specifically, a moderate increase in
stiffness resulted in a noticeable increment in stress, along with a decrease in strains, suggesting
that while the material deformed less under load, it incurred more stress which may compromise
its long-term integrity.

When the material's stiffness was enhanced even further, the stresses further increased, and the
deformation reduced substantially. These findings point to material rigidity being a critical
factor in stress amplification within the pavement structure, potentially raising the risk of
material failure due to overstress.

On the opposite spectrum, a decrease in base layer stiffness yielded lower stress levels, with

corresponding increases in strain, indicating that a less stiff material might endure more
deformation but distribute the applied stresses more effectively.
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The study concludes that the stiffness variations in the base layer substantially affect stress and
strain distribution, thereby influencing the structural health and durability of widened
pavements. An optimal balance of base layer stiffness is essential for maintaining the
pavement's structural integrity and functionality, which is a pivotal consideration during the
pavement widening process to enhance the longevity and performance of the pavement system.

Increasing the base layer thickness leads\ to reduced stresses along the direction of travel and
shear stresses, while stress perpendicular to travel direction increases. Strain across all
directions decreases, with a significant reduction in the direction parallel to travel.

Further thickness increases result in greater reductions in the directional travel and shear
stresses, with the increase in perpendicular stress being less severe. The strains continue to
show a decreasing pattern, indicating enhanced resistance to deformation.

In contrast, decreasing the base layer thickness results in higher stresses in the direction of
travel, perpendicular to it, and in shear. Strains also rise, reflecting diminished load distribution
effectiveness.

A more extensive thickness reduction further amplifies stress and strain increases, highlighting
the detrimental effects of a thinner base layer on pavement durability.

A thicker base layer typically improves pavement's ability to manage loads, reducing
deformation despite the accompanying rise in perpendicular stress. Conversely, a thinner base
layer brings about higher stress and strain, potentially reducing pavement lifespan and
necessitating increased maintenance. Selecting an appropriate base layer thickness is crucial
for balanced stress distribution and maintaining pavement longevity, especially during
widening operations.

4. How do reduced recessing lengths and reduced base layers in new pavement designs
perform compared to standard designs?

- Sub-questions:

a) What trade-offs exist between reducing recessing length/base layer thickness and
maintaining pavement integrity?

In the study of reduced recessing length (RRL) in new pavement designs, it was found that both
tensile forces at critical locations and shear stresses increased, indicating a higher possibility of
horizontal movement and potential shearing. Although the increase in stress across the width
was moderate, all types of strain experienced substantial rises, indicative of increased
deformation and a heightened risk of fatigue and related damage.

With the reduction in the number of base layers, (RBL) the designs exhibited less normal stress,
implying that the pavement could be experiencing lower compressive forces from traffic loads.
Nonetheless, the transverse stress and shear stress both increased, which suggested a stress
concentration effect and a significant potential for horizontal sliding between pavement layers.

When comparing the models with reduced recessing length and those with a reduced number
of layers, both variations present challenges to the structural integrity and service life of
pavements. The reduced recessing length model displayed stresses, potentially leading to a
shortened service life due to the risk of material fatigue and failure, especially at interfaces
where layer sliding might occur. Conversely, the model with fewer base layers showed mixed
responses in compressive and deformation reactions, that could offer some benefits for lighter
traffic conditions but raises concerns for heavy-duty applications. In summary, the standard
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design takes a more conservative approach to ensure durability and minimize maintenance.
Models with RBL or RRL carry risks that could lead to a need for more frequent repairs or a
shorter overall lifespan of the pavement.

5. How does modelling the interface between pavement layers using cohesive zone modelling
compare with a full bond model in terms of predicting pavement performance?

- Sub-questions:

a) How do the results of cohesive zone model impact the design recommendations for
pavement interfaces?

Cohesive zone modelling (CZM) offered a more detailed and precise representation of the
pavement layer interface compared to a full bond model. CZM simulated the presence of
cohesive forces at the interface, offering insights into the interlayer behaviour not accounted
for by the assumption of perfect bonding.

Models incorporating CZM with high stiffness adhesion material demonstrated a slight increase
in stresses at the critical location, suggesting that these interfaces may experience higher forces.
Additionally, the increase in shear stress in models with CZM suggests an increased potential
for shear movement at the interface, that needs further consideration in design to prevent
failures. The increase in strains along the depth and across the width in the model with CZM
showcased that it could contribute to greater deformation under load, implying a need for
careful consideration of material and layer interface properties in design to maintain pavement
durability.

As stiffness in the cohesive zone material was reduced, models exhibit greater deformation,
confirming the influence CZM parameters have on the load-transfer capacity and overall
structural behaviour. This illustrates the critical role of accurately capturing the interface
properties in the widened pavement design to ensure the pavement system's performance aligns
with expectations over its service life.

In conclusion, the findings presented in the current chapter underscore the importance of
developing accurate material models and conducting thorough analyses while designing and
widening pavements. Through the development of an elasto-visco-plastic material model,
identification of stress concentrations, investigation of load variations, base layer thickness, and
material stiffness, as well as the evaluation of reduced recessing length and base layers, the
study has provided valuable insights into the behaviours of widened pavement structures.
Additionally, the comparison between cohesive zone modelling and full bond modelling
highlighted the significance of considering interface properties in pavement design. By
addressing the objectives, the research contributes to a deeper understanding of the factors
influencing widened pavement performance. These insights are crucial for informed decision-
making in transportation infrastructure management, ultimately contributing to safer and more
resilient road networks.
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6 Future Recommendations

The current chapter outlines recommendations for future research, pointing to areas that could
benefit from further study and development. The recommendations build on the findings of this
research and seek to encourage ongoing advancement in the field of pavement engineering.

1. Advancement of Material Models:

Continuously refine and enhance elasto-visco-plastic (EVP) material models to better
capture the complex behaviour of asphalt materials under varying conditions, including
temperature fluctuations, and aging effects.

Investigate the incorporation of additional parameters into material models to account
for factors such as moisture susceptibility and fatigue resistance, which are crucial for
accurate pavement performance predictions.

2. Refinement of Stress Concentration Identification Techniques:

Explore advanced simulation techniques, such as coupled multi-physics simulations,
to identify critical stress concentrations more accurately in widened pavements,
considering factors like non-linear material behaviour and dynamic loading conditions.

Develop automated algorithms or machine learning approaches to streamline the
process of identifying stress concentration locations and quantifying their severity,
facilitating efficient pavement design and maintenance strategies.

3. Comprehensive Analysis of Load Variations:

Conduct comprehensive studies to assess the effects of various load scenarios,
including dynamic loading from heavy vehicles and seasonal fluctuations in traffic
volume, on stress distribution and pavement performance.

Investigate the potential benefits of innovative load management strategies, such as
intelligent traffic routing and weight restrictions, in minimizing stress concentrations
and extending pavement service life.

4. Optimization of Base Layer Design:

Explore novel materials and construction techniques for base layers to achieve an
optimal balance between stiffness, flexibility, and load-bearing capacity, considering
factors such as environmental sustainability and cost-effectiveness.

Investigate the potential benefits of incorporating reinforcement elements, such as
geosynthetics or recycled materials, into base layers to enhance their mechanical
properties and mitigate stress concentrations.

5. Integration of Advanced Interface Modelling Techniques:

Further develop cohesive zone modelling (CZM) approaches to accurately simulate the
behaviour of pavement layer interfaces under various loading and environmental
conditions.

Explore the integration of CZM with advanced computational techniques, such as
discrete element modelling (DEM) or finite element analysis (FEA), to capture
complex interface interactions and facilitate more realistic pavement performance
predictions.
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6. Long-Term Field Validation Studies:

Initiate long-term field studies to validate the findings of laboratory-based simulations
and numerical models, assessing the actual performance of widened pavements under
real-world conditions.

Collaborate with transportation agencies and industry stakeholders to establish
monitoring programs and data collection protocols for ongoing evaluation of widened
pavement projects, informing future design improvements and maintenance strategies.

7.Integration of Material, 3D, and Joint Modelling:

Future research should aim to integrate advanced material modelling, 3D pavement
modelling, and joint modelling approaches into a unified framework for comprehensive
pavement analysis.

Develop multi-physics simulation techniques that can capture the interactions between
material behaviour, pavement geometry, and joint performance in widened pavements.

8. Integration of Multi-Scale Modelling:

Integrating multi-scale modelling approaches is crucial for capturing the hierarchical
structure and behaviour of pavement materials across different length scales.

Future research should focus on developing integrated frameworks that seamlessly
combine macroscopic, mesoscopic, and microscopic models to simulate the complex
interactions between pavement layers.

9. Data-driven Modelling and Machine Learning:

Harnessing data-driven modelling and machine learning techniques offers great
potential for overcoming technical challenges in pavement analysis. Future research
should explore the use of big data analytics, artificial intelligence algorithms, and deep
learning architectures to extract insights from large-scale pavement datasets.

Integrating data-driven approaches with physics-based models would enhance the

accuracy and predictive capabilities of pavement simulations while reducing
computational costs and modelling uncertainties.
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