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”If green is the new black, we should indeed try to change the
color of our current and future roads.”





Preface
This thesis has been submitted as part of the requirements for the Danish Doctor of Phi-
losophy (PhD) degree. The study followed the Industrial PhD program of the Innovation
Fund Denmark (IFD), in a joint collaboration between the Section for Geotechnics and
Geology, Department of Environmental and Resource Engineering, Technical University of
Denmark (DTU) and the industrial partner S&P Reinforcement Nordic Aps. The project
was prepared by the PhD candidate over a three-years-and-three-months period (from
February 2020 to April 2023) under the joint supervision of Associate Professor Eyal Lev-
enberg (DTU), Head Engineer Klavs Olsen (S&P), and Assistant Professor Asmus Skar
(DTU). The project period constitutes a three months extension that was given due to
the COVID-19 pandemic and the resulting university lockdown. The entire research was
funded by the IFD [grant number 9065-00107B] and S&P Reinforcement Nordic Aps.

The thesis follows a paper-based format and is divided into two parts: Part I and Part II.
Part I commences with an introduction to the subject matter, including the background,
research objectives, and study methodology. Next, an extended summary of each involved
paper is presented, followed by supplementary unpublished work, final conclusions, and the
study’s contribution to the pavement engineering field. Part II provides a collection of four
scientific papers (three journal papers and one conference paper) that were written during
the PhD period. The paper collection constitutes the basis of this work and presents the
entire research effort in greater detail.

Julius Nielsen
April, 2023
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Abstract
Pavement systems are important for ensuring social and economic equality. These systems
constantly deteriorate under the pressure of heavy traffic and weather effects, making reg-
ular maintenance or rehabilitation necessary. However, these activities challenge societies
as they are economically expensive, disruptive to traffic, and require the use of natural
resources. With the marked growth in global shipping, the evolution of new types of vehi-
cles, and rapid climate change effects, these societal challenges are expected to aggravate.
Accordingly, there is a need to improve the traditional pavement design and rehabilita-
tion methods to maintain an acceptable service level of the overall road network. To meet
these challenges, asphalt grid reinforcement (AGR) products have emerged as a possible
solution. Previous studies have shown that AGR products can potentially improve pave-
ment performance and prolong service life. Nonetheless, no mechanistic-empirical design
method currently applies to asphalt pavements with AGR, which is needed to promote an
AGR alternative.

Motivated by this need, the current PhD study focused on developing a mechanistic compo-
nent (which is concerned with response evaluation) that engineers can use to subsequently
quantify pavement performance. Two study objectives were outlined in the dissertation:
(i) to develop a versatile, useful, and validated computational model capable of incorpo-
rating AGR effects in asphalt pavement systems and (ii) to gain valuable insights into the
effects of AGR.

To achieve this, a model formulation was developed by extending the standard linear
elastic theory framework to include: fragmented layers, imperfect interface bonding, vis-
coelasticity, moving loads, and AGR. The AGR model-component was formulated as a
combination of three contributions: (i) including AGR as a thin high-modulus elastic
layer, (ii) accounting for the AGR’s influence on interface bonding between adjacent lay-
ers, and (iii) capturing the AGR’s impact on the surrounding asphalt concrete properties.
In total, seven modeling inputs were required to represent an AGR, and the formulation
was implemented into the computational code GRIDPAVE-MM. Several experimental
campaigns were carried out for subsequent model validation of GRIDPAVE. These cam-
paigns involved full-scale testing at a newly built test facility called DTU Smart Road.
Here embedded sensors were used to collect pavement responses triggered by vehicle load-
ings. The collected field responses were compared against model simulations to showcase
GRIDPAVE’s ability to match embedded sensor readings.

The main study findings highlighted that the developed model GRIDPAVE was able to
capture the effects of installing AGR products inside an asphalt pavement. Furthermore,
general model simulations indicated that adding reinforcement can potentially delay the
development of cracks and ruts in road systems, hence improving the overall service life.

In conclusion, the PhD study provides a versatile, useful, and valid tool that can enable
engineers, consultants, and contractors (etc.) to include AGR in asphalt pavement design.
Specifically, the model can produce traffic-induced stresses, strains, and displacements in
various asphalt pavement systems with AGR, which can subsequently be used to evaluate
the AGR effects on pavement performance. Ultimately, the study opens up new opportu-
nities for using AGR as a sustainable and robust solution for maintaining an acceptable
pavement service level for future road systems.
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Resumé
Vejbelægningssystemer er vigtige for at sikre social og økonomisk lighed. Disse systemer
forringes konstant under pres fra tung trafik samt vejrforhold, hvilket gør det nødvendigt
at reparere og vedligeholde veje på regelmæssig basis. Disse aktiviteter er økonomisk dyre,
forstyrrende for trafikken og øger forbruget af naturens ressourcer. Med en markant global
vækst i fragtkørsel, udviklingen af nye typer køretøjer samt drastiske klimaforandringer,
forventes disse samfundsmæssige udfordringer at blive forværret. Der er derfor behov for
at forbedre traditionelle dimensionerings- og vedligeholdelsesmetoder for at opretholde et
acceptabelt serviceniveau af vejnettet. En mulig løsning for at imødekomme disse ud-
fordringer er at bruge asfaltforstærkningsnet. Tidligere undersøgelser har vist, at disse
forstærkningsprodukter potentielt kan forbedre belægningers ydeevne og forlænge deres
levetid. Ikke desto mindre eksisterer der i øjeblikket ingen mekanistisk-empirisk dimen-
sioneringsmetoder, der gør sig gældende for asfaltbelægninger med asfaltforstærkningsnet,
hvilket er nødvendigt for at promovere sådanne løsninger.

Motiveret af denne nødvendighed har dette ph.d.-studie fokuseret på at udvikle en mekanis-
tisk model (der omfatter responsevaluering), som ingeniører kan bruge til efterfølgende at
vurdere belægningens ydeevne. To projektformål blev skitseret i afhandlingen: (i) at
udvikle en alsidig, anvendelig, samt valideret beregningsmodel, der er i stand til at inko-
rporere effekten ved at installere asfaltforstærkningsnet og (ii) at forbedre forståelsen af,
hvordan asfaltforstærkningsnet påvirker vejbelægninger.

I den forbindelse blev en ny model formuleret ved at udvide et alment modelleringskoncept,
baseret på lineære elastiske teori, til at inkludere: fragmenterede lag, reduceret vedhæft-
ning mellem lag, viskoelasticitet, flytbare laster samt selve bidraget fra asfaltforstærkn-
ingsnet. Forstærkningsbidraget blev formuleret som en kombination af tre komponenter,
der: (i) inkluderer nettet som et tyndt, elastisk lag med et høj E-modul, (ii) tager højde for
nettets indflydelse på vedhæftningsevnen mellem de tilstødende lag og (iii) betragter net-
tets påvirkning på de omkringliggende asfaltlags egenskaber. I alt var syv modelleringsin-
put påkrævet for at repræsentere et asfaltforstærkningsnet, hvortil modelformuleringen
blev implementeret i beregningskoden GRIDPAVE-MM. Adskillige eksperimentelle under-
søgelser blev udført for efterfølgende at validere koden. Disse undersøgelser involverede
fuldskalatest på den nybygget teststrækning DTU Smart Road. Her blev sensorer integr-
eret i vejen og efterfølgende brugt til at måle vejens responser udløst af forbipasserende
køretøjer. Herefter blev de indsamlede målinger sammenlignet med modelsimuleringer for
at demonstrerer GRIDPAVEs evne til at matche de indbyggede sensormålinger.

Resultaterne fremhævede, at den udviklede model GRIDPAVE var i stand til at producere
effekterne ved at installere asfaltforstærkningsnet i en asfaltbelægning. Desuden indikerede
modelsimuleringer, at brugen af asfaltforstærkningsnet potentielt kan forsinke udviklingen
af revner og sporkøring i vejsystemer og dermed forbedre den samlede levetid.

Overordnet set har dette ph.d.-studie leveret et alsidigt, anvendelig og valideret værktøj,
der kan bruges af både ingeniører, konsulenter samt entreprenører (mm.) til at inklud-
ere asfaltarmeringsnet i dimensionering af veje. Helt konkret kan modellen producere
trafikudløste spændinger, tøjninger og flytninger i forskellige asfaltbelægningssystemer
med asfaltforstærkningsnet, hvilket efterfølgende kan bruges til at evaluere forstærknings-
bidraget på belægningernes ydeevne. I sidste ende åbner dette studie op for nye muligheder
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med asfaltforstærkningsnet som en bæredygtig og robust løsning til at opretholde et ac-
ceptabelt serviceniveau for fremtidige vejsystemer.
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CHAPTER 1

Introduction
1.1 Background and motivation
Pavement systems serve as the economic and social backbone of every country and are
important for ensuring societal equality bridging between rural and urban areas. These
systems continually deteriorate under traffic loadings, in combination with weather ef-
fects, and therefore require regular maintenance or rehabilitation to retain a sufficient
service level. In recent years, there has been a marked increase in the dependency on the
pavement service level and overall durability (i.e., the ability to withstand damage). One
reason for this is due to the increase in heavy traffic, e.g. from the growth in global ship-
ping (Steyn et al. 2012; OECD 2023) or heavier loaded electric vehicles (Znidaric 2015),
which is a contributing factor to the deterioration of road conditions. At the same time,
the evolution of autonomous vehicles puts additional pressure on pavement structures
since platooning and more regular driving patterns are expected to accelerate pavement
distresses (Noorvand et al. 2017; Minguela and Muñoz 2019; Chen et al. 2019). These
traffic-related trends also go along with rapid climate change effects, e.g. due to more
extreme weather situations, sea rise, prolonged rain periods, and higher moisture contents
in the unbound layers, which can have a negative impact on roads (Neumann et al. 2021;
Qiao et al. 2022). Overall, these new-coming challenges generally affect the structural
behavior of pavement systems, which impose an instant need for maintenance services or
improved durability.

While one common strategy for maintaining the pavement service level is to rely on more
frequent rehabilitation and repair activities, these activities are also economically expen-
sive, interruptive for traffic, and require supplementary utilization of natural resources.
Accordingly, they have a direct impact on socioeconomics, traffic congestion, fuel con-
sumption, road safety, and pavement life-cycle costs. Due to the current affairs, there is
a demand for more sustainable and robust solutions to maintain an acceptable pavement
service level for road systems in the nearest future.

Given that asphalt pavements are the most common pavement type worldwide (EAPA
and NAPA 2011), one emerging approach to meeting the new challenges involves the
installation of asphalt grid reinforcement (AGR) products. The term AGR refers to prod-
ucts of thin high-modulus materials arranged in a mesh-like geometry, commonly made
of polyester, steel, glass-fibers, and/or carbon-fibers (Cleveland et al. 2001; Sanders 2001;
Nithin et al. 2015; Zofka et al. 2017; J. H. Lee et al. 2019; Solatiyan et al. 2020; Asphalt
Academy 2022). They are (different from geosynthetic products) specifically designed for
being installed within asphalt concrete (AC), either between two new AC lifts, between
an existing (aged/damaged) AC and a new AC overlay, or on top of an unbound granular
base (at the AC bottom). Limited-scale studies, isolated laboratory investigations, and
full-scale experiments have demonstrated that AGR products can be beneficial in com-
bating several distress types such as fatigue cracking (Nguyen et al. 2013; Arsenie et al.
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Chapter 1. Introduction 1.2. Study objective and scope

2017; Vinay Kumar and Saride 2017; Correia and Zornberg 2018), rutting (Ong et al.
2004; J. Lee et al. 2015; Correia and Zornberg 2016), and reflective cracking (Austin 1996;
Bondt 1999; Khodaii et al. 2009a; Saride and Kumar 2017). In general terms, these studies
suggest that AGR products can potentially improve pavement performance and prolong
service life.

Despite these potential benefits, there is currently no mechanistic-empirical (ME) design
method (e.g. AASHTO 2008) that applies to asphalt pavements with AGR. One reason for
this shortcoming is the lack of an accepted mechanistic response model that can correctly
capture and emulate AGR effects. Consequently, the usage of AGR in pavement systems
is currently limited.

This PhD study was motivated by the need for a ME design method applicable to asphalt
pavements reinforced with AGR. Specifically, the scope herein was on the mechanistic
component, which is concerned with response evaluation. This component can subse-
quently be used for quantifying pavement performance. Accordingly, the development
of a validated and verified modeling and analysis tool was sought, capable of providing
traffic-induced stresses, strains, and displacements in various pavement systems, including
AGR.

1.2 Study objective and scope
The objective of this PhD project was twofold, i.e.:

(O1) to develop a versatile, useful, and validated computational model that can capture
the effects of installing AGR in asphalt pavement systems, and

(O2) use the model to provide valuable insights into the effects of AGR.

Successful completion of these objectives should enable engineers, consultants, and con-
tractors to prescribe an AGR alternative within asphalt pavements in a unified and ratio-
nal manner. In addition, it should equip manufacturers with a tool to improve existing or
develop new AGR products for future applications.

In the context of (O1), a versatile model refers to a generic tool that is relevant to a wide
range of different scenarios (and not restricted to a few specific pavement situations). Fur-
thermore, model usefulness is associated with its computational efficiency and few model
inputs that can be assessed through e.g. laboratory or field tests. Finally, a validated
model concerns the model’s ability to capture and reproduce reality correctly.

Accordingly, the following three focus points were outlined to frame the research approach:

• to utilize a mechanistic framework to forecast the mechanical behavior of stresses,
strains, and displacements in asphalt pavement systems with AGR. Such a frame-
work allows for modeling a variety of different pavement structures, loading appli-
cations, and environmental conditions – addressing model versatility;

• to rely on Layered Elastic Theory (LET) as a modeling kernel (Burmister 1943;
Burmister 1945c; Burmister 1945a; Burmister 1945b; Peutz et al. 1968). The main
reason for this choice is that LET already serves the majority of current pavement
design and analysis codes (e.g., Shell 1978; Shook et al. 1982; AASHTO 2008; ARRB
Transport Research 2004; Huang 2004) due to its computational efficiency and rel-
ative few set of inputs; and

• to involve model verification and validation efforts that confirm the model’s correct-
ness.
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1.3 Study methodology
To achieve the stated objectives, the project followed the general model development pro-
cess of Thacker et al. 2004, illustrated in Figure 1.1. The starting point was to develop/-
formulate a modeling approach (mathematical formulation) that captures the mechanistic
responses of both new and rehabilitated pavement systems with AGR (the reality of in-
terest). This was done by first extending the LET framework to include: (i) fragmented
layers (FLs) for capturing old and damaged AC behavior; (ii) imperfect bonding conditions
for capturing relative slippage between layers; and (iii) linear viscoelastic (VE) properties
and moving loads for capturing realistic pavement responses and traffic loads. Second, an
AGR model-component was formulated and added to the framework, serving as the main
modeling contribution of this study.

Figure 1.1: Simplified version of the model development process.

Next, the modeling approach was implemented into a computer code (computational
model), entitled GRIDPAVE-MM – a Mechanistic Model for Pavements with Asphalt Grid
Reinforcement. The code was implemented in a MATLAB-based environment, founded
on the existing code Adaptive Layered Viscoelastic Analysis (ALVA) (Skar and Andersen
2020; Skar et al. 2020a; Skar 2021). Herein, ALVA was extended to include FLs, VE, and
multiple moving loads, and numerical considerations were implemented to minimize the
computational effort. GRIDPAVE was then verified against other accepted computational
models and analytic solutions relevant to the problem at hand. This was to confirm its
correctness with respect to the applicable theory.

Hereafter, a validation effort was launched to confirm model simulations with experimen-
tal data. An experimental full-scale test facility, entitled DTU Smart Road, was designed
and constructed, involving the installation of AGRs and embedded sensors. In order to
highlight AGR effects (and thus support model validation), GRIDPAVE was used as a
tool for guiding the experimental design. An experimental campaign was carried out
to collect sensor measurements under vehicular loading for subsequent model validation.
Moreover, pavement layering and properties were assessed from additional field and labo-
ratory tests and were utilized as independent model inputs. The overall campaign serves
as the main experimental contribution of this study. Model validation of GRIDPAVE was
assessed through the ability to match embedded sensor readings – in both unreinforced
and reinforced test sections. In particular, the AGR model-component was calibrated and
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then validated by proving that it must be activated to reproduce field measurements of
a reinforced section correctly. Additional full-scale tests were also carried out in USA
and Switzerland. The collected data were not utilized for model validation in this current
study but can serve in future studies to reinforce the model validation of GRIDPAVE.

Finally, the overall developed modeling approach was utilized to forecast the effects of
including AGR in several specific case studies. Here, attention was placed on synthetic in-
vestigations, i.e., purely based on simulations, utilizing GRIDPAVE and model-calibrated
properties to demonstrate and quantify the AGR effect. The overall forecasting/demon-
stration efforts contributed to improving the intuition of AGR effects and providing rele-
vance to the general usage of AGR.

1.4 Thesis outline
The thesis follows a paper-based format and is divided into two parts: Part I and Part II. In
Part I, a summary of each scientific paper written during the PhD project is provided. This
is then followed by elaborating on noteworthy research activities that were not prepared
for publication during the project period. Part I ends with a conclusive summary of
findings, limitations, study implications, recommendations for future work, and overall
study contribution. In Part II, a collection of four scientific papers (three journal papers
and one conference paper) that were written during the PhD period are appended.
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Research Output
This section presents a summary of each scientific paper that was written during the course
of this PhD project. To provide context, the section begins with a brief overview of how the
papers are interconnected and how they are addressed in the general model development
process. Presented hereafter is an extended summary of each paper included in Part II.
These summaries provide a general explanation of the research objective, methodology,
main conclusions, and how each paper contributes to the overall PhD thesis.

2.1 Overview
As a whole, the scientific papers written during the PhD project constitute the major
contributions to the overall study objectives. They provide context to the different subjects
that were part of the main study activities, which concerned: (a) model formulation, (b)
model implementation and verification, (c) model validation, and (d) forecasting AGR
effects. These study activities are all chronologically linked to the model development
activities lined out in Figure 1.1. The papers were prepared continuously throughout the
study activities, and a schematic chart illustrating the undertaken project workflow is
presented in Figure 2.1.

Figure 2.1: Workflow of the PhD project.

Accordingly, Paper i deals with preliminary work on including modeling elements in a
simple LET-framework to prescribe the AGR effect in pavement systems. Specifically, it
features the inclusion of FLs for emulating the presence of an existing cracked AC layer, and
a thin high-modulus layer to represent the AGR contribution. Paper ii elaborates on the
modeling concept from Paper i; it further features imperfect bonding conditions between
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layers, VE layer properties under moving loading, and two additional AGR contributions
that finalize the AGR model-component.

The overall model formulation was implemented to form GRIDPAVE. The code was subse-
quently verified against existing codes and benchmark solutions. An extensive description
of the code implementation and verification will be given later in this thesis but was not
included in the papers. This was to avoid excessive details and keep the focus on each
paper’s objective.

Hereafter, DTU Smart Road was designed and constructed at DTU campus in Kgs. Lyn-
gby, Denmark. DTU Smart Road consists of four instrumented pavement sections, where
three of them contain a carbon-fiber AGR product installed at different depths, and the
fourth is an unreinforced reference section. A test campaign was carried out on two of
four test sections, and collected data were used to validate the model in Paper iii. Since
only two test sections were presented in the paper, an extended description of the entire
DTU Smart Road will be provided later in this thesis, together with other (unpublished)
experimental efforts that are relevant for model validation.

Finally, Paper iv deals with interface bonding between AGR and adjacent AC. It features
laboratory testing using the Dresden Dynamic Shear Tester (DDST) (Leischner et al.
2019) to estimate interface bonding properties due to the presence of AGR. Throughout
a synthetic investigation, the paper then provides insight into how imperfect bonding
conditions influence the overall AGR effect on pavement key responses.

2.2 Summary of Paper i
The first publication in this dissertation was conducted as a first attempt to prescribe a
modeling approach for capturing the effect of AGR in flexible pavement systems. The
aim was to analyze and gain insight into the potential effect of incorporating AGR in a
mill-and-overlay maintenance treatment with a mechanistic model.

2.2.1 Methodology
The study was purely based on simulations considering a layered elastic system that mimics
a traditional asphalt pavement system subjected to three mill-and-overlay cases. In all
cases, pavement systems consisted (from top to bottom) of a new AC overlay, an existing
(damaged and aged) AC layer, an unbound granular base layer, and a soil subgrade. The
systems varied in overlay thickness/milling depth, with a fixed combined AC thickness of
150 mm (overlay + existing AC). An AGR was introduced between the overlay and the
existing AC, and all layers were assumed fully bonded to each other.

The existing AC layer was taken as an aged layer with fragments that do not interact;
it was modeled as a FL P-type layer, according to Levenberg and Skar 2022, with the
modeling inputs: kv = Efl/hfl, kh = ∞, and G = 0N/mm (no shear resistance between
fragments); here Efl and hfl denotes the modulus and thickness of the FL. The AGR
was modeled as a thin high-modulus layer considering the carbon fiber grid product S&P
Carbophalt® G 200/200 (S&P Clever Reinforcement Company AG 2023a). The grid
properties were: (i) Young’s modulus, taken as the carbon fiber modulus, (ii) Poisson’s
ratio, provided by the manufacturer, and (iii) an effective thickness, based on smearing
the volume of fibers per unit area into a homogeneous layer.

Various scenarios were simulated, differing between the overlay thickness/milling depth
and the inclusion or exclusion of the AGR. Contour plots of key responses, triggered by
a dual-tire assembly loading, were presented for each case, with identified response peaks
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compared across the different scenarios. Key responses were those commonly linked to
pavement performance in ME design methods.

2.2.2 Conclusions
It was found that for thick overlays, adding AGR under the thick overlay reduced the
critical (i.e., largest) horizontal tensile strain and critical von Mises stress in the overlay,
indicating a potential reduction in cracking and rutting within the overlay. For a thin
overlay case, adding AGR marginally affected the critical tensile strain and critical von
Mises stress in the overlay, suggesting that the reinforcement was ineffective. In both thick
and thin overlay cases, adding AGR had a marginal effect on the critical vertical stress
on top of the unbound base layer and no effect on the vertical stresses in the subgrade.
Overall, the findings implied that AGR had an effect on horizontal strains in the AC
overlay. The effect was influenced by the overlay thickness and the AGR location within
the AC. Results suggested that the AGR effect improves as the grid is placed closer to the
AC overlay bottom.

For future research, it was recommended to include the influence of AGR on the material
in its vicinity – within a so-called zone of influence (ZoI). Due to the VE nature of AC,
this effect was deemed time- and-temperature-dependent. It was further recommended to
characterize the AGR effects based on full-scale experimental investigations.

2.2.3 Contribution
The paper contributes to the overall dissertation by providing a preliminary modeling
concept for AGR in milled-and-overlaid pavement systems. From a model formulation
perspective, the grid contribution was introduced to the LET framework as a thin high
modulus layer with elastic layer properties. Specifically, the work proposes a simple way of
smearing the grid geometry into a homogeneous layer with an effective thickness. Further-
more, the paper proposes to utilize FLs as a modeling feature to emulate cracked layers
in a mill-and-overlay situation. Finally, the work elaborates on future research activities
that serve as a foundation for the following content of this thesis.

2.3 Summary of Paper ii
This paper was established based on extending and elaborating some of the modeling
interpretations and future recommendations from Paper i. Specifically, the main objective
was to outline a mechanistic modeling approach for analyzing the situation of milled-and-
overlaid asphalt pavements that includes AGR. A secondary objective was to generate
some initial intuition on the AGR effects on mechanistic pavement responses.

2.3.1 Methodology
A modeling formulation was proposed for simulating the stresses, strains, and displace-
ments in a milled-and-overlaid asphalt pavement system including AGR. This was done
based on further extending the semi-analytic LET framework to include the following: (i)
FLs according to Levenberg and Skar 2022 ( to emulate old and damaged AC); (ii) im-
perfect bonding characterized by a horizontal spring kb according to Goodman and Popov
1968. This was to capture relative slippage between layers; (iii) linear viscoelasticity and
moving loads under isothermal conditions based on Schapery’s quasi-elastic approxima-
tion (Schapery 1962) and the load-unload superposition principle of Levenberg 2013. This
was to capture realistic AC behavior and traffic loading conditions; and (iv) AGR effects
modeled as a combination of three contributions that accounts for the grid’s material prop-
erties and geometry together with its effect on the material in its vicinity. A graphical
representation of the main model features is offered in Figure 2.2.
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Figure 2.2: Flow chart of the proposed model inputs and features.

The first AGR contribution involved adding a thin elastic layer to the VE system, similar to
Paper i. The thin layer approximation was further elaborated by representing the grid’s
material composition by a set of ”effective” elastic properties. In cases where the grid
ribs were made of different materials, an averaging process was proposed to determine an
effective Young’s modulus and effective Poisson’s Ratio. Furthermore, the theory assumed
that the effective grid modulus must be greater than the short-term AC modulus (E0) to
ensure a reinforcement effect at all times.

The second contribution involved imperfect bonding between the AGR and adjacent layers.
This was captured by assigning two horizontal springs to the grid layer j – one between
the grid layer and the layer above it (kb,j−1), and one between the grid layer and the layer
below it (kb,j). The two horizontal spring values were deemed related to the so-called
EAS-NMAS ratio, i.e., the ratio between the grid’s effective aperture size (EAS) and the
AC’s nominal maximum aggregate size (NMAS). This ratio should be less than (about)
five to comply with representative volume element considerations.

The third contribution concerns the ZoI effect, which arises from local interlocking between
AC aggregates and grid apertures. When subjected to loading, this interlocking is assumed
to partially restrain the movement of aggregates, resulting in additional confinement within
an influence zone near the grid. To emulate this effect, the grid’s neighboring AC layers
are subdivided, and the adjacent sub-layers are assigned a modified relaxation modulus
EZoI(t) and a thickness δZoI (refer to Figure 2.3(a)). The added confinement within the
defined ZoI is captured by increasing the AC equilibrium modulus from E∞ to EZoI

∞ =
κE∞ (refer to Figure 2.3(b)), where κ is a unitless multiplication factor. The κ-factor
is restricted to ensure that the grid cannot provide negative confinement within the ZoI
(i.e., κ ≥ 1) and to comply with fading memory (i.e., κE∞ ≤ E0). Accordingly, the ZoI
effect is fully operational under high temperatures and/or slow-moving loads (when the
AC approaches granular-like material behavior), whereas the ZoI effect diminishes under
low temperatures and/or fast-moving loads (when the AC approaches a solid-like material
behavior). The value of κ was also deemed related to the EAS-NMAS ratio.

The overall modeling approach was demonstrated in a synthetic investigation covering
three milled-and-overlaid pavement cases: a reference system without reinforcement, a
grid-reinforced system without the ZoI effect, and a reinforced system with the ZoI effect
(κ = 3). The formulation was implemented in a computational model (currently GRID-
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Figure 2.3: Conceptual sketches from Nielsen et al. 2022: (a) sub-division of the AC layer adjacent to
an AGR layer and (b) relaxation modulus of the AC inside and outside the ZoI.

PAVE), which was based on extending the LET-code ALVA to handle FLs, VE layers,
moving loads, and AGR effects. All pavement cases considered a VE AC overlay placed
on top of a (time-temperature independent) FL. Below the two layers was an elastic layer,
representing an unbound granular base layer, which was founded on an elastic semi-infinite
medium. Key responses commonly related to pavement performance, triggered by a single
moving load, were simulated for a wide range of AC temperatures and load travel speeds.
In addition, deflection responses were also calculated. The demonstration was carried out
for two choices of effective AGR moduli, and it was assumed that the AGR was fully
bonded to its adjacent layers.

2.3.2 Conclusions
The synthetic investigation revealed that the presence of AGR positively affected horizon-
tal strains at the AC overlay bottom and, to a lesser degree, vertical strains at the top of
the unbound granular base layer. Greater effects were observed when including the ZoI
effect with κ = 3. The AGR effects were more significant under high-temperature/slow-
speed conditions and less so under low-temperature/high-speed conditions. The effect was
marginal on deflection responses. Finally, a larger effective AGR modulus also provided a
larger AGR effect. Overall, these findings supported existing literature and suggested that
installing AGR on top of existing cracked AC (before overlay) can potentially extend the
overlay service life. However, evaluating AGR effects in the field using surface measure-
ment techniques, such as the falling weight deflectometer (FWD) test, may be difficult in
practice.

For future research, it was proposed to carry out a combination of laboratory and field
tests to calibrate model inputs and validate the modeling formulation. Here, it was recom-
mended to use instrumented pavement sections with strain gauges or pressure cells near
the AC bottom for model validation. Moreover, it was suggested to characterize effective
AGR properties and interface bonding properties in the laboratory. Characterization of
κ was recommended through inverse analysis of strain measurements in a full-scale test
setup.

2.3.3 Contribution
The paper contributes to the overall dissertation by proposing a novel model formulation
that combines all relevant effects of AGR, which can be applied to a wide range of pave-
ment systems and load/temperature conditions. Furthermore, it can serve as a useful tool
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for optimizing AGR installation locations and improving AGR products, as well as show-
casing their existing capabilities. By building upon LET, numerical stability and high
computational efficiency are assured. Overall, the paper contributes to the versatility and
usefulness addressed in the first study objective (O1). In addition, the synthetic investi-
gation effort provides some valuable insights into the AGR effects addressed in the second
study objective (O2). Finally, the work provides future recommendations for designing
an experimental setup for validation and for characterizing AGR-related model inputs.
These recommendations were followed in the forthcoming content.

2.4 Summary of Paper iii
While Papers i and ii focused on developing a modeling approach for asphalt pavements
including AGR, this paper aims to confirm the model’s ability to capture realistic pavement
responses that accurately reflect real-world conditions. Specifically, the main objective was
to provide experimental validation for the mechanistic pavement response model proposed
in Paper ii. In particular, attention was placed on validating the AGR model-component.
A secondary objective was to evaluate the AGR effects in a synthetic analysis (purely
based on simulations). This was done to further improve the intuition on the AGR effects
with respect to mechanistic pavement responses.

2.4.1 Methodology
To achieve the main objective, a full-scale validation campaign was initiated. For this
purpose, two of the DTU Smart Road sections were utilized, i.e. one including AGR at
the AC bottom (section S-1) and the other excluding AGR (S-0 serving as a reference
section). The choice to focus on a test section with AGR placed at the AC bottom was
due to the model’s prediction of the largest AGR effect on strain responses.

Both considered pavement sections included asphalt strain gauges (ASGs) and tempera-
ture sensors (PT100s) embedded at the AC bottom. After construction, dynamic cone
penetrometer (DCP), FWD, and laboratory tests were carried out to characterize the
pavement material properties and layer composition. The test results were also used to
confirm that the two sections were nominal identical, except for the presence of AGR.
Hereafter, a measurement campaign was carried out on a relatively hot day (in June),
where a heavy slow moving forklift of known weight, dimensions, and travel speed was
utilized to generate ASG readings in several passes. During each pass, the forklift position
was carefully measured with video footage to allocate its transverse position relative to
the embedded sensors (Y0).

The ASG readings were subsequently utilized in a validation effort to demonstrate that
GRIDPAVE (developed in Paper ii) was able to simultaneously fit all ASG measurements
with model-predicted strain responses. A graphical representation of the overall validation
approach is shown in Figure 2.4. Here, VE AC properties from laboratory testing, sub-
grade modulus from FWD tests, and layer information from the DCP tests were utilized
as model inputs, along with effective AGR layer properties assessed through the AGR’s
geometric and material composition. All layers were assumed fully bonded (including
the AGR). The PT100 readings were utilized in the VE model component to account for
the prevailing temperature conditions. The model’s ability to simultaneously fit all ASG
measurements was assessed through inverse analysis; this was achieved by solving a multi-
criterion optimization problem following the so-called min-max approach (Osyczka 1978).
First, the model (without the AGR-component) was utilized to fit the ASG measurements
from S-0 (unreinforced) for calibrating a Young’s modulus Eugs of the unbound granular
structure (UGS) (that supported both test sections). Hereafter, the model (including the
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Figure 2.4: Flowchart showing the model validation approach: (1) physical reality, (2) modeling and
analysis of the unreinforced (reference) S-0 section, and (3) modeling and analysis of reinforced S-1 section.

AGR-component and the calibrated UGS modulus) was utilized on data from S-1 (re-
inforced) to calibrate the κ-factor (refer to Paper ii), assuming a ZoI thickness of three
times the NMAS of the AC. Finally, model validation was demonstrated by providing
evidence that a model with the AGR-component is superior in its ability to reproduce
reality compared to a model without the AGR-component.

To address the secondary objective, a synthetic investigation was carried out to further
quantify the reinforcement effect. Here the validated GRIDPAVE model, with calibrated
model inputs, was applied in cases that emulated the two DTU Smart Road test sec-
tions (with and without AGR) subjected to the rear axle loading of the forklift. Key
responses commonly related to pavement performance, along with surface displacements,
were simulated for two combinations of AC temperatures and load travel speeds.

2.4.2 Conclusions
Based on the model validation effort, an acceptable fit between all measured and model-
predicted strain responses was achieved. This achievement suggested that the developed
GRIDPAVE model was capable of reproducing field-measure pavement responses with and
without AGR. Moreover, it was possible to estimate a fairly consistent κ-factor across all
considered passes. In all cases, the value was larger than unity, indicating that a ZoI
model-component was active (and valid). In general, the modeled responses were more in
tune with field measurements when the AGR model-component was active. These results
suggest that the proposed modeling framework for including AGR in pavement systems is
valid for ME design.
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Based on the synthetic investigation, it was observed that the presence of AGR significantly
reduces the AC bottom horizontal strains and, to a lesser degree, the vertical strain on top
of the UGS. These findings apply to a situation with a slow loading speed and high AC
temperature, and were considerably smaller to a situation with a fast loading speed and
low AC temperature. The simulations also suggested that the presence of AGR hardly
influences surface displacement. These findings match those observed in Paper ii, and
similar implications were derived. Thus, for the particular case where AGR is placed
on top of the UGS (before paving with new AC), the AGR can potentially contribute
to prolonging the pavement service life with respect to bottom-up fatigue cracking and
rutting. However, it is practically difficult to quantify in field experiments based on surface
measurement techniques.

For future research, it was proposed to investigate bonding conditions between AGRs and
adjacent layers, e.g. via laboratory shear testing of AC cores. It was also recommended
to compare strain responses under low AC temperatures and fast loading speeds, as well
as surface displacement via deflection techniques, to confirm a marginal AGR effect on
associated key responses. Finally, it was suggested to develop a laboratory method for
estimating κ and the ZoI thickness.

2.4.3 Contribution
The paper contributes to the overall dissertation by presenting a model validation effort
that confirms the model’s capability of reproducing measurements from a full-scale test
setup. Hence, the paper directly contributes to the model validation addressed in the
first study objective (O1). The paper also provides a value for κ, which was used in the
following paper (Paper iv). While some insight on κ was provided, the obtained value is
only representative of the specific case and is not generic for all pavement situations. In
addition, the synthetic investigation effort provides some valuable insights into the AGR
effects, addressed in the second study objective (O2). Finally, the work provides future
recommendations for testing the bonding conditions between the AGR and adjacent layers
(which was the aim of Paper iv). Information about the bonding conditions due to the
presence of the grid was (at this point) considered one of the missing pieces with respect
to the AGR model-component inputs.

2.5 Summary of Paper iv
While Papers i, ii, and iii have already provided insights into the AGR effect, particularly
with respect to the first and third contributions of the AGR model-component (i.e., the
thin high-modulus layer and ZoI formulation summarized in Subsection 2.3.1), this paper
was motivated by a desire to investigate the second AGR contribution (which addresses
interface bonding). The primary objective of this investigation was to understand how
interface properties affect key responses in pavements with AGR. Key responses refer
to those commonly used in ME design and non-destructive testing, whereas interface
properties refer to the ones that dictate the bond conditions between two adjacent AC
lifts or between an AGR and its adjoining AC.

2.5.1 Methodology
The investigation involved combining results from the full-scale test in Paper iii, labora-
tory tests on AC cores, and synthetic (in silico) simulations. The study was initiated by
conducting laboratory tests on AC cores to characterize their interface bonding proper-
ties. Two AC cores were obtained from two nominally identical full-scale pavement test
sections at DTU Smart Road, one including AGR and the other without. The reinforced
core was taken from a test section where the AGR was installed between two AC layers
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(different section from the one utilized in Paper iii), whereas the unreinforced core was
taken from the reference section. Accordingly, one core included an interface with AGR,
and the other included an interface without AGR. Sinusoidal shear loading was applied to
the interface of both cores using the DDST under small levels of displacement. The test
was repeated for several combinations of temperatures, frequencies, normal stress levels,
and displacement amplitudes.

The DDST measurements were analyzed to produce several relaxation interface stiffness
functions K(t) for both tested cores. Each K(t) was associated with a normal stress and
displacement amplitude. Here, K(t) refers to a time-temperature-dependent parameter
that captures the relative slippage at the interface between two model layers. The analysis
involved three steps: (i) fitting analytic sinusoidal functions to the measured load and
displacement histories, (ii) using the obtained sinusoidal function parameters to estimate
complex norm values of the interface stiffness |K∗| and associated phase angles φ, and (iii)
applying interconversion and inverse analysis to produce the relaxation interface stiffness
K(t).

Finally, a synthetic investigation was carried out using GRIDPAVE. The investigation was
based on the two DTU Smart Road test sections utilized for coring. Several key responses
were simulated for two different AC temperature levels under a moving load, traveling at
two different speeds. Also, the displacement level and vertical stresses at the interfaces
were calculated. The AC VE properties from laboratory testing and layer information
from the DCP were utilized as model inputs along with effective AGR layer properties
and the calibrated ZoI properties from Paper iii. The interface bond was characterized
using the relaxation interface stiffness K(t) for a displacement level of 10 µm, and zero
normal stress. While the DDST test results were used to provide a single K(t) for each
(reinforced or unreinforced) interface, two interface properties were required for the AGR
model-component statet in Paper ii. Therefore, two optional bonding models (BMs) were
explored: (BM1) where the top AGR interface was assumed perfectly bonded and the
DDST-derived K(t) was ascribed to the bottom AGR interface, and (BM2) where the
DDST-derived K(t) was equally split between the top and bottom AGR interfaces.

2.5.2 Conclusions
Based on the experimental investigation (using the DDST), it was found that K(t) without
AGR was larger than K(t) with AGR at all times – implying a reduced bond level due to
the presence of AGR. In general, the K(t) was highly sensitive to the applied displacement
level and to the normal stress level, indicating non-linear behavior. Based on the synthetic
investigation, it was found that differential displacements across all AC interfaces (in the
order of micrometers) were largest when including AGR. However, including all AGR
model-components lessened the horizontal tensile strains at the reinforced interface and at
the AC bottom compared to simulations without the AGR-components. This effect was
more pronounced for low-speed/high-temperature conditions. The choice of BM had a
notable influence on responses near the AGR, but not at the AC bottom. The investigation
also revealed that the presence of AGR had a marginal influence on surface deflections
and vertical strains on top of the layer underneath the AC (i.e., the UGS). The overall
implications based on these findings were that adding AGR between two AC lifts can
potentially prolong the pavement service life in terms of bottom-up fatigue cracking, even
though the presence of AGR seems to reduce the bond level.

For future research, it was recommended to investigate interface bonding conditions in
full-scale, e.g. by installing LVDTs inside core-drilled holes and monitoring diameter
changes just above and below interfaces with and without AGR. Additionally, more cores
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should be tested in the laboratory to gain a statistical basis for K(t). Further aspects
were mentioned, involving more AGR products, different AC types, interfaces with milled
surfaces, and AGRs placed on top of unbound granular material. These aspects could
provide insight into the influence of the EAS-NMAS ratio on interface bonding levels.

2.5.3 Contribution
The paper contributes to the dissertation by completing the model formulation with focus
on the second contribution of the AGR model-component (dealing with interface bonding).
Overall, the paper improves the usefulness addressed in the first study objective (O1) by
proposing and demonstrating a practical approach for estimating model inputs regarding
interface bonding. Specifically, the paper handles an AC interface with AGR by one
input parameter that was assessed through a laboratory test. It should be noted that the
choice of BM needs to be further investigated. Furthermore, the paper provides important
insights into the AGR effects, addressed in the second study objective (O2). Specifically,
a reduced interface bond level due to the presence of AGR, may not necessarily annul any
beneficial AGR effects.
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CHAPTER 3

Unpublished Efforts
This chapter presents a selection of unpublished efforts that were carried out during the
PhD project. It begins with a brief overview of the unpublished efforts followed by an
examination of each subject matter.

3.1 Overview
The unpublished efforts carried out during the PhD project are divided into two categories,
i.e.: (i) modeling efforts and (ii) experimental efforts. Figure 3.1 provides a schematic
overview of the unpublished topics that were addressed in this PhD study. Some efforts
included herein were directly involved in the main study activities (refer to Figure 2.1);
specifically, they comprehend the entire modeling effort related to GRIDPAVE and the
experimental efforts related to the DTU Smart Road. However, some details were not
disclosed in the published papers. Other efforts involve additional experimental activities
carried out at DTU Smart Road, as well as in Texas (USA) and Switzerland. Limited by
the PhD period, these experimental activities were not prepared for publication during
this project. However, they provide data from embedded sensors in full-scale pavement
facilities, which can supplement model validation and be utilized by others. Furthermore,
they include other sensing techniques that could be useful for future model validation
efforts (in general). Thus, they are included in the thesis as they also serve as contributors
to the overall field of study and could be relevant for future research.

Figure 3.1: Overview of unpublished efforts in the PhD project.
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3.2 Modeling efforts
This section describes the numerical considerations and model verification involved in the
implementation of GRIDPAVE. GRIDPAVE is a mechanistic analysis tool suited for cal-
culating responses of pavement systems with AGR. It was developed as part of the current
industrial PhD study, with the intellectual property rights assigned to S&P Reinforcement
Nordic Aps.

With respect to this dissertation, GRIDPAVE was utilized in Paper ii, iii, and iv, as an
integral part of each research topic. GRIDPAVE’s implementation and verification were
not the subjects of a dedicated research publication, as it was considered unsuitable for a
standalone research topic. Nonetheless, this section provides a comprehensive description
of the implementation and verification efforts related to GRIDPAVE.

The entire model approach stated in Paper ii was programmed into a MATLAB script
environment – forming GRIDPAVE. GRIDPAVE utilizes the existing verified LET code
ALVA as the elastic engine, which was numerically extended to include: (i) FLs to rep-
resent damaged and cracked AC; (ii) VE layer and interface properties; (iii) moving and
multiple loads; and (iv) AGR effects. An overview of GRIDPAVE is given in Figure 3.2.
Accordingly, the formulation of FLs was first implemented into ALVA, then moving (mul-
tiple) loads were added and then extended to a VE solution. As a final point, the AGR
model-component was added to represent AGR in the pavement system. Except for ALVA,
each of these components (i.e., FL, moving loads, VE, and AGR) can be turned on and off
in GRIDPAVE depending on the user’s need. This means that the code can emulate all
combinations of new or milled-and-overlaid systems (without or with an existing cracked
layer), static or moving loads, and systems with or without AGR.

Figure 3.2: Overview of GRIDPAVE-MM.

3.2.1 Main model inputs and outputs
The main model inputs and output are all visualized in Figure 3.2: Accordingly, GRID-
PAVE calculates the pavement responses (triggered by a given load application) in a
selected evaluation point (x0, y0, z0). The evaluation point is navigated in a right-hand
Cartesian coordinate system, with its origin located at the pavement surface and z pointing
downwards – see Figure 3.3.
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Figure 3.3: Cross-sectional view of a I -layered system in GRIDPAVE-MM.

The code can handle any desired number of layers (identified by the subscript i with
i = 1, 2, ..., I). A layer can be considered one of four types: (i) undamaged elastic lay-
ers, (ii) damaged elastic layers, (iii) undamaged VE layers, or (iv) damaged layers VE.
Undamaged elastic layers are characterized by the model inputs: Young’s modulus Ei

(in MPa), Poisson’s Ratio νi (unitless), and a thickness hi (in mm). Damaged elastic
layers are characterized by the model inputs: Ei, hi, a horizontal spring constant kh,i (in
MPa/mm), and a shear deformation resistance Gi (in N/mm). Undamaged and damaged
VE layers are characterized by replacing Ei with a relaxation modulus Ei(t) (in MPa).
The relaxation modulus of layer i is taken as:

Ei(t) =
E∞,i(1 + (t/τD,i)

nD,i)

(t/τD,i)nD,i + (E∞,i/E0,i)
(3.1)

where E0,i and E∞,i are the instantaneous (short-term) and equilibrium (long-term) mod-
ulus (in MPa), respectively, while τD,i = τ0D,iaT,i and nD,i (unitless) are shape parameters.
Here, τ0D,i (in seconds) is a constant that is linked to the reference temperature T0,i (in
℃), and a time-temperature shift factor aT,i (unitless), taken as (Williams et al. 1955):

log10(aT,i) =
−C1,i(Ti − T0,i)

C2,i + (Ti − T0,i)
(3.2)

where Ti (in ℃) denotes the temperature of layer i (uniformly distributed across the
thickness), and C1,i (unitless) and C2,i (in ℃) are temperature constants associated with
the material of layer i. The first model layer is always taken as an undamaged layer (elastic
or VE); the final layer I is also taken as undamaged, with an infinite layer thickness.
Between two undamaged layers i and i + 1, imperfect bonding can be captured (either)
by a time-independent horizontal spring constant ki (in MPa/mm) ranging from ki = 0
(full slip) to ki → ∞ (full bond), or by a relaxation interface stiffness Ki(t) (in MPa/mm),
taken as:

K(t) =
K∞,i(1 + (t/τK,i)

nK,i)

(t/τK,i)nK,i + (K∞,i/K0,i)
(3.3)

where K0,i and K∞,i are the instantaneous (short-term) and equilibrium (long-term) in-
terface stiffness (in MPa/mm), respectively, while τK,i = τ0K,ia

K
T,i and nK,i (unitless) are

shape parameters. Here, τ0K,i (in seconds) is a constant that is linked to the reference
temperature TK

0,i (in ℃), and a time-temperature shift factor aKT,i (unitless) (similar to
Equation (3.2)):

log10(aKT,i) =
−CK

1,i(T
K
i − TK

0,i)

CK
2,i + (TK

i − TK
0,i)

(3.4)
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where TK
i (in ℃) denotes the temperature and CK

1,i (unitless) and CK
2,i (in ℃) are temper-

ature constants associated with the interface between layers i and i+1. Hence, the model
can handle different time-temperature shifting parameters for the relaxation modulus and
the relaxation interface stiffness, which might not be identical.

In terms of load application, the code can handle any desired number of circular loads
(identified by the subscript l with l = 1, 2, ..., L) – see Figure 3.4. Each load is characterized
by a set of local load coordinates (x̄l, ȳl) (in mm), a load intensity ql (in MPa), and a
contact area radius a (in mm); the latter must be similar for all loads (therefore without a
subscript). In the case of moving loads, the entire load configuration moves from x = −X0

to x = X0 with a constant speed denoted by V (km/h) and transverse load position (offset)
denoted by Y0 (in mm); the latter is defined as the distance (in the y-direction) from the
local load coordinates system to the origin of the global coordinate system.

Figure 3.4: Top view of the moving load configuration in GRIDPAVE-MM.

Finally, the code can handle one or multiple AGR layers (identified by the subscript j with
j = 1, 2, ..., J) given the following inputs: an effective Young’s modulus Ej (in MPa), an
effective Poisson’s Ratio νj (unitless), an effective thickness hj (in mm), a ZoI thickness
δZoI
j (in mm), a parameter κj (unitless), and an upper and a lower interface bond stiffness.

The latter can be captured (either) by two time-independent horizontal spring constants
kj−1 and kj (in MPa/mm) or by two relaxation interface stiffness Kj−1(t) and Kj(t) (in
MPa/mm). Figure 3.5 shows a schematic representation of two pavement layers without
AGR (left-hand side) versus with AGR (right-hand side). In cases where the grid is
placed between two elastic layers, the κj input becomes a multiplication factor on the
modulus within the ZoI sub-layer (i.e., replacing EZoI

i (t) by κjEi). This interpretation
can essentially be used to model reinforcement products designed for deeper granular
layers (e.g., geogrids). It should be noted that if the AGR resides between two elastically-
assumed AC layers, κ must be chosen to reflect on the prevailing load speed and AC
temperature conditions.

The final model output involves the stresses σx, σy, σz, τxy, τyz, τxz, strains εx, εy, εz, εxy,
εyz, εxz, and displacements Ux, Uy, Uz in the evaluation point (x0, y0, z0). Under moving
loads, these responses come out as traces as a function of the load configuration’s location
in the traveling direction (x).
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Figure 3.5: Schematic representation of two pavement layers i and i+1 in GRIDPAVE-MM, where: (a)
exclude AGR and (b) include an AGR.

3.2.2 Numerical implementation
Layered elastic solution

GRIDPAVE was implemented based on the open-source MATLAB code ALVA (Skar and
Andersen 2020; Skar et al. 2020a; Skar 2021). The ALVA code solves the standard axisym-
metric LET formulation (for undamaged elastic layers) in a normalized format (Levenberg
2020), and includes imperfect bonding conditions between model layers. Herein, undam-
aged layers are taken as linear elastic, isotropic, homogeneous, and weightless. ALVA
also includes a VE component for layered VE analysis with moving loads, which was not
utilized in GRIDPAVE. Thus, GRIDPAVE only utilizes ALVA for calculating the elas-
tic responses in a layered system exposed to a single circular load with a uniform stress
intensity.

The entire solution involves the integration of several Bessel function products with re-
spect to a (unitless) variable m. In ALVA, this is solved numerically by considering the
first N = 200 Bessel zeros points, and dividing the overall integral into 200 sub-integrals,
each over an interval between two Bessel zeros points. For this purpose, the Gauss inte-
gration scheme was used where the first interval (from zero to first Bessel zero) and second
interval (from first Bessel zero to second Bessel zero, etc.) were integrated using a 30-point
(n = 30) Gaussian formula, the third interval was integrated using a ten-point Gaussian
formula, and the remaining intervals were integrated using a five-point Gaussian formula.
This procedure reduces the expense of numerical integration, wherein most of the relevant
information is contained in the initial intervals. In total, 1055 values of the integration
variable m were used for integration. To further expedite the process, 96 predetermined
values of m in the range of 10−10 to 100,000 were used to solve the underlying boundary
and continuity conditions – hence reducing the number of matrix inversions from 1055 to
96. Hereafter, a cubic spline interpolation scheme, based on the modified Akima cubic
Hermite interpolation tool in MATLAB makima, was used to generate results for the 1055
intermediate m values. Finally, to provide integration convergence (especially for evalua-
tion points residing close to the pavement surface), the one-step Richardson extrapolation
was employed according to Sugihara 1987.

As an addition to the numerical LET solution, damaged layers were implemented in GRID-
PAVE by extending the ALVA code to include the FL formulation provided by (Leven-
berg and Skar 2022). Specifically, the boundary and continuity conditions defined in the
ALVA-function arb_func were reformulated to include the set of equations for P-type
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FLs. Accordingly, damaged layers were not treated as a mechanical layer, but as a new
interface type with the properties kv,i, kh,i, and Gi. Consequently, undamaged layers must
always be present before and after a FL. In terms of assigning a layer modulus Ei and layer
thickness hi to a FL (for practicality), the following relation kv,i = Ei/hi was assumed. In
cases where damaged layers are included, the FL-version of arb_func was utilized, and
regular interfaces (where damaged layers were not present) between two undamaged layers
i and i + 1 were defined by kv,i = 106 (MPa/mm), kh,i = ki (depending on the bonding
conditions), and G = 0 (N/mm).

Multiple and moving loads

Applications of multiple moving loads were implemented in GRIDPAVE for emulating
realistic vehicular loading scenarios. Multiple loads were emulated using the principle
of superposition within the linear elastic system. Moving loads were emulated using a
quasi-static approximation, simulating multiple elastic solutions for a set of stationary
loads by sequentially changing the load’s locations along a desired travel direction. The
approximation disregards inertia effects, i.e., dynamic variations in the pavement generated
by the momentum of a moving load. From a practical point of view, doing so is reasonable
since vehicles move significantly slower in comparison to the seismic wave speeds associated
with common pavement materials (Levenberg 2015).

It is anticipated herein that the loads move (on the surface) along the x-axis in a global
Cartesian coordinate system (x, y), with a constant speed V and a lateral offset Y0 to
the origin; this is illustrated in the upper part of Figure 3.6. The load coordinates are
defined in a different ”load coordinate system” denoted by (x̄, ȳ). The origin of the local

Figure 3.6: Schematic representation of the quasi-static approximation of multiple moving loads.
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load coordinates is first applied at x = −X0 mm, allowed to travel along the x-direction
to x = X0 mm, and then removed from the system. To generate the transient effect of
a moving load configuration, Nx = 2000 load locations xn (with n = 1, 2, ..., Nx) were
sequentially defined along the x-axis, ranging from x1 = −X0 to xNx = X0 with equal
spacing of ∆x. A unit-step load qn is applied in each load location with a duration of
∆τ = ∆x/V – as indicated in the lower part of Figure 3.6. Ultimately, one elastic response
history Re(tn) (where tn is the time when the load is located in point n) emanates from
the described load sequence.

The overall procedure was implemented by first activating the axisymmetric ALVA solution
for a single stationary load, with the intensity q0 = 1MPa and radius a. N0

x = 50
discretization points were selectively spaced along the radial direction r, from r = 0 up
to r = X0, and ALVA was used to simulate the corresponding responses RALVA

0 . Hence,
N0

x denotes the number of times ALVA is activated. A final discretization point is added,
taken as r = 15X0; the response value at this point is set to zero as a guiding point for
subsequent interpolation. Hence, an array of discretization points r0 is defined as:

r0 =
[
0 . . . X0 15X0

]
(3.5)

with the corresponding set of elastic responses Re
0:

Re
0 =

[
RALVA

0 0
]

(3.6)

Next, the local load coordinates (x̄l, ȳl) are used to define a set of global coordinate matrices
(∆X,∆Y), given as:

∆X =
[
x1 x2 . . . xn . . . xNx

]
·
[
x̄1 x̄2 . . . x̄l . . . x̄L

]T − x0 (3.7)

∆Y =
[
y1 y2 . . . yn . . . yNx

]
·
[
ȳ1 ȳ2 . . . ȳl . . . ȳL

]T − y0 + Y0 (3.8)

A set of global radial distances r were then obtained based on Equation (3.7) and (3.8),
hence:

r =
√
(∆X)2 + (∆Y)2 (3.9)

The resulting axisymmetric responses Re
l corresponding to r were obtained by interpolation

over r0 and the associated Re
0 solutions. The interpolation was carried out using the built-

in MATLAB function interp1, with the 'cubic' method.

Finally, Re
l was transformed into symmetric responses, and the principle of superposition

was used to generate a final response trace Re under moving loads. This procedure was
carried out in one step, that for stress/strain responses is mathematically expressed as:

Re =
L∑
l

ql
q0

STRe
l S (3.10)

whereas for displacement responses is expressed as:

Re =

L∑
l

ql
q0

STRe
l (3.11)
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where

S =

cosθ sinθ 0
sinθ cosθ 0
0 0 1

 , θ = tan−1

(
∆Y
∆X

)
(3.12)

and the multiplication factor ql/q0 (facilitated by the linear elasticity assumption) is used
to account for different stress intensities across the considered loads.

Overall, this numerical approach is computationally efficient compared to activating ALVA
in each of the Nx location points. This is because the computational effort of spline
interpolation is negligible compared to running ALVA. Hence, the computational effort
with respect to ALVA executions was reduced from 2000 × L to N0

x = 50 (by a factor of
40×L). While the numerical interpolation step could provide intermediate solutions (for
every r-coordinate within the axisymmetric system) at almost no cost, the computational
effort becomes relatively large for transporting axisymmetric responses into symmetric
responses. Thus, Nx = 2000 was appropriately selected to limit the computational effort
with respect to response transformation.

Viscoelastic solution
VE was added to GRIDPAVE by extending the LET solution to include a set of time- and
temperature-dependent layer and interface properties (i.e., Ei(t) and/or Ki(t)), symboli-
cally represented by c(t). This was done following the numerical implementation procedure
in Levenberg 2016, decomposing the load step histories qn (see Figure 3.6) into load-unload
histories, followed by a superposition scheme that successively adds up all the elastic so-
lutions into one VE response Rve(t). The superposition scheme implies Nx number of
elastic moving load histories Re, one for each corresponding set of time- and temperature-
dependent properties c(tn). Accordingly, Nx ×Nx elastic solutions were used to generate
the overall VE response Rve(c(tn), xn).

To expedite the computational effort, the numerical VE solution was limited to Nt = 15
Re-solutions for a set of c(tm) values (with m = 1, 2, ..., Nt), logarithmically distributed
from tm = 10−15 s to tm = 105 s. The MATLAB function interp1 with the 'cubic'
method was subsequently utilized to generate Nx intermediate solution to complete the
load superposition scheme of Levenberg 2016. Accordingly, a total of N0

x × Nt = 750
ALVA evaluations was needed to generate the VE response history Rve(tn). Overall, this
numerical approach reduced the computational effort with respect to ALVA executions
from 4,000,000×L (= 2000× 2000× L) to 750 (by a factor of 5333× L).

3.2.3 Model verification
The following model verification aims to ensure that the code behind GRIDPAVE was
implemented correctly and to confirm numerical accuracy with respect to the governing
model formulation. The work in Skar 2021 already provides a verification effort of the LET-
kernel ALVA. Hence, the following content focus on verifying the numerical implementation
and accuracy of the added features, i.e. FLs, the AGR component, and VE with moving
loads. It is presented in the form of several verification cases (VCs) that cover a variety
of model verification efforts done with respect to GRIDPAVE.

VC1
The first verification case (VC1) is focused on the numerical accuracy of the elastic part
of GRIDPAVE, i.e., ALVA with the implementation of FLs. Specifically, the numerical
accuracy is investigated with respect to the selection of integration points in the Gauss
integration scheme.
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VC1 considers a three-layered system of (undamaged) elastic layers subjected to a single
stationary load. The model inputs are presented in Figure 3.7, where the load is placed
in the coordinates (x = 0, y = 0). Three cases of interface conditions, i.e., I1, I2, and I3,
are considered with the interface properties given in Table 3.1. Here, I1 represents full
bonding between all layers, I2 represents full slip between layers 1 and 2, and I3 represents
a FL with no shear transfer between fragments. The following three key responses at
(x0 = 0, y0 = 0) (i.e., under the load) are investigated: (i) the vertical stress (σz), (ii) the
horizontal strain in x (εx), and (iii) the vertical displacement (Uz). The calculations are
repeated for three depths, i.e.: z = 0mm, z = 10mm, and z = 100mm.

Figure 3.7: VC1: Basic three-layered elastic system.

Table 3.1: VC1: Interface condition properties.

Interface property I1 I2 I3

kv,1 [MPa/mm] 106 106 5
kh,1 [MPa/mm] 106 0.01 106

G1 [N/mm] 0 0 0

kv,2 [MPa/mm] 106 106 106

kh,2 [MPa/mm] 106 106 106

G2 [N/mm] 0 0 0

Figure 3.8 shows three charts that all represent simulations of key responses for VC1. In
each chart, the numerical integration parameter N (i.e., number of Bessel zero points)
is plotted along the abscissa (ranging from N = 1 to N = 1000), whereas the ordinate
represents the normalized key response, i.e., σz, εx, or Uzc, divided by its value for N =
1000. The black curves represent σz, the red curves represent εx, and the blue curves
represent Uz; all three interface conditions (I1, I2, and I3) are represented by the same
curve since the simulated values came out similar. Each chart is associated with a different
key response depth z. As can be seen in the top chart (where the key responses are located
at z = 0mm), the normalized value of σz and εx deviates from unity for low values of
N . As N increases, this value approaches unity, which means that the code is able to
reproduce the same key response value as for N = 1000. At approximately N = 200,
unity is reached for all three key responses. Similar trends are shown in the middle chart
(where the key responses are located at z = 10mm), where all key responses reach unity
at approximately N = 30. In the bottom chart (where the key responses are located at
z = 100mm), all values of N seem to generate similar key response values. According to
these results, numerical accuracy across all key responses and location depths is gained
for N ≥ 200.
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Figure 3.8: VC1 results: Normalized key responses as a function of the numerical integration parameter
N for three depths.

Additionally (however not shown herein), the sequence of Gaussian points (i.e., 30 for the
first and second intervals, ten for the third interval, and five for the remaining intervals)
was compared to solutions generated with 30 Gaussian points between all intervals. Plots,
similar to Figure 3.8, were generated with 30 Gaussian points between all intervals. As
a result, the computational time increased by 15%, but key response simulations were
identical across the two Gaussian point sequences. Hence, the implemented sequence of
Gaussian integration points can reproduce similar results to a sequence with 30 Gaussian
points between all Bessel zero intervals. Overall, these findings from VC1 imply that the
numerical implementation (with respect to N = 200 and the chosen sequence of Gaussian
integrations points) in GRIDPAVE is numerically accurate.

VC2
The second verification case (VC2) focuses on examining the correctness of the elastic
part of GRIDPAVE (again ALVA with FLs). Specifically, it is checked that GRIDPAVE
can reproduce similar responses generated in Skar 2021 using the software tools ALVA,
BISAR, KENLAYER, and GAMES.

VC2 considers a three-layered system of (undamaged) elastic layers subjected to a single
stationary load (taken from Skar 2021). The layer properties are presented in Table 3.2,
and the load inputs are q = 0.7MPa and a = 150.8mm. In GRIDPAVE, all interfaces
are characterized by kv = 106 MPa/mm, kh = 106 MPa/mm, G = 0N/mm, corresponding
to full continuity (both vertically and horizontally) between layers. The considered key
responses are: (R1) the vertical stress (σz) at the surface; (R2) the horizontal strain (εx)
at the bottom of layer 1; (R3) the vertical strain (εz) at the top of layer 2; and (R4) the
vertical strain at the top of layer 3.
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Table 3.2: VC2: Pavement layer properties.

Layer Thickness (mm) Young’s moduli (MPa) Poisson’s ratio

1 260 5000 0.35
2 500 200 0.40
3 ∞ 50 0.45

The resulting calculations generated by GRIDPAVE, ALVA, BISAR, KENLAYER, and
GAMES are presented in Tables 3.3 and 3.4. In Table 3.3, all key responses are located
under the load center, whereas in Table 3.4, the key responses are located under the
load edge. As can be seen in both tables, the simulations from GRIDPAVE and the
other codes are close to identical. This observation indicates that GRIDPAVE is able
to reproduce similar responses to already accepted/verified response models like ALVA,
BISAR, KENLAYER, and GAMES.

Table 3.3: VC2 results: Key responses under the load center.

Code R1 [MPa] R2 [µm/mm] R3 [µm/mm] R4 [µm/mm]

BISAR 0.7 -100.5 251.7 185.0
KENLAYER 0.8 -100.5 251.6 185.3
GAMES 0.7 -100.5 251.6 185.1
ALVA 0.7 -100.4 251.6 185.1

GRIDPAVE (elastic) 0.70 -100.5 251.7 185.2

Table 3.4: VC2 results: Key responses under the load edge.

Code R1 [MPa] R2 [µm/mm] R3 [µm/mm] R4 [µm/mm]

BISAR 0.4 -61.9 192.2 177.5
KENLAYER 0.3 -62.0 192.2 177.0
GAMES 0.3 -61.9 192.2 177.5
ALVA 0.3 -61.8 192.3 177.5

GRIDPAVE (elastic) 0.35 -62.0 192.3 177.6

VC3
The third verification case (VC3) focuses on investigating GRIDPAVE’s ability to correctly
produce responses in systems that include a damaged layer (FL). Specifically, this was done
by comparing GRIDPAVE simulations with calculations presented in Levenberg and Skar
2022.

VC3 considers two axisymmetric systems with four layers – three undamaged layers, and
one (damaged) FL. The model inputs are presented in Figure 3.9, showing two systems
that are only different by the thickness of layer 1. Specifically, System 1 has a layer 1
thickness of 50 mm, whereas System 2 has a layer 1 thickness of 0.1 mm. Both systems
include a FL between layers 1 and 2, which is characterized by a variable set of kv and G,
whereas kh = 106 MPa/mm is fixed; full continuity applies between layers 2 and 3. Each
system is exposed to a stationary load with its center located at (r, z) = (0, 0).

Figure 3.10 shows four charts that depict the resulting vertical displacements at the pave-
ment surface as a function of radial distance from the load center. The two top charts are
associated with System 1, whereas the two bottom charts are associated with System 2. To
the left-hand side, G = 0N/mm is assumed, whereas G = 10000N/mm or G = 1000N/mm
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Figure 3.9: VC3: Two four-layered elastic systems with a FL – (a) System 1 and (b) System 2.

is considered to the right-hand side. Each chart presents four black curves, which rep-
resent GRIDPAVE simulations with four different values of kv; four similar red-dotted
curves are also included, representing simulations from Levenberg and Skar 2022. As can
be seen across all charts, all black and red-dotted curves are indistinguishable, indicating
that GRIDPAVE is able to reproduce simulations from Levenberg and Skar 2022.
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Figure 3.10: VC3 results: Calculated vertical displacement at the surface from GRIDPAVE and Leven-
berg and Skar (2020) for (a) System 1 with G = 0N/mm, (b) System 1 with G = 10000N/mm, (c) System
2 with G = 0N/mm, and (d) System 2 with G = 1000N/mm.
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VC4
The fourth verification case (VC4) focuses on numerical stability with respect to adding
a thin layer with a high modulus. Specifically, the numerical stability is investigated for
the elastic part of GRIDPAVE (i.e., ALVA with the implementation of FLs).

VC4 considers a three-layered system of elastic layers subjected to a single stationary load
– presented in Figure 3.11. The second layer represents a layer with a variable Young’s
modulus, ranging from 500 MPa to 5 ·1010 MPa, and a small thickness; the following three
thicknesses are examined: h2 = 0.0001mm, h2 = 0.01mm, and h2 = 1mm. Three cases
of interface conditions, i.e., I1, I2, and I3, are considered with the interface properties
given in Table 3.5. I1 represents full continuity between all layers, I2 represents full
(horizontal) slip between layers 1 and 2, and I3 represents a FL (with no shear transfer
between fragments) between layers 2 and 3. The following three key responses under the
load center are investigated: (i) the vertical stress (σz) at z = 100.1 + h2 in mm (i.e., at
the top of layer 3), (ii) the horizontal strain in x (εx) at z = 100mm (i.e., at the bottom
of layer 1), and (iii) the vertical displacement (Uz) at z = 0mm (i.e., at the surface).

Figure 3.11: VC4: Three-layered elastic system with a thin layer.

Table 3.5: VC4: Interface condition properties.

Interface property I1 I2 I3

kv,1 [MPa/mm] 106 106 106

kh,1 [MPa/mm] 106 0.01 106

G1 [N/mm] 0 0 0

kv,2 [MPa/mm] 106 106 5
kh,2 [MPa/mm] 106 106 106

G2 [N/mm] 0 0 0

Figure 3.12 shows three charts that all represent simulations of key responses for VC4.
In each chart, E2/E1 (i.e., the modulus-ratio between layers 1 and 2) is plotted along
the abscissa (ranging from E2/E1 = 1 to E2/E1 = 108), whereas the ordinate represents
the normalized key response, i.e., σz, εx, or Uz divided by its value for E2 = E1(= E3)
(corresponding to a half-space solution). Each black curve represents σz, the red curves
represent εx, and the blue curves represent Uz; the three interface conditions, i.e., I1,
I2, and I3, are respectively represented by a solid, dotted, and dashed line. Each chart
is associated with a different thickness of layer 2 (h2). As can be seen across all charts,
normalized responses associated with I1 and I3 reduce as E2 increases; the reduction occurs
for lower E2/E1-ratios as h2 increases. This effect is largest for εx. The effect is hardly
realized in the two upper charts for responses associated with I2. While these effects
are mechanical, none of the three charts displays irregularities or fluctuations across the
presented curves. Hence, the results indicate that introducing a thin layer to the elastic
part of GRIDPAVE is numerical stable.
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Figure 3.12: VC4 results: Normalized key responses as a function of the modulus-ratio between layers 1
and 2 E2/E1 for three thicknesses of layer 2.

VC5
The fifth verification case (VC5) focuses on examining the correctness of the VE part of
GRIDPAVE (i.e., ALVA with FL, VE and moving loads). Specifically, it is checked that
GRIDPAVE can reproduce similar responses to a benchmark solution for a traveling point
load on a homogeneous isotropic VE half-space.

VC5 considers a VE half-space subjected to a moving point load with a force magnitude of
50.2 kN. The load moves in the x direction, from x = −10, 000mm to x = 10, 000mm, in a
Cartesian coordinate system with two considered (constant) speeds, e.i., V = 5 km/h and
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V = 80 km/h. The half-space is assigned a Possion’s Ratio ν = 0.35 and a relaxation mod-
ulus E(t) according to Equation (3.1) with the following model inputs: E0 = 30, 000MPa,
E∞ = 100MPa, τD = 1000 s, nD = 0.35. The following three key responses at x0 = 0mm
y0 = 300mm (i.e., the transverse distance to the load center) and z0 = 0mm (on the
surface) are investigated: (i) the horizontal displacements in x (Ux), (ii) the horizontal
displacements in y (Uy), and (iii) the vertical displacement (Uz).

Figure 3.13: VC5: VE half-space with a moving point load.

In GRIDPAVE, the above system is modeled as a three-layered system given in Table
3.6, with full continuity at both layer interfaces (similar to I1 in Tables 3.1 and 3.5).
The point load is approximated by a circular load with a = 1mm and q = 16, 000MPa.
Numerically, the GRIDPAVE calculations are composed of N0

x×Nt = 50×15 = 750 elastic
solutions (refer to Subsection 3.2.2). The benchmark solution for a traveling point load on
a homogenous isotropic VE half-space is based on the classical Boussinesq solution for a
stationary point load on a homogenous isotropic VE half-space. The Boussinesq solution is
extended to VE according to the load-unload procedure in Levenberg 2016. Numerically,
the benchmark solution was computed with a high degree of accuracy, composed of Nx ×
Nx = 20, 000× 20, 000 = 400 · 106 (elastic) Boussinesq solutions.

Table 3.6: VC5: GRIDPAVE layer properties.

Layer Thickness (mm) Young’s moduli (MPa) Poisson’s ratio

1 100 E(t) 0.35
2 500 E(t) 0.35
3 ∞ E(t) 0.35

Figure 3.14 presents three charts, each associated with one of the three key responses as
a function of the load location in x. Each chart includes two black curves that represent
GRIDPAVE simulations for two different speeds and two red-dotted curves representing
the benchmark solutions for similar speeds. As can be seen across all charts, all black and
red-dotted curves are close to identical, indicating that GRIDPAVE is able to reproduce
the benchmark solutions.
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(a) (b)

(c)

Figure 3.14: VC5 results: Calculated key responses from GRIDPAVE and benchmark solution, where
(a) represents the horizontal displacements in x, (b) represents the horizontal displacements in y, and (c)
represents the vertical displacements in z.

3.2.4 Contribution
The modeling efforts related to the implementation of GRIDPAVE contribute to the over-
all dissertation by providing a computational tool that can produce pavement responses
for systems with AGR – addressed in the first study objective (O1). In this context, the
implementation and model verification of GRIDPAVE targeted all three aspects consid-
ered in (O1), i.e., the versatility, usefulness, and validity of the computational model.
Specifically, the implementation of GRIDPAVE ensures that it is a versatile tool in the
sense that its modeling components (i.e., FL, moving loads, VE, and AGR) can be turned
on/off depending on the user’s need. Moreover, model usefulness has been addressed
during the implementation by numerical considerations that significantly improve com-
putational efficiency. Lastly, the provided model verification cases demonstrate that the
model is numerically stable and accurate, which supports GRIDPAVE’s validity.

3.3 Experimental efforts
Several experimental activities were carried out during this PhD project, with a common
aim of providing experimental data for model validation. Specifically, they involve full-
scale testing at four different pavement facilities with embedded sensing equipment. Three
of the facilities were constructed during the PhD period, namely the DTU Smart Road,
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an accelerated pavement test (APT) setup in Texas (USA), and a city road in Neuchâtel
(Switzerland). The fourth facility was a district road near the city of La Ferriére (Switzer-
land), which was constructed before the PhD period. The following content provides a
summary of the experimental activities that were carried out during the PhD study. For
more in-depth details about the experimental setup and test campaigns associated with
the DTU Smart Road, the APT setup in Texas, and the test facilities in Switzerland, the
reader can refer to Appendix A.

3.3.1 DTU Smart Road
DTU Smart Road is a full-scale pavement facility located at DTU campus in Kongens
Lyngby (Denmark). It was built in October 2021 as a reconstruction of an existing two-
lane road serving live campus traffic. The whole construction effort was entirely funded by
S&P, and the experimental design was carried out by the PhD team. The overall purpose
was to create an accessible full-scale test setup that can provide experimental evidence
for subsequent model validation. Specifically, the setup was aimed at validating the AGR
model-component developed in Paper ii; hence the experimental setup was carefully de-
signed hereafter to expose the AGR effects within the pavement system. As an integral
part of reaching this aim, the computational model GRIDPAVE was utilized to guide the
design of such an experimental setup.

Prelimenary considerations
The preliminary considerations involve the thoughts and ideas made during the experi-
mental design of DTU Smart Road. The ideas behind were to design a pavement system
with AGR that utilizes embedded sensors to capture the reinforcement effects. As the fo-
cus was on validating the AGR model-component (and not on the FL model-component),
a full-depth reconstruction of an existing road at DTU campus was considered – milling
the entire existing AC and replacing it with new AC. Doing so eliminates any potential
effects from cracks or aged AC within the pavement system.

To guide the design, GRIDPAVE was utilized to generate a variety of synthetic cases
with and without AGR that, by comparison, would clarify the reinforcement effect. In
general, it was found that the most dominant AGR effect was associated with a reduction
in horizontal strains nearby the AGR (similar to what was found in Papers i and ii). More
specifically, placing the AGR at the bottom of the AC structure generally provided the
largest reduction in tensile strains within the AC. Based on these findings, it was decided
to build a test section with AGR placed at the AC bottom and to place ASGs at the
same level (to capture the nearby horizontal strains). Moreover, it was decided to build a
nominal identical reference section (excluding reinforcement) with ASGs in similar depth
for comparison.

With respect to the arrangement of ASGs at the AC bottom, it was considered to install
multiple ASGs in each of the test sections with different lateral positions and orientations
to capture horizontal strains at the AC bottom in two perpendicular directions. In theory,
the model should be able to simultaneously reproduce all ASG responses, which would be
relevant to showcase in a model validation effort. Furthermore, readings from such a sensor
arrangement could be used to calibrate the accurate lateral position of a passing vehicle
through inverse analysis. Past experience, as well as model simulations, have indicated
that the lateral vehicle position is a sensible key parameter for reproducing pavement
responses (see e.g. Levenberg 2015; Nielsen et al. 2020).

In order to address model versatility, it was further decided to build two additional and
nominal identical test sections with the same AGR product located at different depths
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(away from the bottom) within the AC. To accommodate this decision, it was considered
to pave the entire DTU Smart Road (i.e., all four sections) in three lifts and install
AGRs in-between lifts at different depths among test sections. In order to make the
two additional test sections nominal identical to the two previous sections, similar AGS
arrangements were also placed at the AC bottom (away from the AGR). This was done
for comparison reasons, even though the reinforcement effect was deemed the largest near
the grid. Regarding the choice of AC mix, it was considered to pave all three AC lifts with
the same mix. While such a design is not common practice, a similar AC mix type was
used to simplify model simulations and material characterization activities for subsequent
validation efforts.

Finally, it was decided to place a set of PT100 temperature sensors in all test sections to
measure any variation in temperature between sections and across the AC layer thickness.
Accordingly, three PT100s were placed on top of each other in each section – one on the
AC bottom, and the remaining two between the AC lifts.

Test setup
Based on the preliminary consideration, an experimental setup was designed and built in
October 2021. Figure 3.15 provides a Google maps snapshot of the entire test area. It is
composed of four sections – three of which include AGR at different depths, and a fourth
serving as a reference section without AGR. The reinforced sections are referred to as
sections S-1, S-2, and S-3, and the reference section is referred to as section S-0. A cross-
sectional view of the four DTU Smart Road sections is given in Figure 3.16. All sections
consist of a 150 mm thick AC structure placed on an existing UGS. Below the UGS is the
local subgrade soil, extending to a large depth. DCP tests were performed in each test
section (according to ASTM D6951/D6951M 2018) to identify the layer configuration of
deeper layers (i.e., layers below the AC). In sections S-1, S-2, and S-3, AGR were installed
at different depths below the surface, i.e.: 150 mm (at the AC bottom), 110 mm (between
the bottom and middle lifts), and 40 mm (between the middle and top lifts), respectively.
The same AGR type was utilized i all three sections, which was a Carbophalt®G 200/200
(S&P Clever Reinforcement Company AG 2023a).

Figure 3.15: DTU Smart Road: Overview of the four test sections.
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Figure 3.16: DTU Smart Road: Cross-sectional view of the four test sections.

As an integral part of the DTU Smart Road, AGSs and PT100s were embedded inside the
pavement system. In each section, six ASGs were located at the top of the UGS, or on
top of the AGR in S-1, prior to paving of the bottom AC lift; in S-3, a seventh spare ASG
was installed on top of the AGR (40 mm below the surface). Moreover, three PT100s were
placed (in each section) on top of each other, each installed before an AC lift, i.e., at the
depths: 150 mm, 110 mm, and 40 mm. All sensor installation depths are also indicated in
Figure 3.16, whereas Figure 3.17 illustrates a top view of the sensor arrangement at the
AC bottom of a single test section (identical for all test sections).

Figure 3.17: DTU Smart Road: Top view layout of the ASGs and PT100 in a single test section (taken
from Nielsen and Levenberg 2022).

Measurement campaigns

Several measurement campaigns were carried out at DTU Smart Road during the PhD
period. One involved FWD testing (according to ASTM D4694 2009), while three others
involved testing with different moving vehicle types. The four campaigns are listed in
Table 3.7. Two of the campaigns, i.e., the test campaign using the HYSTER forklift,
together with the FWD campaign, are already described in Paper iii and therefore not
repeated herein.
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Table 3.7: List of measurement campaigns carried out at DTU Smart Road.

Date Load source Total weight [ton] Number of axels

Marts 2022 FWD 6-10 (pulse load) Plate

June 2022 HYSTER forklift 23.0 2

September 2022 Raptor 21.1 3

October 2022
Military tank 29.6 Tracks with 7 rollers
Dumper truck 16.6 3

VIAFRIK 17.8 2

One of the remaining measurement campaigns involved using Ramboll’s Raptor (see Figure
3.18(a)). The Raptor is a moving measurement platform that provides information about
surface displacements generated by its own self-weight (see e.g. Skar et al. 2020b). The
measurement campaign only involved testing of sections S-0 and S-1, where AGS readings
were recorded during several Raptor passes. Two (aimed) vehicle speeds were considered,
i.e., 5 km/h and 40 km/h, and a constant temperature of 14 ℃ (uniformly distributed across
the AC thickness) was measured during all passes. An example of ASG measurements
taken during a single Raptor pass is provided in Appendix A (Figure A.7). Additionally,
Raptor measurements were also recorded during each pass, providing information about
the surface displacements. This information, together with the ASG readings, can be
utilized in future model validation efforts with focus on deflection responses or strain
responses at lower temperatures and faster load speeds.

(a) (b)

(c) (d)

Figure 3.18: Test vehicles at DTU Smart Road: (a) Raptor, (b) Military tank, (c) Dumper truck, and
(d) VIAFRIK.

Moreover, a measurement campaign was carried out using three different types of vehicle
load configurations. The measurement campaign was part of a MSc’s project (Hansen et al.
2023), aimed at investigating the mechanistic responses in asphalt pavements under heavy
off-road vehicles. The three utilized vehicles were: a military tank equipped with contin-
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uous tracks; a dumper truck equipped with ribbed tires; and Danish Road Directorate’s
VIAFRIK (friction tester) serving as a reference truckload. The three vehicle types are
depicted in Figures 3.18(b)-(d), respectively. The measurement campaign involved testing
all four test sections, where several passes with each vehicle were generated, targeted at
two different speeds, i.e., 10 km/h and 40 km/h. ASG responses and PT100 readings were
recorded during each pass. PT100 measurements indicated an AC temperature varying
from 18 ℃ to 22 ℃ during the campaign. An example of ASG measurements taken during
a single pass with each vehicle type is provided in Appendix A (Figure A.10).

Laboratory tests
In April 2022 (about six months after the DTU Smart Road was constructed), a total of
eight AC cores were taken from the DTU Smart Road – two from each section. The layer
thicknesses of all cores were measured to confirm the AC lift thicknesses after construction.
The results indicated fairly consistent AC thickness, varying within ±10mm from the
original design.

The cores were subsequently utilized for laboratory testing. A single core from each S-0,
S-1, and S-2 was utilized for VE characterization of the AC properties. This procedure
followed the experimental approach in Levenberg and Michaeli 2013, where the cores
were tested in an indirect tensile test configuration (EN 12697-26C 2022) under several
temperature levels. The tests were carried out in the laboratory facility at the Danish
Technological Institute, and the derived AC properties were subsequently utilized in Pa-
per iii and iv. Furthermore, one core from both S-0 and S-2 was utilized to characterize
the interface stiffness properties between two AC layers – one including AGR and another
excluding AGR. The test was carried out in the laboratory facility at the Technical Uni-
versity Dresden using the DDST, and the derived interface properties were subsequently
utilized in Paper iv.

3.3.2 APT setup in Arlington, Texas
The APT setup in Arlington (Texas) is a full-scale pavement test area held by the Uni-
versity of Texas Arlington (UTA). In November 2021, eight new pavement sections were
constructed with the purpose of testing several pavement systems with and without AGR
until failure. This involved applications of cyclic loading with a so-called pavement testing
machine (PTM). The research activities were mainly funded by Simpson Strong-Tie A/S
(the mother company of S&P), and the experimental setup was designed by the pavement
research group at UTA and the engineering team of Simpson Strong-Tie A/S. The PhD
project team was not part of the design, but was involved in supervising the construc-
tion phase and subsequently in collecting data from embedded sensors during the initial
loading phase (before damaging the pavement structure).

Test setup
Figure 3.19 provides drone footage of the entire test facility at UTA, composed of several
new and existing (failed) test sections. Sections S1, S2, S3, and S4 (indicated in the
figure) are the primary sections considered in this project, as they were the only ones
instrumented with sensing equipment. The construction involved both a new UGS and
AC structure. S1, S3, and S4 were all reinforced with AGR, whereas S2 served as an
unreinforced reference section.

A cross-sectional view of the four instrumented sections is given in Figure 3.20. S1 and S2
consisted of a 100 mm thick AC structure, paved in two similar lifts; the AC was placed on
top of a 250 mm UGS. S3 and S4 consisted of a 70 mm thick AC structure, also paved in
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Figure 3.19: Overview of the ATP facility at UTA.

two similar lifts; the AC was placed on top of a 280 mm UGS. Below the UGS is the local
subgrade soil, extending to a large depth. In sections S1, S3, and S4, AGRs were placed on
top of the UGS before paving; sections S1 and S4 utilized a Carbophalt®G 200/200 (similar
to Subsection 3.3.1), whereas a Glassphalt®G (S&P Clever Reinforcement Company AG
2023b) was utilized in S3.

Figure 3.20: Cross-sectional view of the four instrumented test sections at UTA.

As an integral part of the four test sections, three types of sensors were embedded inside the
pavement system, i.e., ASGs, pressure cells, and grid gauges. The ASGs were installed to
capture horizontal strains at the AC bottom in two perpendicular directions, the pressure
cells were installed to capture the vertical stresses at the UGS bottom, and the grid gauges
were glued onto the AGR ribs to capture its horizontal strains. In each section, four ASGs
(two transverse and two longitudinal) and two pressure cells were installed. The ASGs
were all located on the top of the AGR, or on top of the UGS in S2, prior to paving of
the bottom AC lift. The Pressure cells were placed on top of the subgrade soil before the
UGS was constructed. In each reinforced section, three grid gauges were glued to the grid
with a transverse orientation. All sensor installation depths are indicated in Figure 3.20,
whereas Figure 3.21 illustrates a top view of the sensor arrangement in two neighboring
sections, paired as S1+S2, or S3+S4.
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Figure 3.21: Top view layout of instrumented and loaded area at UTA.

Measurement campaigns

A measurement campaign was carried out at the UTA test facility in October 2022, as
part of an APT on sections S3 and S4. The campaign itself took place in the initial part
of the APT (during the first few load cycles) before the pavement systems were exposed
to any damage. The APT setup involved using the PTM (see Figure 3.22) to induce
cycling loading to both test sections at the same time. The PTM is a mobile system that
simulates vehicle loading in an accelerated manner. The entire machine can be moved
from section to section, which is efficient for testing multiple pavement systems within
a relatively short period of time. In addition, the PTM is an isolated system that can
maintain a fixed temperature within the encapsulated AC area. A heating-and-cooling
system controls the temperature condition inside the machine. The PTM is equipped
with a bogie, carrying two sets of dual tires that moves back and forth while applying a
vertical axle load of 80 kN to the pavement. The PTM was installed such that one set
of dual tires applied loading to S3, whereas the other set of dual tires applied loading to
S4. The bogie is included in Figure 3.21, where it can be seen that the two-wheel paths
are placed directly on top of the embedded sensors (i.e., ASGs, pressure cells, and grid
gauges).

(a) (b)

Figure 3.22: PTM: (a) from outside and (b) from inside.
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In the measurement campaign, several load cycles were applied at three different speeds,
i.e., 1 km/h, 2.4 km/h, and 4.8 km/h. Two uniform AC temperature levels were considered,
i.e. T = 16℃ and T = 27℃. As part of the campaign, two types of deployable surface
sensors were added to the test setup to provide supplementary response information for
subsequent analysis. The two sensor types were linear variable displacement transducers
(LVDTs) and dual-axis tiltmeters. A total of two LVDTs and two tiltmeters were placed
on the pavement surface (outside the wheel paths) – one LVDT and one tiltmeter in each
section (see Figure 3.21). The LVDTs were installed according to Skar et al. 2020c and
measured the differential displacement in the traveling direction (in x) at the pavement
surface. The tiltmeters were installed according to Nielsen 2019, on top of the AC surface,
and measured the surface rotations around the longitudinal and transverse directions.
With respect to test sections S1 and S2, a similar measurement campaign is planned but
was not carried out during this PhD period. An example of all sensor measurements from
taken during on load cycle is provided in Appendix A (Figure A.13).

In addition, an FWD test campaign was carried out on sections S1, S2, S3, and S4 to
provide supplementary data for future analysis. Furthermore, AC cores were taken from
S6, and a single core was tested in the laboratory at the Danish Technological Institute
(in Denmark) to characterize the VE properties of the AC. This data can also serve as
input for subsequent model analysis, as a similar AC was used in S1, S2, S3, and S4.

3.3.3 Test areas in Switzerland
Two instrumented pavement systems in Switzerland were also involved in this PhD project.
One system was part of a district road connecting the two cities La Ferrière and La
Cibourg, and the other was located in the city of Neuchâtel as part of the inner city road
network. Both systems were entirely funded by S&P Switzerland as part of the Innosuisse
project, entitled: Development of asphalt pavement structures reinforced with embedded
composite grids. The two pavement systems were designed by a pavement research group
at Bern University of Applied Sciences and the engineering team of S&P Switzerland.
As part of the research activities, the PhD project team was invited to collect data from
embedded sensors installed in both test areas.

Test setup in La Ferrière

The entire test area near La Ferrière considers a district road of two lanes (one in each
direction). Figure 3.23 provides a google earth snapshot of the test area. It consists
of three sections – one section (C) including Carbophalt®G 200/200, one section (G)
including Glasphalt®G, and one reference section (R) without AGR. Both AGR products
were provided by S&P (similar to those used in Subsection 3.3.1 and 3.3.2), and were
installed in one of the two lanes, i.e., in the direction from north to south.

All sections were built in September 2019 (prior to this PhD project) as part of a recon-
struction of the existing district road between La Ferrière and La Cibourg. The reason
for maintenance was due to the presence of structural distresses such as cracks and layer
debonding. Specifically, 120 mm of the existing 210 mm thick AC structure was milled and
repaved with a new support lift of 80 mm and a new wearing course of 40 mm as depicted
in Figure 3.24. In both reinforced sections, the AGR was placed at the interface between
the existing AC and the new support lift. To identify the deeper layer composition, a DCP
test was carried out in each test section. Results revealed that the entire AC structure was
supported by an unbound granular base layer with an approximate thickness of 400 mm.
An additional soil layer was identified, sandwiched between the granular base layer and
the local bedrock.
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Figure 3.23: Overview of the test sections in La Ferrière.

Figure 3.24: Cross-sectional view of the three instrumented sections in La Ferrière.

In each test section, two types of sensors were embedded inside the pavement system, i.e.,
ASGs and PT100s (identical to those utilized in DTU Smart Road). The sensors were
placed on top of the AGR in reinforced sections, whereas the sensors were placed at the
interface between the existing AC and the new support lift in the unreinforced section.
All sensor installation depths are indicated in Figure 3.24. Specifically, three longitudinal
ASGs, three transverse ASGs, and one PT100 were placed in each test section with the
sensor arrangement presented in Figure 3.25. They were arranged in a line along the
traveling direction to capture the strain response directly under the traffic left-side wheel
paths.
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Figure 3.25: Top view layout of embedded sensor arrangement in a single test section in La Ferrière,
where L: longitudinal ASG, T: transverse ASG, and PT: PT100.

Test setup in Neuchâtel
The test area in Neuchâtel was part of an inner city road of four lanes (two in each
direction). In each direction, the road is divided into a bus lane and a normal lane. Figure
3.26 provides a top view (taken from google maps) of the test area. The tested area
consists of three sections – one section (C) including Carbophalt®G 200/200 grids, one
section (G) installed with Glasphalt®G grids, and one section (R) without AGR serving
as a reference section. AGRs were installed in one of the bus lanes, i.e., in the direction
of west to east.

Figure 3.26: Overview of the test sections in Neuchâtel.

All sections were built in August 2020 as part of a full-depth reconstruction of the existing
city road. A cross-sectional view of the considered pavement structures is depicted in
Figure 3.27. Accordingly, all existing AC was milled and replaced by five AC lifts with
a total thickness of 260 mm, illustrated in Figure 3.27. In both reinforced sections, the
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AGR was placed at the interface between two AC lifts located 140 mm from the pavement
surface. Due to restrictions, the entire research group was not allowed to perform DCP
tests on the current test sections. Thus, the configuration of deeper granular/soil layers
was unknown.

Figure 3.27: Cross-sectional view of the three instrumented sections in Neuchâtel.

In each test section, two types of sensors were embedded inside the pavement system,
i.e., ASGs and PT100s (identical to those utilized in DTU Smart Road and La Ferriere).
The sensor installation depths are shown in Figure 3.27, indicating that sensors were
also located 140 mm from the pavement surface (between two AC lifts). In this context,
the sensors were installed on top of the AGR8 in reinforced sections. Specifically, three
longitudinal ASGs, three transverse ASGs, and one PT100 were placed in each test section
according to the top view representation in Figure 3.28. The ASGs were arranged in a
line along the traveling direction to capture the strain response directly under the traffic
right-side wheel paths.

Figure 3.28: Top view layout of embedded sensor arrangement in a single test section at Neuchâtel,
where L: longitudinal ASG, T: transverse ASG, and PT: PT100.

Measurement campaigns
A total of two measurement campaigns based on moving vehicles were performed in
Switzerland. The first campaign was carried out in August 2020 at the test area near
La Ferrière. The campaign involved collecting data from the embedded sensors, as well as
from deployable roadside sensors, in all three test sections G, C, and R. Sensor readings
were triggered by several passages from a heavy two-axle truckload depicted in Figure
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3.29(a). The truck was equipped with a water tank that was filled at three different levels,
i.e., empty, half full, and full; this was to test for different variations in load levels. Dur-
ing the measurement campaign, all three sections were tested simultaneously by recording
sensor responses as the truck passed by. Several vehicle speeds, ranging from 10 km/h
to 70 km/h, and three different lateral vehicle positions were targeted. In-pavement tem-
peratures and surface temperatures were recorded, indicating AC temperatures varying
from 15℃ to 30℃ during the campaign (from start to end). As part of the campaign, two
types of deployable surface sensors were added to the test setup to provide supplementary
response information. The two sensor types were uniaxial accelerometers and dual-axis
tiltmeters. A total of four accelerometers and two tiltmeters were fixed to the pavement
according to Nielsen et al. 2020 and Nielsen 2019. The accelerometers measured the ver-
tical surface accelerations, whereas the tiltmeters measured the surface rotations around
the longitudinal and transverse load-traveling directions. An example of all sensor mea-
surements taken during a single pass in the La Ferrière campaign is provided in Appendix
A (Figure A.18).

(a) (b)

Figure 3.29: Trucks utilized in test campaigns in: (a) La Ferrière and (b) Neuchâtel.

A second measurement campaign was carried out later in August 2020 at the test area
in Neuchâtel (short after construction). In this campaign, a four-axle truck was utilized
(see Figure 3.29(b)); it was also equipped with a water tank that was filled at two load
levels, i.e., empty and full. During the measurement campaign, all three sections were
tested simultaneously by recording ASG responses as the truck passed by. Several vehicle
speeds, ranging from 10 km/h to 40 km/h, and one lateral vehicle position were targeted.
In-pavement temperatures and surface temperatures were recorded, indicating a constant
AC temperature of about 23℃ during the entire campaign. No surface sensors were allowed
to be installed during the test campaign. An example of ASG measurements from a single
pass in the Neuchâtel campaign is provided in Appendix A (Figure A.21).

Moreover, some additional tests were carried out at the test area near La Ferrière. This
involved FWD tests and AC coring in all three test sections. With respect to the latter, a
total of six AC cores were taken from the La Ferrière test area (two in each section) and
used for subsequent laboratory testing. Specifically, one core from section R was used to
characterize the VE properties of all AC lifts, i.e., the existing AC, the support layer, and
the wearing course. These properties should serve as model input for any future model
validation efforts. The final five cores were utilized for testing interface bonding conditions
(between AC lifts) using the Leutner test setup (Collop et al. 2003). However, as the core
interfaces are sheared under monotonic loading until failure in the Leutner setup, load-
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displacement histories are not deemed suitable for estimating an interface bonding stiffness
(discussed in Paper iv). Similar FWD tests and AC coring procedures were not conducted
in the Neuchâtel test section due to limited accessibility.

3.3.4 Contribution
The experimental investigations related to the four covered test facilities contribute to
the overall dissertation by providing experimental data for subsequent model validation
addressed in the first study objective (O1). Specifically, the data from the HYSTER
forklift campaign, together with the FWD measurements, carried out on S-0 and S-1
at DTU Smart Road are utilized in Paper iii for model validation. The remaining test
facilities and test campaigns are not part of the appended papers but have also provided
essential data that can later be used to support the overall model validation of GRIDPAVE.
Alternatively, the test facilities and the collected data can also be utilized to provide
experimental evidence for other model validation purposes.
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CHAPTER 4

Conclusion
4.1 Summary
Motivated by the necessity for a ME design method that can be applied to grid-reinforced
asphalt pavements including AGR, two study objectives were outlined in this PhD disser-
tation: (O1) to develop a versatile, useful, and validated computational model that can
produce mechanistic responses in asphalt pavement with AGR, and (O2) to gain valuable
insights into the effects of AGR.

In light of this, a model formulation was first developed by extending the standard LET
framework to include the following model-components: (i) FLs; (ii) imperfect bonding con-
ditions; (iii) viscoelasticity, (iv) moving loads, and (v) AGR. The AGR model-component
was formulated as a combination of three contributions: (a) including the AGR as a thin
high-modulus elastic layer within the pavement system – characterized by an effective
thickness, Young’s modulus, and Poisson’s ratio; (b) accounting for the AGRs influence
on interface bonding between its neighboring layers – characterized by two horizontal
spring stiffness parameters; and (c) the AGR’s impact on the surrounding AC properties –
characterized by a ZoI thickness and a κ-factor. With respect to (b) and (c), the horizontal
spring stiffness parameters and the κ-factor were deemed related to the AGR geometry
and the asphalt mix properties, defined by the so-called EAS-NMAS ratio. In total, seven
modeling inputs were required to represent an AGR.

Hereafter, the formulation was implemented into the computational code GRIDPAVE-
MM. The implementation was based on the elastic part of ALVA, which was extended to
include FLs, VE, and multiple moving loads. The numerical considerations in GRIDPAVE
were focused on minimizing the computational effort, and the overall code implementation
was subsequently confirmed in a model verification effort.

Next, several experimental campaigns were carried out for subsequent model validation of
GRIDPAVE. These campaigns involved full-scale testing at several test facilities, where
embedded sensors were used to collect pavement responses triggered by moving load appli-
cations. The testing facilities included DTU Smart Road at DTU campus in Kgs. Lyngby
(Denmark), an APT facility located at UTA in Arlington (Texas), and two public roads
near La Ferrière and Neuchâtel in Switzerland. Collected field responses from DTU Smart
Road were subsequently compared against model simulations to showcase GRIDPAVE’s
ability to match embedded sensor readings. This was done for two nominal identical
pavement systems – one including AGR and one excluding AGR. As part of the validation
effort, model inputs were either assessed via supplementary field and laboratory testing
or calibrated through embedded sensor data.

Finally, GRIDPAVE was utilized to forecast the AGR effects on critical key responses
throughout several synthetic investigations (i.e., purely based on model simulations).
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These investigations considered different pavement structural compositions that simu-
lated both new and milled-and-overlaid systems, as well as different AGR locations within
the AC. Also, a specific study was dedicated to investigating the AGR effect on interface
properties.

4.2 Findings and implications
First sturdy objective (O1)
Concerning the first study objective (O1), the developed computational model GRIDPAVE
was capable of simulating mechanistic pavement responses that arise from the inclusion
of AGR. The developed model is versatile in the sense that it can emulate a variety of
different pavement scenarios. Specifically, the model can: (i) emulate responses within new
or rehabilitated asphalt pavement systems (including undamaged and damaged layers), (ii)
handle any desirable number of layers with either elastic or time-temperature-dependent
properties, (iii) account for imperfect bonding conditions between layers (which can also be
time-temperature dependent), (iv) simulate realistic traffic loading with any desired load
configuration, and (v) include AGRs of any desired geometry, material composition, and
location within the AC. With respect to the latter, the model should not be limited to AGR
but could potentially include reinforcement types that are designed for deeper granular
layers (e.g. geosynthetics). In case the reinforcement is placed in an ”elastic” layer (usually
assumed for unbound granular materials), the κ-factor becomes a multiplication factor on
the adjacent ZoI layer moduli, which must be corrected for load speed and temperature
conditions. However, further model validation is essentially needed to approve this feature.
As a final point regarding model versatility, GRIDPAVE can also be used for general design
purposes without AGR. In this context, GRIDPAVE includes the model components FL,
imperfect bonding, VE, and multiple moving loads, which have not been combined in one
single LET-based tool up until this point.

Moreover, GRIDPAVE has been proven to be a numerically stable and computationally
efficient modeling tool based on model inputs that all can be assessed through experimental
work. Numerical stability and accuracy were showcased in a model verification effort,
whereas the assessment of model inputs was demonstrated through laboratory testing
and full-scale calibration. Specifically for AGR-related inputs, the effective thickness,
Young’s modulus, and Poisson’s ratio were all provided by the manufacturer; the two
horizontal interface stiffness were characterized in the laboratory using the DDST; and
the ZoI thickness (taken as three times the NMAS) and the κ-factor were assessed through
inverse analysis using field measurements from the DTU Smart Road. Overall, numerical
stability and accuracy, high computational efficiency, and accessible model inputs ensure
model usefulness.

Finally, GRIDPAVE’s ability to accurately simulate pavement responses was demonstrated
through model verification and model validation. The verification process involved com-
paring GRIDPAVE simulations with those of existing modeling tools and benchmark solu-
tions. Model validation was achieved through experiments conducted on a full-scale level,
where GRIDPAVE simulations were compared against embedded sensor readings from the
DTU Smart Road test facility. In all cases, the model’s ability to reproduce benchmark
simulations and field measurements was deemed successful.

Second study objective (O2)
With respect to the second study objective (O2), the verified and validated GRIDPAVE
model was utilized to increase the understanding of the AGR effect throughout several
synthetic investigations. In general, the synthetic investigations indicated that the pres-

48 Modeling and Analysis of Pavements with Asphalt Reinforcement



4.3. Limitations Chapter 4. Conclusion

ence of AGR could reduce horizontal tensile strains near the grid and, to a lesser degree,
vertical strains at the top of the supporting UGS. The AGR effects were particularly no-
ticeable under high-temperature/slow-speed conditions and were less pronounced under
low-temperature/high-speed conditions, thereby indicating that the AGR effect is time-
temperature dependent. However, the effect on subgrade strains and surface deflections
was generally marginal. It was also demonstrated that the above effects were larger for
a higher effective AGR modulus or for deeper AGR locations within the AC structure
– optimal at the AC bottom. Lastly, results indicated that the presence of AGR could
negatively affect the interface bonding conditions between two AC layers but still provide
beneficial reinforcement effects overall.

Overall, the above findings implied that adding AGR to asphalt pavement systems can
be beneficial for combating fatigue cracking and rutting. These implications supported
existing literature (Ong et al. 2004; Khodaii et al. 2009b; Nguyen et al. 2013; J. Lee
et al. 2015; Correia and Zornberg 2016; Arsenie et al. 2017; Vinay Kumar and Saride
2017; Correia and Zornberg 2018), and suggests that the utilization of AGR products can
potentially extend the overall pavement service life. At the same time, findings also implied
that it could be practically difficult to monitor any AGR effects with surface measurement
techniques, such as the FWD test, moving measurement platforms (Baltzer et al. 2010;
Skar et al. 2020b), or deployable surface sensors (Nielsen et al. 2020; Skar et al. 2020c;
Levenberg et al. 2022).

4.3 Limitations
While this study has provided a versatile, useful, and validated modeling framework and
highlighted many benefits and practical applications of AGR in asphalt pavement, it is
important to acknowledge some study limitations associated with the overall work.

Regarding the modeling framework, one limitation is that the developed model cannot
handle non-linear behavior associated with unbound materials, interface bonding con-
ditions between AC layers, and the ZoI effect. Furthermore, the model cannot handle
viscoplastic behavior associated with AC, as well as pavement edge effects (given that lay-
ers are assumed horizontally uniform and infinite in the LET). Ultimately, these missing
features may limit the model’s versatility and correctness. While these features could be
emulated using finite element analysis, it would require significant computational resources
and increase the number of model inputs in order to improve model accuracy. With the
current computer technology, such an approach would (in most cases) be impractical for
engineering purposes.

Concerning the model validation effort, it was challenging to estimate the precise distance
(within centimeters) between embedded sensors and passing vehicles during measurement
campaigns, thus making it difficult to reproduce the exact loading event. Furthermore,
some embedded ASG readings included signal drift, which the model can not (and should
not) reproduce. Overall, these limiting aspects may introduce some uncertainties to the
provided model validation effort. However, since the model was able to consistently obtain
a satisfactory fit across multiple measured and model-predicted responses (with different
locations and orientations), the current model validation effort is deemed acceptable and
strong in confirming the model formulation and implementation.

Another limitation regarding model validation is related to the FL model-component,
which has not been experimentally investigated in this study (nor in the existing litera-
ture). Consequently, using the FL model-component to emulate crack AC layers might
not be valid (until proven otherwise).
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Lastly, with respect to the characterization of the κ-factor and the ZoI thickness, the
proposed model calibration technique (based on inverse analysis and field measurements) is
rather expensive and impractical on a full-scale level. In order to improve model usefulness,
new methods on a laboratory scale are therefore needed to assess these model inputs
for different AGR products or pavement materials. Nonetheless, from an engineering
perspective, it is always possible to make a conservative estimate by excluding the ZoI-
effect (i.e., selecting κ = 1).

4.4 Future work
To further improve the computational code GRIDPAVE, several aspects could be investi-
gated, starting with the model formulation. Specifically, it could be beneficial to include
horizontal loads in the modeling framework and study the associated AGR effects, e.g.,
under a load-breaking event. A suitable mathematical formulation for horizontal loads
(within the LET framework) can be found in Maina and Matsui 2004 or Kimura 2014.

With respect to model validation, data from various sources, such as the unpublished
experimental efforts carried out at DTU Smart Road, the APT facility at UTA, and
the test areas in Switzerland, could be used to reinforce the validation of GRIDPAVE.
In this context, Ramboll’s Raptor surface measurements and deployable surface sensor
readings (e.g., from accelerometers, tiltmeters, and LVDTs) could be used to confirm
that the AGR effect is marginal on pavement deflections while simultaneously showing
that the AGR reduces horizontal strains inside the AC. Investigating the reinforcement
effect under lower AC temperatures and faster loading speeds could also provide valuable
insights into the AGR model-component. Given that data has already been collected
under various load configurations, grid locations, load speeds, temperature conditions, and
pavement structural compositions (see Subsection 3.3), this can be leveraged for future
model validation efforts.

Another research aspect should be to validate the FL model-component for modeling
cracked/damaged layers. This requires building a new full-scale pavement system that
includes either cracked AC layers or paving blocks. Here, the model could serve as a
guideline for designing such experimental setups. Moreover, full-scale tests involving rein-
forcing geosynthetic products buried in deeper soil layers (such as geogrids) could also be
designed and analyzed using GRIDPAVE, and the measurements could be used to validate
GRIDPAVE’s applicability to such cases.

Other aspects for future investigations concern the assessment of model inputs associated
with the AGR model-component. A practical laboratory setup to characterize the ZoI
thickness and the κ-factor is necessary to improve the model’s usefulness. This setup could
also be used to examine the influence of the EAS-NMAS ratio on κ. Moreover, interface
bonding conditions could be examined at full-scale by installing LVDTs inside core-drilled
holes and monitoring diameter changes just above and below interfaces (inspired by the
LVDT setup at UTA or in Skar et al. 2020c). This information could help examine
any interconnection between the two horizontal stiffness inputs associated with the AGR
(i.e., in relation to the BMs discussed in Paper iv). Additionally, testing more cores in the
laboratory for statistical significance or for different EAS-NMAS ratios could provide more
comprehensive insight into the AGR’s influence on interface bonding conditions. Overall,
these contributions should enhance the model’s potential for practical applications as they
(most likely) will improve the understanding of model inputs associated with AGR.
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4.5 Study contributions
The present dissertation successfully addresses the two study objectives (O1) and (O2).
(O1) was met by providing an analytic tool (in the form of GRIDPAVE), which can
enable engineers, consultants, and contractors to prescribe an AGR alternative within
asphalt pavements. In addition, manufacturers can use the tool to improve existing AGR
products, as well as develop new/future products. GRIDPAVE integrates all pertinent
effects of AGR in one single mechanistic framework, representing the first model of its
kind to comprehensively address this issue.

Furthermore, this PhD study addressed (O2) by providing considerable insight into the
research field dealing with AGR, highlighting the reinforcement effects from a modeling
perspective. The findings have confirmed some beneficial aspects of AGR on pavement
performance related to fatigue cracking and rutting distresses. Moreover, the study has
revealed that the presence of AGR can have a marginal effect on surface deflections, which
is crucial knowledge with respect to surface testing. These findings warn that AGR effects
might not always be detectable using surface testing techniques while still being beneficial.

Finally, the study has collected experimental data that can be used to validate not only
GRIDPAVE but also other pavement modeling tools. In this context, the data provides
a valuable resource for future model development. Ultimately, this dissertation signifi-
cantly advances the knowledge and mechanistic impression of AGR in asphalt pavements,
contributing to the sustainability and longevity of infrastructure systems.
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APPENDIXA
Supplementary details about
experimental test setups
A.1 DTU Smart Road
The following content is intended to provide supplementary details with respect to the
DTU Smart Road and measurement campaigns, for which data is available and can serve
future studies related to the problem at hand. This involves some undisclosed details
about the experimental setup, as well as details from the FWD campaign, the Raptor
campaign, and the campaign with the tank, dumper truck, and VIAFRIK (refer to the
appended Paper iii for all relevant information regarding the HYSTER forklift campaign).

A.1.1 Test setup
DTU Smart road was built during the period of 30th of September 2021 to 7th of October
2021. It is located at Henrik Dams Allé on DTU Campus in Kgs. Lyngby (Denmark).
Each test section is 25 m long (100 m in total) and 7.9 m wide. It comprises two traffic
lanes, one in each direction (where embedded sensors are placed at the lane’s intersection).

The entire pavement construction procedure of the four test sections (refer to Figure 3.16
for a cross-sectional view of the final pavement structure) was done as follows. The existing
pavement system was milled to a depth of 15 cm, i.e. removing about 100 mm of existing
AC and some of the unbound granular material below. The existing UGS was then leveled
with excess asphalt, compacted, and protected by a prime coat of bituminous emulsion.
Next, AGRs were installed on top of the prime-coated UGS in S-1; this was done using
the so-called S&P Asphalt Unroll Equipment (S&P Clever Reinforcement Company AG
2020). Specifically, AGRs were rolled out in 1 m or 2 m wide lanes (25 m long) with a
(transverse) overlap of about 150 mm. In this procedure, the grids are preheated prior
to deployment to melt the bitumen coating for improving adhesion with the underlying
layer. The AGR installation procedure is depicted in Figures A.1(a)-(b). Hereafter ASGs
and PT100s were installed on top of the exposed UGS (in S-0, S-2, and S-3) or the AGR
in S-1 (see Figures A.1(c)-(d)). They were each placed in warm mastic and fixed until
cool down, and the cables were subsequently bundled and led through cable tubes into
a manhole located outside the road. Four manholes with cable tubes were constructed
(prior to the sensor installation), and placed roadside next to each test section. Cables
were then protected with hot mix asphalt (HMA) (manually compacted), and the paver
and asphalt delivery trucks were instructed to only pass where the cables had been covered.
The sensors themselves were exposed until AC paving. The sensor installation procedure
is depicted in Figures A.1(c)-(d). After installing the sensors, a 40 mm layer of AC was
paved, compacted, and covered by a thin layer of tack coat. The procedures were repeated,
where AGRs were placed in S-2, PT100s were installed (one in each test section), and a
70 mm AC lift paved, compacted, and covered with tack coat. Finally, the procedures were
repeated again with AGRs placed in S-3, followed by PT100s installed in each section (as
well as a single longitudinal ASG on top of the grid in S-3), before a final 40 mm AC lift
was paved and compacted. The road was opened for traffic four days later.
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(a) (b)

(c) (d)

Figure A.1: Pictures from the construction procedure at DTU Smart Road: (a) and (b) shows the
installation of AGR using the S&P Asphalt Unroll Equipment, whereas (c) and (d) shows the ASGs
installed in S-1 before/during paving.

The three AC lifts were all made of the same asphalt mix with properties given in Table
A.1 and a gradation curve depicted in Figure A.2. The utilized prime and tack coat was
a SE 50 % Emulsion provided by Sjællands Emulsionsfabrik (in Danish). The prime coat
(on top of the UGS) was applied with a rate of 1000 g/m2, whereas the tack coats (between
AC lifts) were applied at a rate of 350 g/m2.

Table A.1: Asphalt mix properties from
DTU Smart Road.

Properties Value

Bitumen content 5.6%
Air void content 2.2%
Bitumen penetration grade 70/100
NMAS 8 mm

Figure A.2: Asphalt aggregate gradation curve from
DTU Smart Road.
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The UGS was visually classified as GP (poorly-graded gravel-sand mixture with little to
no fines) according to the Unified Soil Classification System (ASTM D2487 2017). The
visual inspection indicated a sandy appearance with about 2% cobbles, and the overall
NMAS was estimated to be 37.5 mm. The UGS thickness was assessed by using the DCP
(also carried out before paving). In each test section, a single DCP test was performed
directly in the section center (i.e., 12.5 m from the section intersections and 4 m from the
road edge). Figure A.3 presents the measured DCP profiles for the four test sections,
down to a depth of about 2 m. Each chart shows the cumulative number of drops along
the abscissa and the rod penetration depth along the ordinate; the penetration depth was
adjusted to start from the AC surface level (after paving). Moreover, the penetration
rates, i.e., penetration depth per drop, are indicated by dashed regression lines. Finally,
the formation level, i.e., the interface between the UGS and the subgrade, is visualized.
The formation level is revealed by the abrupt change in the penetration rate along the
DCP profiles. As can be seen, the formation level was found at a depth of approximately
900 mm in both S-0 and S-1, whereas the formation level in S-2 and S-3 was found at a
depth of approximately 650 mm. Accordingly, the UGS thickness is taken as 750 mm in
S-0 and S-1 and 500 mm in S-2 and S-3 (see Figure 3.16).

Figure A.3: DTU Smart Road: DCP profile in (a) S-0, (b) S-1, (c) S-2, and (d) S-3.

Lastly, it is anticipated that the UGS was directly supported by the local soil in the
region. From a local core report (GEUS 1986), the local soil is estimated to be of fine-
grained overconsolidated inorganic silty sand – classified as SM according to the Unified
Soil Classification System (ASTM D2487 2017).

The utilized AGR product Carbophalt®G 200/200 (S&P Clever Reinforcement Company
AG 2023a) is composed of bitumen-coated strands of carbon fibers arranged in a mesh
with an equal amount of fibers in each direction (see Figure A.4). The associated grid
specifications are listed in Table A.2.
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Figure A.4: Carbophalt®G 200/200.

Table A.2: Carbophalt®G 200/200 properties.

Properties Value

Bitumen coating (per grid area) 200 g/m2

Bitumen penetration grade 30/40
Aperture size 15 mm × 15 mm
Young’s modulus 265,000 MPa
Poisson’s Ratio 0.15
Fiber area 46 mm2/m
Elongation 1.5%
Tensile strength 200 kN/m

The type of ASGs utilized herein was a KM-120-120-H2-11 (Kyowa Electronic Instruments
2022), which are designed for being embedded in Portland Cement Concrete (PCC) or AC
and can operate at a temperature range of −10℃ to +70℃. The type of PT100s was
HSENS/101/B-P0101438 (Elfa Distrelec 2014), which can operate at a temperature range
of −50℃ to +260℃. Cables were collected in separate manholes, which was done to limit
the cable lengths that otherwise (if too long) could disturb the sensor measurements. This
also meant that only one section could be connected to the data acquisition system at a
time. Thus, test sections had to be tested one by one. After the construction phase, it was
discovered that all ASGs survived the paving activities except for ASG2 in S-1 and ASG1
in S-2. This resulted in a ASG-survivability rate of 92%. With respect to the PT100s, all
sensors survived, i.e., resulting in a PT100-survivability rate of 100%.

A.1.2 Measurement campaigns
Several measurement campaigns were carried out at DTU Smart Road. One involved an
FWD, while three others involved different moving vehicle types (refer back to Table 3.7).

FWD test
An FWD test campaign was carried out in March 2022 at DTU Smart Road for subsequent
assessment of pavement layer properties. In each test section, FWD drops were applied in
five location points (see Figure A.5); they were placed along the road center line at 0, ±1,
±3 meters from the section center (in the longitudinal direction). A total of 396 drops
were executed across all four sections, distributed between three load levels, i.e., 60 kN,
80 kN, 100 kN, and two load pulse lengths, i.e., 30 ms and 50 ms. Temperatures at the
pavement surface and in the air were measured during the campaign, ranging from 5-11℃.

(a) (b)

Figure A.5: FWD test campaign: (a) a picture of the FWD test and (b) top view layout of the FWD
drop point.
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Along with the FWD test, ASG measurements were collected; however, the exact load
locations (within a few cm of precision) were not measured. In addition, accelerometer
measurements were collected as part of a different research topic dealing with seismic anal-
ysis. In-pavement temperature measurements were not recorded as the PT100 acquisition
system was not available at this point.

Raptor campaign

A measurement campaign was carried out in September 2022 using Ramboll’s Raptor (see
Figure A.6(a)). The Raptor is equipped with 12 gocators that provide information about
surface displacements below the truck while driving. The Raptor is supported by eight
wheels distributed over three axles as shown in Figure A.6(b). The front axle load was
(about) 60 kN, the middle axle load was 55 kN and the rear axle load was 96 kN. All six
tires were of a similar size/type, characterized by a contact width of 300 mm.

(a) (b)

Figure A.6: (a) Ramboll’s Raptor, and (b) top view illustration of the campaign setup.

ASG measurements were generated by the Raptor passing the array of sensors several
times, first by collecting measurements from S-0 and then from S-1. 12 passes were applied
in total, aimed at two different speeds, i.e., 5 km/h and 40 km/h. Table A.3 provides an
overview of the different passes with respect to aimed speed and detected section. The
driver was instructed to drive with one of the wheel paths as close to the sensor array as
possible. Its lateral positions, which varied from pass to pass, were assessed by the Raptor
gocators. Duct tape patterns (indicated in Figure ) were applied on the surface to generate
a different surface texture, which can be detected by the gocators. Based on this method,
it is possible to determine the lateral wheel positions relative to the embedded ASG, which
has previously been examined in Nielsen 2019s. During each pass, six ASG response traces
were recorded in S-0, and five ASG response traces were recorded in S-1 (no response in
ASG2). All ASG measurements were recorded with a sampling rate of 1200 Hz. PT100
measurements were also recorded at 1 Hz; they indicated a constant temperature of 14 ℃
for all passes, uniformly distributed across the AC thickness.

Table A.3: Number of passes for each section and speeds.

Speed S-0 S-1

5 km/h 2 4
40 km/h 3 3

64 Modeling and Analysis of Pavements with Asphalt Reinforcement



A.1. DTU Smart Road Appendix A. Supplementary details about experimental test setups

An example of response measurements from the longitudinal and transverse ASGs is given
in Figure A.7. Herein (and forward on), positive values represent compressive strains and
negative values represent tensile strains. It can be observed that peaks associated with
the three axle loads can be systematically observed in the ASG readings.

Figure A.7: ASG readings from a pass in S-0 aimed at 40 km/h, where (a) indicates longitudinal strains
and (b) indicates transverse strains.

Additionally, gocator measurements from the Raptor were also recorded during each pass.
The gocator reading provides some Raptor Deflection Indices (RDI), which can be used
to estimate pavement deflections and in backcalculation of pavement layer properties
(Athanasiadis and Zoulis 2019).

Campaign with military tank, dumper truck, and VIAFRIK
A measurement campaign was carried out in October 2022 using three different types
of vehicle loadings, i.e., a military tank, a dumper truck, and the VIAFRIK. The entire
military tank load, 296 kN in total, was supported by seven rollers that rotate on two
continuous tracks – depicted in Figure A.8(a)-(b). The dumper truck, shown in Figure
A.8(c), was supported by six wheels distributed over three axles; the front axle and middle
axle load was about 40 kN each, and the rear axle load was about 85 kN. All six wheels
were equipped with ribbed tires as depicted in Figure A.8(d). Lastly, the VIAFRIK, shown
in Figure A.8(e), was supported by six wheels – two on the front axle and four on the
rear axle. The front axle load was about 70 kN and the rear axle load was about 110 kN.
All six (regular) tires were of a similar size/type, shown in Figure A.8(f), with a contact
width of about 230 mm.

The measurement campaign involved testing all four test sections. Several passes with the
three vehicles were generated in each section, aimed at two different speeds, i.e., 10 km/h
and 30 km/h. Table A.4 provides an overview of the different passes with respect to aimed
speed and detected section. The driver of each vehicle was instructed to drive with one
of the wheel/track paths as close to the sensor array as possible. The lateral vehicle posi-
tions were assessed by GoPro footage (mounted on the vehicle), video footage taken from
roadside, and modeling clay. With respect to the latter, modeling clay was placed on the
pavement surface, and the imprints from the passing vehicles (see Figure A.9) were mea-
sured relative to the sensor array. During each pass, ASG response traces were recorded
with a sampling rate of 1200 Hz (ASG2 in S-1 and ASG1 in S-2 were defective). PT100
measurements were recorded at 1 Hz; they indicated a uniformly distributed temperature
across the AC thickness, varying from 18 ℃ to 22 ℃ from the beginning to the end of the
measurement campaign.
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(a) (b)

(c) (d)

(e) (f)

Figure A.8: Test vehicles: (a) military tank, (b) military tank track, (c) dumper truck, (d) dumper truck
tires, (e) VIAFRIK, and (f) VIAFRIK tires.

Table A.4: Number of passes for each vehicle, section,
and speed.

Vehicle type Speed S-0 S-1 S-2 S-3

Military tank 10 km/h 3 3 3 3
30 km/h 3 3 3 3

Dumper truck 10 km/h 2 2 2 2
30 km/h 2 2 2 2

VIAFRIK 10 km/h 2 2 2 2
30 km/h 2 2 2 2 Figure A.9: Imprint from the military

tack rubber pads using modeling clay.

An example of ASG response measurements, triggered by the military tank, is given in
Figure A.10(a)-(b). Here, the load from each of the seven rollers can be systematically
observed by the peak formations in the ASG readings. In general, the transverse ASG
measured larger tensile strains compared to the longitudinal ASGs. An example of ASG
response measurements, triggered by the dumper truck, is given in Figure A.10(c)-(d).
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Here, the three axle loads can be systematically observed by the three peaks in the ASG
readings. Finally, an example of ASG response measurements, triggered by the dumper
truck, is given in Figure A.10(e)-(f). Here, the two axle loads are also occurs systematically,
indicated the two peak formed in the ASG readings. It should be noted, that it is difficult to
directly compare the strain magnitudes across the different vehicle types. This is because
the vehicle’s speed and lateral positions varied from pass to pass. In order to make such a
comparison, a computational model must be involved in the assessment. For more details
about the measurement campaign, the reader can refer to the MSc’s thesis (Hansen et al.
2023).

Figure A.10: ASG readings during passes in S-0 aimed at 30 km/h: (a) longitudinal strains from the
military tank, (b) transverse strains from the military tank, (c) longitudinal strains from the dumper
truck, (d) transverse strains from the dumper truck, (e) longitudinal strains from the VIAFRIK, and (f)
transverse strains from the VIAFRIK.
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A.2 APT setup in Arlington, Texas
The following content is intended to provide supplementary details about the APT setup
in Arlington (Texas). This involves some undisclosed details about the experimental setup,
as well as details from the measurement campaign with the PTM.

A.2.1 Test setup
The PhD project team was involved in the construction phase during the installation of
the AGR and embedded sensors. The entire pavement construction procedure of the four
main test sections S1, S2, S3, and S4 (refer to Figure 3.20 for a cross-sectional view of the
final pavement structure), as well as the utilized materials, are described as follows:

(i) a existing subgrade surface area was prepared by leveling and compaction;

(ii) pressure cells were hereafter installed on the exposed subgrade surface according
to Figure A.11(a). The type of pressure cells was a Model 3510 Contact Pressure
Cell from Geokon (Geokon 2023), designed for measuring dynamic soil pressures on
structures. The pressure cell cables were led to roadside boxes;

(iii) the UGS was then placed, compacted, and covered by a prime coat of bituminous
emulsion;

(iv) next, AGRs were installed on top of the prime-coated UGS in S1, S3, and S4. The
installation procedure was similar to the description given in Subsection A.1.1, where
AGRs were rolled out on a prime-coated UGS in 2 m wide lanes with a (transverse)
overlap of about 150 mm. Carbophalt®G 200/200 was utilized in sections S1 and S4
(with similar properties given in Table A.2), whereas Glassphalt®G was utilized in
S3. Glassphalt®G is a bitumen-coated grid made of glass fibers and is characterized
by the properties given in Table A.5;

(v) ASGs were hereafter installed on top of the exposed UGS (in S2) or on top of the
AGR (in S1, S3, and S4). They were each placed in fresh HMA (see Figure A.11(b)
before being topped by an additional amount of HMA. The HMA covering the ASGs
was subsequently compacted manually. The type of asphalt ASGs utilized herein
was a PMFLS series Asphalt Mold strain gauge from Tokyo Measuring Instruments
Lab. (Tokyo Measuring Instruments Laboratory 2023);

(vi) grid gauges were also installed directly onto the AGR ribbons. This was done by
locally removing the bitumen coating (around the fibres), and subsequently gluing
strain gauges directly onto the fibres (see Figure A.11(c)). The type of grid gauges
was a KFH-2-120-C1-11L3M3R from Omega (Omega Engineering Limited 2017);

(vii) cables from ASGs and grid gauges were bundled and led into roadside boxes (to-
gether with cables from pressure cells). The cables were subsequently protected by
HMA (similar to DTU Smart Road in Subsection A.1.1). Two roadside boxes were
considered, each grouping all sensors from S1+S2 or S3+S4. By means, S1+S2 or
S3+S4 can be connected to the data acquisition system at the same time;

(viii) AC was then paved in two lifts with an application of tack coat between the two lifts.
It was discovered (after construction) that all pressure cells survived the construction
activities. In S1, one set of transverse and longitudinal ASGs survived, whereas in
S2, only one transverse ASG survived; all grid gauges survived in S2. In S3 and
S4, all ASGs survived; however, only one grid gauge survived in S4. Overall, this
resulted in a survivability rate of 100% for pressure cells, 69% for ASGs, and 78%
for grid gauges; and
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(ix) finally (after construction) the AC surface was exposed to artificial aging. This
involved placing a so-called aging box on top of the tested area, which applies ra-
diation to the asphalt surface. A picture from inside the box is given in Figure
A.11(d). A total of five weeks of artificial aging were applied to all four sections
before subsequent testing.

Table A.5: Glassphalt®G properties.

Properties Value

Bitumen coating (per grid area) 200 g/m2

Bitumen penetration grade 30/40
Aperture size 15 mm × 15 mm
Young’s modulus 73,000 MPa
Poisson’s Ratio 0.15
Fiber area 46 mm2/m
Elongation 3.0%
Tensile strength 120 kN/m

(a) (b)

(c) (d)

Figure A.11: Pictures from the APT test setup at UTA: (a) pressure cell, (b) ASG, (c) grid gauge, and
(d) aging box (inside).

A.2.2 Measurement campaign
In the measurement campaign carried out at S3 and S4, several load cycles were applied
with the PTM. With reference to Figure 3.21, the bogie begins from the right side (of the
green area), then moves to the left side, after which it reverses back to the right side again
during a single load cycle. Table A.6 provides an overview of the number of cycles applied
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at the different speed-temperature combinations.

As part of the measurement campaign, LVDTs and dual-axis tiltmeters were installed
on the pavement surface (after positioning of the PTM). Figure A.12(a)-(b) provides a
picture of the post-installed surface sensors. The LVDTs were installed horizontally inside
a 20 mm deep blind-hold with a 50 mm diameter, oriented in the direction of travel. The
tiltmeters were installed by gluing them to the AC surface using super glue. Here, a wood
block was introduced between the AC and the tiltmeters to avoid the direct application of
super glue to the sensor. The technical specifications for the utilized LVDTs and tiltmeters
are given in Table A.7 and A.8, respectively.

Table A.6: Number of load cycles for different load speeds and AC temperatures.

Speed T = 16℃ T = 27℃

1 km/h 1.5 1.5
2.4 km/h 3 3
4.8 km/h 4 4

(a) (b)

Figure A.12: Surface sensors: (a) LVDT in blind-hole, and (b) tiltmeter.

Table A.7: Technical specifications for
LVDT sensors.

Name GT0500XRA
Manufacturer RDP Electrosense
Type Spring return
Range ±0.5 mm
Linearity error ±0.25%
Sensitivity 110mV/V
Repeatability 0.15µm
Temperature coeff. ±0.01%/℃ (typical)
Signal conditioner Metrolog SD20
Resolution 1µm
Sampling rate ∼250 Hz

Table A.8: Technical specifications for tiltmeter
sensors.

Name TILT-57A
Manufacturer CTi Sensors
Type MEMS
Range Pitch: ±90°, Roll:±180°
Zero offset error <±0.02° (@20 °C)
Static accuracy < 0.03° (Typical)
Dynamic accuracy < 0.5° (Typical)
Temperature coeff. ±0.002°/°C (typical)
Noise 0.001°/√Hz
Angular resolution < 0.003°
Sampling rate 2000 Hz

An example of response measurements from all embedded sensors and surface sensors
during one load cycle is given in Figure A.13. The responses were recorded during a load
speed of V = 2.4 km/h, a uniform AC temperature of 16 ℃, and zero lateral wander.
Figure A.13(a) represents all asphalt ASG measurements in the longitudinal direction (as
a function of time), Figure A.13(b) represents all measurements from transverse asphalt
ASG and a single grid gauge (only one working), Figure A.13(c) represents readings from
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the pressure cells, Figure A.13(d) represents the LVDT readings, and A.13(e)-(f) represents
the tiltmeter readings around the x-axis and the y-axis, respectively. As can be seen across
all subfigures, the bogie triggers a response twice during a single load cycle as it moves
from right to left and then back to right (with respect to Figure 3.21).

Figure A.13: Sensor measurements from S3 and S4 during one load cycle with a speed of 2.4 km/h and
at T = 15.6℃: (a) longitudinal ASGs (L), (b) transverse ASGs (T) and a singe grid gauge (G2), (c)
pressure cells (P), (d) LVDTs, (e) tiltmeter around the longitudinal direction, and (f) tiltmeter around the
transverse direction.

A.3 Test areas in Switzerland
The following content is intended to provide supplementary details about the two test areas
in Switzerland. This involves some undisclosed details about the experimental setups, as
well as details from the measurement campaigns carried in La Ferrière and Neuchâtel.
The PhD project team was not involved in the construction phase of the two test sections
near La Ferrière and in Neuchâtel. However, they were invited to lead a measurement
campaign in each test area in the early stage of the PhD project.
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A.3.1 Test setup in La Ferrière
The entire test area near La Ferrière considers the cantonal road RC-18 in the municipal-
ities of La Ferrière. It consists of two lanes of opposite directions, each with a width of
3.65 m. The test area is divided into three sections – section (C) including Carbophalt®G
200/200 grids, section (G) installed with Glasphalt®G grids, and section (R) without
AGR. Both AGR products were provided by S&P, with properties given in Tables A.2
and A.5. The two reinforced sections have a length of 50m each and are separated by the
reference section of 13m in length.

All sections were built as part of a reconstruction of an existing live road. Specifically,
120 mm of the existing AC was milled and repaved with a new support layer and a new
wearing course (see Figure 3.24). The three AC layers were of different mix types described
as follows: the existing AC was an AC 0/16, the new support layer was an AC T 22 N,
and the wearing course was an AC 11 N, PmB Styrelf C85 with S-type aggregates. A
tack coat was applied to the milled surface one day before repaving. In both reinforced
sections, the AGRs were only installed in one of the lanes, in the direction toward La
Cibourg train station. They were installed on top of the milled surface before overlay
(and after tack coat). The grids were rolled out in 2 m wide lanes with an approximate
overlap of 100-150 mm, with a similar procedure as in Subsection A.1.1. The entire AC
structure was supported by an unbound granular base layer with an approximate thickness
of 400 mm (varying ±30mm). The layer thickness was provided by a single DCP test for
each test section. An additional soil layer was identified, sandwiched between the granular
base layer and the local bedrock; the additional soil varied in thickness between sections
ranging from 400 mm to 700 mm. The materials of the existing sublayers (i.e., the granular
base, soil, and bedrock) were not identified.

ASGs and PT100s were installed in all test sections. In each section, they were arranged
in a line along the traveling direction with a spacing of 2.5 m. The sensor line is placed
2.95 m from the road edge. In addition, a single PT100 was placed in each section at
the same level as the ASGs. In total, 18 ASGs and three PT100s were installed at the
test site. The ASG and PT100 types, as well as their respective installation procedures
(including protection of cables), were similar to those utilized at DTU Smart Road (see
Subsection A.1.1). Sensor cables from all three sections were collected and led into a single
roadside manhole. By means, all sections can be connected to the data acquisition system
simultaneously; however, sensor cables were more that 25 m long, which can influence the
sensor accuracy. After construction, it was discovered that all ASGs and PT100s survived
the paving activities, except for two ASGs in section G. This resulted in a survivability
rate of 89% for ASGs and 100% for PT100s.

A.3.2 Test setup in Neuchâtel
The test section considers a road of four lanes (two in each direction). In each direction,
the road is divided into a bus lane and a normal lane. The bus lane has a width of 4.20m,
whereas the normal lane has a width of 3.95m. The bus lane in the direction from west to
east constitutes the tested area. It consists of three sections – one section (C) including
Carbophalt®G 200/200 grids, one section (G) installed with Glasphalt®G grids, and one
section (R) without AGR. Both AGR products were provided by S&P, with properties
given in Tables A.2 and A.5. The two reinforced sections have a length of 20m each and
are separated by section R of 15 m in length.

All sections were built as part of a full-depth reconstruction of the existing live road.
Specifically, it was repaved by two lifts of AC base, two lifts of supporting AC, and a
wearing course (see Figure 3.27). The AC layer types were of different mixes, with the
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following information provided: the AC base and support layer was an AC-EME C2, and
the wearing course was an AC-MR. In both reinforced sections, the AGRs were installed
on top of the upper AC base before the bottom AC support lift (after tack coat). The grids
were rolled out in 1 m and 2 m wide lanes with an approximate overlap of 150-200 mm, with
a similar procedure as in Subsection A.1.1. The lower layer composition was unknown.

ASGs and PT100s were installed in all test sections. In each section, they were arranged
in a line along the traveling direction with a spacing of 2.5 m. The sensor line is placed
1.2 m from the road edge. In addition, a single PT100 was placed in each section at
the same level as the ASGs. In total, 18 ASGs and three PT100s were installed at the
test site. The ASG and PT100 types, as well as their respective installation procedures
(including protection of cables), were similar to those utilized at DTU Smart Road (see
Subsection A.1.1). Sensor cables from all three sections were collected and led into a single
roadside manhole. By means, all sections can be connected to the data acquisition system
simultaneously. After construction, it was discovered that all ASGs and PT100s survived
the paving activities, except for two ASGs in section G. This resulted in a survivability
rate of 89% for ASGs and 100% for PT100s.

A.3.3 Measurement campaign in La Ferrière
A measurement campaign was carried out on the 24th of August 2020 at the test area near
La Ferrière. The campaign involved a heavy two-axle truck (see Figure 3.29(a)), equipped
with a water tank with an adjustable load level. During testing, the water tank was filled
at three different levels, i.e., empty, half-full, and full, and the corresponding axle loads are
given in Table A.9. The load configuration of the truck comprised six wheels distributed
over two axles as indicated in Figure A.14. Front tire contact widths were about 270 mm,
whereas rear tire contact widths were about 240 mm.

Table A.9: Axle load levels of the truck
used in La Ferrière.

Level Axle Load [kN] Total [ton]

Full Front 73 16.5Rear 92

Half Front 68 15.5Rear 87

Empty Front 64 13.7Rear 73
Figure A.14: Top view illustration of the truckload
arrangement used in La Ferrière.

ASG measurements were generated by the two-axle truck passing the array of sensors,
starting from section C and ending in section G. During each pass, the truck driver was
instructed to maintain a certain speed and lateral position relative to the embedded sensor
configuration. The truck’s position was adjusted to achieve three different targeted offsets:
(1) aligning the front-left wheel path with the embedded sensor line (0 mm), (2) shifting
the wheel path 250 mm relative to the sensor line, and (3) shifting the wheel path 500
mm relative to the sensor line. Orientation lines were drawn on the asphalt to guide the
driver (see Figure A.15(a)). Table A.10 provides an overview of the different passes with
respect to aimed speeds, targeted offsets, and load levels. 57 passes were applied in total
over all three test sections.

To capture the exact load location relative to the sensors (which varied from pass to
pass), a distance laser sensor was utilized. The distance laser was placed on a tripod at
the roadside (400 mm from the road edge), pointing transversely toward the other side of
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(a) (b)

Figure A.15: La Ferrière: (a) orientation lines, and (b) distance laser sensor.

Table A.10: Number of passes at different load speeds and AC temperatures at La Ferrière.

Load level Position Speed [km/h] Repetitions

Full
(1) 10, 20, 30, 40, 50, 60, 70 3
(2) 40 3
(3) 40 3

Half
(1) 20, 40, 60 3
(2) 40 3
(3) 40 3

Empty
(1) 20, 40, 60 3
(2) 40 3
(3) 40 3

the road (see Figure A.15(b)). When the truck passes, the sensor measures the distance
to the body of the truck, which can later be used to assess the lateral offset. The distance
to the edge of tire number 3 was measured to be approximately 70 mm, which must be
added to the laser readings. The distance laser was first located outside Section C, and
was later moved to Section R. In addition, a video camera was fixed at the end of section
G to capture the lateral offset. Yellow tape with markings for every 100 mm was fixed to
the pavement surface at the end of the test section to indicate the lateral position during
subsequent video assessment.

As part of the measurement campaign, accelerometers and dual-axis tiltmeters were in-
stalled on the pavement surface near the road egde. Figure A.16(a)-(b) provides a picture
of the post-installed surface sensors. The accelerometers were fixed to screws that were
drilled into the asphalt surface. Tiltmeters were fixed to a wood block that was glued
to the surface (similar to Subsection A.2.2). The technical specifications for the utilized
accelerometers and tiltmeters are given in Tables A.11 and A.8, respectively. A total of
four accelerometers and two tiltmeters were fixed to the pavement; they were first placed
in Section C and later replaced in Section R. In each of the two sections, two sensor
arrangements were considered to protect the surface sensors from being run over by the
truck during certain targeted lateral offsets. The two sensor arrangements are illustrated
in Figure A.17. The left-side arrangement was used for lateral offsets targeted at 0 mm
relative to the sensor line, whereas the right-side arrangement was used for lateral offsets
aimed at 250 mm. For lateral offsets aimed at 500 mm, the entire surface sensor setup was
removed. The surface sensor configuration was placed in Section C during full water tank
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loadings, and moved to Section R during half-full water tank loadings.

(a) (b)

Figure A.16: Surface sensors in La Ferrière: (a) accelerometer and (b) tiltmeter.

Table A.11: Technical specifications for accelerometer sensors.

Name KB12VD
Manufacturer Metra Mess- und Frequenztechnik (MMF)
Type Piezoelectric
Range ±0.6 g
Linearity frequency range 0.08 to 260 Hz
Sensitivity 10000mV/g
Residual noise 1µg (0.5 to 300 Hz)
Sampling rate ∼96,000 Hz

(a) (b)

Figure A.17: Surface sensor array at La Ferrière for two lateral positions in section C: (a) position (1),
and (b) position (2).

An example of sensor measurements from a single pass in section C for a full load level, a
speed aimed at 60 km/h, and a targeted offset of 0 mm is given in Figure A.18. The AC
temperature was 19 ℃ during this truck pass. Figure A.18(a) represents all ASG measure-
ments in the longitudinal direction (as a function of time), Figure A.18(b) represents all
measurements from transverse asphalt ASG, Figure A.18(c) represents the accelerometer
readings, and Figure A.18(d)-(e) represents the tiltmeter readings around the x-axis and
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the y-axis, respectively. As can be seen across all subfigures, the silhouette of the passing
truck can be systematically observed by the formed signal peaks, which are associated
with its two axle loads.

Figure A.18: Sensor measurements from La Ferrière during a fully loaded truck passage with a speed of
60 km/h, and an offset of 0 mm: (a) longitudinal ASG (L), (b) transverse ASG (T), (c) tiltmeter around
x, (d) tiltmeter around y, and (e) accelerometer.

A.3.4 Measurement campaign in Neuchâtel

A measurement campaign was carried out on 27th of August 2020 at the test area in
Neuchâtel city. The campaign involved a heavy four-axle truck (see Figure 3.29(b)),
equipped with a water tank with an adjustable load level. During testing, the water tank
was filled at two different levels, i.e., empty and full. The corresponding axle loads are
given in Table A.12. The load configuration of the truck comprised ten wheels distributed
over four axles as indicated in Figure A.19. All tire contact widths were about 270 mm.
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Table A.12: Axle load levels of the truck
used in Neuchâtel.

Level Axle Load [kN] Total [ton]

Full

A1 53

35.2A2 73
A3 145
A4 82

Empty

A1 57

23.5A2 69
A3 65
A4 45 Figure A.19: Top view illustration of the load ar-

rangement of the truck used in Neuchâtel.

ASG measurements were generated by the four-axle truck passing the array of sensors,
starting from section C and ending in section G. During each pass, the truck driver was
instructed to drive the truck at a certain speed and as close as possible to the sensor
line. Since the test sections were affected by construction works, there was no space for
changing the lateral position of the truck. Furthermore, to avoid conflicting with traffic
in the adjacent road lanes, the target lateral truck position, i.e. the distance from tire 1
to the sensor line was 250 mm. A orientation line were drawn on the asphalt to guide the
driver (see Figure A.20(a)). Table A.13 provides an overview of the different passes with
respect to aimed speeds and load levels. 24 passes were applied in total over all three test
sections.

(a) (b)

Figure A.20: Neuchâtel: (a) orientation lines, and (b) distance laser sensor.

Table A.13: Number of passes at different load speeds and AC temperatures in Neuchâtel.

Load level Speed [km/h] Repetitions

Full 10, 20, 30, 40 3
Empty 10, 20, 30, 40 3

To capture the exact load location relative to the sensors (which varied from pass to pass),
a distance laser sensor was utilized (similar to the test in La Ferrière). The distance laser
was placed on a tripod at the roadside (750 mm from the road edge) – see Figure A.20(b).
The distance laser was located outside Section R during the entire campaign. In addition,
a video camera was fixed at the end of section G to capture the lateral offset by video
assessment (similar to the test in La Ferrière).
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An example of all sensor measurements during a single pass at the ”full” load level and a
speed aimed at 40 km/h is given in Figure A.21. The AC temperature was 25 ℃ during this
truck pass. Figure A.21(a) represents all asphalt ASG measurements in the longitudinal
direction (as a function of time) and Figure A.21(b) represents all measurements from
transverse asphalt ASG. As can be seen across all subfigures, the silhouette of the passing
truck can be systematically observed by the formed signal peaks, which are associated
with its four axle loads.

Figure A.21: ASG measurements from Neuchâtel during a fully loaded truck passage with a speed of
40 km/h: (a) longitudinal ASG (L), and (b) transverse ASG (T).
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ABSTRACT: This paper presented an analytic investigation of pavement systems subjected 
to mill-and-overlay treatments - including grid reinforcement in-between the new asphalt con-
crete (AC) overlay and the underlying (existing) cracked and aged AC. The investigation was 
based on an updated version of the classic layered elastic theory capable of handling 
a fragmented layer. Such a layer mechanically replicates a multi-cracked AC offering consider-
able vertical stiffness alongside low bending rigidity. A thin high-modulus layer represented 
the reinforcing grid, fully bonded to the abutting AC layers. Three mill-and-overlay cases and 
an additional reference case were investigated for a pavement system under the loading of 
a dual-tire configuration. The cases differed by the milling depth (thin, medium, and thick), 
and by the inclusion or exclusion of a reinforcing grid. Key responses in the structure and sub-
grade, commonly associated with different pavement distress, were calculated and compared 
across the different cases. The analysis suggests that a reinforcing grid can potentially reduce 
bottom-up cracking and permanent deformation within the AC overlay for the medium and 
thick mill-and-overlay cases. For the thin mill-and-overlay case, the analysis suggests that top-
down cracking is the expected distress mechanism. In this context, the inclusion of 
a reinforcing grid seemed to be ineffective. Finally, it is found that adding reinforcement to 
any of the mill-and-overlay cases produces only a marginal effect on key responses linked to 
the development of permanent deformation deeper in the structure and subgrade. 

Keywords: Pavement analysis, mill-and-overlay, reinforcement, layered elastic theory, frag-
mented layer formulation 

INTRODUCTION 

Pavement systems serve as the economic and social foundation of every country, with 
asphalt pavements being the most common type (EAPA and NAPA 2011). These systems 
continually deteriorate under traffic loadings in combination with weather effects and 
therefore require regular maintenance. With the increase in traffic loadings (e.g., heavier 
trucks, platooning), and with climate change effects (i.e., more extreme weather situ-
ations, sea rise, prolonged rain periods, higher moisture contents in the unbound layers), 
maintenance activities often prioritise the improvement of load-carrying capacity (i.e., the 
time until major repair work is needed) – and not just damage repair and return to pris-
tine conditions. One common maintenance treatment in asphalt pavements is mill-and-
overlay (Correia and Bueno 2011). This treatment applies to the full-width of the pave-
ment or the full-width of a lane, and consists of partial-depth milling of the existing – 
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aged and damaged – asphalt concrete (AC), and then repaving with new AC. When the 
paved thickness has (nominally) the same thickness as the milled depth, the original load 
carrying capacity may be approached; when the paved thickness is larger, the overall 
structural thickness is increased, and the pavement’s load-carrying capacity may be 
improved. Mill-and-overlay is also often employed to address functional distress, such as 
poor skid resistance and excessive unevenness. 
After a mill-and-overlay, pavement systems consist of new AC that is supported by an aged 

and damaged AC layer. From a mechanistic standpoint, an aged and damaged AC layer – 
especially if severely cracked – exhibits little bending rigidity and therefore sub-optimal sup-
port to the new overlay. A possible approach to tackle this situation is to introduce grid 
reinforcement at the interface between the existing (aged) AC and the new overlay. Asphalt 
grid reinforcements are commonly made of carbon-, glass-, or polymer-fibres which are geo-
metrically arranged in a thin bituminous-coated mesh, and thus offer high in-plane stiffness 
and tensile strength (Zofka et al. 2017). 
The engineering analysis of asphalt pavement systems is currently based on layered elastic 

theory (LET), wherein each layer is considered a continuum. When it comes to including the 
effects of densely cracked AC layers in LET, it is a common approach to assign them reduced 
elastic properties (Mamlouk et al. 1990; Baltzer et al. 2017), even though AC stiffens with age 
(Bell et al. 1994; Harvey and Tsai 1997; NASEM 2007; Baek et al. 2012). Such approach ori-
ginates from continuum damage mechanics, where properties are degraded isotropically to 
represent randomly oriented cracks (Lemaitre and Desmorat 2005). Due to the nature of traf-
fic loadings, in combination with environmental effects, cracking in AC has a preferred verti-
cal orientation – with layers gradually transforming under service into a fragmented state, 
e.g., alligator cracking and block cracking. Thus, from a mechanistic standpoint, the isotropic 
modulus reduction approach results in under-estimation of the vertical rigidity and over-
estimation of the bending rigidity. 
To address this shortcoming, Levenberg and Skar (2020) recently proposed an analytic for-

mulation (validated against finite element solutions) for a fragmented layer (FL) that can be 
incorporated into LET. The idea is to model the FL as a Winkler spring-bed with Pasternak-
type shear layer(s) for introducing some interaction between the Winkler springs. The spring-
bed stiffness, characterised by k, represents the vertical rigidity of the FL; the Pasternak layer-
(s), characterised by G, produce some bending rigidity for the FL. An additional horizontal 
spring-bed, characterised by kh, is included in the FL model to represent the ability to transfer 
parallel-oriented (horizontal) shear stresses. 
As for analysing the effects of grid-reinforcement, there is currently no accepted engineering 

approach. Models based on the Finite Element Method (e.g., Taherkhani and Jalali, 2017), 
are computationally expensive and mandate a large number of input parameters. Such an 
approach is unlikely to gain acceptance among practitioners. Nielsen et al. (2020) proposed to 
treat a reinforcing grid as a thin layer within the LET framework, characterised by: (i) 
Young’s modulus, (ii) Poisson’s Ratio, (iii) an effective thickness, and (iv) conditions of bond-
ing with the adjoining AC layers. From this simple consideration, representing a grid 
reinforcement could be achieved by relatively few input parameters, without adding extra 
computational demand to the framework. 
The objective of the current work is to analyse and generate initial intuition on the expected 

effects of installing an interlayer reinforcing grid as part of a mill-and-overlay maintenance 
treatment. This is pursued synthetically (i.e. utilizing a computational model and not measure-
ments from the field), by considering a layered elastic system representing a traditional asphalt 
pavement consisting of AC layer, unbound granular base layer, and soil subgrade. A FL is 
employed to describe an existing (damaged and aged) AC after milling, and a thin high-
modulus layer is employed to represent the grid-reinforcement. The paper investigates several 
cases for a dual-tire assembly loading that differ by the milling depth and by the inclusion or 
exclusion of an interlayer grid reinforcement. In each case, key responses commonly linked to 
performance in pavement design are calculated and presented in contour plots; response peaks 
are subsequently identified and compared. A summary of findings and a short discussion are 
offered at the end. 
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2 CASES FOR ANALYSIS 

Consider a three-layered pavement system with a 150 mm thick aged and cracked AC layer. 
This layer rests on an unbound granular base and subbase with a combined thickness of 
500 mm. The structure is supported by a subgrade soil extending to a large depth. This pave-
ment is maintained by a mill-and-overlay treatment considering four cases which differ by the 
milling depth and overlay thickness – see Figure 1. Common to all cases is that the milling 
depth is equal to the overlay thickness, i.e., returning to the original surface elevation. In Case 
(a) 30 mm are milled and repaved, in Case (b) 60 mm are milled and repaved, in Case (c) 
90 mm are milled and repaved, and in Case (d) the entire aged AC thickness of 150 mm is 
milled and repaved. 

Figure 1. Cross-sectional view of four pavements for model analysis: (a) 30 mm mill-and-overlay, (b) 
60 mm mill-and-overlay, (c) 90 mm mill-and-overlay, and (d) 150 mm mill-and-overlay. 

The pavements in Figure 1 are modelled within the LET framework. A Cartesian coordinate 
system is considered with its origin located at the surface, and the z-axis is oriented towards the 
subgrade. The model layers are parallel to the x-y plane and extend to infinity. The top layer, 
representing the AC overlay, has a modulus of E1 = 3000  MPa  and  Poisson’s Ratio  ν1 = 0.30. 
Any existing (aged) AC is treated as a FL with a Winkler spring-bed stiffness (k) that  is equal  to  
a modulus of Efl = 5000 MPa divided by the FL thickness hfl, a horizontal spring-bed stiffness 
kh of infinity, and a Pasternak layer providing zero resistance to shear deformation (i.e., G = 0).  
The latter assumption corresponds to a densely cracked AC layer with fragments that do not 
interact. The choice of 5000 MPa to represent an aged AC modulus (and not 3000 MPa as done 
for the AC overlay) aims to embody age stiffening. The unbound granular materials are repre-
sented by a single layer, with a modulus of E3 = 300  MPa  and  a  Poisson’s Ratio  ν3 = 0.35.  The  
subgrade soil is treated as a semi-infinite medium with E4 = 50 MPa and ν4 = 0.40.  
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As can be seen in Figure 1, a thin layer representing grid-reinforcement is included for the 
first three mill-and-overlay cases. This layer resides in-between the top layer and the FL and is 
assumed to be fully bonded to both. The properties of this layer are directly based on an exist-
ing grid product – S&P Carbophalt® G 200/200 (S&P 2020). This grid consists of carbon 
fibres characterised by a modulus of 265 GPa and Poisson’s Ratio of 0.15. The carbon 
fibres are arranged in square openings, 15 mm × 15 mm in size, with an average cross-
sectional area per unit width of the grid of about 50 mm2/m. Thus, the grid character-
istics  are smeared based on the volume of  fibres  per unit area to correspond to an  
layer thickness of h2 = 0.05 mm, modulus of E2 = 265,000 MPa, and Poisson’s Ratio  
ν2 = 0.15. In actuality, the grid is almost 1 mm thick because of a bituminous material 
that coats the fibres. This coating contributes to the bonding with the adjacent AC 
layers; its contribution to the elastic properties and tensile strength of the grid is con-
sidered negligible. 
Finally, as shown in Figure 1, all four cases are loaded by two circular areas represent-

ing the tire-pavement contact due to a dual-tire assembly. The centres of the circles are 
located along the y-axis, on each side of the coordinate origin with equal offset. The 
centre-to-centre spacing is 350 mm, and the diameter is 230 mm. Both areas are uniformly 
loaded by vertical stress with an intensity of 0.7 MPa. The above-described characteristics 
are based on the Danish pavement design guidelines for a standard single-axle load of 
120 kN (Baltzer et al. 2017). 

ANALYSIS AND RESULTS 

In this section, the first three mill-and-overlay cases in Figures 1a–1c are analysed. The ana-
lysis is repeated twice – without and with the inclusion of grid reinforcement. Because Case 
(d) consists of full removal and repaving of the AC layer, it serves as a reference. Assuming 
that damage and ageing effects are only confined to the AC layer, Case (d) also represents the 
pristine mechanical condition of the pavement system. Ultimately, the reinforced cases, unre-
inforced cases, along with the reference case amount to a total of seven different pavement 
systems. Calculations were done utilising the LET code ALVA (Skar and Andersen 2020; 
Skar et al. 2020) that was extended to include the FL formulation from Levenberg and Skar 
(2020). ALVA is an open-source LET kernel code based on the numerical computing package 
MATLAB. Soil mechanics sign convention is followed, wherein compressive stresses and 
strains are positive. 
Four key responses are investigated, namely: (i) horizontal strain oriented along the 

axle direction in the AC overlay εy; (ii) von Mises stress in the AC overlay  vm; (iii) 
vertical stress in the aggregate base layer  b; and (iv) vertical stress in the upper 500 mmz 
of the subgrade  sg. The choice to focus on these responses is related to their correlation z 
with cracking and rutting distresses. Specifically, horizontal tensile strains in the AC are 
closely associated with crack initiation. The von Mises stress in the AC, and the inten-
sity of vertical compressive stresses in the unbound layers and subgrade soil, are all 
linked to the accumulation of permanent deformation in these materials (Oeser and 
Möller 2004; Baltzer et al. 2017). 
The analysis commenced with a graphical investigation of key response distributions. This 

was done in the y-z plane for x = 0 and for  y in the range of ± 600 mm (z is variable). In this 
context, Figures 2 and 3 present colour-coded contour plots for Case (a) and Case (c) 
respectively (see Figure 1); these represent a thin overlay situation and a thick overlay situ-
ation. Each figure includes four pairs of heat maps, each representing a different key 
response – one for an unreinforced pavement system (left-hand side) and another for 
a reinforced pavement system (right-hand side). Peak values of key responses for all four 
cases are included in Table 1. Note that the colour-coding differs in-between heat map pairs 
as well as in-between the two figures. To prepare the plots, calculations were performed over 
a 2 mm × 2 mm grid in the y-z plane. 
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Figure 2. Distributions of the sought key responses in Case (a) of Figure 1: (a) horizontal strain in AC 
overlay, (b) Von Mises stress in AC overlay, (c) vertical stress in the aggregate base layer, and (d) vertical 
stress in the subgrade. 

Figure 2a presents contour plots of the horizontal strain in y-direction within the thin AC 
overlay, i.e., for the range of z = 0 to  z = 30 mm. In both plots, it can be observed that under 
the two loading areas, compressive horizontal strains occur at the AC surface while tensile 
strains occur at the AC bottom. Outside the loading areas, the strain changes sign from com-
pression to tension at the top, and from tension to compression at the bottom. The peak ten-
sile strain is located in-between the two loading areas. While the two contour plots appear 
visually similar, the introduction of reinforcement causes a slight reduction in the compressive 
and tensile strain magnitudes at the bottom of the AC overlay, and a slight increase of strains 
at the AC surface. Figure 2b presents contour plots of the von Mises stress within the thin AC 
overlay. In both plots, it can be observed that two peak stress values occur at the top and 
bottom – directly under and in-between the two loading areas. Visually, the stress peaks are of 
slightly larger magnitude at the top. The reinforcement appears to generate a reduction in the 
von Mises stress at the bottom and a slight increase at the top (compared to the unreinforced 
situation). Figure 2c presents contour plots of the vertical stress in the aggregate base layer 
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within the range of z = 150 mm to z = 650 mm. In both plots, it can be seen that stresses are 
only compressive (positive) with two peaks occurring at the surface – directly under the two 
loading areas. Visually, the stress distributions appear similar for both the unreinforced and 
reinforced situations. Lastly, Figure 2d presents contour plots of the vertical stress within the 
subgrade for the depth range z = 650 mm (i.e., formation level) to z = 1150 mm. In both plots, 
it can be observed that stresses are only compressive with one peak located at the subgrade 
surface in-between the two loading areas. Visually, the unreinforced and reinforced situations 
appear identical. 

Figure 3. Distributions of the sought key responses in Case (c) of Figure 1: (a) horizontal strain in AC 
overlay, (b) Von Mises stress in AC overlay, (c) vertical stress in aggregate base layer, and (d) vertical 
stress in subgrade. 

Figure 3a presents contours plots of the horizontal strain in the y-direction within the thick AC 
overlay, i.e., for the range of z = 0 to  z = 90 mm. In both plots, it can be observed that under the 
two loading areas, compressive horizontal strains occur at the AC surface while tensile strains 
occur at the AC bottom. Outside the loading areas, the strain changes sign from compression to 
tension at the top, and from tension to compression at the bottom. Two peak tensile strains are 
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identified, each located under one of the two loading areas at the AC bottom. While the two con-
tour plots appear visually similar, the introduction of reinforcement causes a slight reduction in 
the compressive and tensile strain magnitudes at the bottom of the AC overlay, and a slight 
increase of strains at the AC surface. Figure 3b presents contour plots of the von Mises stress 
within the thick AC overlay. In both plots, it can be observed that two peak stress values occur at 
the bottom – under the two loading areas. The reinforcement appears to generate a reduction in 
the peak von Mises stress (compared to the unreinforced situation). Figure 3c presents contour 
plots of the vertical stress in the aggregate base layer within the range of z = 150 mm to 
z = 650 mm. In both plots, it can be seen that stresses are only compressive (positive) with two 
peaks occurring at the base’s surface  – under the two loading areas. Visually, the stress distribu-
tions appear similar for both the unreinforced and reinforced situations. Lastly, Figure 3d presents 
contour plots of the vertical stress within the subgrade for the depth range z = 650 mm (i.e., forma-
tion level) to z = 1150 mm. In both plots, it can be observed that stresses are only compressive 
with one peak located at the subgrade surface in-between the two loading areas. Visually, the unre-
inforced and reinforced situations appear identical. 
Contrasting the contour plots of Figure 2 and Figure 3 (i.e., thin overlay vs. thick overlay), 

several observations can be made. First, concerning the horizontal tensile strain in the AC 
layer: in the thin overlay case (Figure 2a) the peak value is located at the surface, in-between 
the two loading areas (for both situations without and with reinforcement); in the thick over-
lay case (Figure 3a) there are two peaks, both located at the bottom of the AC, each under 
a loading area (for both situations without and with reinforcement). Second, concerning the 
von Mises stresses in the AC layer: in the thin overlay case (Figure 2b) there are two peaks, 
each located at the surface under a loading area (for both situations without and with 
reinforcement); in the thick overlay case (Figure 3b), there are also two peaks – however, they 
are both located at the bottom – each under a loading area (for both situations without and 
with reinforcement). Third, concerning the vertical stresses in the aggregate base layer: in the 
thin overlay case (Figure 2c) the stress fields at the base surface are highly concentrated under 
each of the loading areas (for both situations without and with reinforcement); in the thick 
overlay case (Figure 3c) the stress fields at the base surface are more smeared in-between the 
loading areas (for both situations without and with reinforcement). Lastly, concerning the ver-
tical stresses at the top of subgrade; stress fields appear similar when contrasting the thin over-
lay case (Figure 2d) against the thick overlay case (Figure 3d), regardless of the inclusion or 
exclusion of reinforcement. 
The next analysis step utilised the contour plots in Figures 2 and 3, as well as contour plots 

for Cases (b) and (d) (which are not presented) to identify response peaks across the different 
mill-and-overlay cases in Figure 1 (with and without reinforcement). The results are summar-
ised in Table 1 for a total of seven situations. The considered peaks are: (i) horizontal tensile 
(negative) strain in AC overlay εy;min, (ii) von Mises stress in AC overlay  vm;max, (iii) vertical 
stress in the aggregate base layer  b , and (iv) vertical stress in the subgrade  sg .z;max z;max 

Table 1. Peak values of key responses for all four cases in Figure 1 without reinforcement (w/o) and 
with reinforcement (w). 

Case (a) Case (b) Case (c) Case (d) 

w/o w w/o w w/o w w/o 

εy;min ½μm=m 
 vm;max [MPa] 
 b [MPa]z;max 
 sg [kPA]z;max 

-355 
1.51 
0.66 
31.7 

-364 
1.58 
0.65 
31.5 

-260 
1.49 
0.43 
27.7 

-222 
1.31 
0.42 
27.7 

-206 
1.24 
0.30 
24.3 

-181 
1.11 
0.29 
24.2 

-134 
0.83 
0.17 
18.6 
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First, with respect to the peak tensile strain in the AC overlay: in the thin overlay 
case, i.e., Case (a), including reinforcement leads to a marginal 2% increase compared to 
the unreinforced situation; in the thicker overlay cases, i.e., Case (b) and Case (c), includ-
ing reinforcement lead to a 15% and 12% reduction (respectively) compared to the unre-
inforced situation. Second, with respect to the peak von Mises stress in the AC overlay: 
in the thin overlay case, i.e., Case (a), including reinforcement leads to a marginal 4% 
increase compared to the unreinforced situation; in the thicker overlay cases, i.e., Case 
(b) and Case (c), including reinforcement lead to an 11% and 10% reduction (respect-
ively) compared to the unreinforced situation. Third, with respect to the peak vertical 
stress in the aggregate base layer, including reinforcement has a marginal reduction in 
Case (a), Case (b) and Case (c) compared to the unreinforced situation (respective reduc-
tion of 2%, 4%, and 3%). Fourth, with respect to the peak vertical stress on top of the 
subgrade, including reinforcement has a negligible effect in Case (a), Case (b) and Case 
(c) compared to the unreinforced situation. Lastly, the table shows that all four peak 
responses are lowest for Case (d). 

4 CONCLUSION 

The objective of this work was to provide initial intuition on the effects of introducing inter-
layer reinforcing grid into a mill-and-overlay maintenance treatment. The analysis was based 
on a three-layered pavement system subjected to surface loading of a dual-tire assembly, con-
sisting of an AC layer supported by an aggregate base layer resting on a subgrade soil extend-
ing to a large depth. The analysis utilised the LET framework to synthetically investigate 
three mill-and-overlay cases and a reference case. A FL was applied to represent the fully 
damaged and aged AC layer that was retained in the structure after milling. The reinforcing 
grid, introduced in-between the FL and the AC overlay, was modelled as a thin high-modulus 
layer. In each case, horizontal strains and von Mises stresses in the AC overlay, along with 
vertical stresses in the aggregate base and subgrade were simulated and presented in contour 
plots for selected cases. Based on these simulations, peaks were identified and contrasted 
across the different cases. 
From this investigation it was found that: (i) for a thick overlay case, the peak tensile 

strain was located at the bottom – implying bottom-up cracking mode. Adding reinforce-
ment reduced the peak horizontal tensile strain and peak von Mises stress – suggesting 
potential reduction in cracking and permanent deformation within the overlay; (ii) for 
a thin overlay case, the peak tensile strain was located at the surface – implying top-
down cracking mode. Adding reinforcement marginally increased the peak tensile strain 
and peak von Mises stress (possibly due to a slight downward shift in the neutral bend-
ing axis of the overlay) – suggesting that the reinforcement is ineffective; and (iii) for 
both thick and thin overlay cases, adding reinforcement has marginal positive effect on 
the peak vertical stress in the aggregate base layer, and negligible effect on the peak ver-
tical stress in the subgrade. 
In studies dealing with grid-reinforced granular base layers, it has been shown that the pres-

ence of the grid affects the medium properties in its vicinity – within a so-called transition 
zone (Luo et al. 2017). This is due to the stress-dependent nonlinear nature of geo-materials, 
and was not considered in the current analysis. One approach to account for the transition 
zone within LET framework is to assign an effective (fictitious) modulus to the grid and retain 
its physical smeared thickness. Such an approach was suggested in the work of Kutay et al. 
(2020) for grid-reinforced granular base layers, where the modulus within the transition zone 
was increased. In this context, the grid modulus utilised in this research can be considered as 
a lower limit value, given that it only represents the actual reinforcement modulus and does 
not account for the transition zone. In future studies, it is planned to characterise the effective 
grid modulus based on full-scale experimental investigations. Furthermore, it is anticipated 
that the effective modulus would appear to be rate- and temperature-sensitive, corresponding 
to the mechanical nature of AC mixtures. 
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Mechanistic modelling of grid-reinforced milled-and-overlaid asphalt pavements
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ABSTRACT
This study was motivated by the need for a mechanistic-empirical (ME) design method applicable to
asphalt pavements after mill-and-overlay repairs that include reinforcing grids; the focus was solely on
the mechanistic component. A new model, based on layered theory, was developed – coupling in one
single framework the following features: elastic layers for representing subgrade and unbound layers,
fragmented layers for representing existing aged and densely cracked asphalt concrete (AC), imperfect
bonding conditions for representing any differential slippage between adjoining layers, thermo-
viscoelastic layer properties for representing new AC, and moving loads for representing traffic
conditions. Grid effects were modelled as a combination of three contributions: the presence of an
additional thin high-modulus elastic layer within the pavement system, the influence of a grid on
interlayer bonding between layer above and below it, and the influence of a grid on the properties of
the surrounding AC. These contributions require new grid-related modelling inputs that are physically
meaningful and generic – not limited to any specific product. A secondary objective of the work was
to generate some initial intuition on the mechanistic effects of interlayer grids. Accordingly, the new
model was demonstrated in a parametric investigation covering a synthetic milled-and-overlaid
structure with and without reinforcement. Findings from this demonstration provided an initial
validation for the new model, given the conformity to findings from experimental studies. Overall, the
new model is deemed a candidate computational engine for a ME design applicable to new and
rehabilitated asphalt pavement systems. Furthermore, it can serve as an analysis tool to guide
manufacturers on improving their products or showcasing existing capabilities in a quantified manner.
Lastly, the new model can support the design of experimental setups for assessing grid effects within
asphalt pavement systems, and therefore ensure the collection of usable measurements for
subsequent mechanistic interpretation.
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1. Introduction

Mill-and-overlay is a widely used repair technique for asphalt
pavements (Huang 2004; MTO 2013; Caltrans 2020); it refers
to partial-depth milling of the existing asphalt concrete (AC)
followed by repaving with new AC. The overlay thickness
can vary within a wide range, from tens of millimetres
(paved in a single lift) up to tens of centimetres (paved in sev-
eral lifts). This technique eliminates surface cracks, ruts, and
local unevenness; it improves skid resistance and reduces
roughness. The entire operation is relatively fast, does not
require lane closures for extended periods, and causes minimal
delays as vehicles are often permitted to travel over the milled
surface before overlaying. In milled-and-overlaid pavements,
exposed to a given set of loading and environmental con-
ditions, the overlay’s longevity depends on its thickness and
properties, as well as on the support offered by the underlying
pavement system. With respect to the latter, the overlay is
commonly paved directly on top of the existing (retained)
AC, which is usually in a damaged and cracked state. The pres-
ence of cracks and discontinuities in the retained AC is often a
contributing factor to the premature failure of the new overlay
(Germann and Lytton 1979; Lytton 1989).

One emerging approach for prolonging overlay longevity is
installing a reinforcing grid on top of the milled surface prior

to paving or alternatively within the overlay itself in-between
two new AC lifts (Lytton 1989; Chang et al. 1999; de Bondt
1999; Cleveland et al. 2001; Button and Lytton 2007; Asphalt
Academy 2008; Khodaii et al. 2009). Reinforcing grids, also
referred to as geogrids or paving grids, are a sub-category of
geosynthetics that are composed of high-modulus materials
in a mesh-like arrangement (Cleveland et al. 2001; Asphalt
Academy 2008; Nithin et al. 2015; Solatiyan et al. 2020).
Grid materials commonly include: polyester, glass-fibre, and/
or carbon-fibre (Cleveland et al. 2001; Sanders 2001; Zofka
et al. 2017; Lee et al. 2019). Limited-scale studies, isolated lab-
oratory experiments, and some full-scale test sections have
demonstrated a potential for grids to benefit pavement per-
formance in terms of fatigue cracking (Nguyen et al. 2013;
Arsenie et al. 2017; Vinay Kumar and Saride 2017; Correia
and Zornberg 2018) and rutting (Ong et al. 2004; Sobhan
2005; Lee et al. 2015; Correia and Zornberg 2016). Despite
these potential benefits, there is currently no widely accepted
method to quantify grid reinforcement effects in a unified
and rational manner.

This study is motivated by the need for a mechanistic-
empirical (ME) design method (ARA Inc. 2004) applicable
to asphalt pavements after mill-and-overlay repairs that
include reinforcing grids. The focus herein is on the mechan-
istic component, which is concerned with response evaluation
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(and not on the empirical component). This component can
later be used for quantifying pavement performance.
Additionally, it provides a rational framework for evaluating
different scenarios with no past experience and can guide the
design of experimental setups for calibration and field vali-
dation. Accordingly, the development of a mechanistic
model is sought, capable of providing traffic-induced stresses,
strains, and displacements in such pavement systems. The
choice herein is to rely on Layered Elastic Theory (LET) as a
modelling kernel (Burmister 1943, 1945a, 1945b, 1945c;
Peutz et al. 1968) that is further expanded to include time-
and-temperature dependent layer properties with moving
loads (Levenberg 2016), as well as other effects that are relevant
for the problem at hand. The main reason for this choice is that
LET, which already serves the majority of current pavement
design and analysis codes (e.g. Shell 1978; Shook et al. 1982;
ARA Inc. 2004; AUSTROADS 2004; Huang 2004), is a compu-
tationally efficient and verified engineering-accepted mechan-
istic engine.

The paper commences with a literature review focussed on
current engineering approaches for the mechanistic modelling
of milled-and-overlaid asphalt pavements and grid-reinforced
AC layers. The review is followed by stating the specific study
objectives and outlining the methodology chosen for achieving
them. Presented next is a new modelling formulation that is
capable of emulating principal mechanisms associated with
grid-reinforced milled-and-overlaid asphalt pavements. This
is followed by demonstrating the new model, wherein two
mill-and-overlay systems are synthetically investigated – one
excluding reinforcement and another including reinforce-
ment. The paper ends with a summary of the entire work
effort and a discussion of the main findings and their gen-
eral/future implications.

2. Literature review

2.1. Modelling of milled-and-overlaid pavements

Milled-and-overlaid asphalt pavements typically contain aged
and cracked AC purposefully retained to facilitate the repair
activities, e.g. avoiding the need to deal with the supporting/
underlying unbound materials. From a mechanical viewpoint,
a cracked and aged AC layer can offer high vertical rigidity due
to material ageing (Bell et al. 1994; Harvey and Tsai 1997; Baek
et al. 2012), alongside poor bending rigidity due to discontinu-
ities (cracks). The prevailing LET-based approach for model-
ling such rehabilitated systems is to assign a reduced elastic
modulus to the damaged AC (Ullidtz 1987). The overall idea
originates from continuum damage mechanics (Lemaitre and
Desmorat 2005), which deals with the behaviour of a medium
containing many small randomly distributed cracks. In prac-
tice, the damaged AC modulus is estimated based on matching
surface deflections (Maestas and Mamlouk 1992; Collop and
Cebon 1996; Le et al. 2017; Skar et al. 2020b) or based on visual
inspections (ASTM 2020). Numerous design guides follow this
approach, e.g. American Association of State Highway and
Transportation Officials ME (AASHTO ME) (ARA Inc.
2004), California ME (CalME) (Ullidtz et al. 2010), CART
Overlay Design for Arizona (CODA) (Mamlouk et al. 1990),

Mathematical Model of Pavement Performance (MMOPP)
(Vejdirektoratet 2017), and Trafikverkets tekniska krav Väg-
konstruktion (TRVK) (Trafikverket 2011).

The reduced modulus approach was experimentally evalu-
ated by Mateos et al. (2013). In this study, a full-scale exper-
iment was carried out at the Centro de Estudios y
Experimentacion de Obras Publicas (CEDEX) Transport
Research Center test track. A 65 kN dual-wheel load, moving
at a speed of 40 km/h, was repeatedly applied (until failure)
to newly constructed asphalt pavement sections. These sec-
tions were instrumented with embedded sensors for measur-
ing stresses, strains, and surface displacements. The
measured responses were compared to LET calculations com-
bined with the CalME reduced AC modulus approach. The
study demonstrated that the modulus reduction approach
worked well for matching surface displacements under tire
loads before and after cracks appeared. However, it was unable
to correctly capture and reproduce the measured in-pavement
responses once the AC was cracked. In particular, unrealisti-
cally low-modulus values for the damaged AC were required
in order to match measured in-pavement vertical stress levels.
The authors concluded by stating that the reduced modulus
approach should not be considered appropriate for rehabilita-
tion design.

The modelling challenge of including cracked layers within
LET was addressed in Levenberg and Skar (2020) by introdu-
cing fragmented layers (FLs). Essentially a FL is composed of
Winkler spring-bed(s) (Winkler 1867) coupled to Pasternak-
like shear layer(s) (Pasternak 1954). Two FL arrangements
were proposed, a P-Type where a Winkler spring-bed is placed
in-between two shear layers, and a K-type where a shear layer
is placed in-between two spring-beds. Unlike continuous iso-
tropic layers, a FL can reproduce high vertical rigidity and sim-
ultaneously low or negligible bending rigidity. This is more in
tune with the actual/expected behaviour when an existing aged
and cracked AC is retained in the process of mill-and-overlay
repairs. The new formulation was applied to the case of block
paving (another type of discontinuous layer) and compared
against finite element analysis (FEA). It was shown that for
small block sizes relative to the radius of the loaded area, the
formulation yields results similar to the FEA, while for large
block sizes, the results diverge. This means that the FL formu-
lation is applicable for representing densely cracked layers, but
not for representing layers with a single or a few cracks.

2.2. Modelling of grid reinforcement in AC layers

Although LET is employed as a response model in the majority
of accepted mechanistic-based design codes, attempts to incor-
porate grid reinforcement within this framework are scarce.
Graziani et al. (2014) investigated the mechanical responses of
full-scale grid-reinforced asphalt pavements instrumented
with embedded stress and strain sensors. LET was employed
to analyse sensor readings under moving truckloads and falling
weight deflectometer (FWD) drops. As the reinforcement was
placed in-between two AC layers, two modelling approaches
were attempted: (i) the reinforcing grid and its neighbouring
AC layers were treated as one single (combined) layer, charac-
terised by an equivalent modulus; and (ii) each AC layer was
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assigned an individual modulus, and an imperfect bonding level
was introduced between them. As an independent component,
the grid was not directly included in either approach; its mech-
anical effect was assumed to be included as part of the AC prop-
erties. This study showed that it is possible to match each sensor
reading by manipulating the LET model parameters. A simul-
taneous matching of all sensor and FWD readings was not
demonstrated. The authors noted that a more advanced model-
ling approach is required for analysing the experimental data.

The work of Sanders (2001) was focussed on the perform-
ance of grid-reinforced overlays; it included laboratory and
large-scale wheel-tracking tests as well as two-dimensional
FEA. As part of this work, the author suggested including the
grid within LET as a thin layer, with a thickness corresponding
to the grid’s thickness and a high elastic modulus to represent
the grid’s material. The idea was put forward purely based on
intuition; it was not experimentally or synthetically explored
further. Noted limitations to this approach were: (i) how to cor-
rectly account for bonding conditions with the grid; (ii) how to
account for grid geometry, which is mesh-like; and (iii) how to
deal with cracked layers supporting the grid.

Nielsen et al. (2020) followed the suggestion of Sanders
(2001), and modelled a reinforcing grid (within LET) as a
thin high-modulus layer. To address some of the above limit-
ations, imperfect bonding between the grid and one of the
adjacent AC layers was assumed; the other interface was
taken as perfectly bonded. This was done by assigning a hori-
zontal spring constant to the partially bonded interface, fol-
lowing the classical approach of Goodman and Popov
(1968). To account for the mesh-like grid geometry, the
reinforcement was assigned an effective thickness based on
smearing the physical grid into a uniform continuous solid.
From a synthetic study, it was concluded that the critical hori-
zontal tensile strain at the bottom of an AC layer is highly
influenced by choice of the effective thickness and the horizon-
tal spring constant value. With respect to the latter, studies
have pointed out that bonding conditions in-between AC
layers or between reinforcement and an AC layer are time-
and temperature-dependent (Canestrari and Santagata 2005;
Leischner et al. 2019; Sagnol et al. 2019).

In the work of Nielsen et al. (2021), LET including a FL was
considered in order to analyse grid-reinforced milled-and-
overlaid asphalt pavements. A thin high-modulus layer was
used to represent the reinforcement, located in-between a con-
tinuous layer (representing an AC overlay) and a FL – repre-
senting an existing aged and cracked AC. An effective
thickness for the reinforcement layer was chosen based on
the geometry of an existing grid product, and fully bonded
layer interfaces were assumed. From a synthetic investigation
that considered a dual-tire loading, it was found that adding
reinforcing grids to cases with thick overlays would potentially
benefit the AC overlay in terms of permanent deformation and
bottom up cracking. For thin overlay cases, the grid reinforce-
ment effect was deemed negligible.

2.3. Summery and research gaps

When attempting to model grid-reinforced asphalt pavement
systems, the formulation must consider several concurrent/

simultaneous mechanisms that have not yet been included in
previous studies. First and foremost, this involves AC’s visco-
elastic (VE) nature. Nowadays, an increased emphasis is placed
on the inclusion of linear VE properties and moving loads to
mechanistic response models (Chabot et al. 2010; Levenberg
2016; Skar and Andersen 2020). VE characterisation is already
an indirect part of several design codes (AASHTO 2011, 2017;
CEN 2012). Second, studies dealing with grid reinforcement in
unbound granular layers (Konietzky et al. 2004; Kwon and
Tutumluer 2009; Gu et al. 2016; Luo et al. 2017; Kutay et al.
2020) commonly refer to a mechanism called the Zone of
Influence (ZoI) (McDowell et al. 2006; Schuettpelz et al.
2009). The ZoI mechanism originates from local interlocking
between aggregates and grid apertures (or openings). Under
certain stress conditions, this interlocking generates added
confinement in the granular material, leading to an increase
in moduli within zones close to the grid – above and below
it. Under load-induced stress conditions, the added confine-
ment diminishes away from the loaded area; hence the ZoI
mechanism is fundamentally nonlinear. Like granular
materials, studies have shown that stress confinement has a
similar effect on AC under high-temperature conditions and
slow loading situations (Pellinen and Witczak 2002; Zhao
et al. 2012). Accordingly, the ZoI mechanism should also
apply to grid-reinforced AC layers in some situations.

In summary, a modelling approach that combines all fea-
tures above is missing. Specifically, a single model that includes
the following: (i) FLs to represent damaged and cracked AC;
(ii) time- and temperature-dependent bonding conditions
between layers; (iii) AC with VE properties; (iv) moving
loads; and (v) interlayer grid-reinforcement with ZoI
mechanism;.

3. Objective and methodology

The main objective of this work is to outline a mechanistic
modelling approach for analysing the situation of an asphalt
pavement that has been repaired by mill-and-overlay and
includes an interlayer grid reinforcement. The computational
engine for the proposed model is based on further extending
the semi-analytic LET framework to include the following:
(i) FLs for capturing old and damaged AC behaviour accord-
ing to Levenberg and Skar (2020); (ii) imperfect bonding for
capturing relative slippage between layers adopting the hori-
zontal spring approach of Goodman and Popov (1968); (iii)
linear VE properties and moving loads under isothermal con-
ditions for capturing realistic AC responses and traffic loads
using Schapery’s quasi-elastic approximation (Schapery
1962); (iv) grid reinforcement as a thin high-modulus isotropic
and homogeneous elastic layer – continuing the approach
suggested in Nielsen et al. (2021); and (v) the ZoI effect for
simulating the potential influence of a grid on nearby material.
With respect to the latter, a new formulation is suggested for
this purpose, wherein the grid’s neighbouring layers are
divided into sub-layers, and the material properties of the
sub-layers closest to the grid are manipulated.

A secondary objective of this work is to generate some
initial intuition on the mechanistic effects interlayer grids
have on pavement responses. Accordingly, the new model is
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applied/demonstrated in a parametric investigation covering a
synthetic milled-and-overlaid structure with and without
reinforcement – subjected to a single tire load moving at a con-
stant speed along a straight line. Key responses, commonly
associated with pavement performance in ME design, are com-
puted and contrasted for some pre-selected set of model input
parameters and for a wide range of AC temperature levels and
load travel speeds.

4. Modelling

A new mechanistic modelling approach is outlined hereafter
for analysing a mill-and-overlay repair solution with the
inclusion of an interlayer grid reinforcement. The approach
is split into three components: (i) a time-independent elastic
formulation, essentially based on the LET solution with static
loading, variable bonding level at the interfaces, and the con-
sideration of FLs; (ii) a linear VE formulation that extends
the elastic formulation to accept time and temperature depen-
dence in some of the system properties, as well as moving
loads; and (iii) a new interlayer grid reinforcement formu-
lation that accounts for the grid’s material properties and geo-
metry. Ultimately, the modelling approach offers elastic and
VE layer properties, moving loads, presence of FLs, imperfect
interlayer bonding, and grid effects – in one single framework.

4.1. Elastic formulation

The elastic formulation (see Figure 1(a)) considers I−1 parallel
layers, each of finite thickness hi (where the subscript i is a
layer identifier) resting on top of a semi-infinite medium
(Layer I). Undamaged layers are assumed isotropic, homo-
geneous and weightless, each characterised by two elastic par-
ameters: Young’s modulus Ei and Poisson’s ratio ni. Damaged
and cracked layers are treated as P-type FLs (see Levenberg
and Skar 2020), each characterised by the following parameter
set (replacing Ei and ni): vertical stiffness ki (units of force/
length3), horizontal stiffness kh,i (units of force/length3), and
a shear deformation resistance Gi (units of force/length).

The surface of the top layer (Layer 1) is exposed to a station-
ary vertical load with uniform stress intensity q operating over
a circular area with radius a. With respect to a cylindrical coor-
dinate system having its origin positioned under the load, the
responses within the undamaged layers are: stresses (sr)i,
(su)i, (sz)i, and (trz)i; corresponding strains (1r)i, (1u)i, (1z)i,
and (1rz)i; and displacements (Ur)i and (Uz)i. Since a FL is
not a continuum solid, stresses and strains cannot be reported
in such a layer – only displacements.

Imperfect bonding conditions are introduced between an
undamaged layer i and an undamaged layer i + 1. The model-
ling is done according to Goodman’s approach by introducing
a horizontally-oriented spring-bed kb,i (units of force/ length3)
at the interface. In the extreme case of kb,i � 1, a fully bonded
interface between the two layers is obtained, i.e. forcing the
continuity of Ur across the interface (Ur)i = (Ur)i+1. The
case of kb,i = 0 means zero bonding, i.e. no shear stresses are
transferred between the two layers, i.e. (trz)i = (trz)i+1 = 0 is
forced on the interface.

4.2. Viscoelastic formulation with moving loads

The elastic formulation (outlined in the previous subsection) is
herein extended to a VE formulation that provides the time-
temperature dependent pavement responses triggered by a
non-stationary load. The formulation is based on Schapery’s
quasi-elastic approximation considering isothermal con-
ditions. The system configuration in the elastic problem is uti-
lised (see Figure 1(b)), but with time-dependency assigned to
the undamaged layer properties, the FL properties, the inter-
face bonding conditions, and the loading intensity. The
applied loading moves along the surface with an instantaneous
speed V(t) along a defined path.

The starting point for the formulation is the solution to a
corresponding elastic system under static loading with unit
step stress intensity:

Re(t) = Re
H(b1, b2, . . . , c1, c2, . . . ) · H(t) (1)

where Re(t) is any elastic response of interest at a specific
location (i.e. stress, strain, or displacement) at time t; Re

H(·)
is the kernel function or unit-response function of the elastic
problem; b1, b2, . . ., denote the following inputs to the elastic
problem: layer thicknesses, load radius (if several loads operate
simultaneously, then radii and spacings), and coordinates of
the response location relative to the load position(s);
c1, c2, . . ., denote the following inputs to the elastic problem:
elastic moduli, Poisson’s ratios, interface bonding conditions,
and FL properties. The distinction between the b inputs and
the c inputs is that the former remain constant for the VE for-
mulation while the latter can accept time-dependence. Lastly,
H(t) denotes the Heaviside function – representing a unit
step stress.

The next formulation step follows the quasi-elastic approxi-
mation, which states that the unit response function of the cor-
responding VE system Rve

H (t) is basically the elastic kernel
Re
H(·) with some inputs replaced by their corresponding

time-dependent inputs. The formal representation of this
approximation is:

Rve
H (t) ≈ Re

H(b1, b2, . . . , c1(t), c2(t), . . . ) (2)

where c1(t), c2(t), . . ., are time-dependent properties corre-
sponding to c1, c2, . . .,.

The last formulation step is introduced to account for a
loading that is non-stationary. This is done by superposing
several VE stationary solutions that are closely spaced along
a movement path where every location is loaded and later
unloaded. Mathematically, unloading is done through re-load-
ing but with a negative sign. When this load-unload procedure
is done sequentially, a moving load is simulated. The delay in
time between loading and unloading, together with the spacing
between adjacent solution locations, reflects the instantaneous
moving speed V(t). Ultimately, the formulation takes the fol-
lowing form:

Rve(t) =
∑
a

∫t
t=0

Rve
H,a(t − t) dIa(t) (3)

where Rve(t) is the VE response evaluated at time t and at a
specific position (triggered by the moving load), τ is a time-
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like integration variable, and Ia(t) denotes a stationary time-
dependent load-unload stress history (applied at the surface).
The subscript α (an integer) indicates the location where
Ia(t) operates and the terms Rve

H,a(t) are individual VE kernel
functions each associated with the location α. The integration
part is essentially the Boltzmann superposition integral, which
allows for evaluating the effect of Ia(t) on the VE response at
time t. The summation over all α values ultimately produces
the sought (overall) VE response at the point of interest.
More details as well as graphical representation of this formu-
lation can be found in Levenberg (2013).

4.3. Formulation of grid reinforcement in AC layers

The effects of introducing an AC reinforcing grid into a pave-
ment system are decomposed into three contributions: (i) the
existence of the grid itself as a new material in the system, (ii)
the influence the grid has on interlayer bonding, and (iii) the
influence the grid has on the properties of the surrounding
AC due to the ZoI effect.

4.3.1. Grid as a new material in the pavement system
The first grid contribution is captured by modelling the grid as
a thin undamaged elastic layer. In this case, there are three
model inputs: an effective thickness and effective elastic prop-
erties (Young’s modulus and Poisson’s ratio). The effective
thickness is a model entity that translates the grid’s aperture

geometry (i.e. grid opening shape) and any differences in
thickness (e.g. due to a different number of fibre strands in
different directions) into a uniformly thick homogeneous
layer. Herein, the effective thickness is obtained by smearing
out the overall grid’s volume. The validity of smearing a grid
into a layer is viewed herein to depend on the ratio between
some effective aperture size (EAS), e.g. the square root of an
aperture area, and the AC’s nominal maximum aggregate
size (NMAS). For a continuum model to apply, this ratio
should comply with representative volume element (RVE)
considerations and therefore should not exceed about five
(Weissman et al. 1999; Kim et al. 2010). When the EAS-
NMAS ratio approaches zero, a membrane situation transpires
– for which the reinforcement is, in fact, a thin homogeneous
layer.

The effective elastic properties are model entities that reflect
the grid’s material composition. If the grid ribs are made of one
material, the effective elastic properties are taken as the rib
properties. Suppose the grid ribs are made of more than one
material; in that case, some averaging must be done to assign
an effective modulus (given the isotropic assumption in the
modelling framework). In general terms, if the effective grid
modulus is higher than the instantaneous (short-term) mod-
ulus of the surrounding AC, a beneficial reinforcing effect
can be potentially realised at all times. If the effective grid mod-
ulus is lower than the equilibrium (long-term) modulus of the
surrounding AC, then no reinforcing effect can be realised at
any time. For intermediate cases, the reinforcing effect is
only realised under certain situations, e.g. under slow loads
or high-temperature conditions (or both).

4.3.2. Interlayer bonding
The second grid contribution is captured by associating the
reinforcement layer with two interfaces – one associated
with the layer above and another associated with the layer
below. Hence, the model requires two bonding parameters to
be specified. Considering the reinforcement layer as layer j,
this implies specifying kb,j−1 and kb,j (refer to Subsection
4.1). While in reality, the two AC layers adjacent to a grid
are in partial contact through the grid apertures, modelling
the grid as a thin layer produces a complete separation. In

Figure 1. Cross-sectional view of: (a) a stratified pavement model with variable interlayer bonding conditions containing elastic layers and a FL, exposed to a stationary
load, and (b) a time-dependent stratified pavement model with variable interlayer bonding conditions containing VE layers and a FL, exposed to a moving load.

Figure 2. Conceptual behaviour of bonding parameters above and below the
grid as a function of EAS over NMAS.
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the model, this partial contact is captured by an appropriate
choice of values for kb,j−1 and kb,j.

It is anticipated that these bonding values are (also) related
to the EAS-NMAS ratio according to the curves in Figure 2. In
this figure, both kb,j−1 and kb,j are seen to be equal when
EAS/NMAS −� 0. This situation represents a membrane,
for which there is no reason to expect a different bond level
between top and bottom. In addition, a low bond level is
expected since a membrane prevents aggregate interlocking
between the adjacent AC layers. As the EAS-NMAS ratio
increases, the kb,j approaches the bond level between two AC
lifts, and kb,j−1 approaches perfect bonding conditions. Con-
ceptually, the reason for the anticipated difference between
kb,j−1 and kb,j in this situation is related to the construction
sequence. The grid is usually placed over an already-com-
pacted AC lift or a milled surface and then overlayed with
fresh hot asphalt mix. Thus, the grid can better interlock
with the upper AC lift than the lower AC. Lastly, if the bond
level between two AC lifts is considered perfect (i.e. no slip-
page), then the two curves merge into a single curve, i.e.
kb,j−1 and kb,j are equal across all EAS-NMAS ratios.

It is further noted that the model proposed herein can natu-
rally accept time-temperature dependent interface bonding
behaviour (refer to Subsection 4.2), e.g. as observed in Leisch-
ner et al. (2019). In this case, the horizontal spring values
should be treated as time functions, i.e. kb,j−1(t) or kb,j(t) that
are (each) associated with a certain temperature level.

4.3.3. ZoI effect
The third grid contribution, dealing with the ZoI mechanism,
is captured by first assigning a thickness dZoI to define the
range in which the ZoI takes action; and second, by dividing
the neighbouring AC layers into sub-layers and changing the
original AC master curve associated with the sub-layers
(within the ZoI). That is shown in Figure 3(a) for a situation
where the ZoI is taken as two sub-layers – one above and
one below the grid. The suggested change to the AC master
curve within a sub-layer is schematically presented in Figure
3(b), where it can be seen that the ZoI effect is more pro-
nounced at long times (or high temperatures). In the figure,
E(t) denotes the relaxation modulus curve of the original AC
(associated with some reference temperature level), and
EZoI(t) denotes the corresponding relaxation modulus curve
of the AC within the ZoI. Furthermore, E0 and E1 denote
(respectively) the instantaneous modulus and the equilibrium
modulus of the original AC, and EZoI1 denotes the equilibrium
modulus of the AC within the ZoI. As can be seen,
EZoI(t) ≥ E(t) at all times with the greatest relative deviation
occurring as t −� 1. The underlying assumption for this
chart is that the effective grid modulus is higher than E0.

The rationale for the above modelling assumptions is
associated with additional stress confinement caused by the
reinforcing grid that extends dZoI into the surrounding AC –
on both sides of the grid. Intuitively, the extent of this thick-
ness is somehow linked to the AC’s aggregate characteristics,
e.g. some multiple of the NMAS. Based on laboratory tests
and discrete element models applied to granular soils, this
multiple exhibits a range of unity to three (McDowell et al.
2006; Schuettpelz et al. 2009; Chen et al. 2012, 2014).

Considering time-temperature superposition (see e.g. Leven-
berg 2020), the additional confinement within the ZoI is
expected to be more pronounced when AC temperatures are
high or when loads move slow (or both). Under these con-
ditions, the bitumen’s viscosity is low, and AC exhibits a
more granular-like mechanical behaviour with sensitivity to
confinement. Inversely, the ZoI effect is expected to be negli-
gible when AC temperatures are low or when loads move
fast (or both). In light of the time-temperature-age shifting
properties of AC (Ling et al. 2017), reduced sensitivity to
confinement is also expected in aged AC. Thus, the ZoI
effect is expected to be more pronounced at an early age –
and diminish with time as the bitumen progressively oxidises.

A pragmatic way of embodying the increase in EZoI
1 , see

Figure 3(b), is to introduce a unitless κ factor as follows:

EZoI1 = kE1, 1 ≤ k ≤ E0
E1

(4)

This expression essentially links the VE properties within dZoI

to the adjacent AC properties. In doing so, the ZoI effect is
emulated by only introducing a single parameter, thereby
avoiding the need to introduce a completely new set of
material parameters to each sub-layer. The lower limit case
of k = 1 implies that no ZoI effect takes place, as EZoI1 = E1.
The upper limit case of k = E0/E1 (i.e. EZoI1 = E0) is intro-
duced to safeguard compliance with VE theory, i.e. fading
memory (Malkin and Isayev 2017).

The κ factor is analogous to a geogrid gain factor (Potyondy
et al. 2016; Siekmeier and Casanova 2016; Mahmud et al.
2018). The value of κ is expected to (also) depend on the
EAS-NMAS ratio, as schematically charted in Figure 4. In
the lower limit case, where EAS/NMAS −� 0 (which refers
to a membrane situation), the interaction intensity with the
adjacent AC layers is expected to be unsubstantial; hence it
is anticipated that κ will be unity or slightly above – as
shown in the chart. As the EAS-NMAS ratio increases, κ
increases until attaining a peak and then decreases. With
further increase of the EAS-NMAS ratio, the ZoI effect is
expected to diminish, such that k −� 1. This behaviour
coincides with work in granular soils dealing with particle-geo-
grid aperture interaction (Indraratna et al. 2012; Liu et al.
2021).

5. Model demonstration

5.1. Inputs

The proposed modelling approach is applied hereafter for the
situation of a mill-and-overly repair. The original pavement
system, prior to repair, consists of 200 mm thick aged and den-
sely cracked AC resting on top of a 500 mm thick unbound
granular base layer, underlain by a subgrade soil extending
to a large depth. This layering arrangement conforms to stan-
dard European design requirements for heavily trafficked pri-
mary roads and motorways, e.g. European Commission (1999)
and Vejdirektoratet (2017). Two milled-and-overlaid pave-
ment systems are considered – presented in Figure 5. In
both systems, 100 mm of the aged AC is milled off and
replaced by a new 100 mm AC overlay – returning to the
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original surface elevation. The NMAS of the new AC is
assumed 10mm. The systems differ by the inclusion or exclu-
sion of an interlayer grid reinforcement. System I in Figure 5
(a) considers a situation without a reinforcing grid, whereas
System II in Figure 5(b) considers a reinforcing grid placed
on top of the retained (cracked) AC before the overlay. All
layers presented in the two systems are assumed perfectly
bonded to each other; this assumption also applies to the
reinforcement.

Figure 5 includes layer identifiers associated with the
model. The top layer (i = 1) represents the overlay in both
pavement systems; it is modelled as undamaged and VE,
characterised by a constant Poisson’s ratio n1 = 0.30 and a
relaxation modulus E1(t) analytically expressed as follows
(Levenberg 2013):

E1(t) =
E1 1+ (t/tD)

nD
( )

(t/tD)
nD + (E1/E0)

(5)

where nD is a unitless shape parameter, and tD = t0DaT . Here,
t0D is a shape parameter (units of time) that is linked to a cer-
tain reference temperature level T0, and aT is a (unitless) time-
temperature shift factor, taken as Williams et al. (1955):

log10 (aT) =
−C1(T − T0)
C2 + (T − T0)

(6)

where T denotes the desired analysis temperature of layer 1

(uniformly distributed across the thickness), and C1 (unitless)
and C2 (units of temperature) are constants. The chosen
numerical values associated with Equations (5) and (6) are as
follows: E0 = 25, 000MPa, E1 = 100MPa, t0D = 2.0 · 105 s,
nD = 0.35, C1 = 25, C2 = 200◦C, and T0 = 15◦C. These
values are roughly based on lab-measured properties of Mix
1 in Levenberg et al. (2009).

The reinforcement layer, i = 3 in System II, is taken as a thin
undamaged elastic layer. Its properties are chosen based on the
S&P CarbophaltⓇ G 200/200 product (S&P Clever Reinforce-
ment Company AG 2020), which is a pre-bituminised grid
made of carbon fibres and designed to be installed in contact
with AC. The carbon fibres have a modulus of 265, 000MPa
and Poisson’s ratio of 0.15. The average cross-sectional area
of the grid per unit width is approximately 50 mm2/m –
thus, an effective thickness of 0.05 mm is assigned to the
reinforcement layer based on smearing the grid’s volume.
The product itself has fibres bundled into ribss and arranged
in a mesh with square-shaped apertures 15mm× 15mm in
size. Thus, EAS = 15 mm and the EAS-NMAS ratio is 1.5 –
well within RVE limits.

In this particular case, the grid generates a ZoI effect only in
the overlay above it. The ZoI effect below the grid (within the
aged and cracked AC layer) is neglected, assuming that the
aged and cracked AC is insensitive to confinement conditions.
The ZoI is introduced as a sub-layer of the 100 mm overlay, i.e.
layer i = 2 in Figure 5(b), with a thickness of dZoI = 30 mm
corresponding to three times the NMAS. Furthermore, the
AC in this zone is characterised by a constant Poisson’s ratio
n2 = 0.30 similar to the overlay and a relaxation modulus
EZoI(t) taken as:

EZoI(t) = kE1 1+ (t/tD)
nD

( )
(t/tD)

nD + (kE1/E0)
(7)

where the κ factor embodies the modulus increase of the equi-
librium modulus using Equation (4). Two κ values are ana-
lysed and contrasted hereafter: k = 1 representing no ZoI
effect, and k = 3 representing an active ZoI effect.

The aged and densely cracked AC, i.e. layer i = 2 for System
I and layer i = 4 for System II, is treated as a time-independent
FL with: (i) a Winkler spring-bed stiffness of ki = 100MPa/
mm. This value corresponds to a Young’s modulus of
10,000MPa representing an aged AC divided by the FL

Figure 3. Emulation of the ZoI effect: (a) sub-division of the AC layers adjacent to the grid and (b) contrasting the AC relaxation modulus inside and outside the ZoI.

Figure 4. Conceptual sketch of κ as a function of the EAS-NMAS ratio.
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thickness of 100mm; (ii) a very high horizontal spring-bed
stiffness for kh,i to prevent differential horizontal displace-
ments between the top and bottom of the FL; and (iii) a Pas-
ternak layer with Gi = 0, i.e. no resistance to vertical shear
deformation between the fragments.

As for the remaining pavement layers, the unbound granu-
lar base, i.e. layer i = 3 for System I and i = 5 for System II, is
represented by an elastic layer with a modulus of Ei = 300
MPa and a Poisson’s ratio ni = 0.35. The subgrade soil, i.e. i
= 4 for System I and i = 6 for System II, is treated as a semi-
infinite medium with Ei = 50MPa and ni = 0.40.

Both pavement systems are subjected to a single moving
load, uniformly distributed over a circular area. A circular
load with an intensity of q = 0.7 MPa and a diameter of 2a =
300 mm is considered, corresponding to a 10-ton axle load
with one wheel on each side. Cartesian coordinates are intro-
duced in both systems in Figure 5 with the origin fixed to the
pavement surface (i.e. not moving with the load), the x-axis
pointing along the load travel direction, the y-axis pointing
out of the plane (transverse to the travel direction), and the
z-axis pointing towards the subgrade. The load moves with a
constant speed V along a straight line centred over the y-axis
(i.e. y = 0).

5.2. Calculation of key responses

Numerical evaluations of the model equations were obtained
based on an open-source MATLABⓇ based code called: Adap-
tive Layered Viscoelastic Analysis (ALVA) (Skar and Andersen
2020; Skar et al. 2020a). The ALVA code solves the standard
LET formulation in a normalised format (Huang 2004; Leven-
berg 2020). As a preliminary step, it has been verified that
ALVA can correctly handle thin high-modulus layers by com-
parison against solutions derived analytically in MapleTM.
Next, the ALVA code was extended to include the FL formu-
lation (Levenberg and Skar 2020). Correctness of the extended
version was also verified against solutions derived analytically
in MapleTM. Lastly, the code was extended to handle VE
behaviour and moving loads according to the quasi-elastic
approach (refer to Subsection 4.2). The VE simulations of a
moving load were generated using 2000 steps of equally spaced
(stationary) unit step load-unload histories, i.e. 2000 sequential

α-values in Equation (3). The loading was first applied at
x = −10, 000 mm, allowed to travel with constant speed to
x = 10, 000 mm, and then removed from the system.

Traces of key responses were evaluated for coordinates
(0, 0, z), i.e. for points residing at several depths below the sur-
face but fixed along the travel direction. The evaluation con-
sidered five key response traces of: (i) horizontal strain in
the direction of travel at the AC overlay bottom,
1x(0, 0, 100mm); (ii) horizontal strain in the direction trans-
verse to the load travel path at the AC overlay bottom,
1y(0, 0, 100mm); (iii) vertical strain at the top of the unbound
base layer, 1z(0, 0, 200.1mm); (iv) vertical strain at the top of
the subgrade, 1z(0, 0, 700.1mm); and (v) vertical displacement
at the pavement surface, Uz(0, 0, 0). The choice to focus on
these key response traces is based on their association with
cracking and rutting in common pavement design codes
(Huang 2004). Specifically, horizontal tensile strains at the bot-
tom of AC layers are linked to bottom-up fatigue cracking, and
vertical compressive strains are linked to rutting. While pave-
ment performance was neither investigated nor quantified in
this work, the peak levels of the chosen key responses can be
seen as indicative of expected performance. The reason for
including surface displacements in the analysis is their wide-
spread utilisation in non-destructive condition assessment
(ASTM 2009; Horak et al. 2015).

5.3. Results

Simulated key response traces, triggered by the moving load,
are presented and contrasted in Figure 6. This figure was pre-
pared to assess the effect of grid reinforcement by comparing
System I and System II in Figure 5 for two combinations of
AC overlay temperature T and loading speed V. The following
combinations were chosen: (i) T = 45◦C and V = 5 km/h (left-
hand side charts); and (ii) T = 5◦C and V = 80 km/h (right-
hand side charts). These two combinations essentially engage
different ranges of the overlay’s relaxation modulus. The
figure contains five charts for each combination – correspond-
ing to the five key responses. In the charts, the horizontal axes
denote the x-coordinate of the load position as it approaches
the evaluation point, passes over it, and then recedes; the ver-
tical axes depict the associated key response values. As is

Figure 5. Cross-sectional view of two milled-and-overlaid pavements: (a) an unreinforced system – System I, and (b) a reinforced system – System II.
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Figure 6. Calculated key response traces as a function of load position in the two pavement systems (see Figure 5) for two temperature-speed conditions: solid line
( ) for the unreinforced system; dotted line ( ) for the reinforced system with k = 1; and dashed line ( ) for the reinforced system with k = 3.
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common in soil mechanics, the sign convention is that com-
pressive stresses and strains are considered positive. Each
chart contains three curves: ( ) a reference trace for the
unreinforced pavement in System I; ( ) a trace for the
reinforced pavement in System II, without considering the
ZoI effect (i.e. k = 1); and ( ) a trace for the reinforced
pavement in System II, considering the ZoI effect (with k = 3).

Across all charts in Figure 6, it can be seen that reinforce-
ment does not affect the overall shape of the response traces.
However, reinforcement positively influences peak responses
for both k = 1 and k = 3; the impact is more considerable
for the latter when the ZoI effect is activated. In general, the
reinforcement appears most effective under the high-tempera-
ture slow-speed combination. Under the low-temperature
high-speed combination, the reinforcement effect seems negli-
gibly small (graphically indistinguishable).

The numerical values of the trace peaks are listed in Table 1;
these are provided alongside their relative change in magni-
tude caused by the reinforcement. As can be seen, the largest
reinforcement effects are generally obtained for
1x(0, 0, 100mm) and 1y(0, 0, 100mm), where a choice of
k = 3 provides a reduction of 33% in both peak strains (com-
pared to the corresponding unreinforced system). In contrast,
a strain reduction of 16% and 19% is realised, respectively,
when disregarding the ZoI effect (k = 1). For the low-temp-
erature high-speed combination, the reduction in trace peaks
caused by reinforcement does not exceed 3% for any demon-
strated systems.

Figure 7 further investigates the influence of different AC
temperatures and travel speeds on the reinforcement effect.
There are ten charts in this figure such that each row of charts
represents one of the five key responses. The charts on the left-
hand side are associated with a speed of V = 5 km/h, while the
charts on the right-hand side are associated with V = 80 km/h.
The horizontal axes denote the overlay temperature in the
range of 0◦C to 70◦C; the vertical axes denote the correspond-
ing trace peaks values for a given key response (similar to what
is presented in Table 1). Every chart contains three curves,
each representing one of the three pavement situations (similar
to Figure 6): ( ) the unreinforced system, ( ) the
reinforced system with k = 1, and ( ) the reinforced system
with k = 3. The reinforcement effect is manifested by the
difference between the unreinforced curve (associated with
System I) and one of the two curves associated with the
reinforced System II.

As can be observed in all ten charts in Figure 7, the response
peaks in the reinforced cases are always smaller than the cor-
responding responses in the unreinforced case. Across the
range of considered AC temperatures, reinforcement is seen
to mostly influence the overlay strains, and to a lesser degree
influence the vertical strains on top of the base layer. Including
reinforcement seems to produce a negligible effect on the ver-
tical strains on top of the subgrade across all considered travel
speed and temperature combinations. Only a small effect on
the surface displacement is visible for k = 3 combined with
high temperatures and slow speeds conditions. From Figure
7(a–d), it can be seen that the peak (negative) tensile strain
drops after a certain temperature level. The reason for this
drop is related to a drop in the ’effective overlay modulus’

(which is essentially time-temperature dependent) compared
to the moduli of the lower layers (which are assumed time-
temperature independent). In the reinforced case that includes
the ZoI effect (with k = 3), the reinforcement effect (i.e. the
difference between solid and dashed curves) seems to increase
with rising AC temperature until the point where the peak
strain drops, after which the effect slightly decreases. The
same does not seem to apply when the ZoI effect is excluded
(k = 1), where the reinforcement effect continues to increase
with rising AC temperature. The difference between the two
dashed curves in Figure 7 quantifies the ZoI contribution to
the overall reinforcement effect. From Figure 7(a–f) this con-
tribution can be seen to be a primary part of the reinforcement
effect for temperatures levels up to about T = 40◦C (V = 5 km/
h) to T = 50◦C (V = 80 km/h). Beyond this temperature range,
the overall reinforcement effect is led by the sheer presence of
the reinforcement as a thin high-modulus layer in the system.
In Figure 7(a,c) (both referring to a speed of V = 5 km/h), a
crossing point appears between the two dashed curves, indicat-
ing that the ZoI – even if active – is ineffective.

Lastly, calculations were repeated with E2 = 73, 000MPa in
System II instead of 265,000MPa. This corresponds to the S&P
GlasphaltⓇ G product (S&P Clever Reinforcement Company
AG 2021), which is made of glass fibres instead of carbon
fibres, but otherwise similar to S&P CarbophaltⓇ G 200/200.
The results are not shown here because, graphically, they clo-
sely resemble those in Figure 7. Specifically, the response peaks
behaved similarly when changing speeds and temperatures. A
noticeable dissimilarity was that the peak magnitudes in
reinforced cases diminished towards the unreinforced peak
values for all considered key responses. Furthermore, the ZoI
contribution to the overall reinforcement effect was a primary
part for temperatures of about T = 60◦C for V = 5 km/h or
across the entire temperature range for V = 80 km/h.

6. Summary and discussion

6.1. Modelling effort

This work offered a new mechanistic model for milled-and-
overlaid asphalt pavement systems with grid reinforcement
(see Section 4). The model formulation covers: elastic layers
for representing subgrade and unbound layers, FLs for repre-
senting existing aged and densely cracked AC, imperfect bond-
ing conditions for representing any differential slippage
between adjoining layers, VE layer properties for representing
new AC lifts, and moving loads for representing traffic con-
ditions. Grid effects were modelled as a combination of three
contributions (see Subsection 4.3): (i) the existence of an
additional thin high-modulus elastic layer within the pave-
ment system – characterised by an effective thickness, Young’s
modulus, and Poisson’s ratio; (ii) the influence of a grid on
interlayer bonding between layer above and below it – charac-
terised by two horizontal spring values; and (iii) the influence
of a grid on the properties of the surrounding AC – character-
ised by a ZoI thickness and a κ factor. Overall, seven physically
meaningful modelling inputs are required for representing a
reinforcing grid in this new formulation. Figure 8 offers a
graphical representation of the proposed model inputs and
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main features. It includes three shaded areas, each correspond-
ing to a subsection within Section 4.

Given that the modelling framework is built on a linear
layered theory, it is limited to lateral uniformity of the layers.
This means that properties are not influenced by, e.g. layer
variabilities, loading position or loading intensity. Thus, con-
cerning the ZoI effect, the κ factor applies to an entire ZoI
sub-layer in the lateral direction and is insensitive to whether
local conditions are tensile or compressive (even though the
effect is fundamentally nonlinear and should vary laterally).
However, the modelling framework can handle nonuniform
behaviour in the vertical direction (e.g. thermal gradients),
which can be readily and efficiently addressed by further
sub-layering. Thus, by considering multiple sub-layers, each
assigned a different κ, vertical nonuniformity can be intro-
duced into the ZoI effect.

6.2. Demonstration effort

The model was demonstrated over three milled-and-overlaid
pavement cases (see Section 5): a reference system excluding
reinforcement, a grid-reinforced system excluding the ZoI
effect, and a reinforced system including the ZoI effect with
k = 3. Key responses commonly related to pavement perform-
ance, triggered by a single moving load, were simulated for
different combinations of AC temperatures and load travel
speeds. The demonstration was carried out with two grid
types, both fully bonded to its adjacent layers.

The main findings from the model demonstration (see Sub-
section 5.3) were as follows: (a) key responses were positively
affected by the presence of reinforcement, especially horizontal
strains at the AC overlay bottom (both in the longitudinal and
transverse directions) and, although to a lesser degree, vertical
strain at the top of the base layer; (b) vertical strain at the sub-
grade top and vertical surface displacement (i.e. deflection)
were both practically unaffected by the reinforcement; (c)
under low-temperature/high-speed conditions, the reinforce-
ment effect was negligible across all key responses while
under high-temperature/slow-speed conditions the reinforce-
ment effect was notable; (d) with increasing AC temperature
(for a given speed), the ZoI effect represented by κ was the pri-
mary contributor to the overall reinforcement effect – up to a
certain temperature level beyond which the grid’s effective
modulus and effective thickness became the primary contribu-
tors to the overall reinforcement effect; and (e) the overall

reinforcement effect was more noticeable when the effective
modulus of the grid was higher.

7. Conclusion

The newly proposed model (refer to Section 4) combines, for
the first time and in one single mechanistic framework, all rel-
evant effects to the problem at hand. Specifically, it offers a
rational approach for capturing and emulating the effects of
asphalt grid reinforcement; it does so in a generic manner
that is not limited to any specific product and is applicable
to a wide range of pavement systems. By building upon linear
layered theory, numerical stability and high computational
efficiency are assured – increasing the chances of industry
acceptance. Thus, the new model is deemed a potential candi-
date to serve as a computational engine for a ME design
method applicable to both new and rehabilitated asphalt pave-
ment systems. In this context, for a given grid type and pave-
ment system, the new model can be used to optimise
installation location considering the prevailing loading and
temperature conditions. Furthermore, the new model can
serve as an analysis tool to guide manufacturers on improving
their products or showcasing existing capabilities – all in a
quantified manner.

An initial validation for the proposed model is obtained
based on findings from the demonstration effort. Specifically,
findings (a) and (c) (see Subsection 6.2) imply that adding
grid reinforcement on top of an existing cracked AC (before
overlay) can potentially prolong the overlay’s service life in
terms of bottom-up fatigue cracking or rutting (or both).
These implications conform to previous findings in studies
that have experimentally evaluated the effect of an asphalt
grid reinforcement on pavement performance in terms of fati-
gue cracking (Nguyen et al. 2013; Arsenie et al. 2017; Vinay
Kumar and Saride 2017; Correia and Zornberg 2018) and rut-
ting (Ong et al. 2004; Sobhan 2005; Lee et al. 2015; Correia and
Zornberg 2016). It should be noted, that these performance
improvements are anticipated based on existing transfer func-
tions in ME design, that were developed without reinforce-
ment. Given that these functions are empirical in nature,
they will require field re-calibration to the case where reinfor-
cing grids are included. Furthermore, finding (b) suggests that
adding a grid reinforcement has no notable effect on pavement
deflections, especially when considering fast loading and low
temperatures (see finding (c)). This statement coincides with

Table 1. Peak response values across pavement systems and time-temperature conditions.

Peak response for T = 45◦C and V = 5 km/h

1x (0, 0, 100mm) 1y(0, 0, 100mm) 1z(0, 0, 200.1mm) 1z(0, 0, 700.1mm) Uz(0, 0, 0)
System [μm/m] [μm/m] [μm/m] [μm/m] [mm]

Unreinforced −329.1 −336.1 1288 513.1 0.7893
Reinforced k = 1 −277.5 (−16%) −273.4 (−19%) 1288 (−7%) 513.1 (0%) 0.7706 (−2%)
Reinforced k = 3 −219 (−33%) −226.2 (−33%) 1074 (−17%) 507.0 (−1%) 0.7410 (−6%)

Peak response for T = 5◦C and V = 80 km/h

1x (0, 0, 100mm) 1y(0, 0, 100mm) 1z(0, 0, 200.1mm) 1z(0, 0, 700.1mm) Uz(0, 0, 0)
System [μm/m] [μm/m] [μm/m] [μm/m] [mm]

Unreinforced −107.1 −111.8 402.1 318.4 0.4914
Reinforced k = 1 −105.3 (−1%) −109.7 (−1%) 397.7 (0%) 317.2 (0%) 0.4813 (−1%)
Reinforced k = 3 −100.3 (−2%) −102.5 (−3%) 383.1 (−1%) 313.4 (−1%) 0.4771 (−2%)
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Figure 7. Calculated trace peak values of key responses as a function of temperature in the two pavement systems (see Figure 5) for two load speeds: solid line ( )
for the unreinforced system; dotted line ( ) for the reinforced system with k = 1; and dashed line ( ) for thereinforced system with k = 3.
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the observations in Nguyen et al. (2013), but negates the
reported results in, e.g. Graziani et al. (2014) and Correia
and Zornberg (2016).

8. Future work

In light of the model’s potential usefulness, there is a need for
more targeted validation activities. These should preferably
involve a combination of field and laboratory tests designed
to calibrate the different inputs and subsequently allow fore-
castability assessments. In this context, some of the findings
from the model demonstration effort provide example gui-
dance for testing. Specifically, findings (a) and (e) suggest
that either strain sensing at the overlay bottom or pressure
cells at the base layer top should, as a minimum, be considered
when quantifying grid reinforcement effects. Moreover,
finding (b) suggests that it is practically challenging to quantify
grid reinforcement effects based on subgrade sensors or deflec-
tion testing. Lastly, finding (c) suggests that field investigations
should consider the application of moving loads, operating at
different speeds and under different temperature levels, with
noticeable reinforcement effects expected mainly under high-
temperature/slow-speed conditions. In terms of addressing
grid properties, the effective grid thickness and modulus can
be directly quantified in the laboratory by examining the
grid product. As for the interface bond between a grid and
its surrounding AC, the most likely technique for estimating
the associated horizontal spring stiffnesses (see Figure 2) is lab-
oratory shear testing of cores (Uzan et al. 1978; Romanoschi
and Metcalf 2001). The ZoI thickness can be obtained from
discrete element modelling (Chen et al. 2012, 2014); then
after, and based on the logic of findings (a) and (d), it should
be possible to evaluate κ through inverse analysis of strain
measurements in the field tests (Levenberg 2013, 2015).
Characterisation of FL inputs could also be achieved from
inverse analysis based on field measurements. All other
model inputs related to the overlay AC, unbound layers, and
subgrade, can be obtained from accepted/standard field or lab-
oratory tests. Overall, the model itself should serve as a guide

for designing experimental setups when assessing grid effects
within new or rehabilitated asphalt pavement systems; this is
to ensure the collection of usable measurements for sub-
sequent mechanistic interpretation.
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ABSTRACT

The pavement engineering community currently lacks an accepted response model
that can practically capture and emulate the effects of asphalt grid reinforcement
(AGR) products. A candidate model in this context was recently developed in the
work of Nielsen et al. (2022), and the main objective of this (current) study was
to validate it experimentally. A full-scale test setup was designed and constructed
for this purpose; it involved two road sections instrumented with strain gauges and
temperature sensors. The sections were nominally identical to each other, except
that one included an AGR – installed at the bottom of the asphalt concrete layer.
Initially, the as-constructed properties of the two sections were investigated by a
combination of field and laboratory tests. Then after, they were loaded by several
passes of a heavy vehicle with known weight and dimensions. The experimental
campaign targeted slow speeds and relatively high asphalt concrete temperatures for
which, according to the model, the AGR effect was expected to be most pronounced.
The model was validated by demonstrating its ability to simultaneously reproduce
all strain gauge readings; this was achieved in both the unreinforced and reinforced
sections for any given vehicle pass. Overall, the investigation provided evidence that:
(i) it was possible to observe the AGR effect and quantify the associated model
parameters; and (ii) it was necessary to activate the AGR model-component for
replicating the sensor measurements in the reinforced section. These findings attest
to the potential suitability of the new model as a mechanistic component for asphalt
pavement design – especially when including AGR products.

KEYWORDS
Model validation, mechanistic pavement modelling, asphalt grid reinforcement,
layered elastic theory, viscoelasticity, full-scale testing, pavement instrumentation.

1. Introduction

1.1. Background and motivation

The term asphalt grid reinforcement (AGR) refers to a planar product with a mesh-
like geometry composed of high-modulus materials, e.g., steel, polyester, glass fibres,
and carbon fibres. AGRs are specifically designed for installation in direct contact with
asphalt concrete (AC), either in-between new AC lifts, between a new AC lift and an
old/aged (possibly cracked and damaged) AC, or between a new (bottom) AC lift and
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its supporting granular base layer (Lytton 1989, Chang et al. 1999, de Bondt 1999,
Cleveland et al. 2001, Button and Lytton 2007, Asphalt Academy 2008, Khodaii et al.
2009). The technical literature includes several studies focused on AGR effects. These
studies are essentially experimental, contrasting the laboratory behaviour of reinforced
and unreinforced AC test specimens (Chang et al. 1999, Arsenie et al. 2017, Saride and
Kumar 2017, Zofka et al. 2017), or involving the construction and loading of reinforced
and unreinforced pavement test sections – followed by comparing responses acquired
from buried sensors (Nguyen et al. 2013, Graziani et al. 2014, Correia and Zornberg
2018). It was demonstrated in these studies that AGR products can potentially benefit
pavement performance and prolong service life. Despite these promising advantages,
there is currently no mechanistic empirical (ME) design method for asphalt pavements
(e.g., ARA Inc. (2004)) that can generically handle AGR products.

One reason for this shortcoming is the lack of an accepted mechanistic response
model that can correctly capture and emulate AGR effects. A candidate for such a
model was recently developed and presented in the work of Nielsen et al. (2022).
The development was based on further extending and enriching layered elastic theory
(LET), which is the currently-accepted mechanistic component in ME design, to offer
the following features: (i) linear thermo-viscoelastic behaviour for reproducing realistic
AC layer properties; (ii) moving loads for representing realistic vehicular effects; (iii)
fragmented layers for capturing the behaviour of old and severely damaged AC layers
(Levenberg and Skar 2020); and (iv) relative sliding between any two adjoining layers
for emulating imperfect bonding conditions. In particular, AGR effects were introduced
into the new formulation as a combination of three contributions: (i) the existence of
an AGR as an additional thin high-modulus elastic layer within the pavement system;
(ii) the influence of an AGR on interlayer bonding; and (iii) the influence of an AGR
on the properties of the surrounding AC. The work included a parametric investigation
of the proposed model, and provided indirect validation that emulated AGR effects
are in tune with reported field observations; it also provided guidelines for designing
a test campaign that can highlight AGR effects and support direct model validation.

This (current) study is motivated by further evaluating the pavement modelling
approach proposed by Nielsen et al. (2022), and judging its suitability and eventual
acceptance to serve as a mechanistic component in ME design. The focus herein is on
model validation, and specifically on the ability to emulate field-measured responses in
a full-scale test setup that includes AGR. The paper commences with a literature re-
view focused on full-scale validation approaches of existing asphalt pavement response
models. The review is followed by stating the study objectives and outlining the associ-
ated methodology. Next, for completeness, the modelling formulation of Nielsen et al.
(2022) is briefly re-stated; this is followed by a description of a full-scale experimental
campaign designed and constructed for model validation. The approach for model val-
idation and the validation results are presented afterwards, followed by a parametric
investigation that evaluates and quantifies AGR effects for a specific pavement system.
The paper concludes with a short summary of the entire effort, its main findings and
implications, and ends with recommendations for future work.

1.2. Literature review

To gain acceptance as a mechanistic component in ME design, pavement models must
be validated, i.e., shown to adequately reproduce and forecast responses in full-scale
constructions. One of the earliest contributions in this context is the work of Burmister
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(1943), which commenced with the presentation of a semi-analytic solution for layered
elasticity, and continued with providing evidence of reproducibility. Specifically, util-
ising field-measured data from several test pavements, it was shown that LET is able
to emulate load-deflection responses. Burmister concluded that: “...the theory of the
two-layer system is in reasonably good agreement with the real phenomena.” Over the
years since 1943, the validity and limitations of LET for pavement modelling has been
demonstrated in numerous investigations, e.g., Gusfeldt and Dempwolff (1967), Ter-
rel and Krukar (1970), Krukar and Cook (1972), Chadbourn et al. (1997), Levenberg
et al. (2009).

Nilsson et al. (1996) focused on validating the computer program VEROAD (Vis-
coElastic ROad Analysis Delft), which is a linear viscoelastic (VE) multilayer pave-
ment response model. VEROAD takes into account horizontal and vertical moving
loads with an option to include layer temperature dependency. As means of validation,
in-pavement horizontal strains were measured in two full-scale accelerated pavement
testing (APT) facilities, namely the LINear TRACKing (LINTRACK) facility at Delft
University of Technology and the Road Testing Machine (RTM) at the Technical Uni-
versity of Denmark (DTU). The LINTRACK test section consisted of a 150mm AC
layer placed on top of 5m compacted sand. The RTM test section comprised of a
60mm AC layer on top of about 1.5m of the combined unbound base, subbase, and
soil layers. Both sections were instrumented with longitudinal and transverse asphalt
strain gauges (ASGs) installed at the bottom of the AC, and temperature sensors in-
stalled at several levels within the AC. Falling weight deflectometer (FWD) tests were
utilised in both test sections to estimate the elastic properties of the unbound layers.
Furthermore, VE properties of the AC were estimated from laboratory testing of cores
– taken only from the LINTRACK section. Triggered by a moving super-single tire
configuration at LINTRACK and a dual-tire configuration at RTM, ASG responses
were measured directly under the single tire and directly under one of the dual tires.
Corresponding strain responses were simulated with VEROAD, and contrasted against
measured responses. Based on a graphical comparison, it was concluded that the model
was able to reproduce the measurements from the LINTRACK test. A less satisfactory
match was observed for the RTM test, which was ascribed to utilising estimated VE
properties for the AC.

In 1998, the Advanced Models for Analytical Design of EUropean pavement Struc-
tures (AMADEUS) (European Commission 2000) research project was set in motion
for developing an advanced European pavement design method (European Commis-
sion 1999). As part of the project, several existing pavement models were evaluated
by comparing simulated responses against responses measured in three APT facilities.
Several European pavement research organisations were brought together to perform
the analysis. Among the investigated models, the majority were based on LET. In
addition, the layered VE model VEROAD, the anisotropic elastic layered model CIR-
CLY, the finite element codes SYSTUS and CAPA-3D, and the method of equivalent
thickness were also evaluated. It was stated that VEROAD was superior to LET in
matching horizontal AC strains. In addition, modelling features such as imperfect in-
terface bonding and anisotropy were not found to produce a noticeable effect on the
match between measured and simulated responses. Lastly, it was concluded that more
advanced modelling efforts are needed to acceptably match measured vertical strains
and stresses in unbound layers.

In the work of Mateos and Snyder (2002), the goal was to validate a LET-based
pavement response model using field measurements from the instrumented asphalt
pavement test area at the Minnesota road research facility (Mn/ROAD). This was
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done by comparing simulations of longitudinal and transverse horizontal strains at
the bottom of the AC layer to corresponding ASG readings. Two truck types were
utilised, passing the ASG array at different speeds. A video camera attached to the
trucks helped assess the lateral vehicle position relative to the ASG array. The AC
temperature was measured for every truck pass using embedded thermocouples. Pave-
ment layer properties were estimated based on elasto-static backcalculation of FWD
measurements. Due to the VE nature of AC, the associated modulus input in the
model was re-adjusted using ASG readings in a separate backcalculation procedure.
The validation was done by identifying measured and calculated strain peaks from
multiple truck passes and then contrasting them graphically. It was concluded that
LET is incapable/insufficient – since longitudinal and transverse strains could not be
matched simultaneously.

Graziani et al. (2014) set out to investigate the responses of a full-scale asphalt
pavement near Ancona (Italy). The objective was to evaluate the mechanical effect of
including AGR between two AC layers. The test consisted of three pavement sections;
one including a glass fibre polymer AGR, a second including a carbon/glass fibre
AGR, and a third section without reinforcement serving as a reference. The pavement
comprised of a 50mm surface AC layer paved over a 40mm base AC layer, both
resting on a 200mm granular base course. In the two reinforced sections, the AGR
was positioned between the two AC layers. All three sections were instrumented with
embedded pressure cells and ASGs. The pressure cells were placed 50mm below the
top of the granular base course, while the ASGs were placed approximately 10mm
below the interface between the two AC layers. Temperature sensors were located at
the same level as the ASGs. Dynamic cone penetrometer (DCP) tests, FWD tests, and
complex modulus tests on AC specimens were carried out to obtain layer properties
needed as modelling inputs. A three-axle truck with a target speed of 20 km/h was
utilised for triggering the embedded instrumentation. A reference line was used to
guide the driver for lateral positioning relative to the sensor array; the position was
not directly measured. A LET model was employed to analyse the FWD drops and
sensor readings under moving loads. Two modelling approaches were attempted: one
including partial interlayer bond conditions (due to the presence of an AGR) and
another assuming perfect/full interlayer bond conditions. The mechanical influence
of the AGR was included as part of the AC properties. Achieving a match between
measured and calculated stresses and strains was pursued through a trial-and-error
procedure. However, it was impossible to obtain a simultaneous match of all sensor
readings. One reason for this is the lack of precise information on the lateral truck
position. Hence, AGR effects (and model validation) could not be realised in the study.

The study of Correia et al. (2018) included a validation effort of a reinforced as-
phalt pavement model using a prototype-scale experimental setup. The setup was a
large steel box (1.8m in length, 1.6m in width, and 1.8m in height) hosting an as-
phalt pavement. The pavement comprised two AC lifts: 60mm (top) and a 50mm
(bottom) supported over a 200mm unbound granular base, and underlain by a 1.0m
thick soil layer. A geocomposite was placed between the two AC lifts; it consisted of
a geogrid attached to a nonwoven geotextile. The pavement system was loaded with a
reduce-size single wheel equipped with a rubber tire, moving along a straight line with
a peak speed of 3.6 km/h. Deflections were monitored with surface LVDTs (anchored
to the box), AC strains were monitored with embedded ASGs, and vertical stresses
were monitored with embedded pressure cells. Also, geocomposite strains were mea-
sured using extensometers glued to the geogrid ribs. The above-described setup was
modelled in PLAXIS 2D assuming axisymmetry. All pavement layers were modelled
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as linear elastic. The geocomposite was modelled by the built-in PLAXIS geogrid tool,
which assumes a spring-like behaviour. The interaction between the grid and the AC
layers was assumed fully bonded. Loading conditions were taken as static. The authors
tried to match the measured responses of all embedded setup sensors with the model;
the input choices were not fully explained. The best-achieved match was only shown
graphically, without quantification, focusing on deflections, vertical stresses, and geo-
composite strains (not ASGs). Visually, the fitting obtained was good at matching
response peaks but not good at matching overall response shapes. This indicates that
the chosen modelling framework is lacking. Also, the study did not include a reference
(unreinforced) experimental setup to demonstrate the reinforcement effect and the
model’s ability to reproduce it.

To summarise, full-scale validation of pavement response models typically involved
sections with embedded ASGs, pressure cells, and temperature sensors. Usually, ASGs
were placed at the AC bottom, both longitudinally and transversely with respect to the
loading direction, pressure cells were positioned in the unbound layers (mainly base and
subgrade), and temperature sensors were placed inside the AC layer. Validation stud-
ies were often carried out with APT facilities, offering control over the applied loading
(both intensity and location) and environmental conditions. Alternatively, they were
carried out with vehicle loadings on exposed road sections (i.e., without any environ-
mental control). In these cases, information about AC temperatures and lateral vehicle
position are identified as critical for subsequent interpretation. In general terms, val-
idation efforts were based on matching measured responses with simulated pavement
responses. Unsurprisingly, modelling efforts accounting for the VE behaviour of AC
layers were superior to models based solely on LET. Reproducibility was commonly
demonstrated through a graphical comparison of response traces (peaks and shapes).
For generating such comparisons, modelling inputs were obtained from separate sets of
field and laboratory tests. Commonly applied tests for this purpose were FWD (mainly
for estimating the moduli of unbound layers, DCP (for evaluating layer thicknesses),
and laboratory complex-modulus (obtaining AC thermo-VE properties). In terms of
full-scale validation of pavement response models including AGR, studies were very
limited. Specifically, only two studies were identified; however, successful validation of
pavement response models including AGR was not demonstrated. Accordingly, there
is a need for a more targeted full-scale validation approach for validating the proposed
model by Nielsen et al. (2022).

1.3. Objective and methodology

The main objective of this work is to provide experimental validation for the mecha-
nistic pavement response model proposed by Nielsen et al. (2022). In general terms,
the validation is assessed through the model’s ability to capture and reproduce field-
measured strain responses under vehicular loading. Particular attention is placed on
validating the AGR model-component.

To achieve this, a test setup is designed and constructed, involving two road sec-
tions instrumented with ASGs and temperature sensors. The two sections are nom-
inally identical except that an AGR is included in one, while the other serves as an
unreinforced reference. Pavement layering and properties are assessed from field and
laboratory tests; these are utilised as independent inputs for subsequent modelling.
The two sections are loaded by a slow-moving vehicle of known weight, dimensions,
and lateral position. Model validation is assessed through the ability to simultaneously

5



match all the ASG readings – in both the unreinforced and reinforced sections. In par-
ticular, the AGR model-component is validated by proving that it must be activated
to correctly/reliably reproduce the field measurements in the reinforced section.

A secondary objective of this work is to evaluate the AGR effects in a synthetic
investigation, i.e., purely computational. Here, the reinforced and unreinforced test
sections are re-considered; a loading simulation is performed with a super-single tire
travelling at two speeds (slow and fast) for two AC temperature levels (high and
low). Key responses, commonly utilised for ME design are calculated; this is followed
by quantifying and comparing the effects of including or excluding an AGR in the
pavement system.

2. Theoretical Background

This section briefly re-states the modelling framework of Nielsen et al. (2022) for mech-
anistically capturing and emulating AGR effects. The reader should consult Nielsen
et al. (2022) for more details and a deeper explanation of the concepts presented here-
after. In general terms, the modelling is split into two parts: (i) a linear formulation
of a layered VE system subjected to moving loads that can accommodate imperfect
bonding conditions and fragmented layers; and (ii) an AGR formulation that consid-
ers the material properties and geometry of the reinforcement product. The first part
is based on extending the time-independent LET to include thermo-VE behaviour
and moving loads – which has also been demonstrated in several studies (Levenberg
2013, Ahmed and Erlingsson 2016). The second part constitutes the main research
contribution in Nielsen et al. (2022).

2.1. Formulation of a layered VE system with moving loads

Formulating a layered VE system with moving loads was based on LET originating
from the work of Burmister (1943, 1945c,a,b). LET allows for calculating an elastic
response Re, i.e., stress, strain, or displacement, at any location in the system under a
stationary vertical surface load uniformly distributed over a circular area (see Figure
1(a)). The system comprises I−1 layers of finite thickness placed on top of a half-space
(layer I). Every layer, identified by a subscript i, is assumed homogeneous, isotropic,
characterised by a Young’s modulus (Ei), a Poisson’s ratio (νi), and a thickness hi
(hI = ∞).

Imperfect bonding conditions between layer i and i + 1 were introduced according
to Goodman and Popov (1968) – characterised by a horizontally oriented spring-bed
with stiffness kb,i. Fragmented layers were introduced to the layered elastic system
following the formulation in Levenberg and Skar (2020). Accordingly, each fragmented
layer is characterised by a vertical stiffness ki, a horizontal stiffness kh,i, and a shear
deformation resistance (Gi) (replacing Ei, νi, and hi).

The VE responseRve (corresponding toRe) of a layered system with time-dependent
properties exposed to a stationary load (see Figure 1(b)) was obtained following
Schapery’s quasi-elastic approximation for isothermal conditions (Schapery 1962). In
particular, the Young’s modulus of the AC was ’replaced’ with a time-dependent (and
temperature-dependent) relaxation modulus E(t). Finally, moving loads were emu-
lated by superposing numerous VE stationary solutions after applying several loading-
unloading sequences – see Levenberg (2016).
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Figure 1. Cross-sectional view of: (a) a layered elastic system with variable interlayer bonding conditions
and a fragmented layer, subjected to a stationary load; and (b) a corresponding system with time-dependent

VE layer properties subjected to a moving load (Nielsen et al. 2022).

2.2. Formulation of AGR effects

Within the VE system (under moving loads), AGR effects were modelled as a combi-
nation of three contributions: (i) the presence of the AGR as an additional thin layer
inside the pavement system; (ii) the AGR influence on the bonding conditions between
the layer above it and the layer below it; and (iii) the AGR influence on the VE prop-
erties of the surrounding AC. The latter two contributions are deemed applicable only
when the ratio between the grid’s effective aperture size (EAS) and the AC’s nominal
maximum aggregate size (NMAS), i.e., EAS/NMAS, is smaller than (about) five. This
requirement is linked to complying with representative volume element considerations,
i.e., to the statistical justification for working with a continuum mechanics framework
(see e.g., Kim et al. (2010)).

The first contribution was captured by adding a thin elastic layer to the stratified
system. For this purpose, the AGR is described by a set of ’effective’ properties,
namely: Young’s modulus, Poisson’s ratio, and a certain thickness. The effective elastic
properties reflect the product’s material composition; if the AGR ribs are made of
different materials, then some averaging must be done to arrive at an effective modulus
and an effective Poisson’s ratio. In this context, the theory assumes that the effective
AGR modulus is larger than the instantaneous AC modulus (E0). If this assumption
is not met the effective grid modulus may (in some instances) be lower than the
surrounding AC modulus, and a reinforcing effect is not active at all times. In addition,
the effective thickness is attained from ‘smearing’ the AGR’s material volume into a
homogeneous layer with uniform thickness.

The second contribution is captured by assigning two horizontal springs to the thin
layer j representing the AGR – one with the layer above it (kb,j−1), and another with
the layer below it (kb,j). The two horizontal spring values are related to the EAS-NMAS
ratio, as schematically presented in Figure 2(a).

The third contribution deals with the so-called zone of influence (ZoI) effect that
originates from local interlocking between AC aggregates and AGR apertures. Under
loading, this interlocking is assumed to partially restrain aggregates from moving,
creating additional confinement within an influence zone near the grid – leading to a
modulus increase (Schuettpelz et al. 2009). This effect is emulated (see Figure 3(a))
by sub-dividing the AC layers neighbouring the AGR, and assigning the adjacent sub-
layers a thickness δZoI and a relaxation modulus EZoI(t) (that differs from E(t)). δZoI
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Figure 2. Conceptual sketches describing the influence of the EAS-NMAS ratio: (a) on the bonding conditions
above and below the AGR, and (b) on the κ factor (Nielsen et al. 2022).

is expected to be somewhere within the range of one to three times the NMAS of the
adjacent material; this range is based on studies dealing with grid-reinforced granular
materials (McDowell et al. 2006, Schuettpelz et al. 2009, Chen et al. 2012, 2014). The
added confinement within the defined ZoI is captured by increasing the AC equilibrium
modulus from E∞ to EZoI

∞ (see Figure 3(b)). This increase is mathematically expressed
by a unitless and time-independent κ factor, defined as:

EZoI
∞ = κE∞ , 1 ≤ κ ≤ E0

E∞
(1)

The lower limit imposed on κ prevents the model from producing a decrease in E∞;
the upper limit ensures that EZoI

∞ cannot exceed E0 (which will violate the concept of
fading memory). Moreover, the value of κ is expected to depend on the EAS-NMAS
ratio according to the schematic representation in Figure 2(b).

Figure 3. Emulation of the ZoI effect, where: (a) sub-division of the AC layer adjacent to an AGR and (b)

Relaxation modulus of the AC inside and outside the ZoI (Nielsen et al. 2022).

2.3. Model implications on validation efforts

The above formulation was implemented in a computational model tentatively named
GRIDPAVE-MM. The implementation involved utilising the open-source MATLAB
code ALVA (Skar et al. 2020b, Skar and Andersen 2020), and extending its elastic
component to handle fragmented layers, VE layers, moving loads, and AGR effects.
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GRIDPAVE was verified by comparison against existing closed-form solutions and
other mechanistic tools. A parametric investigation of GRIDPAVE yielded some rec-
ommendations for designing an experimental setup that supports validation and en-
sures the collection of usable measurements for quantifying AGR effects. Specifically,
it was proposed to utilise instrumented pavement sections with ASGs or pressure cells
at the AC bottom, and avoid placing sensors in the subgrade or focusing on deflection
testing. These recommendations were based on observations that showed a pronounced
and measurable AGR effect on the strain levels at the bottom of the AC and at the
top of a supporting granular base layer. AGR effects were not pronounced for surface
deflections and subgrade strains. Moreover, it was observed that reinforcement effects
are greater when loads move slowly in combination with high AC temperature con-
ditions. Lastly, it was suggested to maximise laboratory characterisation for a priori
determination of several modelling inputs, specifically: effective AGR thickness and
modulus, interface bond conditions between an AGR and adjacent pavement layers,
and VE properties of the AC. The evaluation of κ was recommended through inverse
analysis of strain measurements in a full-scale test setup.

3. Experimental investigation

The experimental investigation involved the construction of an instrumented asphalt
road (DTU Smart Road), consisting of four adjoining sections, each 25m long. Three
sections contained an AGR at different depths while the fourth was unreinforced –
serving as a reference section. The DTU Smart Road was built in October 2021, as a
reconstruction of an existing pavement located in Kongens Lyngby (Denmark) within
DTU’s campus. It is a two-lane, 7.9m wide road, serving live campus traffic. For the
experimental investigation presented herein, the road was closed to the public, and
subsequently loaded by several passes of a slow-moving heavy forklift. This was done
in June 2022, while the AC temperatures were relatively high, on two of the Smart
Road sections: Section S-0 (reference) and Section S-1 where the AGR was placed at
the AC bottom.

3.1. Full-scale test design

The S-0 and S-1 sections in the DTU Smart Road were constructed with a 150mm
thick AC layer, paved in three lifts: 40mm (bottom), 70mm (middle), and 40mm
(top). All lifts were made from the same asphalt mix-type complying with EN 13108-
1 (2016) requirements, having a flat S-shaped aggregate gradation curve about the
maximum density line with a NMAS of 8mm. A neat bitumen with a penetration
grade of 70/100 was utilised; the bitumen content was 5.6%. Constructing the AC
layer from one single mix-type was purposefully done in order to simplify subsequent
modelling and validation efforts.

The AC was paved on top of an existing unbound granular structure (UGS), 750mm
in thickness, that was recompacted and prime-coated before the paving operations.
Visually, and following ASTM D2487 (2017) terminology, the UGS was classified as
GP, i.e., poorly-graded gravel-sand mixture with little to no fines. It had a sandy ap-
pearance, included about 2% cobbles, and was characterised by a NMAS of 37.5mm.
Section S-0 was unreinforced, while Section S-1 had an AGR installed on top of the
prime-coated granular structure (before paving); a picture taken during the AGR
installation process is presented in Figure 4(a). The specific AGR utilised was a Car-
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bophalt®G 200/200 (S&P Clever Reinforcement Company AG 2020) consisting of
bituminous-coated carbon fibres with square openings 15mm × 15mm in size, corre-
sponding to an EAS = 15mm. This grid has (approximately) a similar amount of fibres
in each direction – characterised by a Young’s modulus of 265 GPa, a Poisson’s ratio
of 0.15, and an average (smeared) cross-sectional area of about 50 mm2/m. Lastly, the
UGS was founded on the local soil in the region, extending to a large depth. It is a
fine-grained overconsolidated inorganic silty sand, classified as SM according to ASTM
D2487 (2017). A cross-sectional view of the two above-described pavement systems is
presented in Figure 4(b).

Figure 4. The DTU Smart Road: (a) installation picture of an AGR, and (b) a cross-sectional view (not in

scale) of the layering and instrumentation in sections S-0 and S-1.

Six ASGs were embedded in each section before AC paving operations. These were
installed to capture horizontal strains at the AC bottom in two perpendicular di-
rections. The utilised ASGs were all of type KM-120-120-H2-11 (Kyowa Electronic
Instruments 2022), specifically designed for AC embedment with an operational tem-
perature range of −10◦C to +70◦C. The ASGs were centrally positioned in each test
section to lessen any edge effects or interference with neighbouring test sections. With
respect to the direction of travel, they were oriented to measure longitudinal strains
and transverse strains. In terms of spacing, they were placed 300mm from each other
in both the longitudinal and transverse direction; this was to measure strain responses
in different locations within the AC. The instrumentation arrangement is depicted in
Figure 5(a) alongside ASG naming. As can be seen, ASG1, ASG2, and ASG3 measured
longitudinal strains, while ASG4, ASG5, and ASG6 measured transverse strains. In
section S-0 the ASGs were installed directly on top of the prime-coated UGS, while in
section S-1 the ASGs were installed directly on top of the AGR (see Figure 5(b)).

To ensure the ASGs remained in place during the paving process, they were fixed
to the UGS/AGR surface with heated mastic asphalt. The mastic was applied first,
and then the ASGs were (each) placed into it and manually held until cool-down.
Afterwards, the cables were bundled and led into a roadside manhole – separately
for each individual section. The bundles were manually covered with hot mix asphalt
to protect from paving operations. Figure 5(b) offers a visual representation of this
preparation stage. Finally, to prevent any damage to the ASGs, the asphalt paver and
asphalt delivery trucks were strictly guided to only cross over areas where the cables
had been protected. The ASGs were left exposed until coverage with hot mix asphalt
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by the paver. After construction, it was discovered that all ASGs survived the paving
activities except for ASG2 in S-1, i.e., achieving a post-construction survivability of
92%.

Lastly, three PT100 temperature sensors were installed per test section to capture
the thermal conditions across the AC thickness. These were placed at the bottom
of each AC lift above one another at the depths: 150mm, 110mm, and 40mm (see
Figure 4(b)). A similar installation process to the ASGs was followed for the PT100s,
achieving a post-construction survivability of 100%.

Figure 5. The DTU Smart Road: (a) top view layout of the ASGs, and (b) a picture of the ASGs before

being covered with AC.

3.2. Direct estimation of pavement properties

3.2.1. DCP test

Before paving, while the UGS was exposed, a DCP test according to ASTM
D6951/D6951M (2018) was carried out in each section down to a depth of about
2m; this was done to estimate the thickness of the UGS and assess the similarity
level between sections S-0 and S-1. Figure 6 presents the measured DCP profiles for
S-0 (left) and S-1 (right); both charts utilise markers to depict measured penetration
depth versus the cumulative number of drops. In these charts, the penetration depth
was adjusted to start from the AC surface level. Moreover, regression lines (dashed)
are included to help visualise the penetration rates, i.e., penetration depth per drop.
As can be seen, at a depth of approximately 900mm an abrupt change in penetration
rate is observed for both DCP profiles. This change, indicated with a horizontal dotted
line, represents the formation level, i.e., the interface between the UGS and the local
silty sand; evidently, both sections share a UGS thickness of 750mm. Especially in
granular materials, the DCP test is known to exhibit high variability in penetration
rates (Konrad and Lachance 2001). This can explain the differences in penetration
rates (of about 30%) between the granular structures of the two sections. For the top
part of the local silty sand, the penetration rates are within 17% of one another. This
difference does not necessarily imply a large gap in moduli, given that the DCP is only
weakly correlated with modulus (Newcomb et al. 1995).
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Figure 6. DCP profile in (a) S-0 and (b) S-1.

3.2.2. FWD test

An FWD campaign according to ASTM D4694 (2009) was carried out in March 2022;
a total of 18 drops were executed in each of the two test sections S-0 and S-1. The
drops were applied along the road centre line in the vicinity of the ASG arrays, in three
locations spaced 1m apart. Surface AC temperatures of 5 ◦C to 7 ◦C were recorded
during the testing. The FWD had a 300mm load-plate diameter and 14 geophones at
radial distances ranging from zero (load-plate centre) up to 2400mm. At every test
location, drops were applied from three heights, aiming for three peak stress levels:
0.8MPa, 1.1MPa, and 1.4MPa. Elastostatic backcalculation was carried out with the
FWD measurements. This was done separately for each FWD drop, providing a total
of 36 sets of estimated layer moduli. The aim of this effort was to estimate layer moduli,
assess the nonlinear behaviour (or stress-level sensitivity) of the UGS, and assess the
structural similarity across the two pavement sections.

Listed in Table 1 is the layering arrangement of the two sections based on the DCP
results and construction records; also listed are the assumed Poisson’s ratios. The
backcalculation algorithm minimised the average absolute relative difference between
measured and computed deflections, achieving best-match errors in the range of 1.27%
to 1.55%. Forward deflection calculations were done with ALVA (Skar et al. 2020b, Skar
and Andersen 2020). The means of all derived Young’s moduli sets are listed in Table
1, with results separated according to the different FWD peak stress levels. As can
be seen, relatively high AC moduli, of about 20GPa, and relatively low UGS moduli,
of about 100MPa, were obtained. The reliability of these results is somewhat limited
given that the AC layer thickness of 150mm is smaller than the spacing between the
FWD geophones that are closest to the loading plate (200mm), and smaller than the
loading plate’s diameter (300mm). Nonetheless, when comparing the moduli results
across peak stress levels, there is a general tendency of modulus to increase with FWD
peak stress. The effect is relatively small for the AC and silty sand, and is more
pronounced for the UGS – indicating nonlinear behaviour. Lastly, it is noted that the
silty sand moduli in sections S-0 and S-1 were within ±11MPa of the average shown
in the table. This validates a mechanical similarity of the subgrade and deeper soil
layers across the two pavement sections.
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Table 1. Pavement sections S-0 and S-1: layer thicknesses, Poisson’s ratios, and backcalculated moduli from

FWD testing.

Peak FWD stress level: 0.8 MPa 1.1 MPa 1.4 MPa

Layer Thickness [mm] Poisson’s ratio [-] Young’s modulus [MPa]

AC 150 0.30 19730 21486 22199

Granular 750 0.35 95 105 112
Silty sand ∞ 0.40 162 171 174

3.2.3. VE characterisation of AC

After construction, the AC layer in the DTU Smart Road was cored for subsequent VE
characterisation in the laboratory. Two AC specimens were tested under cyclic loading
in an indirect tensile configuration (EN 12697-26C 2018), each 100mm in diameter and
50mm in thickness. Load-displacement histories were recorded at eight temperature
levels ranging from 0 ◦C to 35 ◦C at 5 ◦C increments. The choice for the low end was
due to equipment limitation of maintaining a constant temperature level below 0 ◦C.
The choice for the high end was due to concerns about nonlinearity and excessive
viscoplasticity above 35 ◦C. Ultimately, VE properties were estimated through inverse
analysis following the approach outlined in Levenberg and Michaeli (2013) with the
relaxation modulus E(t) mathematically expressed as follows (Levenberg 2013):

E(t) =
E∞(1 + (t/τD)

nD)

(t/τD)nD + (E∞/E0)
(2)

where t denotes time, E0 and E∞ are the instantaneous and equilibrium moduli (re-
spectively), nD is a unitless shape parameter, and τD = τ0DaT is a shape paremeter
with time units. τ0D (units of time) is related to a reference temperature T0, and the
time-temperature shift factor aT (unitless) was taken as (Williams et al. 1955):

log10(aT ) =
−C1(T − T0)

C2 + (T − T0)
(3)

where C1 (unitless) and C2 (units of temperature) are constants.
The final VE material properties are listed in Table 2; they represent an average

over the properties of the two specimens. In the analysis, E0 and E∞ were pre-chosen
and fixed because it is impossible to test specimens in an indirect tensile configura-
tion under the two extreme conditions. Thus, the inverse analysis was done with the
following four unknowns: nD, τ

0
D, C1, and C2. The typical range for E0 is 20GPa to

40GPa and the typical range for E∞ is 80MPa to 200MPa (Witczak and Fonseca
1996, Andrei et al. 1999, Cho et al. 2010). Accordingly, 30GPa and 100MPa were
selected for the instantaneous and long-term relaxation moduli (respectively). The
specific numerical values chosen for E0 and E∞, as long as they reside within the typ-
ical ranges, have practically no effect on calculated pavement responses under moving
traffic loads. This is because they represent speed-temperature combinations that are
extreme/unrealistic.
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Table 2. VE properties of the AC associated with a reference temperature of T0 = 20◦C.

E0 [MPa] E∞ [MPa] nD [-] τ0D [s] T0 [◦C] C1 [-] C2 [◦C]

30000 100 0.47 47 20 23 197

3.3. Measurement campaign

In June 2022, a measurement campaign was carried out to capture load-induced pave-
ment responses from the embedded ASGs. The campaign utilised a heavy two-axle
forklift with a load configuration as shown in Figure 7(a). The front axle load was
110 kN and the rear axle load was 120 kN – see Figure 7(b). The front axle accom-
modated two sets of dual tires, whereas the rear axle hosted two single tires. All six
tires were of a similar size/type, characterised by a contact width of 270mm. Strain
measurements were triggered by the forklift passing the ASG array at a speed of about
2 km/h. This choice was driven by the expectation of a more pronounced AGR effect
under slow-moving loads (refer to Subsection 2.3). Six passes were applied in total;
three passes over the S-1 section, followed by three passes over the S-0 section. The
lateral forklift positions, which varied from pass to pass, were assessed by a GoPro
camera attached to the vehicle. This camera captured the edge of the leftmost front
tire (Tire 1) crossing two transversely-oriented measuring tapes that were glued to
the road surface – see Figure 7(a). Based on the GoPro footage, it was possible to
establish the offset Y0, defined as the lateral distance from the centre of Tire 1 to the
road centre line. The GoPro footage showed that lateral positions could vary within
±50mm between the two measuring tapes, indicating that the vehicle was not travel-
ling perfectly parallel to the road’s centre line. For analysis purposes, the Y0 of a given
pass was taken as the average of the two readings.

Figure 7. Loading of the DTU Smart Road: (a) top view illustration of the test setup, and (b) picture of the

heavy two-axle forklift utilised to generate ASG readings.

During passes over the S-1 section, five ASG response traces were recorded (no re-
sponse in ASG2); during passes over the S-0 section, six ASG response traces were
recorded. All ASG measurements were recorded with a sampling rate of 50Hz. An ex-
ample of response measurements from the longitudinal and transverse ASGs is given
in Figure 8; these correspond to Pass #5 in the S-0 section. The soil mechanics sign
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convention is utilised in the figure (and hereafter), wherein a positive sign represents
compressive conditions, and a negative sign represents tensile conditions. It can be
observed that different lateral distances between each ASG and the vehicle tires re-
sult in different strain responses in terms of intensity and shape. Furthermore, peaks
associated with the two-axle loads can be clearly observed in the ASG readings; the
first occurring peaks are associated with the front axle, while the second peaks are
associated with the rear axle. The actual vehicle speed V for each pass was estimated
based on the distance between the two axles and the time delay between measured
strain peaks. It is further noticed that, within the plotted range, the strain level in
the longitudinal ASGs returns back to its starting point in-between the two axles. A
similar return to zero does not occur in some transverse ASG readings; these exhibit
signal recovery that is unrealistically slow, as well as irrecoverable readings that are
unrealistically large. All six recorded passes exhibited this type of ’drift’ behaviour. In
the case presented in Figure 8, the measurements do not return to their starting point
for ASG4 and – more significantly – for ASG5. While part of this behaviour can be
due to time-dependent viscoplastic effects, it seems more plausible that the behaviour
is mainly due to artificial drift – mechanical or electrical (or both).

Figure 8. ASG readings during Pass #5 (S-0), where (a) indicates longitudinal strains and (b) indicates

transverse strains.

Temperature measurements were recorded with the PT100 sensors during each pass
(at three depths). Based on these readings, a continuous temperature profile across the
entire AC thickness was reconstructed by fitting a second-degree polynomial. Examples
of measured PT100 results and estimated temperature profiles in the S-0 and S-1
sections are illustrated in Figure 9. It is noteworthy that temperatures in the AC
varied by about 25 ◦C across the 150mm thickness (top to bottom). For each of the
six passes in the experimental campaign, Table 3 provides a summary of the lateral
vehicle offset (Y0), speed (V ), and AC temperatures.

Table 3. Summary of lateral offsets (Y0), travel speeds (V ), and AC temperatures during the forklift passes.

Section Pass Offset, Y0 Speed, V T at z = 40mm T at z = 110mm T at z = 150mm

# [mm] [km/h] [◦C] [◦C] [◦C]

S-1 1 +215 1.9 34.7 24.7 21.0
S-1 2 +330 1.9 34.9 24.9 21.2

S-1 3 +290 1.9 35.2 25.3 21.5

S-0 4 +360 1.9 38.4 26.6 22.7
S-0 5 -145 1.9 38.4 26.7 22.8

S-0 6 -90 1.9 38.9 27.4 23.4
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Figure 9. Temperature conditions in the AC during Pass #1 (S-1) and Pass #4 (S-0): PT100 sensor mea-

surements (circular markers) and estimated continuous temperature profiles (solid lines).

4. Model validation

4.1. Preliminary considerations

GRIDPAVE was validated based on providing evidence of reproducibility, i.e., the abil-
ity to fit field ASG measurements with model-predicted strain responses. This ability
was demonstrated for both the unreinforced and reinforced sections, with specific at-
tention to the contribution of the AGR model-component (see Subsection 2.2). Prior
to presenting the analysis details, three preliminary aspects are hereafter addressed.

The first aspect concerns the non-linear behaviour of the UGS, which was observed
in the FWD results as the increase in UGS modulus with an increase in FWD peak
stress level (see Table 1). It is recognised that the stress-strain behaviour of unbound
granular materials is governed by a resilient modulus, which is a function of the stress
state. Given that GRIDPAVE imposes a linear theory, the effective (or representative)
modulus of the UGS becomes dependent on a given loading scenario and (indirectly)
on the overlying AC relaxation modulus. Accordingly, a representative UGS modulus
must be chosen in relation to the applied loading configuration, intensity, speed, and
AC temperature conditions during the measurement campaign. This is especially im-
portant/influential when considering the big differences in the prevailing temperature
and loading conditions between the FWD test campaign (AC at 6 ◦C, short loading
pulses) and the measurement campaign (AC up to 40 ◦C, slow-moving tire loads). The
UGS modulus was re-calibrated to address this issue, based on fitting the ASG read-
ings from S-0. Furthermore, each forklift pass was split into two separate axle loading
events, and an individual UGS modulus was estimated for each event. Such splitting
was deemed valid, given that the distance between the axles was large enough. As
can be seen in Figure 8, the strain responses at the AC bottom drop to nearly zero
between the two axles. The re-calibrated UGS moduli obtained from the unreinforced
section were subsequently utilised for analysing S-1.

The second aspect deals with the sensitivity of measured strain responses to the
lateral (offset) position of the forklift (Y0). It is recognised that knowledge of the
load position relative to each of the embedded ASGs must be precise, of the order
of a centimetre, for the model to reproduce measured responses correctly. However,
from a practical perspective, it is challenging to directly measure lateral vehicle-to-
ASG distances at the needed precision. In particular, for the given test setup which
involved a GoPro camera and surface measuring tapes, there were two practical issues.
First, a human-driven vehicle does not move perfectly straight in a line parallel to the
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ASG array, and second, individual ASGs could have slightly changed their position
during paving – which is difficult to assess post-construction. To accommodate these
aspects, the measured Y0 values listed in Table 3 were allowed to slightly change within
±50mm during subsequent analyses.

The third aspect relates to artificial signal drift as well as delayed/irrecoverable
responses that were observed in the readings of the transverse-oriented ASGs – see
Figure 8(b). Signal drift will falsely portray strain relaxation after loading, hence,
any drift gained after one axle load will eventually distort the strain peaks associated
with the following axle load. As the model cannot (and should not) replicate such a
drift, directly contrasting the model with ASG measurements would be misleading. An
effort was made to address this aspect by, first, annulling the ASG drift in-between axle
loading events. This was achieved (after load splitting) by choosing a starting point
for the measured strain responses guided by the model; and second, by matching both
the strain responses and their corresponding strain rates. The strain rates represent an
additional set of reference signals for model validation. By definition, these additional
‘sensors’ exhibit diminished signal delays, and no irrecoverable responses.

4.2. Overall approach

A validation approach was established to provide evidence of model reproducibility
while incorporating all three above-listed aspects. A graphical representation of the
approach is shown in Figure 10, which depicts a three-block flowchart. Block (1) refers
to the physical reality, i.e., the experimental activities covered in Section 3. The ex-
perimental activities provide the needed modelling inputs along with field-measured
ASG readings for the model analysis and validation. Block (2) refers to the modelling
and analysis efforts of the reference (unreinfroced) section S-0. In general, ASG mea-
surements from S-0 (i.e., forklift Passes #4–6) were utilised to re-calibrate the Young’s
modulus of the UGS (Eugs) under each forklift axle. To achieve this, GRIDPAVE with-
out AGR was executed, and Eugs was inferred in an inverse analysis scheme serving as
the main unknown parameter. The Y0’s were also allowed to vary, but within a limited
range of ±50mm. Two optimal Eugs values were found from this procedure: one for
each of the forklift axles. The optimal Eugs values were then carried over to Block (3),
and utilised as fixed/known inputs for modelling and analysis of the reinforced sec-
tion S-1. Here, ASG measurements from S-1 were utilised to estimate a κ-value for
each axle loading event of Passes #1–3. To achieve this, GRIDPAVE with an active
AGR-component was utilised, and κ was inferred in an inverse analysis procedure
(where Y0’s were also allowed to vary slightly within the limited range of ±50mm).
Ultimately, GRIDPAVE was validated by demonstrating that a superior match to the
ASG readings in the reinforced section is only possible if the AGR model-component
is active. In the following two subsections, a more detailed explanation is provided for
the analyses and results associated with Block (2) and Block (3).

4.3. Analysis of the unreinforced S-0 section

The unreinforced S-0 section was modelled as a fully-bonded eight-layered VE system
– see Figure 11(a). The top six layers were VE, representing the 150mm AC layer, each
with a thickness of 25mm, a Poisson’s ratio of ν = 0.30, and a relaxation modulus E(t)
expressed by Equation (2) with the input parameters listed in Table 2. The other two
pavement layers were elastic, representing the UGS and the silty sand. Sub-layering of
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Figure 10. Flowchart showing the model validation approach: (1) physical reality, (2) modelling and analysis

of the unreinforced (reference) S-0 section, and (3) modelling and analysis of reinforced S-1 section.

the AC was done to emulate the temperature effects across the AC thickness. In this
context, the temperatures from the PT100 sensors were utilised to estimate a single
representative temperature level for each AC sub-layer. Then, a time-temperature shift
factor (see Equation (3)) was evaluated for each sub-layer using the parameters listed
in Table 2. The relaxation modulus of each sub-layer was then shifted accordingly. A
silty sand modulus of E8 = 169MPa was selected as the average Young’s modulus
across the three peak stress levels listed in Table 1. The UGS modulus, i.e., E7, was
treated as an unknown for subsequent determination from an inverse analysis. The
obtained moduli values, one for each axle type, were then carried over to the analysis
of the S-1 section.

The pavement surface was subjected to multiple moving loads representing either
the front axle or the rear axle of the forklift – see configuration in Figure 7. Each axle
load was assumed to move with a constant speed V , along a straight path parallel to
the road centreline in the x-axis direction. All loads were modelled as vertically and
uniformly applied over circular areas with a radius of a = 135mm, corresponding to
half the tire width. On the front axle, tires exerted a stress intensity of q = 0.47MPa,
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Figure 11. Pavement modelling as a layered VE system: (a) unreinforced S-0 section, and (b) reinforced S-1
section.

whereas tires on the rear axle exerted a stress intensity of q = 1.04MPa. The relative
lateral distances between all loads and embedded ASGs were governed by Y0 (different
for the different passes), defined as the lateral distance between the road centreline
and the centre of Tire 1 – see Figure 7. Calculated ASG responses were produced in six
evaluation points at the bottom of the AC (i.e., z = 150mm), with (x, y)-coordinates
corresponding to the six ASG positions in Figure 7. Accordingly, longitudinal strains
(in the x-axis direction) were simulated in the following three (x, y)-coordinates (in
mm): (−900,−300), (−600, 0), and (−300, 300), corresponding to ASG1, ASG2, and
ASG3. Transverse strains (in the y-axis direction) were simulated in the following
three (x, y)-coordinates (in mm): (300, 300), (600, 0), and (900,−300), corresponding
to ASG4, ASG5, and ASG6.

Next, the model’s capability to reproduce reality was assessed by formulating and
subsequently solving six optimisation problems – one for each axle load event in S-0.
In each problem, all six ASG signals and their corresponding derivatives were simul-
taneously considered, attempting to fit calculations from a single model to all signals
captured during one axle loading event. This was achieved by solving a multi-criterion
optimization problem following the so-called min-max approach Osyczka (1978). Do-
ing so means implementing two matching steps, for which two corresponding objective
functions are defined for subsequent minimisation: an individual objective function and
a global objective function. The individual objective function quantifies the match be-
tween the measured and calculated strain (or strain rate) response of a single ASG,
which is formulated as:

ϕj =
1

N

N∑
n=1

|Mj(n)−Rve
j (tn)| (4)

where Mj(n) is the measured ASG response (or corresponding strain rate) for a given
data point n in ASGj, Rve

j (tn) is the corresponding calculated VE strain (or strain
rate) response at the ASGj location for the given data point with timestamp tn, and
N is the total number of data points considered for the match within a single axle load
event. The minimal values of all individual objective functions ϕ0

j (one for each ASG
and its derivatives) are then utilised in the formulation of a global objective function
Φ:

Φ =

J∑
j=1

wj

(
ϕj

ϕ0
j

− 1

)
, wj =

{
Mj

λ if Mj < λ

1 if Mj ≥ λ
(5)
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where J = 12 is the total number of considered signals (six strains and six strain
rates), and wj is a weighting parameter. The latter was introduced to lessen the influ-
ence of very weak signals that are close to the accuracy limit of the ASGs. Here, wj

was expressed by two terms: Mj = Mmax
j − Mmin

j , which is the difference between
the maximum and minimum strain measured in ASGj, and λ, which is an accuracy
limit taken as 20µm/m. Consequently, ASG signals that experienced a peak-to-peak
strain difference smaller than 20µm/m were given a weight smaller than unity in the
global objective function. The strain rate ‘sensors’ were weighted according to their
corresponding original ASG signals.

The solutions to each optimisation problem (one for each axle load event) were ob-
tained with the MATLAB tool fminseach, which is suited for finding the minimum
of unconstrained multi-variable functions based on a derivative-free method. A popu-
lation of N = 400 data points per ASG signal was chosen, encapsulating all relevant
strain responses triggered by one forklift axle. As a trial/initial set of values, a UGS
modulus of E7 = 104MPa was chosen, taken as the average Young’s Modulus across
the three peak FWD stress levels listed in Table 1, while GoPro-assessed offsets (listed
in Table 3) were used for Y0 (constrained to change within ±50mm). In each iteration
step, and before estimating the objective function values, cross-correlation was utilised
to horizontally shift (along the time axis) calculated signal points such that they best
align with the corresponding measured data points. The measured signal values were
offset by aligning the first data point from measured signals with the first calculation
point from modelled signals. Eventually, by fulfilling one of the several stopping crite-
ria build-in the fminseach tool, a minimal/optimal solution for Φ is reached – denoted
with a zero superscript, i.e., Φ0. As a result, six optimal UGS modulus values were
obtained and listed in Table 4. As can be seen, moduli values associated with the rear
axle load are larger than those associated with the front axle load; this further affirms
the non-linear UGS behaviour. On average, a UGS modulus of 199MPa is associated
with the front axle load event, while a modulus of 232MPa is associated with the rear
axle load event.

Table 4. Estimated UGS modulus for each axle load passage in S-0.

Pass Axle Eugs [MPa]

4 Front 208

5 Front 199

6 Front 189
4 Rear 225

5 Rear 226

6 Rear 245

Avg.
Front 199 (±10)
Rear 232 (±13)

For visualisation, an example of the optimum fit between measured and model-
predicted ASG responses for the rear axle load during Pass#5 is presented in Figure
12. Here, charts on the left-hand side represent the match between measured ASG
responses and the corresponding calculated responses, whereas charts on the right-
hand side represent the match of the strain rate ‘sensors,’ i.e., between the ASG
time derivatives and their corresponding calculated time derivatives. As can be seen,
an acceptable solution that simultaneously matches all field measurements has been
reached. It is noted that the strain traces for all ASGs are unique given the different
lateral offsets relative to the passing load arrangement. This behaviour is captured
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very well by the GRIDPAVE code. Furthermore, it can be observed that modelled
responses are well aligned (horizontally) with the ASG measurements. Finally, as seen
in the left-hand side charts, most mismatches occur after the response peaks; this
further highlights the artificial nature of the signal drift. In the charts on the right-
hand side, depicting strain rates, a corresponding mismatch due to drift is nearly
eliminated.

4.4. Analysis of the reinforced S-1 section

The S-1 section layering was modelled to be similar to the layering of the S-0 section
except for an added thin layer (Layer 7) representing the AGR. As shown in Figure
11(b), this thin layer was positioned between the AC layer’s bottom and the top of
the UGS. The thin layer properties were assumed elastic, with a Young’s modulus of
265GPa and a Poisson’s ratio of 0.15 (see Subsection 3.1); based on smearing the grid’s
cross-sectional area, the effective thickness was 0.05mm. A full (perfect) bond was
assumed between the reinforcement and adjacent layers. The ZoI effect was emulated
by modifying the relaxation modulus of the AC sub-layer above the reinforcement
(Layer 6). A ZoI thickness of δZoI = 25mm was chosen, which is approximately three
times the NMAS of the AC. The modification was governed by the κ-factor (see
Subsection 2.2); it meant replacing E(t) with EZoI(t) (for Layer 6 only). Given that the
EAS-NMAS ratio equals 1.9 a notable increase of κ is expected – see Figure 2(b). The
ZoI effect below the grid, within the UGS, was presumed negligible considering that
the ratio between the grid opening size (15mm) and the UGS NMAS (37.5mm) equals
0.4. Such EAS-NMAS ratio is deemed too small to generate any notable increase in the
κ-value. For both the AC and UGS the EAS-NMAS ratios are within representative
volume element limits. The UGS was assigned a Youngs’s modulus based on the re-
calibrated values from Subsection 4.3, i.e., 199MPa for simulating front axle loading
events, and 232MPa for simulating rear axle loading events.

Analyses were done by calculating strain responses at (x, y)-coordinates correspond-
ing to ASG1, ASG3, ASG4, ASG5, ASG6 in Figure 7 (ASG2 did not survive the con-
struction process); all located at z = 150mm. GRIDPAVE, including AGR effects, was
applied for this purpose; the analysis involved solving six separate optimisation prob-
lems – one for each axle loading event, i.e., Passes #1-3, each with two different axle
types. A similar approach to the one covered in Subsection 4.3 was utilised – but this
time with κ serving as the main unknown. The offset Y0 in each case was treated as a
secondary unknown, as it was only allowed to vary within a narrow range of ±50mm.
The initial guess-values were: κ = 1 (i.e., no ZoI effect) and the GoPro-measured off-
sets listed in Table 3. To ensure consistency with the model, κ was constrained to
not fall below unity (no upper-bound limit was enforced). The final/optimal κ-values
are listed in Table 5; also included in this table are the associated (final/optimal)
global objective function values Φ0. As can be observed, all κ-values were found to
be larger than unity with an average of about 2.0. These calculation results provide
evidence that treating the AGR as a thin high-modulus layer was necessary for match-
ing the ASG readings, and that including a ZoI-effect was required to further improve
GRIDPAVE’s reproducibility.

As a final validation step, the AGR-component of GRIDPAVE was deactivated to
observe and quantify the degradation in reproducibility. For this purpose, the global
objective function values were re-calculated for the S-1 section while completely ignor-
ing the AGR existence – i.e., setting κ to unity and removing the thin high-modulus
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Figure 12. Optimum fit between measured ( ) and modelled ( ) rear axle responses from Pass #5 in

S-0.
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Table 5. Estimated κ-values for each axle loading event alongside the global objective function values Φ0

(with AGR effects) and Ψ0 (ignoring AGR effects), and their relative percentage difference.

Pass Axle κ [-] Φ0 [-] Ψ0 [-] Φ0

Ψ0 − 1

1 Front 1.6 1.022 1.156 -12%
2 Front 2.5 0.759 4.806 -84%

3 Front 1.8 1.770 3.604 -51%

1 Rear 1.7 1.608 4.197 -62%
2 Rear 2.6 2.005 6.111 -67%

3 Rear 1.9 2.494 5.525 -55%

Avg. 2.0

layer. The resulting values, denoted as Ψ0 are listed in Table 5 alongside the rela-
tive percentage difference to Φ0. As can be seen, a negative relative difference was
obtained across all analysed axle loading events – clearly indicating that the AGR
model-component was needed in order to provide a superior match to field measure-
ments. To graphically illustrate these implications, Figure 13 provides an example of
simulated GRIDPAVE strain responses with AGR, without AGR, alongside measured
ASG responses associated with the rear axle loading during Pass#2. This case corre-
sponds to a situation where GRIDPAVE with AGR provides a global match (to the
ASG readings) that is 67% better than GRIDPAVE without an AGR. The figure con-
sists of ten charts, where charts on the left-hand side represent the match between the
measured ASG responses and the corresponding calculated responses, whereas charts
on the right-hand side represent the match between time derivatives of the measured
strain and their corresponding calculated time derivatives. As can be seen, an accept-
able solution that simultaneously matches all field measurements has been reached for
the model with AGR. Furthermore, across most charts, simulated responses utilising
GRIDPAVE with AGR are visually superior to responses generated by GRIDPAVE,
but without an active AGR model-component.

5. Synthetic investigation

A synthetic case study was established to demonstrate and quantify the effects of
adding an AGR to a pavement system. The studied case was based on the DTU
Smart Road test sections subjected to the rear axle loading of the forklift (see Figure
7). The two calibrated models from the S-0 and S-1 sections were utilised – one with
an AGR and another without reinforcement. Specifically, both the unreinforced and
reinforced models correspond to the two systems shown in Figure 11(a and b) with a
UGS modulus of Eugs = 232MPa and a common silty-sand modulus of 169MPa. The
obtained average κ = 2.0 from Subsection 4.4 was utilised to emulate the AGR effect
in the reinforced model.

Four critical key responses located along the wheel path of Tire 5 (see Figure 7) were
investigated: (i) εx – horizontal strain in the x-axis direction (i.e., travel direction) at
the bottom of the AC where z = 150mm; (ii) εy – horizontal strain in the y-axis
direction at the bottom of the AC where z = 150mm; (iii) εz – vertical strain at the
UGS top where z = 150.1mm; and (iv) Uz – vertical displacement at the pavement
surface where z = 0. The first three key responses were chosen based on their relation
to pavement performance in ME design. In particular, key responses (i) and (ii) are
commonly associated with bottom-up fatigue cracking, while (iii) is usually linked to
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Figure 13. Measured and modelled rear axle responses from Pass #2 in S-1, where: dotted line ( ) for
measured responses; solid black line ( ) for calculations using the optimum model with AGR; and solid red

line ( ) for the calculations using the nominal identical model without AGR.
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rutting in the aggregate base course layer (Huang 2004). Key response (iv) was chosen
given the focus on deflection testing in pavement evaluation (ASTM D4694 2009).

Figure 14 presents the resulting/calculated key responses. There are eight charts in
this figure arranged in two rows. Each row represents one of the four key responses
in two combinations of AC temperature T (assumed uniform across the depth) and
loading speed V . The combinations are: T = 45 ◦C and V = 5km/h on the left-hand
side, and T = 5 ◦C and V = 80 km/h on the right-hand side. Each chart depicts two
response traces: one associated with a model including AGR (solid black line) and an-
other associated with a reference model excluding AGR (solid red line). In the charts,
vertical axes depict (each) a key response value, while the horizontal axes represent the
x -coordinate of the load position relative to the evaluation point (x, y) = (0, -110mm)
according to the Cartesian coordinate system given in Figure 7(a). To best visualise the
differences between reinforced and unreinforced cases, the vertical axis varies across
the chart pairs. Overall, it can be observed that including AGR reduced peak strain
levels. The reduction was considerably larger under the high-temperature/low-speed
combination compared to the low-temperature/high-speed combination. Furthermore,
it can be seen that AGR inclusion had a negligible effect on surface vertical displace-
ments.

Table 6 lists the numerical values of the trace peaks of the four considered key
responses. These peaks are listed alongside their relative change in magnitude when
compared to peaks from a corresponding unreinforced system. As can be seen, the
AGR produced its largest effect on horizontal strains, with a reduction of up to 36%
in peak intensity for T = 45 ◦C and V = 5km/h. In contrast, a peak reduction of up
to 12% was obtained for the same key response under T = 5 ◦C and V = 80 km/h.
Furthermore, a decrease in surface displacement peaks caused by the AGR did not
exceed 5% in any of the given temperature-speed combinations.

Table 6. Peak response values across pavement systems and time-temperature conditions.

Peak responses at T = 45◦C and V = 5 km/h

εx(z = 150mm) εy(z = 150mm) εz(z = 150.1mm) Uz(z = 0mm)

System [µm/m] [µm/m] [µm/m] [mm]

Without AGR -694 -701 2388 1.271
With AGR κ = 2.0 -459 (-34%) -448 (-36%) 2035 (-15%) 1.211 (-5%)

Peak responses at T = 5◦C and V = 80 km/h

εx(z = 150mm) εy(z = 150mm) εz(z = 150.1mm) Uz(z = 0mm)

System [µm/m] [µm/m] [µm/m] [mm]

Without AGR -87 -101 346 0.363
With AGR κ = 2.0 -80 (-8%) -89 (-12%) 324 (-6%) 0.357 (-2%)

6. Conclusion

This work dealt with a full-scale validation of the mechanistic response model sug-
gested in Nielsen et al. (2022) for pavements that include AGR. Specifically, an in-
strumented asphalt pavement was designed and constructed, comprising two nominally
identical layering arrangements – one including AGR and the other excluding AGR
(serving as a reference). ASGs and temperature sensors were buried in the AC layer
during construction. Also, DCP, FWD, and laboratory tests were done to characterise
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Figure 14. Calculated key responses of a reinforced ( ) and unreinforced ( ) model vs. the load position

in the x -direction for two temperature-speed conditions.
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the as-built pavement system. Triggered by a heavy, slow-moving forklift of known
weight, dimensions and position, SG responses were measured for subsequent analy-
sis. Validation was demonstrated by providing evidence that a model with the AGR
is superior in its ability to reproduce reality compared to a nominally identical model
that ignores the AGR contribution. A synthetic investigation based on the validated
model was provided to further quantify the reinforcement effect. This was done for two
combinations of AC temperature and loading speed while focusing on key responses
commonly employed in ME design and non-destructive pavement evaluation.

The main findings from the overall effort were as follows: (i) it was possible to
obtain an acceptable fit between all measured and model-predicted strain responses,
suggesting that the model presented in Nielsen et al. (2022) is capable of reproduc-
ing in-pavement responses – with and without AGR; (ii) a κ-factor larger than unity
was obtained for all analysed passes, indicating that a ZoI model component is active
and valid; (iii) when AGR was included/activated in GRIDPAVE, calculated strain
responses coincided better with field measurements as compared to ignoring AGR ef-
fects. This suggests that the proposed framework with AGR formulation is a useful
mechanistic component for ME design; and (iv) based on the synthetic investigation, it
was observed that adding AGR significantly reduces the AC bottom horizontal strains
and, to a lesser degree, the vertical strain on top of the UGS. This finding applies to
slow loading speeds combined with high AC temperatures. The reinforcement effect
was considerably smaller for cases involving fast loading speeds and low AC tem-
peratures. Lastly, the model predicts that AGR effects hardly influence peak surface
deflections within the considered range of speed and temperatures.

Some limitations/shortcoming have emerged during the work. First, some mecha-
nistic behaviours could not be captured, specifically: non-linear stress-strain response
of unbound materials, and permanent deformation of the AC and other pavement lay-
ers (either time independent or time-dependent). Second, the lateral vehicle position,
which is critical for reproducing in-pavement responses, was practically difficult to
measure in the field with high precision. Lastly, the presence of artificial signal drift in
some of the SG readings distorted GRIDPAVE’s ability to match the measurements.
While these limitations could not be fully eliminated, they were addressed as part of
the effort to validate the proposed model (see Subsection 4.1).

Findings (i), (ii), and (iii) suggest that the mechanistic modelling approach offered
by Nielsen et al. (2022) is successfully validated in a full-scale pavement system. In
particular, it is possible to identify and quantify the reinforcement effect, and subse-
quently evaluate the associated model parameters. Furthermore, finding (iv) implies
that adding an AGR at the AC bottom can potentially prolong the pavement service
life in terms of bottom-up fatigue cracking and rutting. This is because the AGR pres-
ence lessens key response peaks commonly associated with these distress types. The
reinforcement effect is expected to be largest under static loadings that are common
to parking lots and storage yards. Finally, the study results imply that reinforcement
effects are difficult to quantify in field experiments based on FWD (Horak et al. 2015)
or moving measurement platforms (Skar et al. 2021, Baltzer et al. 2010). Conversely,
static/long-duration load tests might be able to identify AGR effects such as in Kumar
et al. (2021). Overall, the model of Nielsen et al. (2022) provides a promising tool for
reproducing in-pavement strain responses.

While this study focused on conditions of high AC temperatures and slow loading
speed, further tests should also target conditions of low AC temperatures and fast
loading speeds. Moreover, pavement surface responses could be further examined, ei-
ther by using moving measurement platforms that target displacements or by installing
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surface sensors, e.g., accelerometers, LVDTs, or tiltmeters (Nielsen et al. 2020, Skar
et al. 2020a). If these attempts demonstrate that AGR effects are marginal, they will
provide further field evidence for model validation. Moreover, while it was possible
to estimate a κ value for an assumed δZoI value in this work, future studies should
focus on characterising these ZoI properties in the laboratory; this is because it is
impractical to estimate these properties in full-scale. Additional aspects for future in-
vestigation should deal with the evaluation of other grid types, optimal positioning
within the AC layer under different loading scenarios, and bonding conditions between
grids and adjacent layers. Concerning the latter point, interface bonding properties,
with or without a grid, could be potentially estimated in laboratory shear tests over
AC cores (Leischner et al. 2019).
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ABSTRACT

When simulating asphalt pavement responses, layer interface properties must be spec-
ified. For design and analysis purposes, perfect interface bonding conditions are com-
monly assumed when calculating key responses. One emerging approach for prolonging
the service life of asphalt pavements, either new or rehabilitated, is installing asphalt
grid reinforcement (AGR) products between paving lifts. In these cases, the perfect
bond assumption may not hold – undermining the reinforcement potential. Accord-
ingly, the objective of this study was to investigate the effects of interface properties on
key responses in pavements with AGR. The investigation was carried out by combining
results from a full-scale construction, laboratory tests on asphalt concrete (AC) cores,
and synthetic simulations. The latter were performed with a recently developed semi-
analytic mechanistic code that can accept AGR products. This code can handle time-
and temperature-dependent layer and interface properties, as well as moving loads.
It was found that the bond between AC lifts, with and without AGR, is time- and
temperature-dependent – best characterized by a relaxation interface stiffness func-
tion. This relaxation function was measured to be consistently larger without AGR
than with AGR. Nonetheless, simulations showed that including an AGR: (i) has no
pronounced effect on strain magnitudes under high-speed/low-temperature conditions;
(ii) can, depending on the installation depth, lessen horizontal strain magnitudes at
the reinforced interface and at the AC bottom. This beneficial effect transpires under
slow-speed/high-temperature conditions; and (iii) has no pronounced effect on deflec-
tions regardless of the loading speed and temperature level. It is concluded that even
if laboratory measurements display a reduced interface stiffness when including an
AGR, the reduction may not have any practical implication on responses, and rein-
forcement effects are not necessarily undermined. The modeling approach outlined and
utilized in this study offers a mechanistic tool for analyzing this matter/question on
a case-by-case basis.
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layered elastic theory, viscoelasticity, Dresden Dynamic Shear Tester.

1. Introduction

1.1. Background

Prolonging the service life of new or rehabilitated asphalt pavements can be sought via
the inclusion of asphalt grid reinforcement (AGR) products. In general terms, AGRs
are a sub-category of geosynthetics composed of high-modulus strands joined in a
mesh-like configuration. These products are designed for installation within asphalt
concrete (AC), either between two new AC lifts, between an existing (aged/damaged)
AC and a new AC overlay, or on top of an unbound granular base, at the AC bottom.
Laboratory investigations and full-scale experiments have demonstrated that AGRs
can be beneficial in combating several distress types such as fatigue cracking (Nguyen
et al. 2013, Arsenie et al. 2017, Vinay Kumar and Saride 2017, Correia and Zornberg
2018), rutting (Ong et al. 2004, Sobhan 2005, Lee et al. 2015, Correia and Zornberg
2016), and reflective cracking (Austin and Gilchrist 1996, de Bondt 1999, Khodaii
et al. 2009, Saride and Kumar 2017).

A rational attempt to capture AGR effects in asphalt pavements was recently pro-
posed by Nielsen et al. (2022). The work outlined a mechanistic model that further
extends the layered elastic theory (LET) to include: (i) linear viscoelastic (VE) layer
properties, (ii) moving loads, and (iii) fragmented layers (Levenberg and Skar 2020).
More specifically, AGR was modeled as a thin high-modulus elastic layer alongside
a zone-of-influence (ZoI) effect for capturing changes in the mechanical properties of
adjoining AC. A full-scale validation effort of the new theory is included in Nielsen
and Levenberg (2022).

Similar to LET, the modeling scheme in Nielsen et al. (2022) requires as input the
prevailing conditions at layer interfaces, and particularly between the top and bot-
tom of the AGR and the adjoining AC. In a typical design of unreinforced asphalt
pavements, a perfect bond between all layers is commonly assumed (AASHTO 2008,
Sutanto 2009, White 2017). This assumption may not hold when AGR is included, as
the presence of a grid influences the bond quality (Le et al. 2022). This work is moti-
vated by the desire to further investigate and quantify this issue – both experimentally
and theoretically.

The paper commences with a literature review, covering how interface bond condi-
tions are represented within LET, and how the bond level is quantified in laboratory
and field experiments. The study’s objective and methodology are stated next, followed
by the description of an experimental campaign aimed at characterizing the interface
properties between AC lifts with and without AGR. Described next is a synthetic
investigation of bonding effects on key responses commonly linked to pavement per-
formance in engineering design. The paper ends with a summary of the main findings,
conclusions, and recommendations for future research.

1.2. Literature review

1.2.1. Interface bonding in LET

The vast majority of pavement design and analysis procedures/codes are LET-based
(Shell 1978, Shook et al. 1982, AASHTO 2008, AUSTROADS 2004, Huang 2004). In
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this theory, each of the pavement layers is assumed weightless, linear elastic, homoge-
neous, and isotropic. The interfaces between adjoining layers are assumed to remain in
contact at all times; mathematically, this translates into continuity of vertical stresses
and displacements. The continuity of horizontal displacements across interfaces de-
pends on the bonding conditions. For a perfect/fully-interlocked bond, the horizontal
displacements are continuous, while for a smooth/slippery bond, the interface shear
stress vanishes and horizontal displacements are discontinuous. The entire spectrum
of bond levels is commonly modeled with a horizontal Winkler-like spring-bed char-
acterized by a spring constant k (units of force per cubic length). This approach is
essentially an extension of Goodman’s constitutive law for laminated beams (Goodman
and Popov 1968).

Figure 1. Schematic representation of interface spring constant.

Referring to the standard axisymmetric LET formulation (Burmister 1943,
1945c,a,b, Peutz et al. 1968), the interface spring constant ki, connecting the bot-
tom of layer i with the top of layer i + 1 (see Figure 1), is incorporated as follows
(Levenberg 2020):

(τrz)i = ki ((ur)i − (ur)i+1) (1)

or alternatively

(ur)i = (ur)i+1 −
(τrz)i
ki

(2)

where (τrz)i is the r − z shear stress at the interface, (ur)i is the radial displacement
just above the interface (within layer i), and (ur)i+1 is the radial displacement just
below the interface (within layer i + 1). Referring to Equation (1), it can be seen
that when ki → 0, a smooth/slippery bond transpires – given that the shear stress
at the interface vanishes, i.e., (τrz)i = 0. Conversely, it can be seen from Equation
(2) that when ki → ∞ a perfect/fully-interlocked bond transpires – given that the
radial displacements above and below the interface are forced to be identical, i.e.,
(ur)i = (ur)i+1. For simulating an intermediate bond level, the value of ki resides
within the range 0 < ki < ∞.

1.2.2. Monotonic shear testing

The work of Uzan et al. (1978) contains one of the earliest attempts to experimentally
measure the prevailing spring constant value between two AC lifts. Using a double
shear-box apparatus the interface between two lab-prepared AC layers was monoton-
ically sheared under different vertical stress levels (from zero to 0.5MPa), and tack
coat applications (from none to 2 kg/m2). The tests were carried out at two tempera-
tures (25 ◦C and 55 ◦C), and one shear rate of 0.04mm/s. The smallest level of applied
shear displacement was 130 µm and the corresponding/resulting interface spring con-
stant was within the range of 0.5MPa/mm to 2.0MPa/mm. A similar testing approach
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for evaluating the interface spring constant was employed by Romanoschi and Met-
calf (2001). Testing included the application of a monotonous shear rate of 0.2 mm/s
until failure under three temperature levels (from 15 ◦C to 35 ◦C) and four vertical
stress levels (from about 0.14MPa to 0.52MPa). The obtained k values, derived from
displacements at peak shear stress, were about half those reported by Uzan et al.
(1978).

Canestrari et al. (2005) applied monotonous shear to AC interfaces at a rate of
0.04mm/s under two temperatures (20 ◦C and 40 ◦C) and three normal stresses (from
none to 0.43MPa). Interface spring constants were calculated from a linear regression
between measured shear stress versus differential displacement at the interface (up
until the peak). Values obtained were in the range of 0.1MPa/mm to 0.6MPa/mm.
The same test was repeated in Canestrari and Santagata (2005) for lower temper-
ature levels (from -10 ◦C to 20 ◦C), yielding to k values in the range of 5MPa/mm
to 0.3MPa/mm. In the work of Sutanto (2009) a range of interface spring constant
values between 0.5MPa/mm and 1.9MPa/mm were identified utilizing the so-called
modified Leutner test (i.e., applying direct shear without normal stress application),
for which the applied shear rate was 0.83mm/s at a temperature of 20 ◦C; k values
were estimated from displacement levels ranging between 1mm to 2.4mm.

Based on a synthetic LET analysis, Al Hakim et al. (1999) have concluded that
interface spring constant values below 0.01MPa/mm essentially mean complete de-
bonding, while values above 100MPa/mm indicate perfect bonding. Thus, a verbal
categorization for interface bond was proposed: (i) poor k ≤ 0.01MPa/mm, (ii) par-
tial 0.01MPa/mm< k < 100MPa/mm, and (iii) good k ≥ 100MPa/mm. A similar
verbal categorization was suggested in a recent study by Le et al. (2020), but with the
’poor’ bond level ascribed to k ≤ 0.1MPa/mm. Al Hakim et al. (1999) also tried to
backcalculate interface stiffnesses between two AC layers (along with the layer moduli)
from Falling Weight Deflectometer (FWD) measurements. FWD tests were carried out
on several pavements immediately after construction and after six months. A variety of
interface spring constants were found in the range of 0.01MPa/mm to 100MPa/mm,
i.e., from poor to good. The backcalculation results indicated a trend of increasing
interface stiffness with time.

1.2.3. Cyclic shear testing

The interface conditions in-between two AC layers have also been evaluated under
sinusoidal shear-loading conditions. The first identified work in this context is that
of Crispino et al. (1997), which involved the design, construction, and application
of a new/suitable test apparatus. Under steady-state conditions, a complex interface
stiffness K∗ was introduced to represent the bond behavior:

K∗ =
τ0

∆U0
cosφ+ i

τ0
∆U0

sinφ = K1 + iK2 (3)

where K1 = τ0
∆U0

cosφ and K2 = τ0
∆U0

sinφ denote (respectively) the real and imagi-
nary parts of K∗, τ0 is the sinusoidal shear stress amplitude, ∆U0 is the differential
displacement amplitude between the two specimen layers, and φ is the phase angle be-
tween shear stress and displacement. Thus, the norm of the complex interface stiffness
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|K∗| is given by:

|K∗| =
√

K1 +K2 =

√(
τ0

∆U0
cosφ

)2

+

(
τ0

∆U0
sinφ

)2

=
τ0

∆U0
(4)

while the the phase angle is obtained from:

tan(φ) =
K2

K1
(5)

Crispino et al. (1997) tested 19 different two-layered AC cores (with a tack coat
application rate of 0.5 kg/m2). All tests were done in load-controlled mode at a single
frequency of 10Hz, under two temperature levels (15◦C and 35◦C), and with zero
normal stress application. It was found that, on average, |K∗| = 3.9MPa/mm for
15◦C and |K∗| = 0.8MPa/mm for 35◦C. Values of ∆U0 associated with these complex
norms were not reported. Overall, the |K∗| values are about three times higher than
the k values obtained under monotonous tests (same temperature).

In the work of Kruntcheva et al. (2006) a cyclic shear load was applied to AC
interfaces in a shear box apparatus. The applied peak-to-peak horizontal displacement
ranged between 1 µm and 350 µm. Based on their plotted results, the interface spring
constant values were of the order of 20MPa/mm, i.e., ten times higher than those
reported in the monotonous tests. The paper mentions a test frequency of 2Hz but
does not provide the temperature level.

In the work of Isailović et al. (2017), cyclic shear and static normal (compressive)
loadings were applied to investigate the interface bonding properties between two AC
layers. Several AC cores were tested for a fixed frequency of 10Hz, under five temper-
ature levels (from -10 ◦C to 50 ◦C) and three normal stresses (from zero to 0.5MPa).
An interface spring constant was estimated for each cycle until failure. During the
early loading cycles, interface spring constant values ranged between 4MPa/mm to
40MPa/mm, depending on the temperature and normal stress level. It was also ob-
served that the interface spring constant dropped with an increase in the applied
displacement amplitude signifying a non-linear behavior.

A study by Leischner et al. (2019) focused on characterizing the time-temperature
dependency of the interface spring constant between two AC lifts. The authors devel-
oped a testing device called the Dresden Dynamic Shear Tester (DDST), which applies
cyclic shear and static normal stress to the interface of two coherent AC elements –
placed inside a temperature-controlled direct shear box. Testing was carried out on
four lab-constructed AC specimens at five frequency levels (0.1Hz to 10Hz), four tem-
perature levels (-10 ◦C to 50 ◦C), and four normal stress levels (none to 0.9MPa). Shear
displacement amplitudes were applied at small (albeit varying) levels. Post-processing
of the test data resulted in four master curves of the interface stiffness, one for each
normal stress level. Each master curve was represented in the frequency domain by a
five-parameter sigmoid function, taking into account time-temperature shifting; values
of |K∗| were found to be in the range of 1.5MPa/mm to 44MPa/mm, depending on
the loading frequency, temperature level, and normal stress.

In a recent work by Roussel et al. (2022), the influence of time-temperature-
dependent interface behavior on FWD test results was investigated. Interface bond
constants were measured in the laboratory on hollow cylinder AC specimens. Two
loading conditions were applied, namely cycling torsion and cycling axial loading. The
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tests involved the application of small displacements; they were carried out at four
frequencies (0.01Hz to 0.3Hz) under four temperature levels (10 ◦C to 40 ◦C). Two
independent complex interface stiffnesses were determined, one associated with axial
displacements and another associated with horizontal displacements. Regarding hori-
zontal displacements, complex interface stiffnesses were in the range of 4MPa/mm to
300MPa/mm. The work also included a synthetic case study, simulating FWD deflec-
tions (at 20 ◦C), while utilizing the measured complex interface stiffnesses to represent
the interaction between two AC lifts. The simulations were based on extending the
Spectral Element Method to include VE layer and interface behavior. It was found
that the lab-obtained interface properties provided similar deflections to a fully bonded
situation.

1.2.4. Tests on AC interfaces with AGR

When it comes to characterizing interface bond conditions including AGR, the exist-
ing literature is rather limited, and mainly focused on failure testing under monotonic
direct shear conditions (Plug et al. 2010, Lee et al. 2019, Correia and Mugayar 2021,
Solatiyan et al. 2021). The general consensus, based on these studies, is that inter-
face shear strengths decrease when AGR products are present. Values of k have been
reported in some of the studies, spanning the range of 0.1MPa/mm to 0.8MPa/mm
(depending on the test conditions). None of the shear failure tests provide any consis-
tent evidence that k values decrease when an AGR is present.

Based on field measurements, Le et al. (2022) analyzed the influence of AGR on
interface bonding conditions between asphalt lifts. Focus was placed on the pavement’s
behavior in non-damaged conditions. Glass fiber grids were installed between two AC
lifts, and strain gauges were embedded at the interface and at the bottom of the AC.
Measured strains, triggered by a moving load, were compared to calculated pavement
responses. Calculations were obtained using LET considering two model cases – one
with full bonding (k → ∞) and one with zero bonding (k = 0MPa/mm). In the
modeling, the AGR was considered indirectly, by manipulating the AC layer modulus.
Calculations indicated a reduced bond level in the reinforced pavement section com-
pared to a nominally identical reference section without an AGR. Similar results were
found from additional FWD measurements (taken at 15 ◦C), where backcalculation
resulted in an interface spring constant of 4MPa/mm for the reinforced section and
63MPa/mm for the unreinforced section.

1.2.5. Summary and research gaps

To summarize, the common approach for considering interface bonding conditions in
LET-based pavement models is to introduce a horizontal spring-bed connecting two
adjoining layers, characterized by a constant stiffness k. A large body of work exists
on characterizing k via laboratory testing, mostly by application of monotonic shear
conditions. These tests often proceeded to induce large displacements and ultimate
failure of the interface. Some studies attempted to characterize interface bonding by
the application of cyclic loading under relatively small displacements. These tests illus-
trated that the bond between two AC lifts is both time- and temperature-dependent,
and can be characterized by a complex interface stiffness K∗.

The existing literature provides a very wide range of values for k or |K∗|. The reason
for the range is due to differences in test conditions, i.e., rate of loading, temperature,
normal stress, displacement level, aging, and the amount of tack coat applied between
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the two AC layers. Nonetheless, there is almost an order-of-magnitude difference in
shear stiffness values when contrasting tests with monotonic loading against tests with
cyclic loading. This difference seems related to the level of applied displacement, which
is usually less than a micrometer in cycling testing and in the order of millimeters in
monotonous tests. Given that k is influenced by the level of differential shear displace-
ment and the level of normal stress, it is essentially a non-linear entity.

With respect to the presence of AGR at interfaces, only a few studies exist – mostly
focused on interface strength under monotonic shear. There seems to be a general
consensus that interface shear strengths decrease when AGR products are present.
However, there is no consistent evidence that interface k or |K∗| values decrease when
AGRs are present. Lastly, no pavement modeling effort was identified in the technical
literature that simultaneously considers time- and temperature-dependent interface
bonding, time- and temperature-dependent layer properties, AGR effects, and moving
loads.

1.3. Objective and methodology

The objective of this study is to investigate the effects of interface properties on key
responses in pavements with AGR. The key responses are those commonly utilized in
the design and analysis of asphalt pavements, and the interface properties are those
that govern the bond conditions between neighboring AC lifts or between a grid and
its adjoining AC. The investigation is carried out by combining results from a full-scale
construction, laboratory tests on AC cores, and synthetic (in silico) simulations. The
latter analysis is based on the mechanistic code developed in Nielsen et al. (2022).
More specifically, two nominally identical asphalt pavement systems are modeled, one
unreinforced serving as a reference and a second that includes an AGR. The loading
considered is that of a single wheel moving in a straight line at a constant speed.
The AC interfaces are characterized as both time- and temperature-dependent, with
properties measured at TU Dresden by the DDST. Key responses are quantified for the
two pavement systems under two combinations of wheel speed and AC temperature.

2. Experimental Campaign

This section describes an experimental campaign involving laboratory testing of field-
produced cores in two separate efforts: (i) characterization of AC properties, and (ii)
characterization of interface properties with and without AGR. Both efforts included
the application of repeated loadings under controlled isothermal conditions, aiming
for time- and temperature-dependent properties.

2.1. Pavement construction

An instrumented asphalt road was established within the Technical University of Den-
mark (DTU) campus. This road, called DTU Smart Road, was built as part of a
reconstruction project of an existing 100m long road serving live campus traffic. It
comprises four test sections, each 25m long, three of which contain an AGR and a
fourth unreinforced, serving as a reference. For the experimental investigation consid-
ered herein, only two of the four sections are evaluated: a reinforced section where the
AGR was installed in-between two AC lifts, and the reference section.
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Figure 2. The DTU Smart Road: (a) a cross-sectional view of the two considered pavement sections indicating

core locations, and (b) photo of AGR installation.

Figure 2(a) presents a cross-sectional view of the two pavement systems. Both con-
sist of a 150 mm thick AC layer, paved in three lifts with thicknesses of 40 mm
(bottom), 70 mm (middle), and 40 mm (top). All lifts were made from the exact
same asphalt mix, characterized by a flat S-shaped aggregate gradation curve with a
nominal maximum aggregate size (NMAS) of 8 mm, a bitumen content of 5.6%, and
a bitumen penetration grade of 70/100. As can be seen in the figure, the reinforced
section had an AGR located in-between the bottom and middle AC lifts, i.e., 110 mm
below the pavement surface. In both sections, the bottom AC lift was supported by
an existing recompacted 750 mm thick unbound granular structure resting on a layer
of overconsolidated silty sand extending to a large depth.

The AGR utilized was a Carbophalt®G 200/200 (by S&P Clever Reinforcement),
which is made of bitumen-coated strands of carbon fibers arranged in a mesh with an
equal amount of fibers in each direction. The amount of bitumen coating corresponds
to 200 g/m2 (bitumen/overall grid area) and has a penetration grade of 30/40. The
grid openings are 15mm × 15mm in size, and non-fixed knots (fiber overlaps); it
is characterized by a Young’s modulus of 265GPa, a Poisson’s ratio of 0.15, and a
cross-sectional fiber area of 50mm2/m. Before installation of the AGR, the surface
of the bottom AC lift was sprayed with a 350 g/m2 tack coat. The AGR was then
installed using the so-called S&P Asphalt Unroll Equipment (see Figure 2(b)). In this
procedure, the grid is preheated just before deployment in order to melt the bitumen
coating and promote improved adhesion with the underlying AC lift.

2.2. Laboratory tests

About six months after the DTU Smart Road was constructed, four AC cores, 100mm
in diameter, were taken for subsequent laboratory testing; two cores were taken from
the reinforced section and two from a reference section (see Figure 2(a)). One core from
each test section was utilized for characterizing the AC properties while the other two
were utilized for characterizing the interface bond with and without reinforcement.
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2.2.1. AC characterization

An indirect tensile test was conducted to characterize the VE properties of the AC.
For this purpose, the middle AC lift (without AGR) was utilized – trimming the core
to a length of 50mm. Two separate tests were carried out (one for each specimen), in
which two opposing diametral sectors were loaded, and the resulting transversal diam-
eter changes monitored with linear variable displacement transducers (LVDTs). Load-
displacement histories were recorded at eight temperature levels: 0 ◦C, 5 ◦C, 10 ◦C,
15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, and 35 ◦C. In each temperature level, ten displacement-
controlled pulse-rest cycles were applied, with a repetition period of 3 s and a pulse
duration of 0.25 s.

VE properties were estimated through inverse analysis following the approach of
Levenberg and Michaeli (2013). In this context, the AC relaxation modulus EAC(t)
was presumed sigmoidal in shape (in a log-log plot), having the following formulation:

EAC(t) =
E∞(1 + (t/τD)

nD)

(t/τD)nD + (E∞/E0)
(6)

where E0 is the instantaneous modulus (units of force/length2), E∞ is the equilibrium
modulus (units of force/length2), and τD (units of time) and nD (unitless) are shape
parameters. As part of the analysis, E0 and E∞ were pre-chosen: E0 = 30, 000 MPa
and E∞ = 100 MPa. This was needed because it was technically impossible to test
the specimens under the two extreme conditions of zero and infinite time.

The associated time-temperature shifting is included in τD = aT τ
0
D, where τ0D is a

material constant (units of time) associated with some preselected reference temper-
ature T0, and aT is the time-temperature shift factor (unitless), assumed to obey the
WLF equation (Williams et al. 1955):

log10(aT ) =
−C1(T − T0)

C2 + (T − T0)
(7)

where C1 (unitless) and C2 (units of temperature) are constants.
The average VE properties and time-temperature shift constants for a reference

temperature of T0 = 20◦C are listed in Table 1. Figure 3(a) shows the resulting relax-
ation modulus as a function of time for a 20◦C reference temperature (Equation (6)),
while Figure 3(b) shows the time-temperature shift factor as a function of temperature
(Equation (7)).

Table 1. VE AC properties associated with a reference temperature of T0 = 20◦C.

E0 [MPa] E∞ [MPa] nD [-] τ0D [s] T0 [◦C] C1 [-] C2 [◦C]

30,000 100 0.47 47 20 23 197

2.2.2. Interface characterization

For the purpose of characterizing the interface, two AC cores were tested (separately)
in the DDST. The cores were cut to a length of 80mm, such that the interface between
the bottom and middle lifts was located in the center. One core had an AGR at the
interface while the other was unreinforced (see Figure 2(a)). In the testing, each core
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Figure 3. Measured AC properties: (a) relaxation modulus EAC(t) as a function of time for a reference

temperature of T0 = 20◦C, and (b) time-temperature shift factor aT as a function of temperature.

was fixed using a two-component epoxy adhesive inside two steel molds that were sep-
arated by a 1mm gap aligned with the interface. After 24 hours of curing time for the
epoxy, the molds were installed inside a direct shear box. A schematic representation
of the DDST is provided in Figure 4; the setup applies a cyclic sinusoidal load Fm(t)
to one side of the shear box while the other side is fixed – thus shearing the interface.
Simultaneously, constant normal stress, denoted as σN , is applied perpendicular to
the interface. Differential displacements between the two shear box sides, denoted as
∆Um(t), were monitored by the average readings of two LVDTs. The entire setup was
placed inside a temperature-controlled chamber to induce isothermal conditions. Refer
to Leischner et al. (2019) for more detailed information about the DDST setup and
testing procedure.

Figure 4. Schematic representation of the DDST.

The shear test was performed in displacement-controlled mode targeting small levels
of displacement oscillations. Testing was done at a combination of: (i) four temperature
levels (T ), i.e., -10 ◦C, 10 ◦C, 30 ◦C, and 50 ◦C; (ii) five frequencies (f), i.e., 0.1Hz,
0.3Hz, 1Hz, 3Hz, and 10Hz; (iii) four σN levels, i.e., 900 kPa, 600 kPa, 300 kPa, and
0 kPa, and (iv) three target displacement amplitude levels (∆Um

0 ), i.e., low (≈ 10 µm),
medium (≈ 30 µm), and high (≈ 50 µm). The actual displacement amplitudes slightly
varied depending on the temperature, normal stress, and frequency level. In effect, each
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displacement amplitude level refers to a mean (and standard deviation) of low: 13.1 µm
(±1.8 µm), medium: 33.3 µm (±1.4 µm), and high: 53.3 µm (±2.1 µm). A period of two
hours was given for temperature regulation between every change in temperature level.

The DDST measurements were utilized to estimate a relaxation interface stiffness
for both test specimens. This was done in three steps: (i) fitting analytic sinusoidal
functions to the measured load and displacement histories, (ii) using the obtained
sinusoidal function parameters to estimate complex norm values of the interface stiff-
ness |K∗| and associated phase angles φ, and (iii) applying interconversion and inverse
analysis to produce a relaxation interface stiffness K(t).

Initially, analytic sinusoidal functions were fitted to the measured load and displace-
ment histories for all available combinations of T , f , σN , and ∆Um(t) (240 combina-
tions in total). For each combination, a five-parameter analytic harmonic time function
was matched to the last five cycles. Specifically, the measured differential displacement
history ∆Um(t) was fitted with an analytic function ∆U(t):

∆U(t) = ∆U0 sin(2πf1t+ φ1) + λ1t+ θ1 (8)

where t is the time, ∆U0, f1, and φ1 denote the amplitude, oscillation frequency, and
phase (respectively) of the sinusoidal part, and λ1 and θ1 are shape parameters that
compensate for drift (trend) and initial offset in the LVDT readings. Similarly, the the
applied load in the test Fm(t) was fitted with an analytic function Fs(t):

Fs(t) = F0 sin(2πf2 + φ2) + λ2t+ θ2 (9)

where F0, f2, and φ2 denote the amplitude, oscillation frequency, and phase (respec-
tively) of the sinusoidal part, and λ2 and θ2 are shape parameters that compensate
for trend and initial offset in the load cell readings.

All above-described fittings were done with a nonlinear minimization algorithm; a
MATLAB tool fminsearch. To achieve this, all five parameters in Equation (8), i.e.,
∆U0, f1, φ1, λ1 and θ1, or in Equation (9), i.e., F0, f2, φ2, λ2 and θ2, were treated
as unknowns. The mean absolute error between measured and calculated response
histories (either displacements or loads) was utilized as an objective function.

Next, the optimal values of ∆U0, F0, φ1, and φ2 were employed to estimate the
norm of the complex interface stiffness |K∗|. This was done according to Equation
(4) with τ0 = F0/As, where As is the area of the tested interface (i.e., 7854mm2 for
100mm diameter cores). The phase angle φ was found according to: φ = φ2 − φ1.
Subsequently, the obtained |K∗| and φ values were employed to construct 12 master
curves (with reference temperature of 20◦C), one for each combination of σN and ∆U0.
For this purpose, and based on a side-study, the time-temperature shifting constants
of the AC were found adequate – namely C1 and C2; see Equation (7) and Table 1.

Figure 5 presents the obtained |K∗| values for a combination of zero normal stress
(σN = 0) and low displacement amplitude levels (∆Um

0 ) as a function of reduced
frequency (fr = aT f) associated with T0 = 20◦C. Each cluster of data points on
the chart represents |K∗| associated with one of the test temperature levels and one
of the test specimens (with AGR or without). As can be seen, after temperature
shifting the |K∗| values form a sigmoid shape on a log-log scale. In general, the |K∗|
values obtained from the specimen with AGR are lower than the ones associated
with the reference specimen. It is noted that measured |K∗| values associated with a
temperature level of T = 50◦C were deemed erroneous/invalid; they did not conform to
a sigmoid shape and therefore excluded from the chart and from the ongoing analysis.
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Figure 5. Estimated |K∗| values from the DDST as a function of reduced frequency for ∆Um
0 = low, σN = 0

kPa, and a reference temperature of T0 = 20◦C.

Moreover, when plotted against reduced frequency (fr), the estimated phase angles
(φ) appeared erratic/random and therefore deemed unreliable. As a consequence, the
φ values were not considered in the ongoing interpretation.

Hereafter, the |K∗| values were utilized to calculate a relaxation interface stiffness
function for each combination of σN and ∆Um

0 . These were constructed by fitting a
sigmoid function to each of the aforementioned |K∗| master curves in a new inverse
analysis step. For this purpose, it was presumed that the relaxation interface stiffness
K(t) between two AC lifts is a sigmoid-shaped time function. Accordingly, a four-
parameter expression similar to Equation (6) was utilized:

K(t) =
K∞(1 + (t/τK)nK )

(t/τK)nK + (K∞/K0)
(10)

where K0 is the instantaneous (short-term) stiffness (units of force/length3), K∞ is
the equilibrium (long-term) stiffness (units of force/length3), while τK (units of time)
and nK (unitless) are shape parameters governing the transition between K0 and K∞.
Also, τK = τ0KaT in which τ0K (units of time) is a constant linked to the reference
temperature T0, and aT is provided by Equation (7).

As Equation (10) provides K(t) in the time domain, interconversion was applied to
match the complex norm values in the frequency domain. Interconversion was done
according to Park and Schapery (1999) and applied in each iteration step of the inverse
analysis. Specifically, K(t) was written as a Prony series with 50 relaxation strengths
and 50 relaxation times. Then after, the real and imaginary components of the complex
interface stiffness K1 and K2 were expressed by the relaxation strength and times.
From Equation (4) and (5) it then is possible to estimate both |K∗| and φ. With
the established relationship between the measured |K∗|-values and Equation (10), the
relaxation stiffness parameters K0, K∞, τ0, and nK , were optimized by minimizing
the mean relative error. Best-match results with respect to σN = 0 and ∆Um

0 =low
are shown in Figure 5, where interconverted |K∗| values are indicated by gray curves
(either dashed or solid).

At the end, 12 sets of interlayer relaxation stiffness parameters were obtained for
each AC specimen. Table 2 presents all estimated parameters across the 12 combi-
nations of ∆Um

0 and σN . Here, KRef(t) refers to the relaxation interface stiffnesses
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Table 2. Estimated parameters for KRef and KAGR under a reference temperature of 20◦C.

KRef (reference) KAGR (with AGR)

∆Um
0

σN K0 K∞ τ0K nK K0 K∞ τ0K nK

[kPa] [MPa
mm ] [MPa

mm ] [s] [-] [MPa
mm ] [MPa

mm ] [s] [-]

Low

0 21.8 16.2 9.0×10−3 0.30 17.0 3.9 1.8×10−1 0.60

300 23.0 16.4 9.6×10−3 0.29 18.1 3.9 3.8×10−1 0.46

600 23.3 16.7 9.8×10−3 0.29 17.6 4.6 2.5×10−1 0.51

900 22.4 16.7 9.2×10−3 0.29 17.1 5.6 1.4×10−1 0.59

Medium

0 16.0 10.7 1.1×10−2 0.28 14.1 2.5 4.1×10−1 0.53

300 16.0 11.3 1.0×10−2 0.28 14.6 3.3 2.5×10−1 0.53

600 16.3 11.1 1.1×10−2 0.29 14.8 3.9 2.1×10−1 0.52

900 16.1 11.5 9.0×10−3 0.29 14.9 4.6 1.8×10−1 0.49

High

0 13.4 8.8 1.7×10−2 0.32 12.1 2.3 2.4×10−1 0.75

300 14.2 9.1 1.7×10−2 0.26 12.5 3.2 1.7×10−1 0.64

600 15.9 9.2 1.2×10−2 0.28 12.8 3.6 2.0×10−1 0.55

900 12.9 9.9 1.0×10−2 0.29 13.3 4.2 1.6×10−1 0.48

obtained for the reference AC specimen, whereas KAGR(t) refers to the relaxation
interface stiffnesses obtained for the reinforced AC specimen. As can be seen in the
table, K0 and K∞ associated with KRef are generally larger than K0 and K∞ related
to KAGR. This observation indicates that adding AGR reduces the interface bond in
terms of K(t) at all times. Furthermore, the shape parameters τ0K and nK associated
with KAGR are systematically larger than τ0K and nK associated with KRef . This
means that the presence of AGR also has an impact on the time-related transition
between the instantaneous and equilibrium interface stiffness. The difference between
K0 and K∞ is generally small for KRef , indicating that the reference interface (with-
out AGR) is less sensitive to time and temperature, compared to the interface with
AGR.

The presented results also indicate non-linear behavior for both KRef and KAGR

as values of K0 and K∞ generally decrease with increasing ∆Um
0 . This behavior is

similar to what was observed in the literature review for monotonous and cyclic shear
tests. In addition, there is a general trend of K∞ increasing with the normal stress
σN . The same trend is also expected for K0, but remains unclear from the given test
results. It should be noted that all these implications are based on test results from a
single test sample (one for each interface type), and should be checked for statistical
significance by testing several AC specimens.

The resulting relaxation interface stiffness for the combination of σN = 0 kPa and
∆Um

0 = low are plotted (in the time domain) for both AC specimens in Figure 6.
These two cases are visually presented as they were utilized further on for the synthetic
investigation. The figure shows the time along the horizontal axis (log scale) and the
corresponding interface stiffness along the vertical axis (linear scale); all associated
with T0 = 20◦C. The solid curve in the figure representsK(t) for an interface with AGR
(i.e., KAGR) while the dashed curve represents K(t) for a reference interface (without
AGR, i.e.,KRef). The gray-shaded areas represent the variation ofK(t) with respect to
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Figure 6. Relaxation interface stiffnesses KRef and KAGR as a function of time for ∆Um
0 = low, σN = 0

kPa, and a reference temperature of T0 = 20◦C.

the four tested stress levels of σN (for ∆Um
0 =low). As can be seen, the two presented

relaxation interface stiffnesses associated with σN = 0 kPa constitute the lowest values
of K(t) within the grey-shaded area. Furthermore, KRef is associated with larger
interface stiffness compared to KAGR at all times. Finally, the test results indicate
that the reference interface (without AGR) is less sensitive to time and temperature,
compared to the interface with AGR. These observations repeat the implications of
Table 2, indicating a lower level of interface bonding stiffness due to the presence of
AGR, and a non-linear interface bonding behavior.

3. Mechanistic investigation of interface bonding effects

This section contains a synthetic investigation focused on quantifying the effects of
interface bonding on key responses in asphalt pavements. The section commences
with a brief exposition of the overall modeling approach and explains how time- and
temperature-dependent interface stiffness is incorporated. Then after, the modeling is
applied to the two pavement systems in Figure 2(a). Utilized as inputs (in both cases)
are the VE properties of the AC and the relaxation interface stiffnesses obtained
from Subsection 2.2. Ultimately, under moving load conditions, several traces of key
responses are calculated, presented, and discussed.

3.1. Modeling Approach

The pavement modeling approach herein was founded on Schapery’s quasi-elastic ap-
proximation for isothermal conditions (Schapery 1962). This approximation was cho-
sen because it allows relatively quick, sufficiently accurate, and numerically stable
conversion of linear elastic solutions to linear viscoelastic solutions. Specifically, it was
applied to a stratified elastic half-space exposed to a stationary load to produce a
solution for an equivalent medium but with time-dependent layer and interface prop-
erties. In this context, the AC layers were modeled as linear VE, characterized by a
relaxation modulus EAC(t). Similarly, the horizontal spring stiffness ki from Equation
(1) (or (2)) was represented with a time-dependent relaxation interface stiffness. To
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capture the response under a moving load, the VE solution for a stationary load was
extended by decomposing the movement into a sequence of stationary load-unload
applications, and then superposing the resulting sequence of VE solutions according
to Levenberg (2016c). This modeling approach was coded in a MATLAB environment
with ALVA as its LET engine (Skar and Andersen 2020, Skar et al. 2020a); numerical
considerations are elaborated in Nielsen et al. (2022). The code was verified against
other codes such as ELLEA1 (Levenberg 2016a), ELLVA1 (Levenberg 2016b,c), and
against other known solutions (Burmister 1943, Ike 2018).

AGR effects were included in the modeling according to Nielsen et al. (2022), by:
(i) adding a thin high-modulus elastic layer to represent the presence of the reinforce-
ment material itself. This layer is characterized by a thickness, Young’s modulus, and
Poisson’s ratio; (ii) specifying the bonding properties between the thin elastic layer
and the layers above and below it. These properties are characterized by two distinct
relaxation interface stiffnesses, namely KAGR

Top (t) and KAGR
Bottom(t); and (iii) modifying

the VE properties of the layers in contact with the thin high-modulus layer to repre-
sent how AGR affects the surrounding AC properties. This ZoI-effect operates over a
small part of the adjoining VE layers, within some thickness δZoI . The change in the
VE properties within the ZoI is captured by κ, a positive unitless scalar parameter
residing in the range 1 ≤ κ ≤ E0

E∞
. In effect, κ is utilized to replace E∞ in EAC(t) (see

Equation 6) with κE∞, producing a slightly modified relaxation function denoted as
EZoI(t).

3.2. General model inputs

A cross-section of the two pavement models considered herein is shown in Figure
7. The models were made to represent the reinforced and unreinforced DTU Smart
Road sections shown in Figure 2(a). As can be seen, both pavement models consist
of three VE layers of 150 mm in total thickness (representing the AC), separated by
two interfaces at z = 40mm and z = 110mm (from the surface). The VE layers
not affected by the AGR were characterized by a relaxation modulus EAC(t) and
a constant Poisson’s ratio of 0.30. EAC(t) was expressed by Equation (6) and (7),
utilizing the parameter values listed in Table 1. The temperature (T ) of the three VE
layers was assumed to be uniformly distributed across the entire 150mm thickness. In
both models, the VE layers were supported on a 750 mm thick elastic layer representing
the unbound granular structure, with a Young’s modulus of 200MPa and a Poisson’s
ratio of 0.35. The lowest semi-infinite model layer, representing the natural subgrade
soil, was assigned a Young’s modulus of 80MPa and a Poisson’s ratio of 0.40. Perfect
interface bonding was assumed between the two elastic layers and at the interface with
the bottom of the VE layer.

Pavement responses were calculated by considering a single-wheel load configuration
traveling on the surface. Figure 8 shows a schematic illustration of the moving load;
it has a circular contact radius of 150mm and a vertical load intensity of 0.7MPa.
A Cartesian coordinate system is introduced, such that the response evaluation point
is located under the coordinate system’s origin. The load travels along the x-axis
direction with a constant speed V on a line that passes above the evaluation point
(i.e., y = 0); it first appears at x = −10, 000mm and is removed from the system
at x = 10, 000mm. Investigated in the following are two combinations of load speeds
and AC temperatures (uniform across depth), namely a low-speed/high-temperature
condition and a high-speed/low-temperature condition.
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Figure 7. Cross-sectional view of two layered VE systems: (a) a unreinforced pavement system (reference),

and (b) a reinforced pavement system (with AGR).

Figure 8. Schematic representation of moving load and evaluation point: (a) side view, and (b) top view.

3.3. AC interface bonding and AGR inputs

The relaxation interface stiffnesses K(t) obtained from the DDST were utilized to
emulate the bonding at AC layer interfaces with and without AGR. In the unreinforced
model, bonding conditions at both AC interfaces, i.e., at z = 40mm and at z = 110mm
were characterized by the relaxation interface stiffness KRef(t), see Figure 6 and Table
2. The specific relaxation interface stiffness properties utilized were those associated
with σN = 0 kPa and a low ∆Um

0 . The justification for these choices is discussed in
the following subsection. In the reinforced model, the interface at z = 40mm was also
characterized by KRef(t). The interface at z = 110mm includes an AGR, modeled
according to Nielsen et al. (2022) with: (i) a Young’s modulus of 265GPa, a Poisson’s
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ratio of 0.15, and a thickness of 0.05mm; (ii) a ZoI effect acting above and below
the grid, each with a ZoI-thickness of δZoI = 20mm (corresponding to 2.5 times the
NMAS of the AC) and a κ = 2.0 taken from Nielsen and Levenberg (2022); and (iii)
two relaxation interface stiffnesses KAGR

Top (t) and KAGR
Bottom(t), governing the interaction

at the top and bottom of the AGR (respectively).
The DDST test with AGR capturedKAGR(t), i.e., the total/entire bonding behavior

between the two AC layers. However, because the AGR is modeled as a thin layer, the
properties of two separate bonding interfaces are needed. Thus,KAGR(t) was separated
into two components while exploring optional bonding models (BMs), named BM1 and
BM2, defined as follows:

BM1 : KAGR
Top (t) → ∞ , KAGR

Bottom(t) = KAGR(t) (11)

BM2 : KAGR
Top (t) = 2KAGR(t) , KAGR

Bottom(t) = 2KAGR(t) (12)

The BMs represent the two extreme relations between the upper and lower bond while
complying with the constraint from Nielsen et al. (2022), stating that KAGR

Top (t) ≥
KAGR

Bottom(t). This constraint is linked to the construction procedure, where AGR is
placed on top of an already-compacted AC lift before overlaying. This sequence should
then always allow for a better grid-interlock with the upper AC lift than the lower
AC. Accordingly, BM1 corresponds to the case where the DDST-derived properties are
ascribed only to the bottom AGR interface, while the top AGR interface is assumed
perfectly bonded. In contrast, BM2 corresponds to the case where the DDST-derived
properties are equally split between the top and bottom AGR interfaces. The multipli-
cation factor of two comes from the series-type link between KAGR

Top (t) and KAGR
Bottom(t).

3.4. Simulation of interface conditions

As a preliminary step, the interface conditions of both pavement models were inves-
tigated. Specifically, the horizontal differential displacements ∆Ux and the vertical
stresses σz at each interface, triggered by the moving single-wheel load, were simu-
lated. The associated responses were simulated directly under the wheel path (y = 0)
at the two interface depths: z = 40mm and z = 110mm. For unreinforced interfaces,
∆Ux denotes the difference in displacements (in the x direction) between two points,
one just above and another just below an interface. For the reinforced interface, ∆Ux

denotes the difference in displacements between two points, one just above and an-
other just below the thin layer representing AGR (inside the adjoining layers). Stresses
and differential displacements were investigated for two combinations of load speeds
and AC temperatures, specifically: under low-speed/high-temperature conditions with
V = 5km/h and T = 35 ◦C, and under high-speed/low-temperature conditions with
V = 80 km/h and T = 5 ◦C.

Figure 9 presents the results from the above-described simulations for an evalua-
tion point located at x = y = 0. Figures 9(a) and (b) refer to the upper interface at
z = 40mm, while Figures 9(c) and (d) refer to the lower interface at z = 110mm. Fig-
ures 9(a) and (c) are associated with low-speed/high-temperature conditions, whereas
Figures 9(b) and (d) are associated with high-speed/low-temperature conditions. Each
chart contains two ordinates, one (left) representing the horizontal differential displace-
ments ∆Ux, and another (right) representing the vertical stresses σz. The horizontal
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Figure 9. Simulated differential displacements ∆Ux and vertical stresses σz at two interface depths z = 40mm

and z = 110mm, and for two load-speed/temperature conditions.

axis represents the load location in the x direction. Each chart contains six curves;
three black curves denote ∆Ux for the reinforced model with BM1, the reinforced model
with BM2, and the reference (unreinforced) model. Three gray curves denote σz for the
reinforced model with BM1, the reinforced model with BM2, and the reference (unre-
inforced) model. The stress/strain sign convention in the figure (and hereafter) follows
a soil mechanics convention, where a positive sign represents compressive conditions
and a negative sign represents tensile conditions.

As can be seen in Figures 9(a) and (b), ∆Ux and σz seem to be indistinguishable
across the three considered models, suggesting that the presence of AGR (regardless
of BM) does not influence ∆Ux and σz at the upper (z = 40mm) interface. Peak
differential displacements of about ∆Ux = 10 µm and maximum vertical stresses of
about σz = 0.65MPa were obtained across all considered models and do not seem
to be highly affected by the load speed and temperature conditions. From Figure
9(c), it can be seen that ∆Ux at z = 110mm is highly influenced by the presence of
AGR for the low-speed/high-temperature condition. Peak differential displacements of
about ∆Ux = 30 µm (BM1) and ∆Ux = 35 µm (BM2) are observed for the reinforced
interfaces. In contrast, the unreinforced interface is exposed to a peak differential
displacement of about ∆Ux = 10 µm. This indicates that the reinforced interface ex-
periences a larger relative slip between the upper and lower AC lifts in comparison to
the unreinforced interface. The three curves representing σz seem close to identical,
indicating that an increased slip due to AGR has a marginal influence on the vertical
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stress applied on the interface. From Figure 9(d), it can be seen that ∆Ux and σz (at
z = 110mm) seem to be indistinguishable across the three considered models. This
suggests that the presence of AGR has a marginal influence on the bonding condition
related to the high-speed/low-temperature condition. In these conditions, peak differ-
ential displacements of about ∆Ux = 10 µm and maximum vertical stresses of about
σz = 0.2MPa were obtained across all considered models.

Lastly, it can be observed across all charts that the differential displacements ∆Ux

are mostly below the smallest displacement amplitudes measured in the laboratory
test (∆Um

0 ≈ 13.1 µm). In general, ∆Ux exhibits a peak when the load edges are
directly above the evaluation point (i.e., x = ±150mm). While the reinforced cases
reveal a relative slip exceeding 30 µm at the load edges, the value approaches zero
when the load center is directly above the point of evaluation. At this point, where
key responses generally peak, the interface stiffness is deemed sufficiently higher than
what was previously chosen. While the model cannot handle such nonlinear behavior,
it is assumed that the relaxation interface stiffness properties associated with σN = 0
kPa and a low ∆Um

0 ≈ 13.1 µm are a reasonable choice for representing the bonding
conditions.

3.5. Simulations of key responses

Several key response traces were simulated for points residing under the path of the
moving load (x = y = 0), at different depths. This simulation included eight responses,
numbered (1), (2),..,(8). Responses (1)...(6) address points residing just above inter-
faces, chosen given their link to fatigue cracking in the design of asphalt pavements
(Shook et al. 1982, Huang 2004). Responses (1), (2), and (3) are associated with lon-
gitudinal horizontal strains εx in the travel direction, while Responses (4), (5), and
(6) are associated with transverse horizontal strains εy. The evaluation points were
located at three different depths, such that Responses (1) and (4) refer to z = 40mm,
Responses (2) and (5) refer to z = 110mm, and Responses (3) and (6) refer to
z = 150mm. Response (7) denotes the vertical strain εz at z = 150.1mm, i.e., at the
AC bottom or top of the unbound granular structure. Response (8) refers to the verti-
cal displacements Uz at z = 0mm, i.e., at the pavement’s surface (i.e., deflection). Key
response (7) was chosen based on its relation to rutting in the unbound granular struc-
ture (Huang 2004), while (8) was chosen given its relation to non-destructive deflection
testing (ASTM 2009, Horak et al. 2015). All response calculations were obtained for
two combinations of load speeds and AC temperatures (uniform across depth), namely:
a low-speed/high-temperature condition with V = 5km/h and T = 45 ◦C, and at a
high-speed/low-temperature condition with V = 80 km/h and T = 5 ◦C.

Figure 10 presents Responses (1), (2), and (3). There are six charts in this figure,
arranged in two columns. Each row of charts represents one of the considered depths
z = 40mm, z = 110mm, and z = 150mm (from top to bottom). Charts on the
left-hand side are associated with V = 5km/h and T = 45 ◦C and charts on the
right-hand side are associated with V = 80 km/h and T = 5 ◦C. In each chart, the
horizontal axis denotes the x-coordinate of the wheel (the evaluation point is at x = 0),
and the vertical axes represent the strain value in the travel (x) direction. Moreover,
each chart contains three response traces associated with: (i) the reinforced model
with BM1, (ii) the reinforced model with BM2, and (iii) the reference (unreinforced)
model. As can be seen across the three key responses, strains are generally larger
for the low-speed/high-temperature conditions. Under these conditions, the AGR has
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Figure 10. Simulated horizontal strains in the traveling direction εx at three depths z = 40mm, z = 110mm,

and z = 150mm, and for two load-speed/temperature conditions.

a noticeable effect on reducing longitudinal strains; the effect is mainly realized at
z = 110mm and z = 150mm. The choice of BM only seems to have a notable influence
on the strain level at the grid location (i.e., at z = 110mm). Here, BM1 is associated
with the largest strain reduction. At z = 40mm and z = 150mm the choice of BM
is trivial. For the high-speed/low-temperature conditions, the reinforcement effect is
generally small and graphically unnoticeable. Figure 11 presents Responses (4), (5),
and (6). There are six charts in this figure with a similar arrangement as Figure 10,
representing the simulated strain values in the transverse (y) direction. As can be seen
across the six charts, similar AGR effects appear for transverse strains as compared
to longitudinal strains.
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Figure 11. Simulated horizontal strains in the transverse direction εy at three depths z = 40mm, z = 110mm,

and z = 150mm, and for two load-speed/temperature conditions.

Figure 12 presents Responses (7) and (8) in four charts. Figures 12(a) and (b)
present vertical strains on top of the unbound granular structure, while Figures 12(c)
and (d) present deflections. Charts on the left-hand side are associated with V = 5
km/h and T = 45 ◦C and charts on the right-hand side are associated with V = 80
km/h and T = 5 ◦C; they each include three response traces similar to Figure 10
and 11. As can be seen, for both Responses (7) and (8), only a small AGR effect
is realized under the low-speed/high-temperature condition. Specifically, the presence
of AGR slightly reduces the strain on top of the unbound granular structure and the
deflection. It can also be seen that the chosen BM has a negligible influence on both key
responses. No AGR effect is noticeable for the high-speed/low-temperature condition.
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Figure 12. Simulated vertical strains εz at z = 150.1mm and vertical displacement Uz at z = 0mm, for two

load-speed/temperature conditions.

Table 3. Ultimate peak response values across pavement systems and load-speed/temperature conditions.

Peak responses at T = 45◦C and V = 5 km/h

εx(z) εy(z) εz(z = 150.1mm) Uz(z = 0mm)

Model [µm/m] [µm/m] [µm/m] [mm]

Reference -534∗ -556† 1981 1.092

With AGR (BM1) -405∗ (-24%) -400∗ (-28%) 1830 (-8%) 1.028 (-6%)
With AGR (BM2) -418∗ (-22%) -414∗ (-26%) 1859 (-6%) 1.036 (-5%)

Peak responses at T = 5◦C and V = 80 km/h

εx(z) εy(z) εz(z = 150.1mm) Uz(z = 0mm)

Model [µm/m] [µm/m] [µm/m] [mm]

Reference -81∗ -93∗ 395 0.355
With AGR (BM1) -77∗ (-5%) -87∗ (-7%) 390 (-1%) 0.355 (0%)

With AGR (BM2) -77∗ (-5%) -87∗ (-6%) 391 (-1%) 0.355 (0%)

†at z = 110mm
∗at z = 150mm

Table 3 lists the ultimate peak values of the critical key responses. The ultimate
peak values refer to the largest value associated with εx, εy, εz, and Uz. Specifically,
the largest value of key responses (1), (2), and (3) refers to the ultimate peak value
of εx, the largest value of key responses (4), (5), and (6) refers to the ultimate peak
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value of εy, while the largest value of key response (7) and (8) refers to the ultimate
peak values of εz (at z = 150.1mm) and Uz (at z = 0mm), respectively. All ultimate
peak values associated with the two reinforced pavement models are provided alongside
their relative change in magnitude (in %) compared to the reference model. In addition,
ultimate peak values associated with εx and εy are provided alongside their location
within the AC. Overall, it can be seen that installing AGR between two AC layers
at z = 110mm reduces the ultimate peak values across all key responses for the
low-speed/high-temperature condition. The AGR effect is largest for the horizontal
strains (i.e., εx and εy) with a reduction of up to 28% in peak strain intensity. In
contrast, a peak reduction of up to 7% is obtained for horizontal strains in the high-
speed/low-temperature situation. The remaining key responses, i.e., εz(z = 150.1mm)
and Uz(z = 0mm) are marginally affected by the AGR at V = 5km/h and T = 45 ◦C
(between 5% to 8% in peak reduction), and no pragmatic AGR effects are realized
at V = 80 km/h and T = 5 ◦C. Finally, it is observed that the ultimate peak values
associated with εx and εy generally transpire at the bottom of the AC. However, an
exception is observed for εy at V = 5km/h and T = 45 ◦C in the reference pavement
model (without AGR), where the ultimate peak strain occurs at the interface at z =
110mm. This exception implies that critical horizontal strains do not always transpire
at the AC bottom when accounting for imperfect bonding conditions between AC
layers.

4. Conclusion

4.1. Summary and main findings

This work investigated the effects of interface properties on key responses in asphalt
pavements with grid reinforcement placed in-between two AC lifts. Initially, the in-
terface bonding properties of two AC cores were characterized in the laboratory; the
cores were taken from two nominally identical full-scale pavement test sections at
DTU Smart Road – one including AGR and another without (see Figure 2). Both
cores were tested using the DDST (see Figure 4), applying sinusoidal shear loading
under small levels of displacement. This was done for several combinations of tem-
peratures, frequencies, normal stress levels, and displacement amplitudes. Analysis of
the measurements produced several relaxation interface stiffness functions K(t), each
associated with a normal stress and a displacement amplitude (see Equation (10),
Figure 6, and Table 2). Additionally, the VE properties of the AC were characterized
in a separate laboratory effort (see Equation (6), Figure 3, and Table 1). Next, a syn-
thetic investigation according to the modeling approach of Nielsen et al. (2022) was
carried out based on the two DTU Smart Road test sections. The AC VE properties
and the interface stiffness properties obtained from the laboratory tests were utilized
as inputs. Several key responses, commonly linked with pavement performance, were
simulated for two different AC temperature levels under a moving wheel traveling at
two different speeds.

The main findings from the overall effort are addressed in the following. First, based
on the measurements from the DDST, it was found that: (i) it was possible to obtain a
time- and temperature-dependent relaxation interface stiffness, which can be directly
utilized as a pavement modeling input; (ii) for both the reinforced and unreinforced
cases, the relaxation interface stiffness was sensitive to the differential displacement
amplitude and to the normal stress level; and (iii) at all times, the relaxation interface
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stiffness without AGR was larger than the relaxation interface stiffness with AGR.
Next, based on the synthetic investigation, it was found that: (i) differential displace-

ments across AC interfaces, with or without AGR, were of the order of micrometers.
These displacements were larger with an AGR; (ii) adding an AGR between the two
lower AC lifts lessened the horizontal strains at the reinforced interface and at the
AC bottom. This effect was pronounced for low-speed/high-temperature conditions,
and considerably smaller for high-speed/low-temperature conditions; (iii) the presence
of AGR between the two lower AC lifts had a marginal influence on deflections and
vertical strains on top of the unbound granular structure; and (iv) the choice of BM
had a notable influence on horizontal strains and differential interface displacements
near the AGR.

4.2. Implications and limitations

The main findings of this work imply that adding an AGR between two AC lifts in
the bottom half of the AC structure can potentially prolong the pavement service life
in terms of bottom-up fatigue cracking. This is because the presence of AGR produces
a reduction in horizontal strains – commonly associated with this distress type –
despite the lower interface stiffness compared to an unreinforced case. Furthermore, the
findings imply that the AGRs can only marginally impact base and subgrade rutting.
This is because the presence of AGR between two AC lifts produces an insignificant
change in vertical stresses commonly associated with this distress type. This finding
is slightly different from what was found in Nielsen and Levenberg (2022), where a
similar pavement was analyzed with AGR placed at the bottom of the AC, directly
on top of the unbound granular structure. Moreover, the study findings suggest that
it is practically challenging, if not impossible, to measure an AGR effect with FWDs
(ASTM 2009, Horak et al. 2015) or moving measurement platforms (Skar et al. 2020b,
Baltzer et al. 2010). This is because the presence of AGR between two AC lifts produces
an insignificant change in vertical surface displacements. Finally, it is concluded that
even if laboratory measurements display a reduced interface stiffness when installing an
AGR in-between two AC lifts, the reduction may not have any practical implication on
key response traces – both in terms of shape and peak magnitudes. Also, the reduction
may not necessarily annul beneficial reinforcement effects.

Some limitations emerged during the work. One limitation relates to shear testing
and the (known) difficulty of applying pure shear to an interface without introducing
moments/rotations. These moments/rotations were amplified with increasing levels of
applied shear load and normal stress, and also influenced by temperature level and
loading frequency. This caused some of the measurements to deviate from pure sinu-
soidal shape. Another limitation concerns the selected temperature levels, which did
not provide a basis for estimating a set of time-temperature shift parameters associ-
ated with each interface; this was because the estimated |K∗| values did not overlap
across the considered temperature levels. Furthermore, the study involved a limited
number of test specimens, which do not provide a statistical basis for interface prop-
erties measured in the laboratory. While some of these limitations can be addressed
by modification of the test procedure, the main focus was to investigate the effect
of interface bonding on key responses in asphalt pavements including AGR. A final
limitation addressed in this study was related to the non-linear nature of the interface
stiffness, which cannot be handled in the modeling framework proposed by Nielsen
et al. (2022). A linear approximation of the interface properties was therefore needed.
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4.3. Recommendations for future work

This study focused on laboratory testing and synthetic forecasting of responses with
a mechanistic model. Future investigations should target full-scale validation of the
model simulations under a wide range of pavement systems, loading configurations,
loading speeds, and temperature conditions. Doing so will increase the confidence in
the model assumptions and expedite its engineering acceptance. One suggestion in this
context is to install LVDTs inside core-drilled holes and monitor diameter changes
just above and just below interfaces – with or without AGR. This type of sensing
arrangement requires development as it does not currently exist. Additionally, a more
extensive laboratory investigation should be carried out, involving more cores, to form
a statistical basis for the time- and temperature-dependent interface stiffness function.
This effort should include a more closely spaced set of temperature levels to facilitate a
reliable time-temperature shifting analysis. Additional aspects for future investigation
should deal with the evaluation of more AGR products, different AC types, AGRs
deployed on top of milled surfaces, and AGRs placed on top of compacted unbound
aggregate bases. In this context, the modeling approach outlined and utilized in this
study offers a mechanistic tool for analyzing AGR effects in asphalt pavements on a
case-by-case basis.
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Pavement systems are important for ensuring social and economic equality, but they constantly
deteriorate under traffic loads and weather effects. With the marked growth in global shipping,
the evolution of new types of vehicles, and rapid climate change effects, it is important to improve
traditional pavement systems and rehabilitation methods to maintain an acceptable level of service.
This PhD study looked at using asphalt grid reinforcement products to improve road durability. The
goal was to create a model that engineers can use to choose a reinforcement alternative for road design.
The study included building a test road on DTU campus (in Kgs. Lyngby), called DTU Smart Road.
The road was equipped with asphalt grid reinforcement and embedded sensors. Sensor data were
used to demonstrate the model’s ability to reproduce reality. The main study findings showed that
the developed model was able to capture the effects of installing asphalt grid reinforcement inside
the DTU Smart Road. Furthermore, model simulations adding reinforcement could potentially delay
the development of cracks and ruts in road systems, thus increasing their lifespan. Ultimately, this
PhD study has created a valuable tool for engineers, consultants, and contractors to improve the
durability of future road networks.
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