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ABSTRACT

Permanent deformation, known as rutting, is believed to be one of the
most significant distresses mechanisms of asphalt pavements. In cold
climate areas, such as Sweden, studded tires because significant road
surface wear in terms of rutting.

NordFoU is a cooperation program for Nordic countries aimed at research
and development in the road sector. . The main goal of the project is to
develop a practical performance model for flexible road constructions
based on already existing models.

The computer software V&gFEM and the Mechanistic-Empirical
Pavement Design Guide used for calculating of permanent deformation
were to be validated. There are seven cases which two in Sweden and five
in the Minnesota's Cold Weather Road Research Facility (MNnROAD) was
predicted for permanent deformation (rutting) and compared with actual
measured rutting. In VAgFEM, both NCHRP 1-37A model and Gidel
model which developed by SAMARIS project (Sustainable and
Advanced Materials for Road InfraStructure) for the unbound material
for instance base and sub-base was validated.

Results from validation present that Rutting predictions from VagFEM
and M-E PDG are similar and can be validated with real measurements.
NCHRP 1-37A and Gidel Models for unbound materials are validated
and predict similar rutting in VAgFEM.

Key words: Permanent deformation, rutting, MNROAD, Gidel Model, b
NCHRP 1-37A Model, V&4gFEM, M-E P Designguide,
MnPAVE etc.
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Notations

Roman upper case letters

|E*| = dynamic modulus

G, = average gradation (passing %)

N = Number of load repetitions

RD = Rut Depth

T = Temperature (°F)

F = frequency (Hz)

VFA = Voids filled with asphalt volume (volume %)
W, = Water Content (%)

A B, C D = model parameters depend on (o1, 63)

Roman lower case letters

kq, ko, k3 = regression coefficients

hq. = Total thickness of all asphalt layers
h' = Thickness of sub later i

a;= regression coefficients

k, = Variable confining pressure factor
Nsublayers= NUmMber of sub layers

a,, ¢, = Model parameter [%)]

a,, b, b,,c,,d;, d,= Model parameter [-]

¢ = Cohesion [kPa]

Greek upper case letters

¢ = reduced frequency

p = shape parameter, the horizontal position of the turning point
0 = bulk stress (kPa)

Greek lower case letters
a; = Laboratory determined non-linear regression coefficients
VI
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D200 = passing 0.074 mm (%)

P3/4 = passing 19 mm (%)

P3/g = passing 9.5 mm (%)

p4 = passing 4.36 mm (%)

P = atmospheric pressure, 103.3 kPa

pri = Laboratory to field calibration factors
&, = Accumulated pastic strain at N repetition of load
&, = Resilient strain of the asphalt material
&5, = Plastic strain in middle of sub layer i
o, = Lateral stress along x axle

o, = Lateral stress along y axle

o, = Vertical stress

T, = Octahedral shear stress (kPa)

¢= Internal friction angle [°]

o, .= major failure principal stress [kPa]

oy, = minor failure principal stress [kPa]
o = span of modulus values

y = shape parameter, influences the steepness of the function
& = equilibrium modulus

n = binder viscosity (10° P)

u = Poisson’s ratio
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1 Introduction

In 2004, Sweden, Norway, Finland, Iceland and Denmark launched the
NordFoU Project with the objective of choosing the best test methods and
prediction models for future performance and make possible to adapt
these to the Nordic countries through user-friendly programs that can be
combined in an easy and flexible way.

One of the activities of the preparatory phase of the NordFoU project —
Pavement Performance Models, was to conduct a review of available
performance prediction models. The purpose of the review was to find
out the strengths and the weaknesses of available models in order to
provide basis for more detailed evaluations, selection and improvement of
models. Accordingly, models that are in use in Nordic countries as well
as relevant models from other countries were reviewed, based on expert
evaluations of the Nordic models and available literature (NordFoU,
2009).

According to the Danish road administration rutting is the main attrition
process. This rutting problem is the main cause of deterioration in
countries with extremes in weather. Roads which easily get deep rutting
will need much maintenance and therefore have a higher cost during the
lifespan of the road not counting the dangers that ruts represent to traffic
and human life. Thus might be more feasible to design roads with
minimal maintenance cost, but at a slightly higher production cost. Errors
and unnecessary works in the civil works industry amounts to more than
25 % of the construction cost.

When this project is finished, there should exist: One validated model and
test methods for prediction of the elastic response in a road with
consideration of nonlinearity in the unbound materials and the weight of
the material. Also, validated and recommended models and test methods
for prediction of future rutting , roughness and future cracking in the
asphalt layers and to end, recommended connections from the predicted
future functions to calculation of Life Cycle Cost(LCC).

Several models have been developed throughout the years to predict this
type of deformations. For example, the Mechanistic Empirical Pavement
Design Guide (M-E PDG) developed by the American Association of
State Highways and Transportations Officials (AASHTO) released in
2002 is based on the NCHRP 1-37A for prediction of rutting in different
layers and include several different climate profiles in every state in the

1
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United States based on past weather statistics as well as different input
methods depending on the availability of the initial data.

Also, Volvo developed a program called VAgFEM based in the Abacus
software for Finite Element Method (FEM) analysis for the different
layers. This software is in trial period and is constantly being updated and
more developed. This software is based in different methods of
predictions like NCHRP 1-37A, the Gidel Model for unbound materials
as well as the Dresden model also for unbound materials.

Several other programs offer the prediction of damage or life span of a
road, Software like MnPAVE developed by the Minnesota Department of
Transportation (MnDOT) are also used for this.

2
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2 Aim and Limitations

The aim and goals of this thesis project are:

1. Comprehension of rutting mechanisms and prediction models

2. Simulations in VAgFEM, MnPAVE and M-E P Design Guide
software for prediction of permanent deformation

3. Comparison of results between them and with real results in
MnROAD and Vagverket test sites

4. Validation of rutting predictions in VAgFEM and M-E PDG with
data collected from MnROAD and Vagverket test sites and
evaluate the models available for different layers of road in
V&gFEM Software

These goals will answer these main questions:

e Would VA4gFEM be able to predict permanent deformations as
good as the M-E PDG software?
e Can they be compared to real rutting measurements?

It is known that of the several different permanent deformation prediction
models, some of them like the NCHRP 1-37A, Gidel and Dresden
Models are the most used and the most tested. These models and software
also have their limitations.

For example, these models do not predict correctly the behaviour of a
road with lack of a base layer. Two roads of this kind are taken into
account in this project due to the fact that old road and some others in
Sweden are still constructed in this way raising considerably the price of
the road due to the thickness of the asphalt concrete layer.

Other limitation can be the state of development that the VagFEM
software still is. Volvo and Vagverket are working non-stop to finish and
make more accurate this program, so it still has some time for it to be
efficient.

The climate profiles used for the simulations in M-E PDG are just for the
United States so they had to be adapted in some way to be comparable to
the weather conditions in Sweden.

3
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3 NordFoU Project: Pavement Performance
Models

NordFoU is a cooperation program for Nordic countries aimed at research
and development in the road sector. The program was formally
established in December 2004 by the road authorities of the Nordic
countries to coordinate their research and development effort.

Four different research projects were initiated at the beginning under the
cooperation program, one of which deals with development of
deterioration/performance models for flexible pavements and was named
NordFoU project — Pavement Performance Models. The main goal of the
project is to develop a practical performance model for flexible road
constructions based on already existing models. The project was started at
the end of 2005 and it is planned to be conducted in two stages. The first
stage, which is a preparatory stage, is planned to be completed in 2006
and aims to develop project plan and prepare a state-of- the- art review of
available performance prediction models. The second stage is the main
project, which is planned to run from 2007 — 2009. This report reviews
available pavement performance models, with emphasis on those models
that are in use in the Nordic countries.

One of the activities of the preparatory phase of the NordFoU project —
Pavement Performance Models was to conduct a review of available
performance prediction models. The purpose of the review was to find
out the strengths and the weaknesses of available models in order to
provide basis for more detailed evaluations, selection and improvement of
models. Accordingly, models that are in use in Nordic countries as well
as relevant models from other countries were reviewed based on expert
evaluations of the Nordic models and available literature. This state-of-
the-art report contains the result of this review. The following conclusions
were made based on the review.

1. Performance prediction models represent a key element of road
infrastructure asset management systems or pavement management
systems. Thus successful implementation of these systems depends
heavily on the performance prediction model used as the accuracy
of the predictions determines the reasonableness of the decisions.

2. Several pavement performance prediction models have been
proposed over the years. Many of these models are developed for
application in a particular region or country under specific traffic

4
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and climatic conditions. Therefore they can not be directly applied
in other countries or conditions.

3. Although much research has been devoted to performance
modelling of pavements, a comprehensive model that can predict
pavement performance accurately has yet to be developed.

4. The available models can be broadly classified into three groups;
empirical, mechanistic-empirical and subjective models. Various
empirical models are proposed for application at network and
project levels. The mechanistic-empirical models are often
developed in connection to design systems and therefore have not
been widely applied in pavement management systems (PMS), but
have the potential to be applied at a network level. The subjective
models are mostly developed for strategic (investment) planning at
the network level.

5. Almost all Nordic countries use simple performance prediction
models, based on linear extrapolation of historic data, in their
pavement management systems. Denmark uses a slightly different
approach in which pavement roughness is predicted as a function
of pavement age using non-linear models (curves). Denmark and
Sweden have implemented more advanced performance prediction
models in their design systems. In Sweden research is underway to
further develop the performance models in connection with
development of a new design method known as “active design”.

6. The simple models currently in use in PMS in Nordic countries are
not suitable for prediction of pavement condition over long periods
of time. Further, they cannot be used for evaluation of the effect of
different maintenance measures and material qualities Thus there is
a need for better performance prediction models for PMS
applications.

7. As the current trend is to move from purely empirical design
methods to mechanistic-empirical methods, it is important to
further develop performance prediction models that are suitable for
these methods. Furthermore there is a need to evaluate the
possibility of using the mechanistic — empirical models for
prediction of the condition of the road network.

Thus, the review showed that there is a need to develop improved models
for use both at the network level and the project level. In order to develop
such improved models, it is recommended to take the following steps in
the NordFoU project — Pavement Performance Models.

5
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Pool available data and resources. Development of performance
prediction models requires large amount of data on real pavements.
There are test sections or reference sections in most of the Nordic
countries for which data of various level of detail are available. It is
therefore important to pool these data to obtain a good basis for
improvement of performance models.

Use the available data from test sections, heavy vehicle simulator
and other sources to evaluate existing performance prediction
models.

Select suitable models based on the evaluation and identify areas
that need improvement.

Improve the selected models especially with regard to climatic
effects and studded tire use to make it suitable for Nordic
conditions.

Implement the improved models in each country.

Agree on recommended test methods so that material evaluations
can be conducted using the same procedure in each country.

Agree on a uniform procedure for traffic data collection and
processing.

This master’s thesis report is part of the “Part 2: Project Level” of this
research project which is validation test methods and models in order to
predict future performance of the road infrastructure. This master’s thesis
work is to validate new models which are using to predict the future
permanent deformation, known as rutting. Two current Swedish roads
and four test cells of MNROAD in Minnesota, USA were chosen to be
validated.

6
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4 Literature Review

4.1 Permanent Deformations

Along with fatigue and thermal cracking, permanent deformations are
internationally considered the most serious mechanism of distress in
asphalt pavements (Oscarsson, 2007). They often occur as longitudinal
depressions in the wheel paths of the road, which are called ruts.

To Estimate the plastic component of the strain in granular materials is
important for quantifying their permanent deformation. The plastic
response of aggregates can be modelled by of two different approaches.
The first approach derives the three-dimensional stress-strain behaviour
of the aggregates based on plasticity theory and the second approach is
based in laboratory results to develop one-dimensional relationships
between stress level, number of cycles and accumulation of permanent
strain (Papagiannakis & Masad, 2008).

4.1.1 Rutting Mechanisms
There are three types of permanent deformations that cause rutting:

e Wear rutting, which is caused by wear of studded tires on the road
surface during the winter. With no abrasion, polishing will reduce
the road surface friction.

e Flow rutting, or instability rutting, is permanent deformation in the
asphalt layers due to its viscoplastic behavior. This type of rutting
Is often formed on ascending gradients, on junction approaches and
in bends, i.e. where vehicles have to reduce speed and tangential
stresses in the tire pavement contact area are high.

e Structural rutting, which is permanent deformation in one or more
layers, including the subgrade. This can be observed as wide ruts
without humps on the sides, and is caused by load-induced
structural deterioration.

Studies by Eisenmann and Hilmer (1987) concluded that rutting was
mainly caused by deformation flow without volume change. Figure 4.1
presents the effect of wheel passes on the surface profile of a wheel-track
test slab. It is concluded that in the initial stage of trafficking, the increase
of irreversible deformation below the tires is distinctly greater than the

7
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increase in the upheaval zones. Then, in this phase, traffic compaction has
an important influent on rutting.

After the initial stage, the volume decrement beneath the tires is
approximately equal to the volume increment in the adjacent upheaval
zones. This is an indication that compaction under traffic is completed for
the most part and that further rutting is caused essentially by displacement
with constancy of volume. This phase is considered to be representative
of the deformation behaviour for the greater part of the lifetime of a
pavement (Sousa, Craus & Monistmith, 1991).

riamber of

Isading cyales
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1 3500

e 175D -
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T 2500
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e 14750
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irreversible deformation [mm]
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Figure 4.1 Effect of number of passes on transverse surface profile.
Eisenmann and Hilmer (1987)

Hofstra and Klomp (1972) found that the deformation through the
asphalt-concrete layer was greatest near the loaded surface and gradually
decreased at lower levels. Also, Uge and Van de Loo (1974) reported that
the deformation within an asphalt layer no longer increased with
increasing layer thickness beyond a certain threshold and measuring by
the then AASHO (1962) now AASHTO indicated that rut depth has a
limiting value for asphalt-concrete thicknesses of approximately 10 in (25
cm). Thicker layers did not exhibit additional rutting. These results
suggest that for reasonable stiff supporting materials, most pavement
rutting is confined to the asphalt-concrete layer.

8

CHALMERS, Civil and Environmental Engineering, Master’s Thesis
2009:NN



4.1.2 Factors Affecting Rutting

All materials of asphalt mixtures and their characteristics will affect in
one way or another, the outcome when predicting permanent
deformations. Characteristics of asphalt mixtures and test or field
conditions which affect rutting are summarized in Table 4.1 and
discussed in later sections. The weather and the loading distribution,
mentioned as test and field conditions, in every different location will
play an important roll in the outcomes of a rutting test or prediction.

9
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Table 4.1 Summary of impact of material characteristics on flow rutting
resistance in conventional HMA (Sousa, Craus & Monismith, 1991)

Effect of Change in
Factor Change in Factor Factor on Rutting
Resistance
. . Increase in maximum
Maximum size - Increase
size
Aggregate Gradation Gap to continuous Increase
Shape Rounded to angular Increase
Surface Texture Smooth to rough Increase
Binder Stiffness, Increase Increase
Binder content Increase Decrease
Air-void content, Increase Decrease
Mix Voids in Mineral Increase Decrease
Aggregate (VMA) 3
Method of
compaction T4 T4
Temperature Increase Decrease
State of Increase in tire contact
. . Decrease
Test field stress/strain pressure
conditions Load repetitious Increase Decrease
Decrease if mix is water
Water Dry to wet o
sensitive
1 Refers to stiffness at temperature at which rutting propensity is being determined. Modifiers may be utilized to
increase stiffness at critical temperatures, thereby reducing rutting potential.
2 When air-void contents are less than about 3%, the rutting potential of mixes increases.
3 Itisargued that ver low VMA (e.g. less than 10%) should be avoided.
4 The method of compaction, either laboratory or field, may influence the structure of the system and therefore the
propensity for rutting.

4.1.2.1 Effect of Material Properties

The material characteristics and their proportions in the asphalt mix are
crucial factors for pavement performance and design. The most important
properties for obtaining high flow rutting resistance are stiffness and the
relation between elastic and viscous strain. High stiff mixes leads to low
strain levels, and a high degree of elasticity means that most of the strain
that will recover. Fatigue is also affected by mix properties.

10
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Figure 4.2 Examples of rutting. a) Rutting due to a mix design problem.
b) Deformations due to sub grade rutting. Pavement Interactive (2008).

Mineral aggregate

The asphalt mix consists of 90-95% aggregate that greatly affects the mix
properties. The main aggregate characteristics of importance for
permanent deformations are maximum aggregate size, gradation, particle
shape and texture.

A large maximum aggregate size can be beneficial to permanent
deformation resistance on pavements subjected to high tire pressures
(Oscarsson, 2007). These large particles form a kind of skeleton that
carries the load, but the nominal maximum sixe must not exceed 2/3 of
the layer thickness (Davis, 1988).

The aggregate gradation effects on rutting have been found to have a
greater impact on it than changes in the grade or amount of binder.
Resistance is achieved by using a gradation that is continuous rather than
gap-graded. The continuous gradation fills unnecessary voids and
increases the number of contact points which creates a strong mineral
aggregate skeleton (Sousa, Craus & Monismith, 1991).1f the Superpave
mix design criteria are fulfilled there should not be problem in the design
and prevention of rutting in extremely dense asphalt mixes with high
amounts of natural sands and, especially with gradation humps of fine
sands.

The shape or angularity of the aggregates will affect highly. The more the
irregular the shape of the aggregate, the higher the interlocking capability
and the stiffer the mix. Due to a reduced number of contact points
between the aggregates in course mixes the more susceptibility to rutting
(Guler, Bahia & Bosscher, 2000).

Texture or roughness of the aggregates is close related to shape in a finer
scale. A rough aggregate surface texture provides higher rut resistance

11
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than a smooth one. As with shape, this is due to a higher interlocking
capability (Sousa, Craus & Monismith, 1991). The effect of roughness is
evident in the fine parts of the gradation. Only crushed mineral aggregate
should therefore be used for asphalt mix.

Asphalt Binder

Bitumen is just a minor part as an asphalt mix constituent but, at the same
time, the properties of the mix are ruled by the binder to a great extent.
The bitumen performance will be connected to these properties:
Rheology, cohesion, adhesion to mineral aggregate and durability.

Bitumen is viscoelastic, and its stiffness depends on temperature and load
frequency. The bituminous binder is stiff at low temperatures and/or high
load frequency. Loadings will be carried by the binder matrix. The
asphalt concrete will therefore adopt the bitumen properties to a high
extent. Hence asphalt is considered viscoelastic under these conditions.
However, high temperatures and/or low load frequency weakens the
bitumen matrix. Under these conditions, the mix properties are
determined by the aggregate to a greater extent and the asphalt concrete
will exhibit additional plastic behaviour. Stiff and harsh asphalt mixes can
be harder to compact to the desired density than other mixes so;
workability is also an issue (Chowdhury et al., 2001).

Adding polymers to the asphalt mixes improve the service life
considerably. It also increases the resistance to permanent deformations
and this can be achieved in two ways. One is to displace the balance
between the elastic and the viscous strain response components increasing
the elastic part and reducing the viscous part. The second approach is to
increase bitumen stiffness thereby stiffening the mix and this means less
strain for a given load. The ldeal polymer-modified bitumen has an
adequate viscosity with minimal temperature dependence at normal
pavement service temperatures (Oscarsson, 2007).

During the lifespan of an asphalt concrete structure, series of chemical
and physical reactions cause bitumen to harden. This is called ageing of
bitumen. This normally depends on oxidation, evaporation, exudation and
physical hardening (Oscarsson, 2007). Ageing can be short term, that
occurs during mixing and laying, when the asphalt mix is subjected to
excessive temperature and oxygen and is the mayor source of total
ageing. On the other hand, long term ageing occurs after the mix is
subjected to ultraviolet radiation from sun, temperature fluctuations and
oxygen. Ageing can be described with reference to an ageing index

12
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defined as the ratio of viscosity of the aged bitumen to the viscosity of the
virgin bitumen.

Mix Composition

The quality and proportion of the aggregates, bitumen and additives
determine the properties of the asphalt mix and this should be designed
for optimal performance against deterioration mechanisms. For example,
high stiffness in the mix is a key factor as is air-void content.

4.1.2.2 Traffic Loading Effects

Probably the main cause of rutting is the traffic loading. The loading
varies over time so it is dynamic. This is very important to recognize due
to the time-dependent properties of asphalt concrete. These traffic loading
effects are classified in terms of vehicle speed, axle load, tire pressure,
axle configuration and lateral wander.

Vehicle speed

Passing vehicles induce loads to the pavement directly beneath the tire.
Low vehicle speed implies high loading time, which equals low
frequency. The stiffness of the asphalt will decrease under these
conditions. This low speed will cause high flow rutting. This effect is
seen normally at traffic light, bus stops and traffic circles and at steep
uphill slopes.

Axle load and tire pressure

In several studies was concluded that an increased tire pressure and
constant axle load increased strain close to the surface but has a very
small impact at high depth. It is assumed that the contact pressure is equal
to the inflation pressure. It is also assumed in calculations that uniform
contact pressure results in higher strain levels than the non-uniform
contact pressure, but, for matters of simplicity is done in the uniform
contact pressure way. It is still argued that uniform contact pressure is
acceptable because an overestimation of strains leads to unbalance the
field-calibrated models. This research area still needs further
investigation.

13
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Axle configuration

Heavy vehicles have traditionally used conventional dual tires, but the use
of singled-out dual tires and super-single tires is increasing steadily. This
Is due to such benefits as lower vehicle weight and lower rolling
resistance. In several studies it was concluded that the single tires
produced faster ruts then with the dual tires on thin and thick asphalt
concrete structures.

4.1.2.3 Pavement Temperature

The mechanical properties of asphalt are heavily dependent in
temperature. Asphalt concrete is stiff and elastic at low temperatures but
softens and shows additional plastic behaviour at high temperatures. It
can be seen as high rutting propensity (Sousa, Craus & Monismith, 1991).
Temperature affect the resilient modulus of asphalt layers and this
parameter is affected in unstabilized material with freeze-thaw cycles
(Huang, 2004). For an asphalt mixture, the fatigue deterioration varies
different at different temperatures, where results obtained under a given
controlled stress amplitude at low temperatures show longer fatigue life
than at the same tests carried out at higher temperatures. The results are
the opposite under controlled strain (Lundstrém, 2002).

In the pavement deterioration modelling, prediction of temperature
profiles is normally carried out by means of a climate model that provides
a temperature profile throughout the pavement. The most important
factors to consider are conduction, convection, shortwave and long wave
radiation, surface icing, infiltration, evaporation and condensation
(Hermansson, 2004).

The American Federal Highway Administration developed in 1989 the
Integrated Climate Model (ICM) and it continuously simulates the
pavement temperature profile throughout the one-dimensional pavement
structure on the basis of the properties of the structure and the climate
data. Current studies are made to improve ICM and it is an integrated part
of the Mechanistic-Empirical Pavement Design Guide (M-E PDG)
software.

In Sweden, ATB V&g presents the standard concept of zonification. It
accounts for temperature effects in asphalt concrete layers by dividing the
country into five climatic zones as illustrated in Figure 4.3. Each climate
zone has four or six sub-seasons as shown in Table 4.2 and Table 4.3,
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Figure 4.3 Climatic Zones in Sweden. ATB Véag (2005)
Table 4.2 Length of climatic periods in Sweden (Days/year). ATB Vag,

(2005)
Climatic Zone
1 2 3 4 5
Winter 49 80 121 151 166
Thaw in Winter 10 10
Thaw Period 15 31 45 61 91
Late Spring 46 15
Summer 153 153 123 77 47
Autumn 92 76 76 76 61

Table 4.3 Temperature in asphalt concrete (°C). ATB Vag, (2005)

Climatic Zone

1 2 3 4 5
Winter -1,9 -1,9 -3,6 -5,1 -7
Thaw in Winter 1 1
Thaw Period 1 2,3 4,5 6,5 7,5
Late Spring 4 3
Summer 19,8 18,1 17,2 18,1 16,4
Autumn 6,9 3,8 3,8 3,8 3,2
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4.1.3 Laboratory Tests and Methods

Pavement deterioration modelling and mix design require laboratory
testing on asphalt concrete to describe material properties. A wide variety
of tests have been developed to recreate realistic conditions. Some
important factors are temperature, number of load applications, loading
frequency, mix properties and state of stress (Sousa, Craus & Monismith,
1991).

Some of these tests related to permanent deformations are uniaxial and
triaxial cylindrical tests, indirect tensile dynamic modulus test on
cylindrical specimen, shear tests and wheel-track tests.

4.1.3.1 Uniaxial and triaxial cylindrical tests

The uniaxial unconfined cylindrical test is used in field application for its
simplicity and wide distribution of equipment and expertise. The triaxial
confined test is valuable for research purposes but very advanced for
routine testing. The confinement in this test is a uniform pressure that is
applied laterally along the specimen.

For both tests, the specimen in cylindrical with flat and parallel ends and
Is placed between two steel plates. Triaxial tests also involve the
application of lateral pressure around the specimen circumference by
means of a membrane and pressurized air. Temperature is stabilized at a
certain required level and the load is applied while the deformation of the
specimen is measured as a function of time (Sousa, Craus & Monismith,
1991).
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Figure 4.4 Triaxial test apparatus. University of the West of England
(2008)

4.1.3.2 Indirect tensile dynamic modulus test

It is carried out by applying a load on the circumference of a cylinder
shape specimen. This induces tension stress along the vertical diameter in
line with the load. It is use to calculate dynamic modulus among other
parameters. It differs from the uniaxial test in several ways. In contrast
with the uniaxial test, a non uniform compression-tension stress state is
induced. The diametral test is also carried out in a direction perpendicular
to the compaction direction, as oppose to the uniaxial test these directions
are the same when utilizing gyratory compaction specimens. Any
anisotropy caused by gyratory compaction can increase this effect (Kim,
2009).
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Figure 4.5 Schematic of repeated load diametral test. Sousa, Craus &
Monismith (1991)

4.1.3.3 Shear tests

The main cause if rutting is considered to be shear deformation so it is
important to employ shear tests to determine the asphalt mix propensity
for permanent deformation. This test can be confined or unconfined and
can be destructive (static or repeated load test) or non-destructive or
dynamic modulus test (Sousa, Craus & Monismith, 1991).

Several types of arrangements for shear tests have been used to
characterize materials. For example, Bonnot in 1986 suggested that shear
tests can effectively account for the stress induced in thin surface courses
and sub layers. In 1987, Junker showed a shear test in which the load was
induced with a metal rod inserted into the centre of a uniaxial specimen.
Consequently, the Superpave concept adopted and developed shear
testing that can be performed with the Superpave Shear Tester (SST).
Examples of these tests are the Repeated Shear at Constant Height
(RSCH) test and the Frequency Sweep at constant Height (FSCH) test.

The results obtained in these tests can be used analytically based
modelling for predicting permanent deformation using RSCH (Deacon et
al., 2002).

4.1.3.4 Wheel-track tests (WTT)

Is an empirical destructive test used to rank asphalt mixes according to
their rutting propensity at a fixed temperature. The simulation does not
determine any fundamental properties, and it cannot reproduce entirely
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realistic conditions. It will not result in any structural rutting, as the
specimen is placed on a stiff foundation. Wear rutting can also be
disregarded since the test wheel is non-studded and the number of
passages is relatively low. The accumulated permanent deformation can
therefore only be flow rutting.

There are several examples of devices like the Asphalt Pavements
Analyzer (APA) described by norm TP63-03 by AASHTO in 2006, the
Hamburg Wheel-Tracking Device (HWTD), the French Pavement
Rutting Tester (FPRT) and the Extra-Large Wheel Tracking Test
(ELWTT). The last three are described in CEN Standard SS-EN 12697-
22 (2004).

The main component of the test is a suspended wheel that is able to roll
back and forth while exerting pressure on the specimen, which can be
either a slab or a cylinder. These specimens are usually laboratory
compacted but also it is possible to use field compacted specimens.
Specimens are before temperature conditioned and air-dried or water
saturated.

4.1.4 Accelerated Pavement Testing (APT)

Best known in Europe as Accelerated Loading Testing (ALT) is a test
method used to simulate pavement deterioration on a full scale test track.
This can be employed for a number of purposes like evaluation of
different pavement structures and materials, validation of laboratory test
methods and development of deterioration models.

The factors affecting pavement deterioration and APT are traffic
properties, material properties and the climate. The traffic loading can be
applied uni-directionally or bi-directionally by using one single axle or
multiple axles. Other traffic properties are the type of suspension system,
tire type, contact pressure, aped and lateral wander. The loading can be
performed using conventional trucks or a loading device. Material
properties are determined by means of fundamental laboratory test. It
must be noted that the pavements experience ageing effects that change
their properties during their service life. Climate factors can be
controlled. It is however, almost impossible to recreate the complete
deterioration effect caused by conditions in a real road. These APT
facilities are normally partnering projects between authorities,
universities, contractors or APT device manufacturers.

Several types of APT facilities can be found around the world. Long test
tracks are often subjected to conventional heavy traffic under natural
environmental conditions. They typically consist of a large number of
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sections with a unique asphalt concrete structure for evaluation purposes.
Some of the most notable test tracks are in the United States and
examples of these are: the WesTrack in Mississippi, the NCAT in
Alabama and the MnROAD research facility in Minnesota that is
described in chapter 7 and is the main source of data for this study.
Trench studied on the MNnROAD mainline sections have also been used to
assess the contribution of permanent deformation in each asphalt concrete
layer within the Mechanistic-Empirical Pavement Design Guide model
(NCHRP, 2004).

h-__.._

Figure 4.6 MnROAD research facilities, Minnesota, USA. Mn/DOT
(2009)

Circular or oval facilities are loaded by specially designed loading
devices in their natural environment. These are suitable for high speed
simulation. Examples of these are the circular LCPC in France, the ETHZ
in Switzerland, Lira in Romania, Vuis-Cesty in Slovakia and the oval
CEDEX test track in Spain (Pave-test.org, 2008).

Figure 4.7 LCPC research facilities, France. Pave-test.org, (2008)

Other APT programs rely on slower linear devices like the Mobile Load
Simulators (MLS) and the Danish Road Testing Machine (RTM) that are
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fully mobile and can be run on in service pavements or test tracks in a
natural or controlled environment. One example of these devices is the
HVS-NORDIC Mark 1V, shown in Figure 4.8 and has been used in
Sweden by VTI, Finland and Poland. It has several characteristics as a
single or dual loading wheel that can be used as uni-directional or bi-
directional traffic, up to 22,000 loadings in 24 hours including
maintenance. With a speed up to 12 km/hr and the maximum lateral
moving of 0.75 m it has a half axle load of 30-110 kN (VTI, 2006).

=7
= S ..‘-. 11-?“ " 3 -..‘J'
) e 7 -f.t"

Figure 4.8 HVS-NORDIC Mark IV. VTI (2006)

4.1.5 Modelling of Permanent Deformations

There is a need to predict rut depths with the increases in axle loads, load
repetition, tire pressure and asphalt concrete thickness. Analysis
procedures of three classes, analytically based, mechanistic and
mechanistic-empirical have been developed.

Dresden, SAMARIS and NCHRP 1-37A Models and their use in
Software as M-E-PDG and VA&gFEM for prediction of rutting are
described in Chapter 6.

Tseng and Lytton using the approach on one-dimensional relationships
developed the relationship on Eq. (4.1) to predict permanent strain
involving two parameters, namely p and g that are material properties
obtained from laboratory testing involving repetitive loading at resilient
strain level & and N is the number of cycles and are predicted by Eq.
(4.2) and Eq. (4.3). W, is the water content.

B
E1p = eoe_(%) (4.1)
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Where
log3 = —0.6119 — 0.017638W, (4.2)

4n9 —4.89285%
p=10 (1—(109)3) (4.3)

Where ¢, is the maximum permanent strain at a very high number of
loading cycles and ¢, is the vertical elastic strain in the pavement layer
computed from layer elastic analysis. This expression can be extended to
predict permanent deformation §,, in aggregate layer of thickness h
using Eq. (4.4).

O1p = (8—0) e_(%)ﬁevh (4.4)

According to Tseng and Lytton these parameters,g,, p and S can be
described as functions of the resilient modulus, the confining pressure and
the water content and also depend in deviatory stress for sub grade soils.
This model was incorporated into the NCHRP 1-37A pavement Design
Guide that is described in Chapter 6.
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5 Models, Theories and Software for prediction of
permanent deformations

For the design of new and the rehabilitation of pavements, pavement
performance modelling is used. The high precision in the different models
prevent the over and under dimensioning, thus, saving resources and
avoiding premature failing. Other than that, these models do not provide
knowledge for deterioration mechanisms. The Mechanistic models
require extensive laboratory research and testing and should produce
highly accurate results according to empirical considerations to
correspond to observation. Several models, theories and computer
programs are described in the following. Dresden Mode and the NCHRP
1-37A methods used in M-EPDG and VAgFEM are described in this
chapter.

51 NCHRP 1-37A Used in Mechanistic-Empirical
Pavement Design Guide (M-E PDG)

Also known as M-E PDG was developed within the NCHRP projects 1-
37A and 1-40D. It Succeeds the AASHTO Guide for Design of Pavement
Structures from 1993 and introduces the use if mechanistic principles and
the mechanistic model are supplemented by empiricism in order to reflect
observed deterioration from the Long Term Pavement Performance
(LTPP) database. Providing a better overall tool for prediction and
diagnostics of several road distress mechanisms including fatigue and low
temperature cracking, rutting and increase of roughness (IRI) is the
purpose of M-E PDG (NCHRP, 2004).

The analysis can be done in three different accuracy levels, Level 1, 2 and
3, determined by the quality and amount of input data and consequently
the accuracy of results. Level 1 is the most detailed and produces the
most accurate results. Analysis is performed by applying multi-layer
elastic theory except at Level 1 where the non linearity of unbound
materials is considered by means of a finite element (FEM) procedure and
Is used more for research than for routine design of pavements.

As it is shown in Figure 5.1, rutting appears in three distinct stages. The
primary Stage with high initial level of rutting, with a decreasing rate of
plastic deformations, predominantly associated with volumetric change.
The secondary Stage presenting small rate of rutting exhibiting a constant
rate of change of rutting that is also associated with volumetric changes;
however, shear deformations increase at increasing rate and the tertiary
Stage with high rate of rutting predominantly associated with plastic
(shear) deformations under no volume change conditions. Only the
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second stage is modeled. The first is an extrapolation of the secondary
stage and the third stage is disregarded because its difficulty to be
modeled and its rutting depth is much greater than what would be
accepted in practice. The M-E PDG only models the maximum rut depth
located in the middle of the track and not the entire transverse profile.

1 | ~. __.«-n—j:’—rx_
{"'-«._- .! f”* ey ' l--"":'L
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y 3 | Y,
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Load Repetitions

Figure 5.1 Typical Repeated Load Permanent Deformation Behavior of
Pavement Materials. NCHRP (2004)

5.1.1 Development

The program uses an incremental damage growth approach in which the
year is divided into sub seasons, i.e. into increments. Permanent
deformations are calculated at the end of each increment and it employs
the layer-strain concept to summarize the contributions of the layers.

RD = Y™ ebpl Eq. (5.1)

Where

RD = Rut Depth

Nsublayers= NUmMber of sub layers

&5, = Plastic strain in middle of sub layer i

ht = Thickness of sub later i
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The constitutive relationship of M-E PDG defines the ratio of plastic to
elastic strain as dependent on temperature and number of passages. The
equation also includes calibration factors derived from laboratory testing,
field observation and trench studies.

ép — klﬂrlTazﬁerazﬁrz Eq (52)

Er

Where

&, = Accumulated plastic strain at N repetition of load

&, = Resilient strain of the asphalt material

k, = Variable confining pressure factor (defined in section 4.1.1.2)

a; = Laboratory determined non-linear regression coefficients (defined in
section 4.1.1.2)

pri = Laboratory to field calibration factors
N = Number of load repetitions
T = Temperature (°F)

The resilient strains determined by using the multi-layer linear elastic
program JULEA, which is integrated with the M-E PDG software. The
three dimensional stress states are defined as:

& = IE_ll (O'Z — U0, — /wy) Eq. (5.3)

Where

|E*| = Dynamic Modulus (defined in section 4.1.1.1)
o, = Vertical stress

o, = Lateral stress along x axle

o, = Lateral stress along y axle

u = Poisson’s ratio
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5.1.1.1 Dynamic Complex Modulus - E*

For the design of pavements in M-E PDG, the complex or dynamic
modulus and the dynamic stiffness modulus have been used. The
difference between the tests made for calculating the resilient modulus
(Mg) and the complex modulus (E*) are that in the former uses loading of
any waveform with a given rest period and in the dynamic stiffness
modulus applies a sinusoidal loading with no rest period.

The dynamic modulus has been selected to characterize the asphalt
mixtures in the AASHTO 2002 Guide for Design of Pavement Structures
which was in development in the NCHRP 1-37A project at Arizona State
University (ASU) and will replace the resilient modulus (Mg) test used
before for design of pavements (Kim 2009).

This modulus describes the stress-strain relationship of viscoelastic
materials. It is a complex quantity of which the real part represents the
elastic stiffness and the imaginary part characterizes the internal damping
of materials (Kim, 2009). The absolute value of the complex modulus is
referred to as the dynamic modulus.

Under a sinusoidal dynamic stress (o) loading shown in Figure 5.2, the
response has also a sinusoidal shape, but the strain (€) response will lag
behind the stress. The ratio between the stress amplitude (o) and the
strain amplitude (gp) IS known as the dynamic modulus (E*) for axial
loading and denoted by G* for shear loading.

ol >/\
E—‘;\/\

Figure 5.2 Description of the dynamic modulus. Witczak (2001)

G = Op SIN(mt)

€ = €, SIN(wt-0)

The angle that describes the lag between the stress and strain is called the
phase angle (®). If the phase angle increases, the viscous behaviour
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increases as well and decreases in the elastic behaviour. A Newtonian
viscous fluid has a phase angle value of 90while an elastic solid has a
phase angle value of Q0 Asphalt binders present values of phase angles
between these two limits and together with the dynamic modulus,
describe de viscoelastic response of a material under dynamic harmonic
loading (Papagiannakis & Masad, 2008).

An important part of the material characterization is to construct a master
curve of the mix. Through this, it is possible to integrate traffic speed,
climatic effects and aging for the pavement response and distress models.

Complex Modulus Tests

There are two different tests that have been used commonly for material
characterization of asphalt mixtures the dynamic modulus |[E*| test and
the shear modulus |G*| test better known as the Simple Shear Tests (SST)
shear frequency sweep test.

The complex modulus test is conducted on cylindrical specimens
subjected to a compressive haversine loading and the dynamic modulus
will vary with the loading frequency. This method is specified by ASTM
(1989b) in D3497-79 Standard Test method for Dynamic Modulus of
Asphalt Mixtures. In this ASTM method, a haversine compressive stress
Is applied to the specimen for a period of 30-45s at temperatures of 41, 77
and 104°F (5,25 and 40°C) and load frequencies of 1, 4 and 16 Hz for
each temperature. The axial strains are measured by bonding two wire
strain gauges at midheight of the specimen opposite each other. Specimen
dimensions are 100 mm in diameter and 150 mm in height. The ratio
between the axial stress and the recoverable axial strain is the dynamic
modulus (Huang, 2004).

The shear frequency sweep tests is done at constant height is strain-
controlled, the maximum shear strains limited to 100 micro strains.
During the test, specified by Standard AASHTO TP7-94, a horizontal
shear strain is applied at a frequency of 10 to 0.01 Hz using a sinusoidal
straining pattern. At the same time, the specimen height is kept constant
by compressing or pulling the specimen axially based on the closed loop
feedback given by the vertical LVDTs (linear variable differential
transformer) attached to the sides of the specimen. The dimensions of the
specimens are 150 mm in diameter and 50 mm in height and glued
between two aluminium platens. Temperatures used are 4, 20 and’@0
but may be higher (Kim, 2009).
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There are other configurations and specimen geometry that can be used
such as bending tests using beams with different geometries and various
shearing tests (Di Benedetto et al. 2001).

Master Curve Development

A full characterization of asphalt mixtures requires one to construct a
master curve, which defines the viscoelastic material behaviour as a
function of both temperature and loading time (Kim, 2004). It is
sometimes difficult to measure all viscoelastic properties for a long time
at a given temperature so a superposition of time and temperature shall be
made.
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Figure 5.3 Master curve for Asphalt Concrete 58-28 in MnROAD.

Time-Temperature Superposition

Tests are made with different temperatures, and those can be shifted
relative to time loading or frequency, so that all curves can be aligned to
form a single master curve. This allows deriving interpolated values of
asphalt mixture stiffness for any combination of temperature T or time
loading (frequency) inside the range covered by the measurements. Is also
gives the possibility of comparing the results obtained by two different
laboratories with different sets of test conditions such as frequencies and
temperatures.
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Shifting and Sigmoidal Fitting Function

A method for constructing the master curve was developed
experimentally by Pellinen, Witczak and Bonaquist (2001) using a
sigmoidal fitting function. It solves shift factors at the same time with the
coefficients of the fitting function (Kim, 2009). In this way the form of
the shift function is not forced to the master curve but also the shift
factors may absorb some of the experimental error from the test data.

A single polynomial model cannot be used for fitting the whole master
curve because the polynomial swing at low and high temperatures causes
irrational modulus value predictions when extrapolating outside the range
of data so, a functional form with a range from -18°C to 55°C was
selected. See Eq. (5.4).

oC
1+eB—vlog(®

log(|JE*]) = & + Eq. (5.4)

Where

|E*| = dynamic modulus

¢ = reduced frequency

& = minimum modulus value

« = span of modulus values

p = shape parameter, the horizontal position of the turning point
y = shape parameter, influences the steepness of the function
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Figure 5.4 Graphic for a sigmoidal function.

Stress Dependent Stiffness Predictive Equation

There are several equations that allow predicting the stiffness and asphalt
mixture. Among them are the dynamic modulus predictive equation
(Andre et al. 1999) and the Hirsch model (Christensen et al. 2003) but
this only model the modulus obtained in the linear viscoelastic region and
there are no simple models available to estimate the effect of nonlinearity
and confinement on hot mix asphalt modulus values (Kim, 2009).

In 2002, Witczak and Pellinen developed the stress-dependent stiffness
predictive equations shown in Eg. (5.5), (5.6) and (5.7). Including
equation (5.8) describing mix gradation (G,) as an average of the percent
passing four sieve sizes of 0.074 mm, 4 mm, 9.5 mm and 19 mm (No.
200, No. 4, 3/8 in and % in). Table 5.1 give the model coefficients. The
model expects a minimum bulk stress value of 21 kPa and octahedral
shear stress value of 9.9 kPa for unconfined linear viscoelastic stress
predictions.

x—(6+A)+a,G,+agVFA
1+eB+vlog(H—clogn

log(|E*]) =8 +A+

Eq. (5.5)

log(|E*|) = ap +a; G, + a,VFA + aslog(n) Eq. (5.6)
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Table 5.1 Predictive Model Coefficients

Material Coefficients | k;—k3 Model | Sigmoidal Model
Coefficients Coefft.

ay =-10.429150 k, =0.099088 a =1.324132

a,; = 0.004106 k, =0.0217941 B =0.615775

a, =-0.015376 ks =-0.011816 y =0.584201

az =0.013351

a, =-0.000808

as = 0.001594

¢ =0.625379

Where

log(|E*|) = log of stress-dependent dynamic modulus (10° kPa)
& = equilibrium modulus

G, = average gradation (passing %)

VFA = Voids filled with asphalt volume (volume %)

n = binder viscosity (10° P)

F = frequency (Hz)

ay, A4, Ay, Az3Q4, as = regression coefficients

K, Ks
6= |t ()7 (%) | Ea.67)
Where

& = equilibrium modulus

0 = bulk stress (kPa)

T, = Octahedral shear stress (kPa)

P = atmospheric pressure, 103.3 kPa
kq, ko, k3 = regression coefficients
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G, = p200+p4+:’3/8+p3/4 Eq (58)

Where

G, = average gradation (%)
D200 = passing 0.074 mm (%)
p4 = passing 4.36 mm (%)
P3/g = passing 9.5 mm (%)
P3/4 = passing 19 mm (%)

5.1.1.2 Regression coefficients and confining pressure factor

The laboratory determined non-linear regression coefficients were
drerived from an analysis of comprehensive confined and unconfined
axial repeated load testing data. The original coefficients (in UK
measurements system) were later updated due to model enhancements
(NCHRP, 2004).

a, = 10—3.354—12

a, = 1.5606
a; = 0.479244

The permanent deformation model must also assess the contribution of
each layer. Trench data from seven Mn ROAD (described in Chapter 6)
sections were used to define an empirical variable confining pressure
factor. And it has the following form:

k, = (C; + C, * depth) * 0.328196%¢Pt"  Eq. (5.9)
C; = —0.1039h2, + 2.4868h,. — 17.342 Eq. (5.10)
C, = 0.0172h%, — 1.7331h,, + 27.428 Eq. (5.11)

Where
k, = Variable confining pressure factor
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hq. = Total thickness of all asphalt layers

5.1.2 Layering

Each layer in the pavement structure may be sub divided into smaller
sublayers to account for the changes in the temperature and frequency in
the asphalt layers, as well as, the changes in the moisture content in the
unbound base, subbase and sub grade layers.

The first 1-inch of the asphalt layer is subdivided into two 0.5 and 0.5
inch sublayers. Then the asphalt layer is further subdivided into 1-inch
sublayers to a depth of 4 inches. If the thickness of the asphalt layer is
greater than 4 inches then a sublayer is added with a maximum thickness
of 4 inches, which makes the total asphalt thickness to be 8 inches. The
remaining thickness of the asphalt layer is taken as one final AC sublayer.
For example if the AC layer thickness was 10 inches; then the asphalt
sublayers would be 0.5, 0.5, 1,1,1,4 and 2 inches. All base, subbase and
sub grade layers are subdivided as shown in Figure 5.5. If there is a
chemically stabilized layer, these layers are not subdivided. Finally, it is
Important to recognize that no sublayering is conducted for any layer
material greater than 8 ft. (2.44 m) from the surface. The maximum
number of asphalt concrete layers that can be used in the new design
process is three; the maximum number of layers that can be input is ten
and the maximum number of sublayers, used in stress- strain
computations, is nineteen (NCHRP, 2004).
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Figure 5.5 Layered Pavement Cross-Section for Flexible Pavement
Systems without sublayering beyond 8 ft. NCHRP (2004).

5.1.3 Wander effect

Wander is the lateral traffic distribution over a pavement cross section,
and is very important due to the fact that not all vehicles stress the
pavement surface at the exact same point. The amount of lateral wander
plays a direct and significant role in affecting the permanent deformation
within the pavement system. An increase in wander will result in less
permanent deformation within the pavement system. It is not practical to
assess the exact distribution of wander but good approximation is to
assume that the wander is normally distributed. For most typical highway
applications, the standard deviation (wander) is taken at 10.0 inches. For
rutting, instead of incorporating the wander approach for the damage like
the fatigue analysis, wander must be accounted for in the pavement
response after every JULEA run because rutting is not a linear function as
fatigue damage (NCHRP, 2004).
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5.1.4 Climate

Variation in climate conditions lead to variation in material properties,
which leads to variations in stresses and strains. Because the modulus of
asphalt layers within the pavements structure affect the overall pavement
response, it is important to properly account for the temperature as a
function of time and depth.

The Enhanced Integrated Climate Model (EICM) present in the M-E
PDG provides frequency distribution of the pavement temperature as a
function of time and depth and it is assumed to be normally distributed.
The frequency diagram obtained from the EICM represents the
distribution at a specific depth and time.

A given month may have some extreme temperatures that could be
significant for rutting. Using the average value will not capture the
damage caused by these extreme changes, so, the temperatures over a
given interval are divided into five different sub-seasons. For each sub-
season, the sub layer temperature will be defined by a temperature that
represents 20% of the frequency distribution for pavement temperature as
shown in Figure 5.6. this will also represent those conditions when 20%
of monthly traffic will occur. This is accomplished by computing
temperatures corresponding to standard deviates of -1.2816, -0.5244, 0 ,
0.5244 and 1.2816 as illustrated. These values correspond to accumulated
frequencies of 10, 30, 50, 70 and 90% within a given month.

2116 E=0%44 Zop E=QiM4 T =126

Figure 5.6 Temperature distribution for a given analysis period. NCHRP
(2004).

5.1.5 Design Reliability

In the design and construction of pavements there is a large amount of
uncertainty and variability. In the M-E PDG the key output interest are
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the individual distress quantities. Therefore, the predicted distress is the
random variable of interest in reliability design. For design purposes, the
design reliability is established based on knowledge of variation of a
given performance around the mean prediction. In the individual
pavement distress as in rutting, the reliability is based in the standard
error of the estimates of each individual model obtained through the
calibration process. The desired level of reliability is specified along with
the acceptable level of distress at the end of design life in defining the
performance requirements for a pavement design.

5.2 Dresden Model

The plastic Dresden model is based on the *“shakedown” concept. This
concept is according to the assumption that there is a critical region
(shakedown limit) for the material. In this limit, the material exhibits a
stable behaviour in which the permanent deformation decline with an
increasing number of loading. Over this limit, the permanent deformation
would increase after a sufficient number of loading. The following
chapter provides a general description of Dresden model. The purpose of
the work carried out at the Dresden Technical University is to create a
complete design model for road pavements.

5.2.1 Shakedown Concept

Granular base and sub-base layers normally present elastoplastic
behaviour responds to loading and unloading conditions caused by traffic
flows (Papagiannakis & Masad, 2007). This entails an elastic (i.e.,
resilient) and a plastic (i.e., permanent) deformation components upon
unloading. With the help of “shakedown” theory, this behaviour can be
explained, as Werkmeister et al. modified and is illustrated in Figure 5.7.
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Ratchetting

Plastic shakedown

5 1 Elastic shakedow

Deflexion

Figure 5.7 Elastic and Permanent Deformation under Cyclic Loading,
Based on Shake down Theory. Werkmeister (2003).

In the design point of view, the maximum loading rate must be
determined. Therefore, the uncontrolled permanent deformation should
be avoided. This indicates that there is a critical stress level between
stable and unstable conditions in a road. The "Shakedown" concept has
been referred to by Werkmeister et al. described critical stress level
'shakedown' border.

As explained In "Shake down" concept, there are four phases of material
behavior under the cyclic loading test:

Phase 0. Purely elastic: In this condition, the imposed stress is so
small that no plastic strain developed upon unloading. All
deformations recover and the material behaves purely elastic.

Phase 1.  Elastic "Shake down": The applied load increase, small level
of permanent strain starts to develop to the material over a few cycles.
However, further cycles of loads at the same strain level don’t cause
additional plastic deformation. The permanent deformation in this stage is
relative small. It’s attributed to limited slipping of particles and small
change of density when material adjusts the applied load. The maximum
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strain level when that region achieved is called the "elastic" Shake down
"limit".

Phase 2. Plastic "Shake down": A plastic shakedown behaviour
caused by further increase of applied loads. The plastic strain developed
in this region is higher than that in the elastic shakedown region. The
material achieves a long-term stable behaviour. This stress level is
referred to as the plastic shakedown limit.

Phase 3.  Inthe last region of this figure, aggregate material experience
plastic strain at an increase level till complete failure. Soils in this stage
experience significant cracking, breakdown and abrasion.

5.2.2 Deformation Model for unbound material

By considering the observed behaviour as described in 4.2.1,
Werkmeister (2003) concluded that Figure 5.7 does not adequately
describe the behaviour of unbound materials. Werkmeister (2003)
presented in Figure 5.8a summary of the different behaviour phases.
Deformation behaviours of unbound materials can be divided into the
following phases:

A. Plastic Shakedown
B. Plastic creep
C. Incremental collapse

By studying the elastic behaviour, Werkmeister (2003) concluded that
purely elastic behaviour (“0" in Figure 5.7) does not arise. Phase C is
equivalent to phase 3 of Figure 5.7 according triaxial testing.
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Figure 5.8 Behaviour of unbound materials based on repeated cyclic
loading. Werkmeister (2003)
5.2.3 Plastic Dresden Model

The plastic Dresden model that has been developed at the Dresden
Technical University and based on the “Huurman
following equation:

model has the

£,(N) = A (%)B +C (eD% - 1) Eq(5.12)

Where:

€, = permanent strain
N = the number of load cycles

A, B, C, D = model parameters depend on (c,,03)
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The first term in the model describes a linear increase in the permanent
strains as a function of the number of load cycles (N) when the function is
plotted on a log (€,) - log (N) scale, see Figure 5.9. The parameter A
gives €, at 1000 load cycles. The parameter B gives the following
gradient of €,with an increased number of load cycles. In the case of
stable behaviour, the model parameters C and D is equal to zero. At
higher stress levels, it is believed that the first term in the model alone is
impossible to describe unstable behaviour. Since the unstable behaviour
observed has an exponential increase in the €, with an increased number
of load cycles (N), which €, is plotted against N on a log (ep) - log (N)
scale, see Figure 5.8. This equation has the material parameters C and D
to describe the unstable behaviour (growth of permanent deformations)
for any value of the number of load cycles (N), any value of major
principal stress o; and major failure principal stress o, .Material
parameters in Equation 5.12 are defined by Huurman as follows:

Eq(5.13)

Cy d,

C:CI.(iJ : D:dl(qJ
Oy Oyt

Where:

a,c = Model parameter [%]

a,, b,b,c,d,d, =Model parameter [-]

N = Number of load cycles [-]

o, = major principal stress [kPa]

O = major failure principal stress [kPa]
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(1+sing) o, +2-c-cosg

Oy = i_sing) Eq(5.14)
In which:
Oy4 = minor failure principal stress [kPa]
é = Internal friction angle [°]
c = Cohesion [kPa]
log (¢:)
Z g _ Described by the second
. : t f the equation
Described by the first part of pHa}TI ,rmaom (C D) q
Huurmans equation (A, B)
» log(N)

Figure 5.9 Schematic representation of deformation behaviour.
Werkmeister (2003)

Huurman model in Werkmeister (2003) needs further research on the
permanent deformation behaviour of unbound material. This is because
this model uses a simple equation with few parameters to describe the
permanent deformation behaviour in both the stable area and unstable
area.

5.3  General Introduction of LCPC and SAMARIS project

SAMARIS (Sustainable and Advanced Materials for Road
InfraStructure) was a RTD and Demonstration research project from the
Growth program of the 5th Framework Programme. Running from
December 2002 to March 2006, the project was initiated in FEHRL, the
Forum of Europe's National Road Research Centres. It was divided into
two streams. The first one dealt with pavements and the second one with
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highway structures. SAMARIS includes the improvement of techniques
to improved materials investigation, modelling of deformation of roads,
safety and active design.

LCPC is the "Laboratoire Central des Ponts et Chaussée” which in
English means "Central Laboratory of Bridges and Roads". LCPC is a
French national research institute which examines and research, for
instance, material properties, modelling of roads (both unbound and
bound material layer). LCPC became involved in SAMARIS project to
develop and validate a new method to predict road permanent
deformation in unbound layers.

5.3.1 Testing facilities of LCPC

LCPC's large-scale testing facilities attract considerable attention, by
virtue of being rare, and in some instances unique, not only in France but
also across Europe and the world. They also attract visitors, especially at
the Nantes test centre, which enjoys a vast setting to house most of this
equipment. The LCPC uses this scientific equipment to conduct its own
studies and experimental work, yet does provide access as well to other
research institutions (both French and foreign), design offices, companies,
project builders, etc.

At the beginning of the 1980's, the Roads Division decided to set up an
Accelerated Pavement Test facility for the study of full scale
experimental pavements submitted to heavy traffic levels. This major
facility became operational in 1984 at the LCPC Nantes Test Centre. It
makes it possible to reproduce in less than a week up to a full year's truck
traffic load supported by a heavily- trafficked pavement, with load speeds
capable of reaching 100 km/hr.

Tests may focus not only on new pavement structures, but on their
maintenance and reinforcement techniques as well. The observations and
measurements enable the monitoring under traffic of the fatigue and
rutting behaviour of materials, the evolution of pavement surface
characteristics, the tire wear, etc.

The facility experimental site consists in three test rings, with its central
motorization and four arms being movable from one ring to another
within a week'’s time. One of the rings has been fitted with a waterproof
concrete pit to ensure hydraulic insulation of the pavement subgrade with
the external water table.
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Figure 5.10 Image of testing facility in LCPC, France
5.3.2 LCPC modelling for permanent deformation

The first selected permanent deformation model is an empirical model
developed by Gidel et al. [2001], from cyclic triaxial tests. This model
describes the variation of permanent axial strains €7 as a function of the
number of cycles N and of the maximum cyclic stresses pmax and gmax(
Pierre Hornych,2007). Its expression is :

gf(N):ng[l-N]-B-(Lmaxjn- L Eq5.15
Pa ) me S _ Gma
Pmax  Prmax
Where:
gl = vertical permanent deformation
N = reference number of cycles
L =\ Prex + o
P, = 100 [kPa]
U = maximal cyclic stresses [kPa]
Pra = maximal cyclic stresses [kPa]
m = parameter of the model
s = cohesion [kPa]
n = model parameter
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g = model parameter

B = model parameter

The detailed description of how the LCPC model simulates permanent
deformation in the unbound layer of road infrastructure refers to
SAMARIS report, Work package 5-Performance based specification
(Development and Validation of a method of prediction structure rutting
of unbound layer pavements). (Pierre Hornych, 2007)

5.4  Introduction to VAgFEM

54.1 FEM (Finite Element Model)

Finite element model is a development of linear elastic models to increase
understanding of how unbound material behaves in reality. The finite
element method (FEM) (sometimes referred to as finite element analysis)
iIs a numerical technique for finding approximate solutions of partial
differential equations (PDE) as well as of integral equations. The solution
approach is based either on eliminating the differential equation
completely (steady state problems), or rendering the PDE into an
approximating system of ordinary differential equations, which are then
numerically integrated using standard techniques such as Euler's method,
etc.(wikipedia.2009)

The advantage of FE-model is that different material models for different
layers of road infrastructure (such as base layer, sub-base layer, etc) can
be used; this means a better description of real material behaviour. It’s
also possible for FE model to choose whether the material can bear
tension strength. This is especially advantageous for the unbound layers
in a road infrastructure model, since these are not capable of carry tensile
stresses. FE model also provides the feature that the materials’ own
weight can be taken into account as well as actual road geometry can be
simulated, Huvstig (2006).

The benefits of FE-model are significant but there are still several major
problems in the application within road designing. Mainly, the
understanding of the unbound material behaviour is not complete. Experts
developed many models simulating the unbound material, but the
materials are influenced by a large number of factors (including grain size
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distribution, stress level and moisture) that make it difficult to create a
uniform model which can be used in the unbound materials.

5.4.2 Introduction of VAgFEM

V4gFEM is web interface tailored to create three dimensional finite
element models for the calculation of road load carrying capacity. The
models are built and the analyses are performed in the commercial finite
element package Abaqus, version 6.4-1. Presently, two separate analysis
cases are supported:

o “Barighetsberdkning”, load carrying capacity; where a road
section is subjected to a load consisting of an axle carrying a
weight of 10 metric tons (10 000 kg). The load is applied as either
a standard axle (with two wheel pairs) or a super single axle. In
both cases the outer axle width is 2500 mm. Tyre widths: standard
300 mm, 100 mm gap between pairs; super single 385 mm. The
contact surfaces are rectangular with the length depending on tyre
pressure.

e “Plattbelastning”, plate load, subsidence analysis; a partial road
section consisting of only the sub-grade, soil separating and
capping layers, is subjected to an load transferred by a circular
plate, diameter 300 mm. The load sequence is 0.08 — 0.16 — 0.24 -
0.32 - 0.40 — 0.45 - 0.50 kPa.

In both cases the force of gravity is included in the analysis.

Two material models are currently available in the web interface to
describe mechanical behaviour

e Linear elastic material, available for all layers.

e Nonlinear elastic, modulus is pressure, 6, dependent using a two
parameter (a, b) model
a 0. Available for capping, soil separating and subgrade layers.

Results for the analyses are sent in PDF format to the user upon analysis
completion. The results comprise of tables and diagrams of key
displacements, stresses and strains in the road loading cross section.
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5.4.3 Load carrying capacity, geometrical characterization

"Barighetsberakning”: The input form is preceded by a figure showing
road geometry. There is no camber in the model and the road cross
section is symmetric. A negative value for height, adjacent ground
implies that the road surface is below the adjacent ground. The load is
briefly described in the introduction. When all geometrical parameters
have been set press the continue button, “Fortsatt till nasta steg”, at the
bottom of the form. The values can be reset using “Aterstall”.

5.4.4 Permanent deformation calculation

A permanent deformation calculation can be performed with the results
from the load carrying capacity calculation. To be able to do this the tick-
box “Generera fil for permanent deformation” be ticked in the material
characterization page for the carrying capacity calculation. This will
create a output file that is together with the excel file that can be
downloaded from the “Permanent deformation” page. Read the
instructions in the Instructions sheet of the excel file. Macro execution
has to be enabled to run the calculations.

5.4.5 Permanent deformation calculation with VAgFEM

V&gFEM permanent deformation is an excel program to evaluate road
permanent deformation duo to load cycling. The permanent deformation
evaluation in each road cross section layer based on finite element stress,
strain, etc. Data improved from a VAgFEM analysis. Results are presented
as a table and an accompanying diagram on the Result sheet. The result is
given for two lateral positions of the road; just outside the axle near the
road centre and outside the axle near the edge of the road.

Permanent deformation evaluation

In each layer the deformation is integrated over the layer thickness to
yield total layer permanent deformation. The permanent deformation is
assumed to be positive in compression.

o,= |¢ (t)dt% Emean, 'ti
Eq.5.16 I‘” Z

dp = layer permanent deformation
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Ep = permanent strain
E meani = mean value of permanent strain in sub-layer
t; = thickness of sub-layers

Available material model
1. NCHRP 1-37A, asphalt concrete

g,=& -8 -N*.T%

Eq. 5.17
& = Resilient strain (€, is used)
T = Temperature
ai = Regression coefficients

Remark: the temperature is to be supplied in degree Celsius; it is
converted to Fahrenheit internally.

2 & 3. NCHRP 1-37Asubbase/ granular (2)&sub-grade (3)

- _(ij_ {&)
q.5.18 ¢&,= - e

r

For these two model the material parameters, € / € , p and B are
evaluated using different formulas depending on water content ,Wc. A
different set of equation is used for each type.

3. Gidel model
2 2 n
Eq 5,19 & :glpo (1_ NfB)' V Prmax T Amax ) 1
P pa m+ S qmax

pmax pmax

€., B, n, mand s are model parameters , Pmax- maximum mean normal
stress (-1/3 Y.ajiused ), Qmax—maximum deviatoric stress (o7 - 03) .

4 & 5 Plastic Dresden phase Il model, range A (4) and range B (5)
Method

B
VAL
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Eq. 5.20

For ranges A and B different equations are used to determine A and B. o
and o3, maximum and minimum principal stresses, a; and b; regression
coefficients.

range A:
Eq. 521 A=a €T or+a 0o
Eq 522 BBe T otb o3
range B:
2
o o
A=a -e%% .| L o e
Eq.523 (aj +ay-03t
Eq 5.24 B:bl.ebzﬂ's 'ﬁ_{_bs'gg‘l
O3
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5.5 MnPAVE

MnPAVE is a computer program that combines known empirical
relationships with a representation of the physics and mechanics behind
flexible pavement behavior. The mechanistic portions of the program rely
on finding the tensile strain at the bottom of the asphalt layer, the
compressive strain at the top of the subgrade, and the maximum principal
stress in the middle of the aggregate base layer (MnDOT, 2008).

It consists of three input modules as shown in Figure 4.11: Climate,
Structure, and Traffic; and three design levels: Basic, Intermediate, and
Advanced. The level is selected based on the amount and quality of
information known about the material properties and traffic data. In the
basic mode, only a general knowledge of the materials and traffic data are
required. The intermediate level corresponds to the amount of data
currently required for MnDOT projects. The advanced level requires the
determination of modulus values for all materials over the expected
operating range of moisture and temperature.

The output includes the expected life of the pavement and the damage
factor with Reliability incorporated. There is also a batch section for
testing a range of layer thicknesses. MnPAVE utilizes WESLEA to
perform linear elastic analysis of a multi-layer pavement structure.
WESLEA is the U.S. Army Corps of Engineers Waterways Experiment
Station, Layered Elastic Analysis method. Transfer functions are used to
translate the mechanistic results into estimated pavement life.

MnPAVE calculates season lengths and temperatures for each location
using data from surrounding weather stations. It has five default seasons
based on material properties measured at the MnNnROAD research site
throughout the year. Spring is divided into two seasons because of the
drastic changes in aggregate base and subgrade soil properties during the
spring thaw period.
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Figure 4.11 MnPAVE Software interface

There are three different kind of settings for the structure calculation in
MnPAVE. Basic, Intermediate and Advanced. Basic Structure is intended
for low-volume roads or designs that don’t require a high degree of
reliability. MnPAVE uses default design modulus values. These modulus
values are adjusted for seasonal variations in moisture and temperature.
Intermediate Structure has a form for entering test data for aggregate base
and subgrade soils. These values are converted to design modulus and
adjusted for seasonal variations and Advanced Structure requires the
input of design modulus values for every layer.

The confidence Level value is used to adjust layer thickness and modulus
values to assure that a proportion of the pavement area meets or exceeds
the desired values, based on the coefficient of variation. The higher the
confidence level and coefficient of variation the more the value is
reduced. A confidence level of 50% results in no reduction. Also, reduces
the values for all layers and acts as a factor of safety to account for
variability and uncertainty. A Monte Carlo simulation should be run on
the final design to determine reliability. If the user intends to use Monte
Carlo simulation to determine the final layer thicknesses, selecting a
Confidence Level of 10 to 15% less than the desired reliability may be
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helpful. The chosen confidence level to run simulations in this project is
70%.

Traffic loads are simulated in MNnPAVE to estimate the life of a given
pavement design. The default traffic load type in MnPAVE is the ESAL
(Equivalent Single Axle Load). In Load Spectrum a more comprehensive
way to characterize the expected traffic for a pavement design is
introduced. Load applications are categorized by axle type and load
range.

Output displays the expected life based on fatigue and rutting damage.
Optimum layer thickness can be determined automatically in ESAL
mode.

The expected life of a pavement is calculated by simulating the strains
due to traffic loads and using an empirical transfer function to determine
the Allowed Repetitions for each load. If the applied load repetitions
exceed the allowed repetitions, the pavement is assumed to have failed.
The output displays the expected years of pavement life based on
calculated fatigue and rutting damage. The pavement damage is also
expressed as a percent contribution by each season.

The MnPave software do not present values of rutting against time or
traffic. It assess at what time the rutting will reach the limit or criteria set
by the Minnesota Department of Transportation (MnDOT) or the
specified by the user. The criterion for rutting in the state of Minnesota is
an average of 0.5 in (12.7 mm) and for Sweden is 0.67 inches (17 mm).
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6 Method

The procedure to validate the design method is described as follows.
Some Test sections used by the Minnesota Department of Transportation
in the MnROAD facility and two test sites used by the Swedish Road
Administration (Vé&gverket) are studied since their construction. Data
collections for every studied parameter (rutting, cracking, changes in the
construction, maintenance, etc.) are available.

Results in Sections No. 14 and No. 22 in the Mainline and No. 24 and 26
and 27 in the Low volume test road in MnROAD will be compared to
simulations of the same sections made in VAgFEM using the Gidel Model
and NCHRP 1-37A for unbound materials, MnPAVE that uses WESLEA
model and M-E PDG software that uses NCHRP 1-37A model for all
layers in the road.

The same procedure will be used for section in the Swedish National
Road Rv-31lin Naassjo, Smaland and the National Motorway Rv- E6 in
Dingle, Bohuslan.

Results from simulations and real data of the test sites in Sweden and in
the United States will be compared used for the validation of the
V&gFEM software for prediction of permanent deformations.

| Test Sites in USA & SWE |

0
f

E PDG | MnPAVE

[VagFEM]

Gidel Model |I\_CI{RP 1—3?A| NCHRP
Esults | | Results

[WEsLEA]

i

N
N

Results | Resutts |

Reality

Il Validation ||

Figure 6.1 Method used for the validation of the pavement deformation
models
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Experimental

7.1 MnROAD- Minnesota's Cold Weather Road Research
Facility
7.1.1 Description

MnROAD is an Accelerated pavement testing (APT) facility used to
research materials and pavements so that roads last longer, perform
better, cost less to build and maintain, can be built faster and have
minimal impact on the environment (Mn/DOT, 2003).

Is the world's largest and most comprehensive outdoor laboratory for cold
weather road research. MnROAD, located near Albertville, Minnesota
(65 km northwest of the Twin Cities Minneapolis-St. Paul) is a cold
region testing laboratory that is unique to the world. MnROAD was
originally constructed in 1994 at a cost of US$25 million of state and
federal funding. A partnership between Minnesota Department of
Transportation (Mn/DOT) and the Minnesota Local Road Research Board
(LRRB) have provided the majority of the operations funding for the first
ten years. Over the years researchers from around the nation and the
world have utilized the MNROAD facility and data.

MnROAD consists of two road segments that are divided into 55 test
cells, which represent varying combinations of road-building materials
and designs. A test cell is a location within the MnROAD facility,
typically a 100 to 500 feet (30.48 to 152.45 m) long roadway section.
Other test cells are areas within the facility, such as driveways or parking
lots, which are used to study small scale experimental pavement designs
or materials. Test cells are designed, constructed, and instrumented to
fulfil specific objectives related to MNROAD.

It consists of a 3.5-mile (5.6 km) long test section of 1-94 Interstate
Highway (Figure 7.1) that connects the Great Lakes with the
Intermountain region of the United States with a traffic od 26,000
vehicles per day in each direction with 13% of heavy vehicles. A low
Volume Road 2.5-mile (4 km) roadway that uses a controlled 5-axle semi
tractor-trailer (shown in Figure 7.2) to simulate conditions on rural roads
and more than 8500 sensors that record load response and environmental
data.
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Figure 7.1 1-94 Interstate Highway section used in MNnROAD. Mn/DOT
(2003)
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Figure 7.2 Low volume track in MnROAD. Mn/DOT (2003)
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MnROAD test cells provide unique opportunities to evaluate pavement
performance under real life conditions (traffic, environment, materials),
examine the way factors such as moisture; frost, traffic loading,
construction and materials interact, design customized experiments for
both interstate and low volume roads with experienced MNROAD staff
and equipment to support unique researcher needs, validate theoretical
models using long-term performance data. More than 10 years of data are
available from phase one test cells, provide a safe work zone for detailed
physical measurements and load testing without disruption to the driving
public, research new ideas and designs that might not be initially accepted
on public roadways.

For the method used in this thesis, sections No. 14 and No. 22 in the
MnROAD Mainline and sections No. 24 and 26 and 27 in the Low
Volume road will be studied and are described in Section 7.2.

7.1.2 Instrumentation

Measuring the load and environmental response of a pavement structure
has been a key component of the MnROAD facility. Those measurements
have been accomplished predominantly through the use of electronic
instrumentation. Over 8,500 electronic sensors were installed during the
initial construction of the test cells at MNnROAD. Additional, and often
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improved, sensors have been added during the construction of more
recent test cells at the facility.

Pavement or surface layer sensors are installed on, embedded within, or
placed immediately under the hot-mix asphalt or concrete layer of a
pavement structure. The sensors are linked by fibber optics to
MnROAD’s computerized data collection system and the data is stored in
a database at Mn/DOT Materials Research and Engineering Laboratory in
Maplewood. The Subsurface sensors are contained in layers below the top
structural layers. These sensors provide researchers with information
about soil temperature, structure and water content.

There are two categories of pavement sensors. Traffic load response
sensors that measure the response resulting from dynamic forces applied
by traffic and environmental sensors that measure the response due to
slower changing forces like temperature, moisture and frost depth,
material expansion/contraction, shrinkage and creep (Mn/DQOT, 2003).
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7.2  Description of Test Sections in MnROAD Used in
Simulations
7.2.1 Section 14

Section 14 is located in the mainline of MnROAD on 1-94 Highway and
is 500 feet (152.4 m) long. Was constructed in July 1993 and rehabilitated
in May 2008. Specifications for each layer can be seen in Table 7.1
(Mn/DOT, 2009).

Table 7.1 Layer specification in Section 14 in MNROAD

Thickness
Layer (infmm) Material Year
Asphalt 1993-07-
Layer 10.9/276.86 AC 58-28 (120/150) - 75 blow 01
Subgrade Clay - "R" Value 12

7.2.2 Section 22

Section 22 is located in the mainline of MnROAD on 1-94 Highway and
Is 500 feet (152.4 m) long. Was constructed in July 1993 and rehabilitated
in May 2008. Specifications for each layer can be seen in Table 7.2
(Mn/DOT, 2009). The material used as a base is Class 6 Special
described in section 6.2.3 and also used in test section 26, 27 and 33.

Table 7.2 Layer specification in Section 14 in MNROAD

Thickness
Layer (infmm) Material Year
Asphalt 1993-08-
Layer 7.9/200.7 AC 58-28 (120/150) — 75 blow 01
1993-08-
Base 18/457.2 Class 6 Sp. 01
Subgrade Clay - "R" Value 12

The material used as a base is called Class 6 Special. The “special” is
because its exclusivity in its use only in MnROAD test tracks. Class 6 Sp.
Is a sandy gravel with lowest percentage of fines at about 4.7%. See
aggregate profile in Figure 7.1. According to the Unites Soils
Classification System (USCS); a lowest optimum water content at
approximately 6.8% and a Max. dry density of 128.7 pcf (2061.58 Kg/m®)
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7.2.3 Section 24

Section 24 is located in the Low volume Test road in MNnROAD facilities
and is 500 feet (152.4 m) long. Was constructed in August 1993 and
rehabilitated in May 2008. Specifications for each layer can be seen in
Table 7.3.

Table 7.3 Layer specification in Section 24 in MNROAD

Thickness
Layer (infmm) Material Year
Asphalt AC 58-28 (120/150) - Marshall D. | 1993-08-
Layer 3.1/78.74 35 01
1993-08-
Base 4/101.6 Class 6 Sp. 01
Subgrade Sand - "R" Value 70

7.2.4 Section 26

Section 26 is located in the Low volume Test road in MNnROAD facilities
and is 500 feet (152.4 m) long. Was constructed in August 1993 and
reconstructed differently in May 2004. Specifications for each layer can
be seen in Table 7.4 (Mn/DOT, 2009).

Table 7.4 Layer specification in Section 26 in MNROAD

Thickness
Layer (infmm) Material Year
Asphalt AC 58-28 (120/150) - Marshall D. | 1993-08-
Layer 5.2/132.08 50 01
Subgrade Clay - "R" Value 12
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7.2.5 Section 27

Section 27 is located in the Low volume Test road in MNnROAD facilities
and is 500 feet (152.4 m) long. Was constructed in August 1993 and
reconstructed in 1999. Specifications for each layer can be seen in Table
7.5. The material used as a base is Class 6 Special described in section
6.2.2 and also used in test section 22, 26 and 33.

Table 7.5 Layer specification in Section 33 in MNROAD

Thickness
Layer (infmm) Material Year
Asphalt AC 58-28 (120/150) - Marshall D. | 1993-08-
Layer 3.3/83.82 35 01
1993-08-
Base 11/279.4 Class 6 Sp. 01
Subgrade Clay - "R" Value 12

7.3 Description of Test Sections in Sweden Used in
Simulations

7.3.1 Test Site 1: Nassj6 — Rv31l

This site in the Swedish national road Rv-31 is situated some kilometres
away from the town of Néssjo in the Province of Smaland in south-
central Sweden. It is composed of two sub sections called 6S and 9S. In
section 6S, there is a thin excavation and this section is hit by sunlight
directly due to the lack of natural barriers. The temperatures of the asphalt
in this section are much higher than in the other parts of the road. In the
9S, there is a thin embankment with friction material. Layer
specifications are shown in Table 7.1.

The road is situated in a forestry landscape. The driving lanes are 2 x 3.75
m = 7.7 m broad with shoulders of 0.25 m on each side.

The traffic data include 3044 vehicles per day in both directions with
14.59% of heavy vehicles and a growth of 1.2% annually in the
southbound direction.

59

CHALMERS, Civil and Environmental Engineering, Master’s Thesis
2009:NN



Table 7.7 Layer specification in Section in Road Rv31

Thickness

Layer (mm) Material Year
Second Asphalt 1989-07-
Layer 35 80MABT16 (Wearing Layer) 01

1988-11-

First Asphalt Layer 50 110AG (Bituminous bound base) 01
Base 115 Gravel base material 1988
Sub base 500 Gravel of Class A 1987-88
Subgrade Silty Morain, Class 6 (Frost class I11)

7.3.2 Test Site 2: Dingle - Rv E6

This site in the Swedish motorway EG6 is situated some kilometres away
from Dingle between Uddevalla and Stromstad in the Province of
Bohuslan in southwest Sweden. The road was built between 1998 and
2000 and opened for traffic in spring of 2000.

The road is situated in a agricultural landscape. The lanes are inner
shoulder, two driving lanes, median central reserve and an outer shoulder
2x (0.5 + 2x3.5 + 0.75) +2.5 = 19 m broad. Layer thickness and
specifications are shown in Table 7.8

Table 7.8 Layer specification in Section in Road Rv E6

Thickness

Layer (mm) Material Year

Wearing Course 35 ABS 11 (B85) 2000

1999-

Third Asphalt Layer 45 ABDb 16 ( Binding Layer, B180) 2000

Second Asphalt AG16 (Bituminous bound base, 1999-

Layer 40 B180) 2000

AG22 (Bituminous bound base, 1999-

First Asphalt Layer 50 B180) 2000
Base 80 Crushed Rock: Vag 94 1998-99
Sub base 1200 Crushed Rock: Vag 94 (0-200 mm) [ 1998-99

Subgrade Clay

The traffic data include 3750 vehicles per day in both directions with
21.9% of heavy vehicles and a growth of 6% annually in average.

In real measurements after 8 years of traffic, the rutting has been
unexpectedly large. An embankment on light fill material, about 100 m
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away from the test section, is very deteriorated with extensive rutting and
cracking and large settlements.
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8 Results and Comparison

Results for the seven test sites are given in a graphical way and a
comparison is made. Real measurements of rutting are compared with the
simulations in M-E PDG and then in VAgFEM software using the Gidel
Model and the NCHRP 1-37A for unbound materials. The results for the
simulations made in MnPAVE are given in the comparison of each test
site.

The essential input data for the M- EPDG and VAgFEM that consists of
climate and traffic data as well as structural and material properties are
taken from the database prepared by the Minnesota Department of
Transportation that include all the measurements made in MNROAD sites
including rutting data through the years done by ALPS and SE devices.

The climate data is collected in Design Guide thru thousands of weather
stations around the United States and in the state of Minnesota more
specifically condensed in the database for the MnPAVE software.

Input Data in details for the simulations in M-E PDG, V4gFEM and
MnPAVE are described in Appendix A.
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8.1 MnROAD - Test Cell 14
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Figure 8.1 Permanent deformation in Cell 14 after 7 years according to
MnROAD and results in M-E PDG
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Figure 8.2 Permanent deformation in Cell 14 after 7 years according to
MnROAD and results in VAagFEM
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According to the simulation in MnPAVE, the rutting depth average will
reach 12 mm (the failure criteria from the MNDOT) after 3 years.

The M-E PDG software and VA&gFEM were run to predict the permanent
deformation (rutting) for the cell 14 in the mainline of MNROAD which
Is opened for daily traffic and connected to the interstate motorway of
Minnesota. The two figures above present the predicted rutting and actual
measured rutting in millimetre versus the time in which the road has been
performance.

Figure 8.1 shows the rutting predicted by Design Guide and the actual
rutting curve. Comparing actual rutting with rutting predicted by Design
guide, the prediction curve is slightly lower than the measured curve of
right wheelpath which is believed carrying 80% of the traffic load and has
the deepest rutting. The meaning of this is the rutting prediction made by
Design guide is close to reality performance of road. And the NCHRP 1-
37A models using in Design Guide to predict rutting in each layer well
modelled according to pavements performance in reality.

In the Figure 8.2, rutting curve predicted by VAgFEM is significant higher
in 80 months which means the VAagFEM highly over-predict rutting
compare to reality performance of road. Rutting predicted by VagFEM
only use NCHRP 1-37A models for the asphalt concrete layer and sub-
grade clay layer since there’s no granular material base present in this cell
of MnROAD.

It is assumed that most of the rutting will be done in the summer season.
Starting the simulation in summer period will give a result of a high
rutting in the first period of simulation and its is known that the model
calculate a high rutting prediction in the beginning also affecting the final
results.

This construction type without any kind of base does not follow these
rutting prediction models. Also, the presence of clay with unknown water
content makes the prediction unstable. These types of road are rarely
done in real sites due to the large cost of the asphalt and as it is seen here,
the low life span of it.

The time used for the comparison is 7 years because in the spring of 2000
the cell was cleaned and filled with a sealant and all the cracks and ruts
were filled.

The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design
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method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

Comparing the two figures, VAgFEM predict significant deeper rutting
compare to Design guide. According to this study case, Design Guide
which gives rather close result is more reliable in rutting prediction than

VAgFEM.
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8.2 MnNROAD - Test Cell 22
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Figure 8.3 Permanent deformation in Cell 22 after 7 years according to
MnROAD and results in M-E PDG
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Figure 8.4 Permanent deformation in Cell 22 after 7 years according to
MnROAD and results in VAagFEM
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The M-E PDG software and VAgFEM were run to predict the permanent
deformation (rutting) for the cell 22 in the mainline of MNROAD which
is opened for daily traffic and connected to the interstate motorway of
Minnesota. The two figures above present the predicted rutting and actual
measured rutting in millimetre versus the time in which the road has been
performance.

Figure 8.3 shows the rutting predicted by Design Guide and the actual
rutting curve. Comparing actual rutting with rutting predicted by Design
guide, the prediction curve is slightly higher than the measured curve of
right wheelpath which is believed carrying 80% of the traffic load and has
the deepest rutting. The meaning of this is the rutting prediction made by
Design guide is close to reality performance of road. And the NCHRP 1-
37A models using in Design Guide to predict rutting in each layer well
modelled according to pavements performance in reality.

In the Figure 8.4, rutting curve predicted by VAgFEM is significant higher
in 80 months which means the VAagFEM highly over-predict rutting
compare to reality performance of road. Rutting predicted by VagFEM
only use NCHRP 1-37A models for the asphalt concrete layer and sub-
grade clay layer since there’s no granular material base present in this cell
of MNnROAD.

According to the simulation in MnPAVE, the rutting depth average will
reach 12 mm (the failure criteria from the MNDOT) after 3 years.

It is assumed that most of the rutting will be done in the summer season.
Starting the simulation in summer period will give a result of a high
rutting in the first period of simulation and its is known that the model
calculate a high rutting prediction in the beginning also affecting the final
results.

This construction type without any kind of base does not follow these
rutting prediction models. Also, the presence of clay with unknown water
content makes the prediction unstable. These types of road are rarely
done in real sites due to the large cost of the asphalt and as it is seen here,
the low life span of it.

The time used for the comparison is 7 years because in the spring of 2000
the cell was cleaned and filled with a sealant and all the cracks and ruts
were filled.
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The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design
method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

Comparing the two figures, VAgFEM predict significant deeper rutting
compare to Design guide. According to this study case, Design Guide
which gives rather close result is more reliable in rutting prediction than
V&agFEM.,
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8.3 MnROAD - Test Cell 24
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The M-E PDG software and VAgFEM were run to predict the permanent
deformation (rutting) for the cell 24 in the mainline of MNROAD which
Is in the low volume test road of MNnROAD which is using for test
different structure and materials for road. The two figures above present
the predicted rutting and actual measured rutting in millimetre versus the
time in which the road has been performance.

Figure 8.5 shows the rutting predicted by Design Guide and the actual
rutting curve. Comparing actual rutting with rutting predicted by Design
guide, the final prediction of rutting in the 84th months is slightly higher
than the measured rutting of left wheelpath which is believed carrying
20% and around 2.5mm lower than the one of right wheel path which is
believed carrying 80% of the traffic load and has the deepest rutting. The
meaning of this is the rutting prediction made by Design guide is
somehow lower to reality performance of road. And the NCHRP 1-37A
models wusing in Design Guide to predict rutting in each layer
appropriately modelled according to pavements performance in reality.

In the Figure 8.6, rutting curve predicted by VAgFEM is 1.5mm and 4mm
lower than the one in the 80th months which means the V&gFEM
significantly under-predict rutting compare to reality performance of
road. Rutting predicted by VAgFEM use both NCHRP 1-37A and Gidel
model for unbound material. As shown above, prediction of these two
models are similar and the curve of NCHRP 1-37A is covered by the
other. This similarity shows that the rutting prediction models works
accordingly to reality and between each other

According to the simulation in MnPAVE, the rutting depth average will
reach 12 mm (the failure criteria from the MNDOT) after 3 years.

Rutting will be in its majority in the asphalt layers and in the subgrade.
The water content in the sand layer will be a factor that makes the rutting
prediction more sensitive. And these values are not well measured in the
MnROAD test site due to a problem with the water gauges.

It is clearly seen the difference in rutting values from the right wheelpath
to the left wheelpath although they follow the same growing pattern. The
use of only one vehicle with a specified weight and following the same
driving pattern can be the reason for this phenomenon. Also the
inclination of the road and the heavy weight of the vehicle passing over
the same place could be a cause why the rut depths are higher in the right
wheelpath.

A possible explanation about its early failure is because of construction
variability related to thickness control. It was designed to be 3.1" (78.74
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mm) but in areas where the thickness was ~2.5"-3" (63.5 — 76.2 mm) or
less the roadway rutted and fatigue cracked in the wheelpaths and in areas
were the thickness was 3" (76.2 mm) or thicker the roadway performed
well (Isackson, Dai & Boerner, 1999)

The time used for the comparison is 7 years because in the spring of 2000
the cell was cleaned and filled with a sealant and all the cracks and ruts
were filled.

The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design
method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

Comparing the two figures, VAgFEM predict somehow deeper rutting
compare to Design guide. According to this study case, Design Guide
which gives rather close result is more reliable in rutting prediction than
VAagFEM.
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84 MnROAD - Test Cell 26
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Figure 8.7 Permanent deformation in Cell 26 after 7 years according to
MnROAD and results in M-E PDG

16

14

12

10

epe NCHRP 1-37A
==@==MnROAD Right Wheelpath
=== MnROAD Left Wheelpath

V—i

Permanen Deformation (mm)
00

0 20 40 60 80 100

Time (months)

Figure 8.8 Permanent deformation in Cell 26 after 7 years according to
MnROAD and results in VAgFEM in NCHRP 1-37A Model
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The M-E PDG software and VAgFEM were run to predict the permanent
deformation (rutting) for the cell 26 in the low volume test road of
MnROAD which is using for test different structures and materials for
road. The two figures above present the predicted rutting and actual
measured rutting in millimetre versus the time in which the road has been
performance.

Figure 8.7 shows the rutting predicted by Design Guide and the actual
rutting curve. Comparing actual rutting with rutting predicted by Design
guide, the final prediction of rutting in the 84th months is slightly lower
than the measured rutting of left wheel path which is believed carrying
20% and around 5mm lower than the one of right wheel path which is
believed carrying 80% of the traffic load and has the deepest rutting. The
meaning of this is the rutting prediction made by Design guide is
somehow lower to reality performance of road. And the NCHRP 1-37A
models using in Design Guide to predict rutting in each layer
appropriately modelled according to pavements performance in reality.

In the Figure 8.8, rutting curve predicted by VAgFEM is basically lower
in the 80th months which means the V&gFEM highly under-predict
rutting compare to reality performance of road. Rutting predicted by
V&gFEM only use NCHRP 1-37A models for the asphalt concrete layer
and sub-grade clay layer since there’s no granular material base present in
this cell of MNROAD.

According to the simulation in MnPAVE, the rutting depth average will
reach 12 mm (the failure criteria from the MNDQOT) after 13 years.

This construction type without any kind of base does not follow these
rutting prediction models. Also, the presence of clay with unknown water
content makes the prediction unstable. These types of road are rarely
done in real sites due to the large cost of the asphalt and as it is seen here,
the low life span of it.

The lack of uniformity in the measurements of rut depths can mean that
errors occurred during the measurement time or that the road failed
prematurely.

The time used for the comparison is 7 years because in the spring of 2000
the cell was cleaned and filled with a sealant and all the cracks and ruts
were filled.

The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design

73

CHALMERS, Civil and Environmental Engineering, Master’s Thesis
2009:NN



method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

Comparing the two figures, VAgFEM predict similar rutting compare to
Design guide. According to this study case, VAgFEM is more reliable
than Design Guide.
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8.5

MnROAD - Test Cell 27
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Figure 8.9 Permanent deformation in Cell 27 after 6 years according to
MnROAD and results in M-E PDG
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Figure 8.10 Permanent deformation in Cell 27 after 6 years according to
MnROAD and results in VAagFEM
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The M-E PDG software and VAgFEM were run to predict the permanent
deformation (rutting) for the cell 27 in the low volume test road of
MnROAD which is using for test different structures and materials for
road. The two figures above present the predicted rutting and actual
measured rutting in millimetre versus the time in which the road has been
performance.

Figure 8.9 shows the rutting predicted by Design Guide and the actual
rutting curve. Comparing actual rutting with rutting predicted by Design
guide, the final prediction of rutting in the 60th months is significant
lower than the measured rutting of left wheel path which is believed
carrying 20% and around 13mm lower than the one of right wheel path
which is believed carrying 80% of the traffic load and has the deepest
rutting. The meaning of this is the rutting prediction made by Design
guide is somehow lower to reality performance of road. And the NCHRP
1-37A models using in Design Guide to predict rutting in each layer
unreasonably modelled according to pavements performance in reality.

In the Figure 8.10, rutting curve predicted by VAgFEM is 10mm and
15mm lower than the measured in the 60th months which means the
V&4gFEM significantly under-predict rutting compare to reality
performance of road. Rutting predicted by VAgFEM use both NCHRP 1-
37A and Gidel model for unbound material. As shown above, prediction
of these two models are similar and the curve of NCHRP 1-37A is
covered by the other. This similarity shows that the rutting prediction
models works not accordingly to reality and between each other.

According to the simulation in MnPAVE, the rutting depth average will
reach 12 mm (the failure criteria from the MNDQOT) after 12 years.

A possible explanation about its early failure is because of construction
variability related to thickness control. It was designed to be 3.3" (83.82
mm) but in areas where the thickness was ~2.5"-3" (63.5 — 76.2 mm) or
less the roadway rutted and fatigue cracked in the wheelpaths and in areas
were the thickness was 3" (76.2 mm) or thicker the roadway performed
well (Isackson, Dai & Boerner, 1999)

The time used for the comparison is 6 years because in the spring of 1999
the cell had a construction with oil and chip seal treatment.

The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design
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method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

Comparing the two figures, VAgFEM predict similar rutting compare to
Design guide. However, predicted rutting both by VAgFEM and Design
Guide significantly under-predict according to actual pavement
performance. The performance of road doesn’t follow neither of these
two prediction models.
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Figure 8.11 Permanent deformation in Road Rv31l in Nassj0 after 20
years according to the Vagverket/NordFoU Report (2009) and results in
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Figure 8.12 Permanent deformation in Road Rv31l in Nassjo after 20
years according to the Vagverket/NordFoU Report (2009) and results in
VagFEM

The M-E PDG software and VAgFEM were run to predict the permanent
deformation (rutting) for the case Néassjo, Smaland — Rv31. The two
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figures above present the predicted rutting and actual measured rutting of
two sections in N&ssjo versus the time in which the road has been used.

Figure 8.11 shows the rutting predicted by Design Guide and the actual
rutting of two sections: S06 Rv 31 and S09 Rv31. The chosen road
Nassjo, Smaland — Rv31 is divided into eleven sections with each of them
100 meters long. Section No.6, southbound, and No. 9, southbound, has
been chosen for the testing. This study road is located in a forest
landscape. As shown in this figure, rutting in S06 is slightly deeper than
section S09. The reason for this difference is not clear. One possibility as
seen by study visit is that besides section S06, few trees and plants were
found which may not cover the road surface during hot summer. This
could cause the road to be exposed to sunlight all day long during hot
weather and rise pavements temperature which give more rutting in the
asphalt concrete layer of road.

Comparing actual rutting with rutting predicted by Design guide, the
prediction curve is close to the measured curve which means the rutting
prediction made by Design guide is close to reality performance of road.
And the NCHRP 1-37A models using in Design Guide to predict rutting
in each layer well modelled according to pavements performance in
reality.

In the Figure 8.12, rutting curve predicted by VAgFEM is among actual
measured rutting curve which means the rutting prediction made by
V&gFEM is close to reality performance of road. Rutting predicted by
V&gFEM using Gidel model for the unbound material (base, sub base) is
a slightly deeper than that of NCHRP 1-37A model.

The curve of measured rutting is roughly linear and exclude several
measuring errors occurred during long performance year since the road
was opened for traffic. And the prediction curve seems exponential which
caused by the assumption of Mechanistic- Empirical Pavement Design
method. In this way, models used to predict rutting is not capable of
predict the accurate value in the long run.

As shown in figure 8.12, predicted rutting with Gidel model for unbound
material is rather similar than the one with NCHRP 1-37A model.
Therefore, it’s believed that the two models using in VAgFEM give
similar predictions for pavement performance.

Comparing the two figures, VAgFEM predict similar rutting with Design
guide and both of them make reasonable predictions for pavements
performance.
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The climate model used for the simulation of this site in the M-E PDG
software is in the city of Hagerstown in the state of Maryland in the
United States. This is due to the fact that M-E PDG only includes weather
profiles for the USA. It is assumed that the weather in the state of
Maryland is similar to the one in southern Sweden where Ndssjo and
Smaland province are located with mild seasons and temperatures.
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8.7

Dingle, Bohuslan — RVEG
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Figure 8.13 Permanent deformation in Road RVEG6 in Dingle after 8 years
according to the Vagverket/NordFoU Report (2009) and results in M-E

PDG
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Figure 8.14 Permanent deformation in Road RVEG6 in Dingle after 8 years
according to the Vagverket/NordFoU Report (2009) and results in
VAgFEM for 8 and 10 Ton axles
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In the Dingle Site, the original depth of one of the layers of sub-base, this
being crushed rock (0-200 mm) is 1200 mm. The program M E- PDG
doesn’t allow the size of this layer due to the nature of the calculated sub-
divisions made to the total road so it was changed to 1000 mm to assess a
trend in the rutting prediction graphs. It is seen that the rutting predictions
do not change considerably if the changes in the depth of the layers are
made, but, cracking predictions and appearances may affect this values in
the real life, so it cannot be concluded that these are equivalent roads.

The climate model used for the simulation of this site in the M-E PDG
software is in the city of Hagerstown in the state of Maryland in the
United States. This is due to the fact that M-E PDG only includes weather
profiles for the USA. It is assumed that the weather in the state of
Maryland is similar to the one in the west coast of Sweden where Dingle
and the Bohuslan province are located with mild seasons and
temperatures and with coastal behavior.

This site does not follow the Gidel model that is not developed for
unstable subgrade material like is the clay present in this area with high
water content.

When the road was constructed, the contractor did not make any kind of
stabilization process with the clay in the subgrade, this also could help to
the fast rutting mechanism that took place.

The values used for simulations in VAgFEM for Dingle site were taken
from another site in southern Sweden. This explains the different results
in VAgFEM compared to the M-E PDG and would give lots of
uncertainties in the time of prediction.
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9

FACTORS THAT MAY AFFECT THE
RUTTING PREDICTIONS

Possible causes of error:

83

Elastic modulus changes with temperature and its very sensitive to
small climate changes.

Cells 14 and 26 do not follow the model for rutting prediction due
to the lack of base layers

M-E PDG and VAgFEM do not include changes in the surrounding
areas of the road, like embankments, excavations, etc.

VAgFEM and its spreadsheet to calculate rutting is still in
development.

Weather profiles for Sweden are not developed for M-E PDG
software, so, a similar weather area (Maryland) was used for
simulations.

Values for Poisson’s ratio and Elasticity module are outside ranges
allowed by Design guide, could be a source of error in predictions.
In VAgFEM, starting with different seasons produce very different
values in rutting predictions.

Traffic Growth in Low Volume Road was about 43% in average
between 1993 and 2001 but it is assumed to be the same over the
years as recommended

In the Dingle Site, the original depth of one layer of sub-base is
1200 mm. The program M E- PDG doesn’t allow so big layers so it
was changed to 1000 mm to assess a trend in the rutting prediction
graphs.

Calculations of values for al, a2 and a3 are not done in every
concrete it his report and these prediction models are very sensitive
to this value.

Possible explanation about early failure in thin asphalt layered road
sites is because of construction variability related to thickness
control.
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10 CONCLUSIONS AND RECOMMENDATION

After running simulations for the seven sites in the USA and Sweden it
can be assessed some trends in the predicting patterns. But, at the same
time, more tests sites are needed in different places and with different
characteristics to really see what are the pros and the cons of these
software.

According to MnROAD cell studies:

e New model could be developed for predicting deformations in road
constructions without base (e.g. MNnROAD Cell 14 and 26)

« The variations in the thickness of the asphalt layers in the time of
construction have a great influence in the simulations and real
rutting and performance results (e.g. MNROAD Cells 24 and 27)

According to Né&ssj6 and Dingle test site studies:

* Rutting predictions from VAagFEM and M-E PDG are similar and
can be validated with real measurements

e NCHRP 1-37A and Gidel Models for unbound materials are
validated and predict similar rutting in VAgFEM

Some general conclusions are:

» These two software do not simulate external factors that affect the
performance of the road as excavations, embankments, changes in
water content and climate change, etc.

« Material properties as the coefficients al, a2 and a3 that affect
greatly the outcomes of the prediction shall be calculated for all
kind of concrete before the simulations and in the two
measurement systems. Having just the data in the British system do
not allow its use in the VAgFEM program and in transformations,
real accuracy its lost

Further studies regarding rutting prediction models for roads that do not
include base and sub base shall be developed as well as climate models
for the different climate regions used in Sweden.
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The use of M-E PDG can go further if the climate part can be changed.
Also, limits in the ranges of properties of materials can affect the results
of the simulations.
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Appendix A - Input Data

Test Site MnROAD - Cell 14
| Software | M-E PDG

Traffic

AADT 17010

Heavy Trucks 13%

Initial 2-way AADTT 2211

Traffic Growth 3%

Climate Profile

Layers
Asphalt Concrete

Subgrade
Clay

90

Minneapolis / St. Paul, Minnesota

Thickness 10.9 inches
Aggregate Gradation

Cumulative % Retained 3/4 inch

sieve 0
Cumulative % Retained 3/4 inch

sieve 16
Cumulative % Retained # 4 sieve 31
% Passing # 200 sieve 4.3
Asphalt Binder 58-28
Poisson’s Ratio 0.27
Binder Content 5.4
Air voids (%) 3.7
Total Unit Weight (pcf) 148
Thickness 12 inches
Gradation and Plasticity Index

Plasticity Index, Pl 15
Passing # 200 sieve (%) 75
Passing # 4 sieve (%) 95
D60 (mm) 0.1
Poisson’s Ratio 0.45
E Modulus (psi) 21200
Water Content (%) 18.6
Dry unit Weight (pcf) 107.9
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Software VAagFEM
Traffic
AADT 17010
Heavy Trucks 13%
Traffic Growth 3%
Number of load repititions, N 12000000
Load repetition stepping type linear
Layers
Asphalt Concrete Thickness 277 mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.18 6210
Winter 2280 0.15 15360
Early Spring 2280 0.16 9199
Late Spring 2280 0.25 4012
Summer 2280 0.39 1383
Regression coefficients for NCHRP1-37A
Model
al 1.37
a2 0.27
a3 1.77
Subgrade
Clay Thickness 305 mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 1960 0.45 50.04
Winter 1960 0.45 261.5
Early Spring 1960 0.45 261.5
Late Spring 1960 0.45 35.03
Summer 1960 0.45 42.53
Water Content 18%
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Test Site

MnROAD - Cell 22

Software M-E PDG
Traffic

AADT 17010
Heavy Trucks 13%
Initial 2-way AADTT 2211
Traffic Growth 3%

Climate Profile

Layers
Asphalt Concrete

Base
Crushed Gravel
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Minneapolis / St. Paul, Minnesota

Thickness 7.9 inches
Aggregate Gradation

Cumulative % Retained 3/4 inch

sieve 0
Cumulative % Retained 3/4 inch

sieve 16
Cumulative % Retained # 4 sieve 31
% Passing # 200 sieve 4.3
Asphalt Binder 58-28
Poisson’s Ratio 0.27
Binder Content 5.4
Air voids (%) 3.7
Total Unit Weight (pcf) 148
Thickness 18 inches
Gradation and Plasticity Index

Plasticity Index, Pl 1
Passing # 200 sieve (%) 4.7
Passing # 4 sieve (%) 46
D60 (mm) 2
Poisson’s Ratio 0.4
E Modulus (psi) 30000
Water Content (%) 6.8
Dry unit Weight

(pcf) 128.7




Subgrade

Clay
Thickness Infinite inches
Gradation and Plasticity Index
Plasticity Index, PI 15
Passing # 200 sieve (%) 75
Passing # 4 sieve (%) 95
D60 (mm) 0.1
Poisson’s Ratio 0.45
E Modulus (psi) 21200
Water Content (%) 18.6
Dry unit Weight
(pcf) 107.9

Software VAgFEM |

Traffic

AADT 17010 |

Heavy Trucks 13% ‘

Traffic Growth 3%

Number of load repititions,

N 12000000

Load repetition stepping
type linear
Layers
Asphalt Concrete ‘ Thickness ‘ 200 ‘ mm
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Material Properties

Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.18 6153
Winter 2280 0.15 15450
Early Spring 2280 0.16 9183
Late Spring 2280 0.25 3941
Summer 2280 0.39 1332
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Base
Crushed Gravel
Thickness 457 mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.4 135.2
Winter 2280 0.4 283.1
Early Spring 2280 0.4 48.71
Late Spring 2280 0.4 113.7
Summer 2280 0.4 138
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Material Parameters for Gidel Model
&"° 80
B 0.002
n 0.3
m 2.612
S 26.35
Subgrade
Clay Thickness infinite mm

Material Properties
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Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 1960 0.45 50.04
Winter 1960 0.45 261.5
Early Spring 1960 0.45 261.5
Late Spring 1960 0.45 35.03
Summer 1960 0.45 42.53
Water Content 18%
Test Site MnROAD - Cell 24
Software | M-E PDG |
Traffic
AADT 46
Heavy Trucks 100%
Initial 2-way AADTT 46
Traffic Growth 0%
Minneapolis / St. Paul,
Climate Profile Minnesota
Layers
Asphalt Concrete
Thickness 3.1 inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 0
Cumulative % Retained 3/4 inch sieve 16
Cumulative % Retained # 4 sieve 31
% Passing # 200 sieve 4.3
Asphalt Binder 58-28
Poisson’s Ratio 0.27
Binder Content 5.4
Air voids (%) 3.7
Total Unit Weight (pcf) 148
Base
Crushed Gravel
Thickness 4 inches
Gradation and Plasticity Index
Plasticity Index, PI 1
Passing # 200 sieve (%) 4.7
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Passing # 4 sieve (%) 46
D60 (mm) 2
Poisson’s Ratio 0.4
E Modulus (psi) 30000
Water Content (%) 6.8
Dry unit Weight (pcf) 128.7

Subgrade

Sand - SM
Thickness Infinite inches
Gradation and Plasticity Index
Plasticity Index, Pl 1
Passing # 200 sieve (%) 10
Passing # 4 sieve (%) 80
D60 (mm) 0.3
Poisson’s Ratio 0.45
E Modulus (psi) 21200
Water Content (%) 11.2
Dry unit Weight (pcf) 122.3

| Software | vagrEM
Traffic
| AAWT | 320

[Heavy Trucks 100%

Traffic Growth 0%

Number of load repititions,

N 560000

Load repetition stepping type linear

Layers

Asphalt Concrete Thickness 79 mm
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Material Properties

Poission's
Density(Kg/m3) Ratio Elastic Modulus(MPa)
Fall 2280 17 6917
Winter 2280 0.15 17970
Early Spring 2280 0.15 10500
Late Spring 2280 0.24 4343
Summer 2280 0.39 1406
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Base
Crushed Gravel
Thickness 457 mm
Material Properties
Poission's
Density(Kg/m3) Ratio Elastic Modulus(MPa)
Fall 2280 0.4 135.2
Winter 2280 0.4 283.1
Early Spring 2280 0.4 48.71
Late Spring 2280 0.4 113.7
Summer 2280 0.4 138
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Material Parameters for Gidel Model
& 80
B 0.002
n 0.3
m 2.612
S 26.35
Subgrade
Clay Thickness infinite mm
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Material Properties

Poission's
Density(Kg/m3) Ratio Elastic Modulus(MPa)
Fall 1960 0.45 50.04
Winter 1960 0.45 261.5
Early Spring 1960 0.45 261.5
Late Spring 1960 0.45 35.03
Summer 1960 0.45 42.53
Water Content 18%
Test Site MnROAD - Cell 26
Software M-E PDG
Traffic
AADT 46
Heavy Trucks 100%
Initial 2-way AADTT 46
Traffic Growth 0%
Climate Profile Minneapolis / St. Paul, Minnesota
Layers
Asphalt Concrete
Thickness 5.9 inches
Aggregate Gradation
Cummulative % Retained 3/4 inch
sieve 0
Cummulative % Retained 3/4 inch
sieve 16
Cummulative % Retained # 4 sieve 31
% Passing # 200 sieve 4.3
Asphalt Binder 58-28
Poisson’s Ratio 0.27
Binder Content 5.4
Air voids (%) 3.7
Total Unit Weight (pcf) 148
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Subgrade

Clay
Thickness Infinite inches
Gradation and Plasticity Index
Plasticity Index, PI 15
Passing # 200 sieve (%) 75
Passing # 4 sieve (%) 95
D60 (mm) 0.1
Poisson’s Ratio 0.45
E Modulus (psi) 21200
Water Content (%) 18.6
Dry unit Weight (pcf) 107.9
Software VAagFEM
Traffic
AAWT 320
Heavy Trucks 100%
Traffic Growth 0%
Number of load repititions, N 560000
Load repetition stepping type linear
Layers
Asphalt Concrete Thickness 150 mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.17 6139
Winter 2280 0.15 15610
Early Spring 2280 0.15 9219
Late Spring 2280 0.24 3904
Summer 2280 0.39 1300
Regression coefficients for NCHRP1-37A
Model
al 1.37
a2 0.27
a3 1.77
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Subgrade

Clay Thickness infinite mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 1960 0.45 41.01
Winter 1960 0.45 214.3
Early Spring 1960 0.45 214.3
Late Spring 1960 0.45 28.7
Summer 1960 0.45 34.85
‘ Water Content 18%
Test Site MnROAD - Cell 27
Software M-E PDG |
Traffic
AADT 46
Heavy Trucks 100%
Initial 2-way AADTT 46
Traffic Growth 0%
Climate Profile Minneapolis / St. Paul, Minnesota
Layers
Asphalt Concrete
Thickness 3.3 inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 0
Cumulative % Retained 3/4 inch sieve 16
Cumulative % Retained # 4 sieve 31
% Passing # 200 sieve 4.3

Base
Crushed Gravel

100

Asphalt Binder 58-28
Poisson’s Ratio 0.27
Binder Content 5.4
Air voids (%) 3.7
Total Unit Weight (pcf) 148

Thickness 11 inches
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Gradation and Plasticity Index

Plasticity Index, Pl 1
Passing # 200 sieve (%) 4.7
Passing # 4 sieve (%) 46
D60 (mm) 2
Poisson’s Ratio 0.4
E Modulus (psi) 30000
Water Content (%) 6.8
Dry unit Weight
(pcf) 128.7

Subgrade

Clay - CL
Thickness Infinite inches
Gradation and Plasticity Index
Plasticity Index, Pl 15
Passing # 200 sieve (%) 75
Passing # 4 sieve (%) 95
D60 (mm) 0.1
Poisson’s Ratio 0.45
E Modulus (psi) 21200
Water Content (%) 18.6
Dry unit Weight
(pcf) 107.9

Software | vagreEM |

Traffic

AAWT 320 |

Heavy Trucks 100% |

Traffic Growth 0%

Number of load repititions,

N 560000

Load repetition stepping
type linear
Layers
Asphalt Concrete Thickness 84 mm
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Material Properties

Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.17 6738
Winter 2280 0.15 17450
Early Spring 2280 0.15 10210
Late Spring 2280 0.24 4238
Summer 2280 0.39 1377
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Base
Crushed Gravel
Thickness 280 mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 2280 0.4 135.2
Winter 2280 0.4 283.1
Early Spring 2280 0.4 48.71
Late Spring 2280 0.4 113.7
Summer 2280 0.4 138
Regression coefficients for NCHRP1-37A Model
al 1.37
a2 0.27
a3 1.77
Material Parameters for Gidel Model
& 80
B 0.002
n 0.3
m 2.612
S 26.35
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Subgrade

Clay Thickness infinite mm
Material Properties
Poission's Elastic
Density(Kg/m3) Ratio Modulus(MPa)
Fall 1960 0.45 50.04
Winter 1960 0.45 261.5
Early Spring 1960 0.45 261.5
Late Spring 1960 0.45 35.03
Summer 1960 0.45 42.53
Water Content 18%
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Test Site

Vagverket - Rv E6 Dingle

Software M-E PDG

Traffic

AADT 3750

Heavy Trucks 21.80%

Initial 2-way

AADTT 820

Traffic Growth 6.0%

Climate Profile Hagerstown, Maryland

Layers

Wearing Course
Thickness 1.38 inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 1
Cumulative % Retained 3/4 inch sieve 30
Cumulative % Retained # 4 sieve 62
% Passing # 200 sieve 10

ABS11

Asphalt Binder (B85)
Poisson’s Ratio 0.35
Binder Content 11
Air voids (%) 8.5
Total Unit Weight (pcf) 148

3rd Asphalt

Concrete
Thickness ‘ 1.77 ‘ inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 1
Cumulative % Retained 3/4 inch sieve 24
Cumulative % Retained # 4 sieve 49
% Passing # 200 sieve 6
Asphalt Binder ABDb16
Poisson’s Ratio 0.35
Binder Content 11
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Air voids (%) 8.5

Total Unit Weight (pcf) 148

2nd Asphalt

Concrete
Thickness ‘ 1.58 ‘ inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 1
Cumulative % Retained 3/4 inch sieve 18
Cumulative % Retained # 4 sieve 45
% Passing # 200 sieve 6
Asphalt Binder AG16
Poisson’s Ratio 0.35
Binder Content 11
Air voids (%) 8.5
Total Unit Weight (pcf) 148

1st Asphalt

Concrete
Thickness ‘ 1.97 ‘ inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 5
Cumulative % Retained 3/4 inch sieve 28
Cumulative % Retained # 4 sieve 45
% Passing # 200 sieve 7
Asphalt Binder 110AG
Poisson’s Ratio 0.35
Binder Content 11
Air voids (%) 8.5
Total Unit Weight (pcf) 148

Base

Crushed Rock Vég

94
Thickness 3.15 inches
Gradation and Plasticity Index
Plasticity Index, Pl 1
Passing # 200 sieve (%) 10
Passing # 4 sieve (%) 25
D60 (mm) 2
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Poisson’s Ratio 0.35
E Modulus (psi) 40000
Water Content
(%) 11.2
Dry unit Weight
(pcf) 122.3

Subbase

Crushed Rock Vég

94

‘ Thickness 35.43 inches

Gradation and Plasticity Index
Plasticity Index, Pl 1
Passing # 200 sieve (%) 10
Passing # 4 sieve (%) 25
D60 (mm) 2
Poisson’s Ratio 0.35
E Modulus (psi) 40000
Water Content
(%) 11.2
Dry unit Weight
(pcf) 122.3

Subgrade

Clay - CL
Thickness Infinite | inches
Gradation and Plasticity Index
Plasticity Index, PI 15
Passing # 200 sieve (%) 75
Passing # 4 sieve (%) 95
D60 (mm) 0.1
Poisson’s Ratio 0.35
E Modulus (psi) 16000
Water Content
(%) 18.6
Dry unit Weight
(pcf) 107.9
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Dynamisk modul, |[E*| Fasvinkel, ¢ Poisson’s tal
(MPa) (grader) )

Temp. Frekvens Medelvarde | Standard- | Medelvarde | Standard- | Medelvérde | Standar
°C) (H2) avvikelse avvikelse avvikel
25 20661 2316 7.7 0.99 0.3 0.(
20 20426 2281 8 1.09 0.31 0.
10 19585 2173 8.8 1.19 0.31 0.(
18747 2159 9.7 1.18 0.32 0.
17542 2109 11.1 1.38 0.33 0.
16547 2070 12.2 1.42 0.34 0.(
0.5 15495 2050 13.3 1.5 0.34 0.
0.2 14105 1999 14.8 1.58 0.36 0.(
0.1 13049 1930 16 1.67 0.37 0.(
-10 0.01 9592 1563 20 1.76 0.41 0
25 12364 1941 16.9 1.5 0.31 0.
20 12089 1935 17.6 1.56 0.33 0.
10 10960 1839 19.3 1.5 0.35 0.:
9859 1752 21 1.48 0.37 0.
8385 1609 23.5 1.53 0.38 0.
7325 1476 25.3 1.59 0.39 0
0.5 6278 1338 26.9 1.66 0.4 0.:
0.2 4940 1180 29 1.88 0.41 0..
0.1 3991 1000 30.4 1.92 0.39 0..
5 0.01 2120 588 33.1 2.64 0.46 0.:
25 5304 1525 29.7 1.64 0.39 0..
20 5101 1640 30.3 2.05 0.39 0.:
10 4219 1454 31.6 2.03 0.4 0..
3453 1196 32.7 1.93 0.41 0..
2574 889 34.1 1.93 0.43 0.:
2040 682 34.4 2.07 0.44 0.:
0.5 1610 506 35.2 2.38 0.46 0.:
0.2 1174 335 35.1 2.88 0.48 0.:
0.1 946 256 34.1 3.37 0.5 0.:
20 0.01 521 139 31.7 3.44 0.59 0.
25 1527 218 37.2 2.84 0.38 0.
20 1394 177 37.4 2.96 0.4 0.:
10 1089 89 37.1 2.97 0.43 0.
860 43 36.7 2.94 0.46 0.
35 636 7 36.1 2.77 0.48 0.

107

CHALMERS, Civil and Environmental Engineering, Master’s Thesis

2009:NN



519 31 35.3 2.72 0.49 0.
0.5 433 39 34.4 2.12 0.51 0.(
0.2 358 57 32.8 2.29 0.54 0.(
0.1 341 78 31.7 2.44 0.61 0.(

0.01 _ - - R R

Dynamisk modul, |[E*| Fasvinkel, ¢ Poisson’s tal
(MPa) (grader) )

Temp. Frekvens Medelvarde | Standard- | Medelvarde | Standard- | Medelvérde | Standar
°C) (H2) avvikelse avvikelse avvikel
25 18538 20 8.4 3.17 0.24 0.(
20 18135 207 8.3 2.98 0.24 0.(
10 17374 324 9.1 2.94 0.24 0.(
16693 228 9.9 3.02 0.24 0.
15685 224 11.4 3.14 0.25 0.
14741 41 12.8 4.13 0.24 0.(
0.5 14094 336 13.4 3.06 0.26 0.(
0.2 12852 175 14.9 3.72 0.25 0
0.1 11989 355 16 3.87 0.25 0.:
-10 0.01 9031 485 21 4.42 0.27 0.
25 11976 72 16.9 3.17 0.31 0.(
20 11599 122 17.5 3.6 0.3 0.(
10 10557 6 19.2 3.88 0.31 0.(
9603 25 21.1 433 0.33 0.(
8383 372 23.6 4.46 0.35 0.(
7261 449 25.6 4.67 0.35 0.(
0.5 6281 346 27.4 5.17 0.36 0.(
0.2 5093 175 29.8 5.31 0.37 0.(
0.1 4297 16 31.7 7.17 0.38 0.(
5 0.01 2206 274 37.1 4.32 0.39 0.
25 5160 1016 31.2 6.02 0.28 0.:
20 4747 960 32 6.76 0.24 0..
10 3950 850 33.9 7.05 0.24 0..
3254 791 35.6 7.1 0.24 0..
2442 691 37.8 6.56 0.24 0.:
1956 635 39.1 5.46 0.25 0.:
0.5 1600 515 39.9 4.7 0.26 0.:
0.2 1229 406 39.8 3.43 0.31 0.:
0.1 992 418 39.4 2.42 0.31 0.2

20 0.01 R - _ - R
25 1469 318 42.7 5.5 0.36 0.:
20 1337 377 43.1 5.86 0.33 0..
35 10 1024 387 41.8 5.75 0.28 0.:
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791 359 40 4.13 0.26 0.
584 304 37.5 3.97 0.22 0.!
473 238 35.6 6.59 0.21 0.!
0.5 392 199 36.5 2.43 0.24 0.
0.2 306 159 36.7 2.89 0.26 0.¢
01 261 138 38.1 3.18 0.3 0.
0.01 _ - - ] R
Depth Temperature °C
mm 40 - 45 35 - 40 30 - 35 25 - 30 20 - 25 15 - 20 15-0k
20 7 37 150 355 625 1185 1140
70 0 11 71 314 722 1384 1042
120 0 2 27 230 783 1575 934
-20% 0.08 0.45 1.81 4.28 7.53 14.27 13.73
-70% 0 0.13 0.86 3.78 8.7 16.67 12.55
-120% 0 0.02 0.33 2.77 9.43 18.97 11.25
Depth Temperature °C
mm 10-maj 0-5 -5 -15 -25
20 1071 1720 1722 243 47
70 1026 1781 1708 214 29
120 1036 1816 1713 174 12
-20% 12.9 20.72 20.74 2.93 0.57
-70% 12.36 21.45 20.57 2.58 0.35
-120% 12.48 21.87 20.63 2.1 0.14
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Test Site Vagverket - Rv31 Ndssjo

Software M-E PDG

Traffic

AADT 3044

Heavy Trucks 14.59%

Initial 2-way

AADTT 444

Traffic Growth 1.2%

Climate Profile Hagerstown, Maryland

Layers

2nd Asphalt

Concrete
Thickness 1.38 inches
Aggregate Gradation
Cumulative % Retained 3/4 inch sieve 5
Cumulative % Retained 3/4 inch sieve 27
Cumulative % Retained # 4 sieve 48
% Passing # 200 sieve 8
Asphalt Binder 80MABT16
Poisson’s Ratio 0.35
Binder Content 11
Air voids (%) 8.5
Total Unit Weight (pcf) 148

1st Asphalt Concrete

Thickness ‘ 1.97 ‘ inches

Aggregate Gradation

Cumulative % Retained 3/4 inch sieve 5
Cumulative % Retained 3/4 inch sieve 35
Cumulative % Retained # 4 sieve 48
% Passing # 200 sieve 4
Asphalt Binder 110AG

Poisson’s Ratio 0.35

Binder Content 11

Air voids (%) 8.5

Total Unit Weight (pcf) 148

Base
Gravel BYA 6:06

110

CHALMERS, Civil and Environmental Engineering, Master’s Thesis
2009:NN



Thickness 453 inches

Gradation and Plasticity Index

Plasticity Index, Pl 1

Passing # 200 sieve (%) 10

Passing # 4 sieve (%) 25

D60 (mm) 2

Poisson’s Ratio 0.35

E Modulus (psi) 42000
Water Content
(%) 11.2
Dry unit Weight
(pcf) 128.7

Subbase
Gravel Class A BYA 6:03
‘ Thickness 19.68 | inches

Gradation and Plasticity Index

Plasticity Index, Pl 1

Passing # 200 sieve (%) 10

Passing # 4 sieve (%) 25

D60 (mm) 2

Poisson’s Ratio 0.35

E Modulus (psi) 42000
Water Content
(%) 11.2
Dry unit Weight
(pcf) 128.7

Subgrade
Silty Morain, Class
6

Thickness Infinite | inches

Gradation and Plasticity Index

Plasticity Index, PI 1

Passing # 200 sieve (%) 10

Passing # 4 sieve (%) 80

D60 (mm) 0.3

Poisson’s Ratio 0.35
E Modulus (psi) 28000
Water Content 11.2
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(%)

Dry unit Weight

(pcf) 122.3
Software | VagFEM
AC AG22 Dynamic modulus, Phase angle, ¢ Poisson’s ratio
[E*|
(MPa) (grader) )

Temp. Frequency Medium | Standard- | Medium | Standard- | Medium | Standard-
value deviation value | deviation | value | deviation

¢C) (Hz)
20 20463 1528 8.9 0.83 0.16 0.1F
-10 10 19430 1092 10.1 0.9 0.15 0.14
20 12646 655 21.7 1.02 0.28 0.11
5 10 11237 590 24.3 1.04 0.32 0.15
20 4002 128 38.5 1.69 0.33 0.15
20 10 3208 113 39.7 1.65 0.35 0.14
20 708 140 41.9 1.73 0.38 0.11
35 10 544 126 39.5 2.55 0.41 0.11

AC ABS16 Dynamic modulus, Phase angle, ¢ Poisson’s ratio
[E*|
(MPa) (grader) )

Temp. Frequency Medium | Standard- | Medium | Standard- | Medium | Standard-
value deviation value | deviation | value | deviation

¢C) (Hz)
20 20117 1113 8.1 1.71 0.21 0.11
-10 10 19432 1029 8.8 1.49 0.22 0.11
20 11337 770 19.5 2.76 0.2 0.1
5 10 10148 664 21.8 2.92 0.19 0.0€
20 4338 635 34.4 291 0.3 0.2
20 10 3583 555 36.1 3.1 0.32 0.25
20 987 76 42.8 3.79 0.5 0.1¢
35 10 772 58 41.9 4.35 0.55 0.2
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Depth

Temperature °C

mm 40 - 45 35-40 30-35 25-30 | 20-25 | 15-20 .10-15
20 7 37 150 355 625 1185 1140
70 0 11 71 314 722 1384 1042
120 0 2 27 230 783 1575 934
-20% 0.08 0.45 1.81 4.28 7.53 14.27 13.73
-70% 0 0.13 0.86 3.78 8.7 16.67 12.55
-120% 0 0.02 0.33 2.77 9.43 18.97 11.25
Depth Temperature °C
mm 10-5 0-5 -5 -15 -25
20 1071 1720 1722 243 47
70 1026 1781 1708 214 29
120 1036 1816 1713 174 12
-20% 12.9 20.72 20.74 2.93 0.57
-70% 12.36 21.45 20.57 2.58 0.35
-120% 12.48 21.87 20.63 2.1 0.14

113

CHALMERS, Civil and Environmental Engineering, Master’s Thesis

2009:NN



114

CHALMERS, Civil and Environmental Engineering, Master’s Thesis
2009:NN



Appendix B — MNROAD Maps
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