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ABSTRACT

LOAD EQUIVALENCY FACTORS
FROM THE STRUCTURAL RESPONSE OF FLEXIBLE PAVEMENTS

by

Angel Mateos Moreno

The objective of this thesis is the development of a mechanistic-empirical procedure for the
determination of Load Equivalency Factors (LEF) for flexible pavements. A LEF represents the
damage caused by a particular axle configuration relative to the damage caused by a Standard
Axle (18-kip single axle in the AASHTO procedure).

A mechanistic -empirical procedure consists of two main steps. The first is a structural model that
relates the traffic loads to a certain structural response, usually strains. The second is a distress
model that relates that structural response to damage.

An extensive experimental work concerning the structural model is carried out in this thesis. A
series of tests was performed at Mn/Road, a full-scale pavement research facility, during spring
1999. Different types of vehicles, including different kinds of axles and a wide range of load
levels as well as different tire pressures and speeds were used. Four different pavement sections
were selected for this study.

As a result of the studies carried out, it was concluded that the structural behavior of the four
pavement cells considered in this thesis was linear viscoelastic.

The structural model used in this thesis is the multilayer linear elastic model (BISAR program
was used). The structural parameters were first determined from Falling Weight Deflectometer
back-calculation, and a comparison of this model with the measured data was made. The
deficiencies were addressed and a corrected model was proposed in which the elastic modulus of
the asphalt was adjusted for each vehicle speed. The adjusted model adequately predicted the
strains developed under the pass of the vehicles.

The structural model previously validated was used as the first step in the mechanistic -empirical
LEF determination. For the second step, the damage model, the only distress mechanism
considered was asphalt fatigue cracking. Several asphalt cracking fatigue laws developed by
different institutions were used, and the mechanistic -empirical LEFs obtained were compared to
the values provided by the AASHTO guide.

There were significant differences between the mechanistic-empirical LEFs obtained for the
different fatigue laws. Additionally, there were significant differences between the AASHTO
LEFs depending on the terminal serviceability level (p,).

As a general conclusion, the mechanistic -empirical LEFs underestimated the AASHTO values,
and the larger the load, the greater the underestimation. The range of AASHTO LEFs for the
different terminal serviceability levels was above the range of mechanistic -empirical LEFs for the
different fatigue laws considered.
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I.1. PROBLEM STATEMENT

The design method of the present AASHTO' guide (1993) is based on an 18-kip single Standard
Axle. Different axle types must be converted into an Equivalent number of 18-kip Single Axle
Loads (ESAL) in order to make the design. The conversion is made by using Load Equivalency
Factors (LEF) that represent the relative damage caused by any axle configuration related to the
damage caused by the Standard Axle. The Load Equivalency Factor for a particular axle
configuration is defined as the number of repetitions of the 18-kip single standard axle that causes
the same damage as a single application of that particular configuration.

The LEFs included in the 1993-AASHTO guide are based on the empirical results of the AASHO
Road Test, performed in Ottawa (Illinois) in the late 50°s (1958-1960). Several deficiencies of the
procedure, as well as new traffic demands and construction procedures, or the advances in the
understanding of the pavement structural behavior and deterioration, make necessary the
development of a mechanistic-empirical procedure rather than a method based on pure
empiricism. A procedure is necessary that can address the particularities of the environment,
materials and traffic of each case as well as incorporate the real distress mechanism causing the
pavement deterioration.

A new AASHTO pavement design guide is being developed, and pavement damage will be
computed through a mechanistic -empirical model.

The development of mechanistic -empirical LEFs requires two main steps:

1. Obtaining the response (structural response) of the pavement against a particular axle
load configuration.

2. Relating the structural response to a certain structural damage.
The first step requires the application of a mechanical model that appropriately reproduces the
structural behavior of the pavement. Many different models are available, addressing different
types of material behavior and particularities of the wheekpavement system. Some of the
questions concerning this point are:

Is the real structural behavior of pavements adequately addressed in these models?

Are the typical assumptions and simplifications made in the pavement analysis field
realistic?

How can the structural parameters of the model be determined?
Are the vehicle wheel loads adequately modeled in the current analysis procedures?

Is it better to use a complex model that considers all of the peculiarities of the
structural behavior or a simple model with logical parameters?

! American Association of State Highway and Transportation Officials
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The second step is usually done through the application of a fatigue law that relates a certain
structural response magnitude (usually strain) to the number of repetitions allowed until failure.
Many fatigue laws are available, developed by different institutions. The point is whether or not
these fatigue laws adequately address the real mechanisms of pavement deterioration, and how
they can be adjusted for each particular case.

1.2. OBJECTIVE

The objective of this thesis is the development of a mechanistic-empirical model for the
estimation of Load Equivalency Factors for flexible pavements.

1.3. RESEARCH APPROACH

This thesis includes a large amount of experimental content; data were obtained from the Mn-
Road Test, an outdoor road research facility located north of Minneapolis. This facility includes
40 road cells of different pavement compositions. Each cell is instrumented with different kinds
of sensors to measure stresses, strains, deflections and other magnitudes influencing the pavement
response.

Several tests were carried out by the Civil Engineering Department of the University of
Minnesota during the spring of 1999. Different trucks were used and the structural response of
different sections was recorded. About 20 different sections were studied, including rigid and
flexible pavements, covering a wide range of material combinations and thicknesses.

The trucks used for those tests, as well as the conditions for the different tests performed, were
selected in order to better understand the influence of several important factors:

- Axle type: Single axle
Tandem axle
Tridem axle
- Load level: 10 — 13 kips for single axle

24 — 46 kips for tandem axle
25 — 56 kips for tridem axle

- Temperature: 5-25°C

- Speed: normal value: 30 mph
alternative values: 5/15 /60 mph

- Tire pressure: normal value: 110 psi
alternative values: 90 /130 psi

* A total of 23 different tests (Runs) were performed for each section. Each Run
consisted of a particular vehicle configuration running at a particular speed.
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The structural response was measured under the passes of the vehicles by means of the different
sensors placed in the pavement. The strains measured at the bottom of the asphalt layer will be
used in this thesis in order to address the deficiencies and study the issues concerning the
structural model.

A large amount of data was recorded in the field, so in the first phase the information will be
processed and organized so that it can be easily studied. The peak strains for each one of the axle
configurations, corresponding to the strains developed directly under the wheels, will be
determined. This will reduce considerably the amount of information, and will allow us to
compare the different axle configurations to each other and to determine the effects of the
different factors influencing the pavement response.

A static multi-layer linear elastic model will be used in order to make a first comparison. This
model is the most common one used in the pavement field; the simplicity of the definition of the
pavement structure (thickness, elastic modulus and Poisson ratio of each layer) and the
experience accumulated for this model are reasons why it is selected as a starting point.

The structural model is completely defined not only when defining the type of model but also the
parameters. The determination of the structural parameters of the model is a critical point, and
failing to assign realistic values can lead to wrong conclusions about the adequacy of the model.
A good model with wrong parameters will fail to reproduce the response. The main question
when the measured and theoretical results disagree is: which is wrong, the model or the
parameters?

Several possibilities exist in order to determine the material properties to use in the structural
model, laboratory testing and back-calculation from Falling Weight Deflectometer (FWD) being
two of the most significant. Both FWD tests and laboratory results for the asphalt mix are
available for this study. The results of the FWD back-calculation will be used in order to make a
first comparison between measured and predic ted values. They provide information for all of the
layers of the pavement, and the results are representative of the properties of the pavement at the
same time that the response under the vehicles was measured, since the FWD tests were
performed those very days.

The study of the structural behavior and model validation will be done in two ways:

1. Change in the measured response when the different factors change. This will help to
determine the structural behavior of the pavements independently of the mode used'.

2. Comparing the measured strains and the response predicted by the model (multilayer
linear elastic with parameters obtained from FWD back-calculation).

The study of the effects of the different factors on the pavement response, as well as the
comparison of theoretical/measured values will determine whether the multilayer linear elastic
model, fed with the FWD back-calculation parameters, is useful to predict the response. If it fails,
there would be two possible reasons: either the model is inadequate (e. g., the pavement response
to moving loads cannot be simulated as a static multilayer elastic system) or the parameters are

! For example: if the strain increased linearly with the load, we could conclude that the system is linear, and
no structural model would be required to arrive at this conclusion.
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not appropriate. The particular reasons for that failing would be determined and alternative
models or sets of parameters would be recommended.

The ultimate goal is to recommend an appropriate model as well as an appropriate set of
structural parameters or the procedure through which those parameters can be determined.

Once the model to predict the structural response is validated, the application of a fatigue law will
be the second point required in order to perform the mechanistic -empirical calculation of the
Load Equivalency Factors; several fatigue laws will be considered for that purpose. The
mechanistic-empirical LEFs and the values provided by the 1993-AASHTO guide will be
compared.

1.4. SCOPE

Four of the cells included in the spring-99 tests were selected for this study. The main problem
when selecting the cells was the sensor availability; due to the time since the construction, many
of the sensors originally placed in the pavement were not operative at the moment of the tests.
Based on the sensor availability, as well as based on the structural capacity of the sections, four
cells were selected: Cells number 16, 19, 26 and 30.

The flexible pavement failure criteria considered in most mechanistic -empirical design methods
are asphalt fatigue and rutting. While the first one requires more focus on the strains developed in
the asphalt layer, the rutting criteria would require more emphasis on the deformations in the soil
layers, especially in the subgrade; therefore rutting will not be considered in this study.

Regarding the two main steps in the development of mechanistic -empirical LEFs (structural
model and fatigue model) this thesis is primarily focused on the first one, the structural model.
For the second, a fatigue law will be used to relate structural response to structural damage, but
no experimental validation will be made.

The influence of several factors will be considered in order to validate the structural model:

- Axle type (single, tandem and tridem).
- Load level.

- Temperature.

- Speed.

- Tire pressure.

The validation of the structural model will be carried out by looking at the strains at the bottom of
the asphalt layer. Other magnitudes characterizing the pavement structural response, such as
deflections, stresses or strains in the soil layers, will not be considered'.

! For Cell 30, measured deflections under the pass of the vehicles will be also studied.
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I1.1. INTRODUCTION

The development of a mechanistic-empirical model for pavement behavior requires two main
steps:

- Structural model: relates vehicle load to structural response.
- Damage model: relates structural response to damage.
Most of the mechanistic design methods are based on:
- Structural model: Multilayer linear elastic.
- Damage model: fatigue laws, for asphalt cracking and rutting.

It is worthwhile at this point to present a brief description of these two main pillars of the
pavements mechanistic design.

The problem of a circular load applied on a two-layer linear elastic system was solved by
Burmister in 1943 (and for a three-layer system in 1945). With the advent of computers, his
theory could be applied to a system with any number of layers. There are many commercial
programs that solve this problem; a few examples are WESLEA (developed at the Waterways
Experimental Station of the Army Corps of Engineers'), BISAR (developed by Shell,
Netherlands) or ELSYM 5 (developed at the University of California, Berkeley).

The linearity of the system allows the loads effects superposition, so we can use this theory to
solve for any kind of axle configuration (single, tandem...) as soon as we assume that the wheel
load is distributed over a circular area.

Solving the elasticity equations for a multilayer linear elastic system requires the resolution of a
A?. Using the Hankel transform, that equation is transformed into a Bessel equation that can be
solved; the structural response is then obtained by the application of the inverse Hankel
transformation. The accuracy that can be achieved in this process depends on the number of
points used for the Hankel transformation, which requires a numerical integration. In general the
accuracy is good enough for the purpose these programs are being used for; as a rule of thumb, 4
or 5 significant digits can be considered reliable in most situations.

Another advantage of these programs is that the definition or characterization of the materials is
quite simple: elastic modulus and Poisson ratio are parameters easily understood that engineers
are used to working with.

Furthermore, although the mathematical resolution of a multilayer elastic system is quite
complex, the use of computers make this tool one of the basic pillars of the mechanistic design of
pavements, and its use is more widespread every day. Most of the multilayer elastic commercial
programs differ only in the interface for the input and the output of results, while the core, the
mathematical process, is basically the same, and gives almost the same results.

' Modified at the University of Minnesota for use in the mechanistic-empirical pavement design program
ROADENT.
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Concerning the second step of any mechanistic design, the damage model, it was pointed out
previously that most of the present methods use fatigue laws. Two failure mechanisms are usually
considered: cracking of the asphalt layer and rutting or permanent deformation.

A fatigue law is a mathematical relation between a certain structural magnitude and the number
of allowable load repetitions. The structural magnitude used for asphalt cracking criterion is
usually the maximum tensile strain at the bottom of the asphalt layer. The vertical strain at the top
of the subgrade is usually the critical structural response used for the rutting criterion.

If a unique axle configuration were considered and the pavement structural properties were
constant with time, then the computation of the life of the pavement would be very simple:

- Calculate the maximum strain at the bottom of the asphalt layer and the maximum
vertical strain at the top of the subgrade.

- Compute the allowable number of repetitions for both criteria, Neracking and Niying.
- The minimum number would determine the life of the pavement.

In a real application, different axles would be considered and, in addition, the pavement structural
properties would change with time. The computation of the fatigue life is then carried out by
damage accumulation, using the Miner hypothesis (Miner, 1945). The hypothesis is that each axle
load application “consumes” a fraction of the life of the pavement equal to the inverse of the
number of allowable repetitions for that particular axle load.

For example: I axle types and J different periods (J different structural properties) are considered.
During each period j we must estimate the number of repetitions for each axle type i: n;. The
damage caused by the traffic would be obtained by accumulation:

J n.

Damage ) le N—”
;

jolil

where Nj would be the number of allowable repetitions for the axle type i and the structural
properties corresponding to the time period j. The life of the pavement is considered finished
when this number reaches the value 1.

In the model previously described there are a large number of important simplifications. A review
of different aspects concerning structural and fatigue models is included next; in order to
appropriately cover each one of these issues, a much more extensive work would be necessary.
The purpose here is just to make a brief description of each one.
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11.2. ISSUES RELATED TO STRUCTURAL MODEL
I1.2.1. Issues related to soils

Modeling a soil layer as a continuous homogeneous isotropic linear elastic material is just a way
to make simple a much more complicated problem. Characterizing soil only by an elastic
modulus and a Poisson ratio (in fact the Poisson is usually taken as a standard value: 0.35 - 0.45
most of the time) is a huge simplification. And, depending on the method we use to estimate it,
we would obtain one value or a completely different one.

But the fact that soil does not have an elastic modulus does not mean that for each particular
situation we cannot find an “equivalent elastic modulus” that accurately defines the soil behavior.
Understanding the basic properties of the soil will help to interpret the results obtained in each
particular situation, and whether or not those results can be extrapolated to a different situation.

Three main issues will be considered next: - non-linearity
- granular behavior
- anisotropy

a. Non-linearity

Relation between stresses and strains is linear for a linear material. If an increasing load is applied
to a soil, the strains will not necessarily increase proportionally because of the non-linear
behavior. A large number of studies have been conducted in this field (Balady et al., 1997).

Many models have been used in soils in order to establish the stress-strain relationship. In the
pavement field, the most common way to deal with the non linearity is to assume that the soil has
an elastic modulus that depends on the stress state; it is called resilient modulus. The two most
common models are:

Granular soils Cohesive soils
(E-6 model) (E-q model)
1 (]
S| B k1.0k? E
=] =]
g g
£ | £
t c
2 9
% | '.7,
(] []
| (4
Confining pressﬁre ~0 ‘ Deviator stress ~ q
Figure I1.1.- E-0 model for soil Figure I1.2.- E-q model for soil

The E-q model is typical of cohesive soils, and it is often used for the subgrade. The E-0 model is
typical of granular soils, and it is often used for the base and subbase layers.
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Other models have been proposed, usually including the positive effect of the confining pressure
and the prejudicial effect of the shear stress. Usually, good agreement between measured
response and model is obtained when the soil is tested in the laboratory, but the direct comparison
of these values with the values obtained in the field has been unsatisfactory many times (Von
Quintus et al., 1998).

The non-linear behavior of the soil must be considered when interpreting deflections measured
against a load applied directly on the soil. In this case, the stress state is very different from the
one expected once the pavement has been completely built; the level of stress is much higher,
especially the level of shear stresses. Plate bearing and FWD tests carried out during the
construction are examples of these situations. Non-linear back-calculation must be performed; the
parameters of the non-linearity law must be obtained rather than an “equivalent elastic modulus”.
Those non-linear law parameters are independent of the level of stress, and can be applied to the
final situation (when the pavement has been finished).

Some programs include non-linear behavior for the soils, and the E-0 and E-q are the models
most commonly used. But in most of the design programs a linear model is used.

This issue can be of special significance depending on the pavement considered, and is more
important when the asphalt layer is thin or weak. When the non-linear effects are significant,
either a non-linear model must be used or a linear model with “equivalent soil modulus”
depending on the load level applied. An example of this simplification can be seen in
KENLAYER computer program (Huang “Pavement Analysis and Design” book, 1993): a linear
elastic model is used and the modulus of the layers is readjusted depending on the level of stress.
The advantage of this simplification is that a multilayer linear elastic program can be used;
otherwise a finite element program is required in order to take into account the non-linear
behavior of the soils. An example of a finite element application can be seen in the design
program MICHPAVE (Harichandran et al., 1989).

A brief description of how both cited programs KENLAYER and MICHPAVE consider the non-
linearity is included next.

Consideration of non-linearity of soils in KENLAYER

KENLAYER uses a multilayer linear elastic model (Burmister) as the basic response model. The
non-linear behavior is considered by setting an elasticity modulus for each layer depending on the

stress state. The program proceeds in an iterative way:

- A linear elastic calculation is made with initial estimations of the elastic modulus of
each layer.

- Stresses are computed at a certain point of each layer.

- A new set of elastic moduli is calculated from the non-linear constitutive relationship
of each material.

- The model is recalculated with this new set of elastic moduli.

This is an iterative process repeated until two successive sets of elastic moduli are similar enough.
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Each layer is represented by the stress state at one single point, which is supposed to be
representative of the complete layer stress condition; it is a significant assumption.

Two kind of constitutive relationships are available in this program: the E=k1-0** for granular and
the bilinear E-q model for fine grain soils. Both models, described previously, are very common
in the structural pavement field.

So basically we are assuming that each layer has an elastic modulus depending on the stress state
of that layer. The problem is that the stress changes both horizontally and vertically inside each
layer. The vertical change in the stress does not present a problem, because we can subdivide
each layer in smaller sub-layers, so that the change in stress from top to bottom is not significant.
But the horizontal change certainly presents a problem difficult to solve (unless we use finite
elements). Huang shows that by choosing certain points as representative of each layer, a certain
accuracy can be achieved.

So this method provides a simple way to take into account the non-linearity of the soils without
renouncing the great advantages of the Burmister solution.

Consideration of non-linearity of soils in MICHPAVE

MICHPAVE is a finite element program specially designed for flexible pavements. The program
allows the same two constitutive relationships as KENLAYER: E=k1-6** for granular and the
bilinear E-q model for fine grain soils. A finite element mesh is created so that non-linearity can
be adequately taken into account.

The main drawback of this program is that radial symmetry is an assumption. The advantage of
this assumption (radial symmetry) is that a 3-dimensional problem is transformed into a 2-
dimensional problem. This makes the mesh definition and calculations much simpler. Therefore,
in MICHPAVE, only a single circular load can be considered. It can be very useful when
considering FWD loads, but the fact that dual wheels cannot be considered is a very significant
drawback.

The problem of a single circular load applied to a pavement is a 2-dimensional problem: only z
(depth) and r (radial distance) are included in the calculations (stresses, strains and deflections do
not change with 0). When two loads are applied (as in a dual wheel, for example), radial
symmetry is not present, but, if the system is linear, we can solve this problem by superposition;
so, at the end, we still have a 2-dimensional problem. But, if non linearity is considered, we can
not just superimpose load effects. That is the reason why a non linear system with more than two
loads is essentially a 3-dimensional problem.

The generation and solution for a 3-dimension mesh of finite elements requires much more effort.
At this moment, this is not a common practice in flexible pavement design.

b. Granular behavior

The continuity of the material is assumed in most cases. However, a real granular soil is formed
by a large number of soil particles interacting with each other. And the overall deformation of the

soil comes more from the readjustment between particles rather than elastic deformation of the
particles.
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Some studies have been conducted to investigate the differences between the behavior of a
continuous and a discrete system. The method of the discrete element has been used for that
purpose, and important differences have been found.

A continuous isotropic elastic material does not change volume when it is subjected to a pure
shear stress state. This is one of the most important differences when compared to a discrete
system, that better reproduces the real behavior; dilation can be observed in granular materials
when subjected to shear stresses.

Several cases have been published where the deflection bowl of a discrete system was calculated
when a load was applied. The shape of this deflection bowl was very different from the shape of a
linear elastic half-space (Ullidtz, 1997).

This issue can be particularly relevant when interpreting the deflections against a load applied
directly on a granular soil; especially the deflections close to the edge of the loading plate. But it
is not so significant when the asphalt layer has been built. This issue is only considered in the
research field, but not in the common practice of pavement design.

c. Anisotropy

Isotropy is also one of the most common assumptions when modeling soil behavior in the
pavement field. But we certainly know that it is far from the reality. It is due to the construction
process (the compaction procedures only apply force in the vertical direction, and when vibration
is used, the gravity force tends to compact the material more in the vertical direction) as well as
the repeated traffic load effects (again in the vertical direction).

Anisotropy can be easily addressed by finite element programs. Certain multilayer linear elastic
programs based on Burmister solution allow the consideration of anisotropy in the soils (an
example is NOAH program). The ratio Eerical/Enorizontal 18 the most common way of definition.
Again, the main problem is the lack of experience in this field; it is difficult to determine realistic
values for the anisotropy.

When testing the pavement structural behavior in-situ, as in the Falling Weight Deflectometer
test, the response can be modeled by a simplified model where isotropy is assumed. The elastic
modulus obtained would be then an equivalent or apparent value. And, although it would not be a
realistic value since the real layer would be anisotropy, it would be useful to reproduce the
response of the pavement for situations similar to those of the test. When testing materials in
laboratory it is important to reproduce the actual compaction of the soils in the pavement.

This issue is then simplified in the common practice of pavement mechanistic design. The
structural parameters are determined most of the time assuming isotropy, and the values obtained
are “apparent or equivalent” values representative of the response of the pavement for a particular
situation. The more similar that situation is to the real traffic loads, the better the parameters will
reproduce the response.
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I1.2.2. Issues related to bituminous materials
a. Viscosity

When a constant load is applied to a viscous material, an initial instantaneous deformation will
occur, as in any elastic material. But if the load is kept constant, the deformation will continue
increasing as in any viscous material. Bitumen is a viscoelastic material.

Two main ways for characterizing this property are commonly used for bituminous mixes:
complex modulus and creep compliance.

The dynamic complex modulus is a complex number that characterizes the viscoelastic behavior
of a bituminous mix. The dynamic modulus must be defined for a particular frequency, and the
interpretation is:

* For the Complex modulus : £ E,Z¢

* If the stress appliedis : ¢ o, - sin(wt)

. o .
* the responseis : & E—O - sin(wt — @)

0

The creep compliance is another concept used in the pavement field. If a constant stress is
applied, the strain will increase with time; this strain normalized and as a function of time, is
called Creep Compliance.

* If the stress appliedis : o  constant

* and theresponseis : &  &(t); (increasing with time)

()

(o2

* the Creep Complianceis : D(t)
Note that the creep compliance can be interpreted as the inverse of an elastic modulus that is
changing with time.

Many models have been proposed in order to define the viscous behavior of a bituminous mix:
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Figure I1.3.- Mechanistic viscoelastic models for asphalt mix

*  Figure from Huang “Pavement Analysis and Design” book, 1993.

Both complex modulus and creep compliance must be defined for each temperature. There are
some assumptions (time-temperature superposition concept) that relate creep compliance
functions at different temperatures, and allow an easy extrapolation from one temperature to
another. For the complex modulus something similar can be done by using predefined types of
relations between E* and Temperature.

The major advantage of the creep compliance concept is that it defines the complete visco-elastic
behavior of the mix. The response against any stress function o(t) can be obtained by
superposition.
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The major advantage of the complex modulus is that it provides a single value for the stiffness; it
is a concept easily understood. Also, when a vehicle load is applied, an apparent elastic modulus
for the bituminous layer could be characterized as the complex modulus for a particular
frequency, representative of the speed of the vehicle. For example, we could have found that the
“apparent elastic modulus” of the mix for vehicles moving at 60 mph is equal to the complex
modulus for 5 Hz.

The viscosity of the bituminous mix must be taken into account every time we try to estimate an
“equivalent elasticity modulus”. This “equivalent modulus” would change depending on the
frequency content of the load: it would be different for different vehicle speeds, and it would be
different when a Falling Weight Deflectometer load is applied. This issue is particularly relevant,
since FWD is one of the most widely used devices for testing the structural behavior of
pavements. The load of a FWD is an impulsive load. A theoretical impulse load has all the
possible frequencies, from 0 to o (the Fourier transform of a theoretical impulse is a constant
function, from 0 to o). The real frequency content of a FWD varies depending upon the testing
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device and its configuration; intervals 0-50 Hz are common, which could be representative of the
vehicles moving at relatively high speed. When a low speed load is applied, the apparent stiffness
of the bituminous layer will be smaller than against a FWD load.

Actual viscoelastic definition of the asphalt mix is included in some of the programs used in the
pavement design field, although in most cases an equivalent static calculation is performed. The
elastic modulus used for the asphalt is intended to be representative of the speed of the traffic.

The viscoelastic behavior of the asphalt is considered in the mechanistic design of pavements,
either in an explicit way by modeling the actual viscoelastic properties of the mix or in an indirect
way, by obtaining the asphalt modulus for a particular frequency. The problem in the first case is
determining an appropriate set of structural parameters. The problem in the second case is
relating load frequency to vehicle speed.

VEROAD is an example of a program that considers a viscoelastic model for the asphalt mix and
actual moving traffic loads (Nilsson et al., 1996). A simplification is made in KENLAYER to
transform traffic moving loads into static loads of magnitude changing with time.

A brief description of how both cited programs VEROAD and KENLAYER model the moving
loads of the traffic is included next.

Consideration of moving loads in VEROAD
VEROAD program combines Burmister solution and moving loads.

The vehicle loads are modeled as constant magnitude / variable position, as it is with real traffic
(traffic loads are not exactly constant, but they have a mean value, the gross weight carried by the
axle, and some oscillations around it; these oscillations are not considered in VEROAD).

An integration and change of variable is made in VEROAD so that a moving load problem is
transformed into a Burmister problem with a complex elasticity modulus. The problem is then
solved in the complex domain, obtaining responses as a function of the frequency and obtaining
the temporal response by using the inverse Fourier transform.

The constitutive model used in VEROAD for the bituminous layer assumes an elastic bulk

modulus (k) and a viscoelastic shear modulus (G).

o, + 0, + o,
3 E

0 .
kK — ~ elastic
g, g+ & + & 3(1—21))
G z L ~ viscoelastic
y 2 (1 + U)

According to this model, the viscosity of a bituminous mix is more related to its shear stiffness
than its compressibility.

I1-9



Chapter I1.- LITERATURE REVIEW

The model used for the viscoelastic behavior is the Burgers model:

Gy Viscoelastic
shear modulus
k (Burgers model)

Elastic
bulk modulus

o

Figure I1.4.- Asphalt mix viscoelastic model used in VEROAD

This program adequately reproduces some of the aspects related to the viscous behavior of the
bituminous mixes; for example, the asymmetry of the strain signals or the increase in deflections
for low speed.

Consideration of moving loads in KENLAYER

KENLAYER incorporates the viscosity of the bituminous layer through the creep compliance
concept. It was pointed out before that creep compliance is a function representing the change in
strain with time when a constant stress is applied.

It was also said that creep compliance could be interpreted as the inverse of an elastic modulus
that is changing with time. So, if a constant (static) load is applied to a pavement at the time t=0,
we could estimate the response (strains, stresses or deflections) at a time t, just by solving an
equivalent static system with Epiyminous=1/D(t,), where D(t) is the creep compliance function for
the bituminous mix. This is really an approximation; we are doing a pseudo-dynamic calculation.

If the load is changing with time (F(t)), we could estimate the response in the same way by
superposition (this viscoelastic system is linear, so superposition principle can be applied).

Response (ta) Z AF (t[) . r(ta - ti)
where r(t) is the response to an unitary constant load.
This principle is used in KENLAYER. But the traffic loads do not change with time. In fact they
are constant loads changing in position. Huang, author of KENLAYER, recommends

transforming the vehicle load into a constant-position / time-variable load. He recommends the
formula:
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Maximum load
(Fo)
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Huang recommends adopting a load pulse duration “d” equal to 12-radius/speed. It assumes that
the effect of the load starts to be significant at a distance of 6 radii.

This procedure is implemented in KENLAYER. It provides an easy way to take into account the
effects of moving loads. But transforming a moving load into a constant position force changing
with time is a big simplification. This program will reproduce some of the aspects related to the
viscosity of the bituminous mix; for example, the increase in deflections or strains for low speed.
But it will fail to reproduce other aspects; for example, the asymmetry of the strain signals
registered in flexible pavements.

Transverse strain (ug)
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o
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o
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o
AN

time ~ longitudinal position

Figure IL5.- Typical strain signal measured in the field
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b. Non-linearity

Some studies have shown stress dependency of the bituminous mix modulus, as well as different
behavior in tension and compression (Mamlouk et al., 1997). These issues are not considered in
the common practice of mechanistic pavement design, and the asphalt is assumed to be elastic or
viscoelastic.

I1.2.3. Issues related to analysis
a. Circular load
Burmister equations were derived for a circular uniformly loaded area.

The real shape of the wheel print is not circular, but close to elliptical. On the other hand, the
pressure distribution is not constant.

Both problems have a difficult solution using the Burmister equations.

Burmister equations are based on radial symmetry of the problem, so they cannot model elliptical
shapes. A non-uniform pressure distribution could be considered in Burmister solution, but there
should be a radial symmetry. So again, we could not adequately consider a situation where there
is no radial symmetry (i.e., if the pressure increases only close to the transverse edges of the tire,
but not close to the longitudinal edges).

Two solutions are possible in order to solve this problem:
- Finite element modeling.
- Use of Burmister solution and numerical integration.

The first case has the disadvantage of the most difficult modeling and also that much more
computer resources would be necessary. The second case would require the subdivision of the
real wheel print in small areas where differential loads (o-dQ2) should be applied. So, both
solutions are difficult to apply, and in fact this is not an issue solved in the practical application of
the pavement mechanistic design, and the great majority of the programs assimilate the wheel
load to a circular load. A tandem axle with dual wheels, for example, would be assimilated to 8
circular loads.

Another related issue is the contact pressure. Usually, the fluid pressure inside the tire is
considered as the tire-road contact pressure across the circular area. The radius of the loaded area
would consequently be:

. Force
radius -
VA (tzre pressure)
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In order to predict the response in terms of vertical stresses or strains at the top of the subgrade,
the use of this assumption is quite accurate. For that particular structural response, the changes in
the contact area will not have an appreciable influence. But concerning the strains at the bottom
of the asphalt layer the situation is different, and changes in the contact area will have an
appreciable influence over this magnitude. Then, if we consider a fatigue law, small changes in
strain will have a very significant influence in the fatigue life of the pavement; some studies
consider the importance of this issue (Himeno et al., 1997). But the common practice in pavement
design is considering a circular uniform loaded area and a contact pressure equal to the tire
pressure.

b. Horizontal loads

Horizontal loads, which can simulate brake efforts, or a road with certain inclination, can be
considered easily when finite element programs are used. These forces can be also incorporated
in the Burmister solution; there are programs (like BISAR) that include this kind of loads.

The main problem is the lack of experience in this point. These loads are small compared to the
vertical loads, and on the other hand the asphalt layer works in a very efficient way against these
loads (like a pillar against an axial force). So the common practical application of pavement
design does not consider this effect.

c. Homogeneity

Homogeneity of the material properties for each layer is assumed. It is a must if the Burmister
solution is to be used. Homogeneity would not be a requirement for a finite element program,
although the problem would be to establish the variability in a realistic way. Again, it is not an
issue included in the common application of mechanistic pavement design.

There are several interesting approaches that consider the variability of the material properties,
like the one considered in ROADENT (developed at the University of Minnesota) or MMOPP
(developed at the University of Denmark). Although these models do not really consider non-
homogeneous properties in the response model, they run the response model (with homogeneous
layers) for different sets of material properties, covering the expected field variability.

Something similar can be said of the thickness of the layers. Constant (average) values are used in
the design.

In order to account for the fact the pavement is not a homogeneous structure, some of the design
procedures state the problem based on the concepts of reliability or probability rather than in a
deterministic way (Eckmann, 1997 ~ NOAH program). Usually these kinds of approaches
compute the expected life as a result of a random definition of the material properties and
pavement geometry. The resulting expected life is not a deterministic value but a certain
probability function or a certain reliability level.
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d. Infinite horizontal dimensions

Infinite horizontal extension of the layers is one of the assumptions of the Burmister solution. In
addition, earliest elasticity solutions (Boussinesq) for a half-space, as well as later developments,
were based on infinite horizontal extension.

This assumption is close to reality. Pavements have finite transverse dimension, but the fact that
the bituminous pavement structure is relatively flexible makes that distance big enough so that the
border effect can be neglected.

e. Layer interface

There are two possible extreme analytical solutions for the condition of the interface between two
layers:

- Totally bonded (referred to in some programs as rough interface).
- Totally unbonded (smooth interface).

In the first case both layers are totally bonded. This means that there is continuity in the
displacements: displacements of the points at the bottom of the upper layer are the same as in the
top of the lower layer. Shear force transmission occurs between both layers; in fact, the shear
stress at the interface is developed to provide displacement continuity.

In the second case both layers can slip without developing shear stress. The boundary condition
at this interface is then zero shear stress.

The continuity conditions for stresses and strains at both sides of the interface are:

- Stresses:
Glayer (i+1) O_layer (i)

z z

z_layer (i+1) z_layer (i)

zr zr

layer (i+1) layer (i)
[ T2

*  These conditions are always satisfied, for any kind of interface; they are just
the Principle of Action and Reaction.

- Totally bonded; strain continuity:

8’{ayer (i+ 1) 8£ayer (1)
layer (i+ l) layer (z)
€y €y
layer (i +1) layer (i)
re 7;’9
* . - ceo . oo layer (i+l) layer (z) layer (i+1) layer (1)
or displacement continuity: u, u, & u, uy,
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- Totally unbonded (smooth interface); zero shear stress:

laver (i+1) ( 7 laver (i) ) 0

zr zr

L laver (i+1) ( plaver (@) ) 0

z0 z0

Many of the commercial programs allow the definition of each layer interface between layers as
either totally bonded or totally unbonded. The consideration of intermediate situations for
adherence can be done by interpolation. Some programs include interesting solutions for partial
bonding between layers.

The main issue concerning layer interface condition is the lack of experience in this field, and the
difficulty of assuming realistic values in the analysis. The real situation between asphalt layers
and cement treated base layers seems to be somewhere between fully bounded and smooth.
Concerning the situation between two granular layers the problem is more difficult. The common
practice is to assume a full bond between all of the layers.

An interesting assumption is made in the program BISAR to model partial bonding between
layers (De Jong et al., 1973). The shear stresses in the interface are assumed to be proportional to
the relative displacement between adjacent points at both sides of the interface.

Consideration of the layer interface condition in BISAR

BISAR is a program based on the Burmister solution. It solves a multilayer linear elastic system.
An interesting aspect of this program is the way that intermediate situations for adherence
between layers are considered. Most of the programs can model only both extremes, fully bonded
or smooth interface, but not intermediate situations.

In BISAR program, an interesting assumption is made for partial bonding between layers: the

shear stress at the interface is supposed to be directly proportional to the differential displacement
at both sides of the interface:

layer (1'+ 1) layer (z) )
Tzr o - (ur —u,
. layer (i +1) _,, layer (9) )
T.o @ (”e Uy
note :
ia;er (i+1) Z_icg/er (z) ng
taper (1) taver (1) (as always)
ayer (i ayer
Tzr Tzr Tzr

Note that this assumption works as if points at both sides of the interface were connected by
springs.
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The o parameter has units of stress/length, and must be defined for each interface. A smooth
interface would be achieved by setting o=0 and a fully bonded situation by setting o.=co.

f. Stiff layer

When there is a bed rock foundation below the pavement, its contribution to the deflections can
be neglected. A stiff layer is one below which there is little or no apparent contribution to the
surface deflections.

The problem is that we often do not know the depth of that layer (or even if that layer exists or
has a significant influence). Several methods have been developed in order to estimate the depth
of the stiff layer. Once the depth of this rigid layer has been determined, we have the geometry of
the pavement structure completely defined, which is the first step in any structural calculation.

The presence of a water table near the surface has also been observed to result in an apparent stiff
layer (Ullidtz et al., 1995).

g. Static analysis

The real problem of a load from a vehicle moving at a particular speed is a dynamic problem.
Therefore, inertia and viscosity effects are present.

Inertia forces are rarely considered in pavement analysis. FWD pulse load and vehicle loads can
be considered almost static when compared to the resonant frequencies of the pavement. So the
inertia forces are relatively small, and rarely are considered in the flexible pavement structural
analysis.

Regarding the viscosity effects the situation is different. Viscosity effects have been described to
have a significant influence on pavement response. Different articles point out the influence of
the vehicle speed on the pavement response (Dai et al., 1997). A typical plot of deflections versus
vehicle speed will show that deflections significantly increase for low speeds, as could be
expected from a viscoelastic system.
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Measured deflection

Section 1 (Sensor 11DF01)
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+ measured values

* Data from CEDEX test track

Figure I1.6.- Example of deflections versus vehicle speed

Static analysis is therefore an approximation. It is possible to perform a dynamic analysis taking
into account viscosity effects, and several programs are available for that purpose in the market,
but the most common practice in flexible pavement design is performing a static analysis. But it
is important to keep in mind that it would be a “equivalent static analysis”. The “equivalent static
parameters” used must be representative of the dynamic load applied, that is, they must be
representative of the speed of the vehicle considered (see section 11.2.2.a where viscosity of the
asphalt mix is considered).
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I1.3. STRUCTURAL MODEL PARAMETERS DETERMINATION

Most mechanistic pavement design methods are based on standard or expected values for the
structural material parameters. Many times, the structural parameters are estimated according to
other parameters more easily obtained, like CBR for soils. CBR (California Bearing Ratio) is
often used for the determination of the elastic modulus of a soil; many relations have been
developed.

There are several ways to test the materials in order to estimate the parameters. They can be
included in two families:

- Laboratory testing.
- In-situ testing.

Test trucks can be considered a particular case of in-situ testing in which a full-scale pavement is
instrumented and tested.

I1.3.1. Laboratory testing

All of the traditional soil testing procedures are included in this point. There are a large number of
different tests, although there are two of them especially important in the pavement field; one for
the determination of the resilient modulus of the soils and the other for the determination of the
dynamic modulus of the bituminous mixes.

Resilient modulus of soils

The term “resilient modulus” is used instead of “elastic modulus” to account for the fact that this
modulus changes with the stress state.

There are several standards for the development of this test, for example the AASHTO procedure
“Resilient Modulus of Unbound Granular Base/Subbase Materials and Subgrade Soils”
(AASHTO T 294-94). In this standard, a cylindrical specimen is tested in a triaxial apparatus.
Several levels of confining pressure and deviator stress are applied. The confining pressure is
kept constant for each step, and a cyclic deviator stress is applied; the vertical displacement is
then recorded. The Resilient Modulus is defined as the applied stress divided by the recoverable
strain.

This test determines the soil stiffness for a wide variety of stress situations, and is often used for
the calibration of soil model parameters. A particular type of constitutive relationship must be
first assumed, and then, the parameters of that relationship are obtained by fitting the measured
values.

Another advantage of this method is that material can be tested for different conditions of
saturation.

The main drawback of this test is the extrapolation from the material compacted in laboratory to

the material placed and compacted in the field, and the difference between laboratory loads and
actual traffic loads.
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Dynamic modulus of bituminous mixes

The dynamic modulus, as previously shown, is a complex number that characterizes the
viscoelastic behavior of a bituminous mix for a particular frequency.

Most complex modulus tests are made by applying a compressive sinusoidal or haversine loading
to the specimens (cylindrical ~ ¢: 100 mm / h: 200 mm in the ASTM specifications'). The axial
strains are measured and the complex modulus defined by the stress/strain ratio and the phase
angle between the peak of the stress and the peak of the strain.

The complex modulus can be also determined from a bending test.

The complex modulus characterizes the mix for a particular frequency. If the value is going to be
used as the elastic modulus of the asphalt layer, a frequency representative of the actual traffic
loading conditions (speed) must be selected.

Another important test for bituminous mixes is the Creep test; a series of constant stresses is
applied, recording the strain at several times. This test can be used to obtain the creep
compliances at various times, as an input for the structural analysis of a viscoelastic system (it
can also be used to estimate the permanent deformations of the bituminous layer).

The main advantage of these tests is the possibility of characterizing the mix for well-defined
conditions of temperature and load. The main drawback is the extrapolation from laboratory loads
to real traffic loads.

I1.3.2. In-situ testing

Again, all of the traditional soil testing procedures are included in this point, and there are also a
large number of different tests.

One of the most important in-situ tests for the determination of structural properties of a
pavement is the Falling Weight Deflectometer test described below.

FWD ~ Falling Weight Deflectometer test
In this test, an impulsive load is applied to the pavement.

The impulsive force is created by dropping a mass from a certain height. The mass lands on a
mass/damper system, producing a smooth impulsive load, which is applied to the pavement
through a loading plate (usually 300 mm in diameter). The maximum value of the load can be
controlled by setting different drop heights, and 30-50 ms are typical values for the pulse
duration. The pulse load produced is intended to reproduce the frequency content of the real
traffic loads.

' ASTM D3497-79 Standard Test Method for Dynamic Modulus of Asphalt Mixtures
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Deflection values at certain radial distances are recorded: this can be used to determine the
structural parameters of pavement by fitting those values. The process is simple: the elastic
moduli of the layers (or any other structural parameters) are determined in order to fit the
measured deflections in a process (usually an iterative process) called back-calculation. A more
detailed description of back-calculation is included later in this chapter.

I1.3.3. Test tracks and instrumented pavements

Test tracks and instrumented pavements provide one of the most reliable sources of information
in order to calibrate and validate pavement structural models.

Vehicle loads are applied and the structural response is measured from sensors placed in the
pavement. Strains, stresses and deflections can be measured, as well as the factors influencing the
structural behavior of the pavement, such as asphalt temperature or moisture in the soils.

The comparison of the theoretical and measured values presents several difficulties. One of the
main problems is related to the reliability of the measurements.

In the first place, due to the heterogeneity of the materials, the variability of the magnitude that is
going to be measured can be very high. Several sensors measuring the same magnitude are then
necessary in order to provide adequate confidence intervals for the mean response.

On the other hand, the process of measurement is not easy, presenting more difficulties than
laboratory measurements. Some of the problems frequently described are the modification of the
stress state due to the presence of a soil pressure cell (it alters the stress that we want to measure)
and the problems encountered when measuring asphalt strain (do the strain devices move or
elongate exactly the same as the surrounding asphalt does?).

Another problem is the extrapolation of the results obtained to different situations (different
pavement structures, vehicle loads, environmental conditions, etc.).

The great advantage of the test tracks and the instrumented pavement is that real pavement
sections and real vehicle loads are considered. Apart from the reliability of the measurements, the
actual values measured under those real conditions are the values that the models have to be able
to reproduce. They are consequently a definitive step in the validation of any structural model.

11.3.4. Back-calculation

The goal of back-calculation is to obtain the structural parameters of a pavement from the
measured response against a known force. In most cases the measured response will be
deflections at several radial distances and the structural parameters will be the elastic modulus of
the pavement layers, although the idea of this technique can be much more general: estimating
any set of model parameters from the response, considered not only in terms of deflections but
also in terms of measured stresses and strains.

Most of the present back-calculation programs proceed in an iterative way: the response of the

pavement (deflections) is calculated by using an initial estimation of the structural parameters
(elastic modulus of the layers); then, these parameters are successively modified in order to fit the
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measured response. So, this back-calculation technique is just an iterative process in which the
model parameters are successively changed in order to fit the measured response.

A Dbrief description of what a back-calculation problem would be is included below:

Statement of the problem
- A force is applied to the pavement (known force).
- Deflections are measured at m radial locations:
Wi W2 ... Wj... Wi
- We are looking for the elastic modulus of n layers (n < m):
E\E,...E...E,
- For any set of elastic modulus (E,, E; ... E; ... E;) we can compute the deflections at m radial
distances:

818y ... 5 ... O

Note: 6= 0i(Ei, E, ... E; ... E,) is a function of the elastic modulus of the layers.
A multi-layer elastic program can be used (Weslea, Bisar, Chevron...).

- The back-calculation consists of the resolution of this system of equations:
5(E,E,.E..E) w

J, (E1 , E,..E,..E, ) w, ¢ System of m equations and n unknowns.

Comments on the system of equations:

- The system is non-explicit. We do not have a mathematical expression for these
relations, but we can compute the deflections () for any set of elastic moduli.

- The number of unknowns is less than or equal to the number of equations. There
1s no exact solution; our solution will be the one that minimizes an error function
(objective function).

- The system is non-linear; the change in & is not directly proportional to the

change in the elastic modulus. This is the reason why an iterative process is
necessary.
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There are several mathematical methods for the solution of non-linear non-explicit systems of
equations. The Gauss-Newton method (generalized least squares) and gradient methods are
frequently used.

The core of the back-calculation iterative process is a mathematical algorithm that efficiently
changes the model parameters in order to fit the measured response. The application of this
process is completely independent of whether the model parameters are elastic modulus or any
other parameters, or whether the response values are deflections, stresses or strains.

Objective function

The solution for a back-calculation is the solution of a non-linear system of m equations and n
unknowns. Since m>n, this system will not have an exact solution most of the time. That is the
reason why the concept of objective function must be introduced.

The objective function, or error function, is a scalar function of several variables; the variables
are the structural parameters of the model (elastic modulus of the layers). This function defines,
for each set of model parameters, the global error in the fitting of the measured response.

The most common error functions are:

- Sum of the squares of the relative differences:

2

; i o, —w,
ol w;
where 31,05 ... Om calculated deflections

Wi, Wa ... W, measured deflections

- Sum of the squares of the absolute differences:

J1
- Sum of the weighted squares of the relative differences:

2
m o. —w.
e z 2L ] = weight
j

1 w;

The solution for the back-calculation is the set of model parameters that minimizes this error
function.
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General conception of back-calculation

The most common case of back-calculation consists of obtaining the elastic modulus of several
layers in order to fit the deflections. But the idea of this technique can be much more general:
estimating any set of model parameters from the response, considered not only in terms of
deflection but also in terms of measured stresses and strains.

For example, if a non-linear model is considered for the soils (model E=k1*6** for the base and
E=k3*q™ for the subgrade), the model parameters to be obtained would be k1, k2, k3 and k4,
instead of an elastic modulus.

In a similar way, any measured response can be used to estimate the model parameters. Romero
Amich and Perez Ayuso used the back-calculation general techniques applied not only to
deflections, but also to stresses and strains, in a back-calculation program that estimated the
parameters of a multilayer linear elastic model in order to fit measured deflections, stresses and
strains (Mateos et al., 1998). This application is very useful for instrumented pavements, where
data form stress and strain sensors are available and can be used to estimate the model structural
parameters. In this thesis, the strains measured under the vehicle wheels will be used in the back-
calculation process.

I1-23



Chapter I1.- LITERATURE REVIEW

11.4. ISSUES RELATED TO DAMAGE MODEL

The damage caused by the traffic loads is usually taken into account by the use of fatigue laws. A
fatigue law is a mathematical relation between a certain structural magnitude and the number of
allowable load repetitions. The two common failure criteria used in pavement design are cracking
of the asphalt layer and rutting or permanent deformation.

The fatigue laws consider the damage in a very simplistic way. They do not consider in detail the
real deterioration mechanisms.

Some studies have been conducted to simulate the crack initiation and propagation mechanism,
but the practical application of pavement design almost always uses the fatigue law
approximation for the asphalt cracking.

A fatigue law for rutting is applied by looking at the vertical strain at the top of the subgrade;
permanent deformations coming from the upper layers are neglected. Several programs are
available that consider the permanent deformation developed in each layer, computing the total
permanent deformation by adding the corresponding contributions from each layer (two examples
are VESYS, Kenis et al., 1997 and MMOPP, Ullidtz “Pavement Analysis” book, 1987). These
programs usually compute the permanent deformation as a percentage of the elastic deformation
that remains unrecoverable after each load application.

Fatigue laws are usually elaborated from laboratory testing and calibrated in the field. Each
institution usually recommends its own fatigue law.

Fatigue laws for asphalt cracking usually have the form:

Nf j(‘l . 8;[2 . E*fz.
where &t maximum tensile strain at the bottom of the asphalt layer
E elastic modulus of the bituminous mix

*  Usually, the term in E is not considered in the fatigue law, because the influence of E
is less important than the influence of ..

Fatigue laws for rutting usually have the form:
_f'
N P fi &
where &y maximum compressive strain at the top of the subgrade

*  Note that only permanent deformations coming from the subgrade are considered in
this approach.

Only load related damage is considered by the fatigue laws. Non-load related deterioration
mechanisms, such as thermal cracking, must be considered separately in the design.
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When a fatigue law is used, damage accumulation is considered through the Miner hypothesis,
which consists basically of assuming that each axle load application “consumes” a fraction of the
life of the pavement equal to the inverse of the number of allowable repetitions for that particular
axle load.

Damage accumulation is carried out by considering the different kinds of axles and load levels
and the different periods. Different periods will suppose different structural properties, and
different susceptibility of the pavement. The total damage will be:

J 1 n.
1

Damage —
JZT i Ni‘

where Nij would be the number of allowable repetitions for the axle type i and the structural
properties corresponding to the time period j.

It is difficult to determine the seasonal changes in the structural parameters, as well as long term
variations. The repercussion of these variations on the pavement performance can be very
significant; most of the damage produced can be due to the soils softening during the spring thaw
or during the summer due to the low modulus of the bituminous layers because of the high
temperatures.

The use of the Miner hypothesis is widely extended in the pavement design field, and constitutes
one of the main tools of the pavement deterioration models.

The main drawback of the Miner hypothesis is the linear damage accumulation assumption. The
actual damage observed in the field, measured in terms of cracking or rutting, has been observed
to develop not linearly with the number of repetitions of the load.

Fatigue cracking (%)

-

zn

Figure I1.7.- Damage accumulation

I1-25



Chapter I1.- LITERATURE REVIEW

ILS. LOAD EQUIVALENCY FACTORS
I1.5.1. AASHTO Load Equivalency Factors

The pavement design method of the present AASHTO guide (1993) is based on a standard 18-kip
(80-kN) single axle. Traffic must be converted into an Equivalent number of 18-kip Single Axle
Loads (ESAL) in order to make the design.

The conversion is made by using Load Equivalency Factors (LEF) that represent the damage
caused by any axle configuration relative to the damage caused by the standard axle (18-kip
single axle). The Load Equivalency Factor for a particular axle configuration is defined as the
number of repetitions of a 18-kip single axle load that causes the same damage (expressed in
terms of loss of serviceability) as a single application of that particular configuration.

The LEFs included in the 1993 AASHTO guide were empirically derived from results of the
AASHO Road Test, performed in Ottawa (Illinois) in the late 50’s (1958-1960). Many different
flexible and rigid pavement sections were built, and loads ranging from 2 to 30 kips on single
axles and 24 to 48 kips on tandem axles were applied. No tridem axles were used; load
equivalency values for tridem axles are included in the 1993-AASHTO guide as the result of
research carried out since the completion of the Road Test.

The conversion of the mixed traffic into ESALs (equivalent number of applications of the
standard 18-kip single axle load) is carried out in a simple way, by multiplying the number of
repetitions of each particular load configuration by its LEF.

LEFs are tabulated in the 1993 AASHTO guide for single, tandem and tridem axle loads, ranging
in magnitude from 2 to 50 kips in the case of single axles and from 2 to 90 kips in the case of
tandem and tridem axles. Five factors are considered for the flexible pavement LEFs:

- Axle definition:

Axle type: Single, tandem or tridem
Axle load (kips)

- Pavement definition:

Pavement type: Flexible or rigid
Structural Number (SN)'

- Terminal Serviceability (py).

' Note that the flexible pavement structural capacity is defined in the AASHTO guide in terms of the
Structural Number. This number, which has dimensions of length, represents an equivalent thickness of the
structural layers of the pavement above the subgrade. Each layer contributes to this number in proportion to
its thickness and layer coefficient, which increases with structural quality. Typical layer coefficients are
around 0.4 for asphalt layers and around 0.10 - 0.15 for granular base layers.
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The LEFs of the AASHTO guide are based on empirical results. They come from a statistical
regression of the results of the AASHO road test. The deterioration of the pavement was
quantified in terms of serviceability. A panel of raters drove over a number of pavement sections
and rated the state of each pavement with a number between 0 and 5, being 0-1 very poor and 4-5
very good. The loss of serviceability was statistically related to certain factors, as axle type, load
level, structural capacity etc, but no mechanistic procedures were used.

The pavement damage was considered in terms of serviceability (ride quality was considered,
although the concept of serviceability can be more extensive, including, for example, safety). If
the LEF of certain axle configuration is X, then a single application of that load configuration is
supposed to cause the same loss of serviceability as X applications of the 18-kip standard single
axle load.

I1.5.2. Deficiencies of the AASHTO Load Equivalency Factors

Different studies have been published pointing out deficiencies of the AASHTO LEFs procedure
(Ioannides, 1993). In addition, the new circumstances since the AASHO road test was completed
and the advances in the knowledge of pavement structural behavior and deterioration make
necessary a revision of the procedure for determination of LEFs.

- A limited number of materials and pavement sections were considered in the AASHO road
test, and also, traffic loads and construction procedures have changed since then.
Consequently, the application of the results obtained to the present situations is a significant
extrapolation.

- The climate effects on the pavement deterioration are very significant. The results must be
extrapolated to climate situations different from those when the AASHTO road test was
performed.

- The concept of Equivalent Single Axle Load of the AASHTO procedure is based on linear
accumulation of damage. But it has been observed that the damage accumulation is not linear
with respect to the number of load applications.

- The AASHTO LEFs are based on the statistical interpretation of the results of the AASHO
road test. The values come from fitting statistical models to the observed data, but the
scattering on the data was high.

- Important advances have been achieved in the knowledge of pavement structural behavior
and deterioration since the initial AASHTO LEFs development. The incorporation of this
knowledge requires a method based on mechanistic-empirical procedures, not only on
empirical results.

- Different factors not included in the AASHTO procedure have been proved to have a
significant influence on pavement deterioration. A procedure is required that can address
these new factors or adequately define the particularities of the traffic, pavement structure
and environment:
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Axles are characterized in the AASHTO guide only by type and load level. The
particularities of each axle configuration, including tire type and pressure, or axle
spacing, are factors influencing the pavement performance.

In the AASHTO guide, a single number, the Structural Number, characterizes the
structure of a flexible pavement. A procedure is necessary that better considers the actual
structure of the pavement.

The environment effects must be addressed in a more detailed way, considering the
temperature and the seasonal changes in the structural behavior of the pavement.

The speed of the traffic is another factor that has a significant influence on the pavement
structural response and is not included in the AASHTO procedure.

- A mechanistic model is necessary in order to address the real distress mechanisms causing
the pavement deterioration.

- The present AASHTO procedure cannot efficiently address the properties of each particular
pavement. A procedure is required where the parameters can be adjusted for each particular
situation to account for the particular structural properties and fatigue characteristic.

- The AASHTO procedure is presented in a simple way, without looking at the mechanistic
processes of pavement deterioration. The engineering sense of the pavement structural
response and the roll of the different layers, as well as the sense of how the pavement
deterioration mechanisms act are essential in order to achieve an appropriate design. A
method where these engineering concepts can be adequately addressed is necessary.

I1.5.3. Mechanistic-empirical Load Equivalency Factors

In contrast with the AASHTO procedure, that is based only on empirical results, the mechanistic-
empirical procedures consider the mechanisms of the development of pavement deterioration.

In this thesis, the Load Equivalency Factor for a particular axle configuration will be determined
by relating the structural response of the pavement to damage through a fatigue law. The damage
caused by a particular configuration will be compared to the damage caused by the Standard Axle
(in this thesis, an 18-kip single axle, as in the AASHTO guide). Other different mechanistic-
empirical procedures could be followed, for example based on non-dimensional analysis or
damage models different from fatigue laws.

When using fatigue laws based on strains, the LEFs are related to the ratio of the strain developed
under the particular axle configuration and the strain developed under the Standard Axle.
Different fatigue mechanisms can be considered; each fatigue criterion will result in different
LEFs.

The determination of the mechanistic-empirical LEFs can take into account the particularities of
the pavement considered. The structure of the pavement must be modeled as well as the vehicle
loads. In addition, the climate effects can be adequately considered and the fatigue law can be
adjusted to the actual materials placed in the pavement.
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Chapter I11.- EXPERIMENTAL DESIGN

II1.1. OVERVIEW

The study and validation of a structural model for pavements will be done by using experimental
data measured in pavement sections under the pass of real vehicle loads. The magnitude to be
considered will be the strain at the bottom of the asphalt layer, since this thesis is more concerned
with asphalt cracking deterioration rather than rutting.

The data were collected at the Mn/Road Project, which consists of different full-scale pavement
sections covering a wide variety of materials and structural capacities. The following section
(IIL.2. “Mn/Road Project”) includes a general description of this project.

Several pavement sections (cells) were selected for this study; the reasons why they were
selected, as well as a description of the geometry and materials, and the sensors placed in the cells
are included in section II1.3. “Cells description”.

FWD back-calculation was used in the first place to determine the model parameters; descriptions
of the FWD tests as well as the tests performed in the laboratory for the asphalt mix modulus are
included in the section II1.4. “Materials structural characterization tests”. A multilayer linear
elastic model, fed with the elastic modulus obtained from FWD back-calculation will be used as a
starting point model.

The actual experimental data considered in this thesis come from a series of test performed in the
Mn/Road project during the spring of 99. The description of the vehicles used for the test, and the
information collected is included in the section IIL.5. “Spring 99 tests”.

Finally, in section IIL.6. “Software programs”, a description of the three main technical programs
used in this thesis is included.

I11.2. Mn/ROAD PROJECT

Mn/ROAD project is an outdoor road research facility located approximately 40 miles northwest
of Minneapolis. It is one of the most advanced facilities of this kind in the world, and it is
operated by the Minnesota Department of Transportation.

Mn/Road Project has been operating since 1994. Designed by a panel of experts, it was intended
to provide a valuable source of information about pavement structural behavior and performance.
The study of the structural behavior of pavements, the development of load damage factors,
verification of pavement performance models and the study of pavement instrumentation
techniques are among the research objectives pursued. Other different organizations are involved
in the Project, such as the University of Minnesota’s Civil Engineering Department and the
Federal Highway Administration, as well as a variety of universities and private companies such
as 3M Corporation.

Mn/ROAD consists of two road segments lying parallel to Interstate 94: a 5.5-mile main-line
roadway and a 2.5-mile low-volume loop. The live interstate traffic passes over the main-line
roadway; a parallel line was built so that live traffic could be derived and routine inspections and
tests could be developed without traffic interruptions. The low-volume road is a closed loop road
where controlled truck weight and traffic volume simulate conditions of rural roads.
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40 different pavement cells were included in the original Mn/ROAD experiment'; 23 in the main-
line and 17 in the low-volume loop. Rigid and flexible pavements are included; the type of
materials and thickness are selected to provide a wide variety of structural conditions.

The cells are 500 ft long. Each one is instrumented with different kinds of sensors to measure
structural response (strain gages, pressure cells and LVDT’s to measure deflections) as well as
other related magnitudes (temperature, humidity, water pressure or frost penetration).

I11.3. CELLS DESCRIPTION
II1.3.1. Cells selection

Of the twenty cells tested during spring-99, twelve were flexible pavements. Four of them were
selected for this thesis: cells number 16, 19, 26 and 30.

The main problem when selecting the cells for this study was the sensor availability: due to the
time that had passed since the construction, many of the sensors originally placed were not
working at the moment of the tests”.

The strain at the bottom of the asphalt layer is considered in this thesis as the most important
response magnitude. Strains in both longitudinal and transverse directions could be adequately
determined only for two of the twelve cells: 26 and 30, so they were included in the study. For the
rest of the cells, only one or the other, either longitudinal or transverse strains could be measured.

Another two cells (Cells 16 and 19) were selected in order to include different structural capacity
sections in the study; Cells 26 and 30 were in the low volume loop and they had a low structural
capacity. The two new cells were selected because three sensors were available for the transverse
strain, so at least it was possible to adequately define that magnitude.

For the rest of the cells (except for Cell 3*), only one or two sensors were operative, either for
longitudinal or transverse strains, and it was more difficult to adequately define the strains. These
cells were not considered in the study.

! Six additional cells were constructed in 1997 and two more will be added this summer (2000).
? Additionally, some of the sensors were operative during only part of the testing period.
3 Three transverse strain sensors were operative for Cell 3. It was not included in the study because the

definition of the transverse strains was considered appropriate with the four cells included so far.
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I11.3.2. Pavement structure definition

The four cells selected for this study are:

- Cell 16 (main line): asphalt + granular base / cohesive subgrade
- Cell 19 (main line): asphalt + granular base / cohesive subgrade
- Cell 26 (low-volume): full-depth  ~ asphalt/ cohesive subgrade
- Cell 30 (low-volume): asphalt + granular base / cohesive subgrade
Cell 16 Cell 19
*211 mm I Asphalt layer (AC/20) *205 mmI Asphalt layer (AC/20)
(197) (197)
Base layer Base layer
Subgrade Subgrade
R=12) (R=12)
Cell 26 Cell 30
* 145 mm I Asphalt layer (AC 120/150) *133 mmI Asphalt layer (AC 120/150)
(152) (127)
Subgrade Base layer
(R = 12) 30Smm |y g
Subgrade
R=12)

* mean thickness from cores
(design asphalt thickness)

Figure II1.1.- Pavement structure definition
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I11.3.3. Pavement sensors definition

a. Temperature sensors

Temperature is measured by means of thermocouple devices placed at several depths in the
pavement so that temperature distribution can be accurately defined. Only those placed in the
asphalt layer or just below it are used in this study. The objective is to determine the temperature

of the asphalt mix.

The depths of the corresponding sensors for each section can be seen in the following figure.

Cell 16 Cell 19
TC1 H® (34 mm TC1 M (24 mm
Asphalt (34 mm) Asphalt (24 mm)
211 mm layer TC2 mm (91 mm) 205 mm layer TC2 mm (79 mm)
TC3 mm (128 mm) TC3 mm (131 mm)
TC4 mm (195 mm)
TC4 ™ (213 mm)
Cell 26 Cell 30
TCl ™ (27 mm TC1 =& (24 mm
Asphalt @7 mm Asphalt TC (55 )
145mm| layer TC2 mm (85 mm) 133mm| layer (53 mm)
TC3 ™ (159 mm) TC3 ™ (137 mm)
TC ~ thermocouple sensor

Figure I11.2.- Thermocouple sensors

Temperature has been recorded in a continuous way (every 15 minutes) since the beginning of the
Mn/Road Project.
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b. Strain sensors

Strain sensor life is not very long. Many of the sensors placed during the original construction of
the cells in 1994 were not operative when the spring 99 test was performed.

In Cells 16 and 19 (main line) only transverse strain sensors were available. In Cells 26 and 30
(low-volume) both longitudinal and transverse strain sensors were operative.

Cell 16 Cell 19
2 BT, : LT e :
N e o

TE ~ Transverse strain sensor TE ~ Transverse strain sensor
Cell 26 Cell 30
1.9 T [ N N i

1 1 1 1
LE1  LE2 >< LE3 >€ LE1
| |
i

. nim - i N
TEl TE2 TE3 (g4 TE3  TE2 >< 247)

TE ~ Transverse strain sensor TE ~ Transverse strain sensor
LE ~ Longitudinal strain sensor LE ~ Longitudinal strain sensor

Figure III.3.- Strain sensors

Strain signals were recorded under each vehicle pass during the spring 99 tests. In this thesis,
strains measured at the bottom of the asphalt layer are the base for the validation of the structural
model.

The strain devices are based on strain gages enclosed in various wafers of metal, teflon, and other
materials, which are in turn anchored to titanium end bars. Different electrical tests are performed
prior to and during the placement in order to ensure correct functioning.

The strain device is placed over the compacted base prior to the placement of the asphalt layer. A

very thin layer of emulsion is applied and allowed to cure. Then, a mixture of sand and emulsion
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is applied and the strain device is placed by pressing the anchor bars into the sand mix. When the
paving operation begins, some material is obtained from the paver hopper and, using a 0.375-inch
screen, sieved over each gage to form a 1.5-inch layer that is compacted using a metal plate and
static foot pressure. In this way, the gage will be protected during the paving operation, and the
device will be anchored to the bottom of the asphalt layer.

c. Offset determination

The ruler is an external reference in order to determine the position of the strain sensors. A video
camera is installed in the drive axle of the trucks, and the offset or transverse position of the axle
with respect to the strain sensors can be determined for each pass of the vehicle. Note that in
order to establish the relative position of the center of the axle, the tire width and the transverse
distance between dual wheel centers must be known.

. i i
(transversal section) ]
i Video-camera
T —— Absolute offset: X
|
asphalt layer Li a0 s oor g |ruler
p Y | |
m  'mm -

|
i i Offset sensor TE1:
i i x1 = (X-30) + w/2

Figure II1.4.- Offset determination
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I11.4. MATERIALS STRUCTURAL CHARACTERIZATION TESTS
I11.4.1. Falling Weight Deflectometer

FWD tests are carried out periodically in the Mn/ROAD project. Additional FWD tests were
performed for all of the cells during the load testing in spring 99 (end of March to end of May).

Tests were performed several times a day, so that different asphalt temperatures were considered.
Each cell was tested at five points or locations, applying three different load levels:
- Main line: - 3 drops at 400 kPa (approx.)
- 3 drops at 600 kPa (approx.)
- 3 drops at 900 kPa (approx.)
- Low-volume: - 3 drops at 300 kPa (approx.)
- 3 drops at 500 kPa (approx.)
- 3 drops at 600 kPa (approx.)
The plate-sensor configuration was:
- Plate diameter: 300 mm.
- Sensor distances from the center of the load plate:
0/203/305/457/610/914/1219/ 1524/ 1829 mm
(0/8/12/18/24/36/48/60/72 in)

Asphalt and air temperature were recorded during the FWD tests. The FWD equipment measures
the temperature in the pavement surface by means of an infrared device. Temperature at different
depths can be determined from the thermocouple temperature sensors (the time for each test was
also recorded, so we can determine the exact temperature distribution).

I11.4.2. Laboratory asphalt mix modulus

Resilient Modulus' and Dynamic Modulus® tests were performed for the bituminous mixes used
in the Mn/ROAD project.

In a resilient modulus test, a load pulse is applied followed by a resting period. The recoverable
deformation is measured, and the resilient modulus is computed as the ratio between applied
stress and recoverable strain.

" ASTM D4123-82 Standard Test Method for Indirect Tension Test for Resilient Modulus of Bituminous
Mixtures.

2 ASTM D3497-79 Standard Test Method for Dynamic Modulus of Asphalt Mixtures.
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In a dynamic modulus test, a cyclic sinusoidal load is applied; the stationary response is measured
and the elastic modulus is computed as the ratio between the sinusoidal stress peak and the
sinusoidal strain peak. The dynamic modulus is a complex number; the argument is the phase
difference between the peak of stress and the peak of strain.

Tests were performed on three types of specimens: laboratory prepared samples, behind the paver
material and cores extracted after construction.

The results of these tests must be interpreted carefully: the Mn/ROAD Project was opened to
traffic in 1994, and the properties of the materials may have varied much since then due to asphalt
aging and load applications.

Resilient Modulus

ASTM specifications were followed. The tests setting were:

Cylindrical specimens: $100 mm / 60 mm tall
(¢4 in/ 2.5 in tall)

- Strain determination: LVDT across horizontal and vertical diameters

- Load application: diametrical

- Load pulse: 0.1/ 1.0 sec. duration

- Rest period: variable, so that frequencies were: 0.33/0.3/1.0 Hz

*  for 1.0 sec. load pulse also ~ 0.033/0.05/0.1 Hz
- Temperature: -18/1/10/25/40°C
(0/34/50/77/104 °F)
Dynamic modulus

ASTM specifications were followed. The test setting were:

Cylindrical specimens: $100 mm / 200 mm tall
(¢4 in/ 8 in tall)

- Strain determination: 3 LVDT’s across the center one-third of the specimen
- Load application: axial

- Load: cyclic sinusoidal

- Frequency: 0.1Hz/1.0Hz

- Temperature: 1/10/25/40°C

(34/50/77/104 °F)
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The results for the four cells (16, 19, 26 and 30) considered in this thesis are included in the
following pages'.

Table II1.1.- Laboratory specimens ~ Resilient Modulus test

(MPa)

Cell 16 ~ asphalt AC20 (Gyratory)

0.1 s pulse load

1.0 s pulse load

Temperature =333, [ 050 Hz | 1.0Hz | 0.033Hz ] 0.05Hz | 0.1Hz | 0330z | 050z
-18 °C (0 °F) 10,986 12,482 12,986 13,282 10,434 11,683 12,731 12,731
1 °C (34 °F) - - - 3193 3138 3345 3304 3421

10 °C (50 °F) --- - - - - - - -—-
25 °C (77 °F) 3028 3186 3269 1542 1437 1345 1497 1614
40 °C (104 °F) 979 993 924 333 224 215 154 164
Cell 19 ~ asphalt AC20 (Marshall 35)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 13,200 12,000 14,379 9324 10,497 10,731 12,421 12,504
1°C (34 °F) 7483 6648 7283 3738 5303 5828 6186 6938
10 °C (50 °F) - - - -—- - - -—- -—-
25 °C (77 °F) 2538 2579 2641 1290 1421 1483 1462 1586
40 °C (104 °F) 772 848 820 400 393 400 393 414
Cell 26 ~ asphalt AC 120/150 (Marshall 50)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 4166 4421 4648 4144 4690 4559 5104 5724
1°C (34 °F) 4166 4124 4297 3503 3903 3979 4441 4800
10 °C (50 °F) 3200 3193 3228 2283 2628 2676 2986 3283
25 °C (77 °F) 2241 2172 2103 1379 1283 1220 1089 1359
40 °C (104 °F) 842 766 710 517 469 448 434 462
Cell 30 ~ asphalt AC 120/150 (Marshall 75)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 6490 7083 7910 5393 6393 6959 7607 8069
1°C (34 °F) 4897 5324 5669 3497 4268 4490 4379 4814
10 °C (50 °F) 4600 4835 5055 3131 3524 3558 3669 4048
25 °C (77 °F) 3055 3007 2945 1579 1572 1497 1517 1814
40 °C (104 °F) 786 724 676 538 490 462 -—- -—-

" Data from University of Minnesota — Center for Transportation Studies. Report Number 97-06

“Investigation of Hot Mix Asphalt Mixtures at Mn/Road”, 1997.
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Table II1.2.- Laboratory specimens ~ Dynamic Modulus test

(MPa)
Cell 16 ~ asphalt AC20 (Gyratory)

Temperature 0.1 Hz 1.0 Hz

1°C (34 °F) --- —
10 °C (50 °F) - -
25 °C (77 °F) - -
40 °C (104 °F) -—- -—-

Cell 19 ~ asphalt AC20 (Marshall 35)

Temperature 0.1 Hz 1.0 Hz

1°C (34 °F) 9766 £ 24.4° 10692 £ 27.7°
10 °C (50 °F) 3850 £33.1° 5694 £ 25.1°
25 °C (77 °F) 774 £ 48.5° 2079 £ 44.7°
40 °C (104 °F) 255 £ 44.4° 677 £ 47.1°

Cell 26 ~ asphalt AC 120/150 (Marshall 50)

Temperature 0.1 Hz 1.0 Hz

1°C (34 °F) 5379 £26.1° 7798 £16.3°
10 °C (50 °F) 3070 £ 28.7° 4752 £ 17.7°
25 °C (77 °F) 981 £ 37.3° 2311 £33.9°
40 °C (104 °F) 259 £ 35.2° 496 £ 38.7°

Cell 30 ~ asphalt AC 120/150 (Marshall 75)

Temperature 0.1 Hz 1.0 Hz

1°C (34 °F) 4697 £ 25.8° 7757 £12.3°
10 °C (50 °F) 2214 £39.2° 4725 £ 28.9°
25 °C (77 °F) 817 £43.1° 2043 £ 40.0°
40 °C (104 °F) 210 « 33.1° 471 £ 35.7°
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Table II1.3.- Behind the paver specimens ~ Resilient Modulus test

(MPa)

Cell 16 ~ asphalt AC20 (Gyratory)

Temperature

0.1 s pulse load

1.0 s pulse load

0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 15,561 17,223 18,457 - — o —

1°C (34 °F) 10,839 11,002 11,002 - — —— - —
10 °C (50 °F) - - - — — — - .
25°C (77 °F) 3600 3683 3678 — — — - o
40 °C (104 °F) 1211 1092 1064 — — — - -

Cell 19 ~ asphalt AC20 (Marshall 35)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 13,221 13,517 14,260 — — - —

1°C (34 °F) 8303 8352 8717 - — — - —
10 °C (50 °F) - --- - — — — - -
25°C (77 °F) 3786 4021 4138 — — — - o
40 °C (104 °F) 572 579 579 — — — - o

Cell 26 ~ asphalt AC 120/150 (Marshall 50)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 10,535 11,927 12,831 — — - —

1 °C (34 °F) 7729 8329 8488 - — — — o
10 °C (50 °F) - - - — — — - o
25°C (77 °F) 2534 2696 2758 — — — - o
40 °C (104 °F) 758 758 689 — — — - o

Cell 30 ~ asphalt AC 120/150 (Marshall 75)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05Hz 0.1 Hz 0.33 Hz 0.5Hz
-18 °C (0 °F) 12,652 12,955 13,638 — — - —

1 °C (34 °F) 8667 9556 9791 — — — - -
10 °C (50 °F) - - - — — — - o
25 °C (77 °F) 3468 3365 3358 -— — — — o
40 °C (104 °F) 1138 910 869 — — — - -
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Table II1.4.- Cores ~ Resilient Modulus test

(MPa)
Cell 16 ~ asphalt AC20 (Gyratory)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05 Hz 0.1 Hz 0.33 Hz 0.5 Hz
-18 °C (0 °F) --- --- 14,170 - - --- ---

1 °C (34 °F) 7095
10 °C (50 °F) - - --- --- --- - - -
25 °C (77 °F) - -—- 1987 -—- - -—- -—- -—-
40 °C (104 °F) - - -—- -—- -—- - - -

Cell 19 ~ asphalt AC20 (Marshall 35)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05 Hz 0.1 Hz 0.33 Hz 0.5 Hz
-18 °C (0 °F) --- --- 14,010 - - --- ---

1 °C (34 °F) 6776
10 °C (50 °F) - - --- --- --- --- - -
25 °C (77 °F) - - 1730 -—- -—- - -—- -
40 °C (104 °F) - - -—- -—- -—- -—- - -

Cell 26 ~ asphalt AC 120/150 (Marshall 50)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05 Hz 0.1 Hz 0.33 Hz 0.5 Hz
-18 °C (0 °F) 8982

1 °C (34 °F) 3372
10 °C (50 °F) - - --- --- --- --- - -
25 °C (77 °F) - - 845 -—- -—- - - -
40 °C (104 °F) - - -—- -—- -—- -—- - -

Cell 30 ~ asphalt AC 120/150 (Marshall 75)
Temperature 0.1 s pulse load 1.0 s pulse load
0.33 Hz 0.50 Hz 1.0 Hz 0.033 Hz | 0.05 Hz 0.1 Hz 0.33 Hz 0.5 Hz
-18 °C (0 °F) --- - 10,060 - -—- --- ---

1 °C (34 °F) 2892
10 °C (50 °F) - - --- --- --- - - -
25 °C (77 °F) - -—- 723 -—- -—- - - -
40 °C (104 °F) - - -—- - - - - -
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I11.5. SPRING 99 TESTS

A series of tests was carried out at Mn/ROAD during spring 99, from March 22 to April 22. 20
different cells were tested, 12 of them flexible and the rest rigid pavements. The flexible
pavement cells considered in the main line were Cells 3, 15, 16, 19, 20, 21 and 22, and in the low-
volume loop: Cells 25, 26, 29, 30 and 31.

IIL.5.1. Runs definition
A Run consists of a particular vehicle configuration running at a particular speed.
A Run must be defined by:

- Truck: Number and type of axles.

- Load from each axle.

- Tire pressure.

- Vehicle speed.

Each type of Run was carried out five times: the particular vehicle configuration was repeated
five times at the same speed. So there were five passes for each Run.

Runs were selected in order to study the effect of different variables on the pavement response, in
particular:

- Axle type (single, tandem and tridem).
- Load level.

- Speed.

- Tire pressure.

And as a result of the variability between different passes of the vehicles, the transverse position
or offset effects as well as the temperature effects could also be studied.

A detailed description of the Runs performed can be found in the following table:
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Table II1.5.- Runs definition ~ Actual measured values

Run Vehicle _ Date Actual axle' loads (ki'ps) Speed | tire press.
main-line | low-vol. | single | drive | trailer (mph) (psi)
1 Mn/Road Truck | 03/24/99 | 04/13/99 | 11.0 23.5 21.6 30 110
2 Mn/Road Truck | 03/22/99 | 04/09/99 | 12.0 34.0 34.0 30 100
3 Mn/Road Truck | 03/25/99 | 04/13/99 | 12.5 33.3 46.9 30 110
4 Mn/Road Truck | 03/25/99 | 04/13/99 | 12.1 23.0 24.7 5 110
5 Mn/Road Truck | 04/02/99 | 04/13/99 | 11.0 24.0 240 | 60/15* 110
6 Mn/Road Truck | 03/22/99 | 04/09/99 | 12.0 34.0 34.0 5 100
7 Mn/Road Truck | 04/02/99 | 04/09/99 | 12.0 34.0 340 | 60/15% 110
8 Mn/Road Truck | 03/25/99 | 04/13/99 | 12.5 333 46.9 5 110
9 Mn/Road Truck |  ------ 04/13/99 | 12.5 33.3 469 | 60/15* 110
10 Mn/Road Truck | 03/26/99 | 04/22/99 | 11.0 24.0 24.0 30 110
11 Mn/Road Truck | 03/26/99 | 04/22/99 | 12.0 34.0 34.0 30 110
12 Mn/Road Truck | 03/25/99 | 04/22/99 | 12.5 33.3 46.9 30 110
13 Mn/Road Truck | 03/23/99 | 04/15/99 | 12.0 34.0 34.0 30 90
14 Mn/Road Truck | 03/23/99 | 04/15/99 | 12.0 34.0 34.0 30 128
15 Mn/Road Truck | 03/26/99 | 04/20/99 | 12.0 34.0 34.0 30 90
16 Mn/Road Truck | 03/26/99 | 04/20/99 | 12.0 34.0 34.0 30 130
19 Gravel Truck 03/23/99 |  --—--- 10.4 22.1 25.0 30 110
20 Gravel Truck 03/23/99 | ------ 11.0 27.4 35.0 30 110
21 Gravel Truck 03/24/99 | ------ 12.9 36.3 51.0 30 110
22 Gravel Truck 03/24/99 |  ------ 13.0 34.2 56.1 30 110
20 | Gravel Truck |  ------ 04/16/99 9.4 334 37.6 30 110
21’ | Gravel Truck |  ------ 04/16/99 9.3 36.9 45.6 30 110
22’ | Gravel Truck | ------ 04/20/99 9.4 38.9 50.6 30 110
23 Transit Bus 03/25/99 | ------ 10.5 153 | - 30 110
24 Transit Bus 03/25/99 | = ------ 12.5 240 | --—--- 30 110
25 Passenger Car 03/24/99 | 04/15/99 | | | --—-- 30 32
26 Farm wagon | ---—--- 04/16/99 | ----- 4.0 9.6 30 20
28 Farm wagon | ------ 04/16/99 | ----- 11.5 11.5 30 20

* Runs 5, 7 and 9 are done at different speed in main-line (60 mph) and low-volume road (15

mph).

Notes:

- In this thesis, Transit Bus, Passenger Car and Farm Wagon are not considered'.

- Mn/Road Truck: Single axle / Tandem axle / Tandem axle.

- Gravel Truck: Single axle / Tandem axle / Tridem axle.

! The study of the different types of axles was covered with Mn/Road Truck and Gravel Truck: steering,
tandem and tridem. The reason why farm wagon and passenger car were not included was because it was
considered more interesting to focus on the conventional axles causing most of the pavement deterioration.
The inclusion of the bus was considered important because the bus has a single axle with dual wheels.
There are also dual wheels in the Mn/Road and Gravel Trucks, but they are in tandem or tridem axles. The
reason why the bus was not finally included in the analysis is because it was only tested in the main line,
and the data recorded was not enough to adequately study this axle.
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In the previous table, actual data of the axle weight and tire pressure are considered. The target
value cannot always be exactly achieved; for example, the tandem axle of Run 3 was intended to
weigh 34 kips, and the actual value was 33.3. Actual values were rounded or approximated by the
target value so that the calculations were more simple: in this way, for example, the levels of load
for the tandem axle in the Mn/Road Truck were 24 / 34 / 46 kips.

In most cases the error of rounding was almost null because the target and actual values were

equal. The maximum error considered was 5%; when it was higher, the actual measured values
were considered. As a result, the values considered in the analysis are included in the table below.

Table II1.6.- Runs definition ~ Values considered in the analysis

Run Vehicle _ Date Actual axle? loads (kips) Speed | tire press.
main-line | low-vol. | single | drive | trailer (mph) (psi)
1 Mn/Road Truck 11.0 | 235 21.6 30 110
2 Mn/Road Truck 12 34 34 30 110
3 Mn/Road Truck 13 34 46 30 110
4 Mn/Road Truck 12 24 24 5 110
5 Mn/Road Truck 11 24 24 60/15 110
6 Mn/Road Truck 12 34 34 5 110
7 Mn/Road Truck 12 34 34 60/15 110
8 Mn/Road Truck 13 34 46 5 110
9 Mn/Road Truck 13 34 46 60/15 110
10 | Mn/Road Truck 11 24 24 30 110
11 Mn/Road Truck 12 34 34 30 110
12 Mn/Road Truck 13 34 46 30 110
13 Mn/Road Truck 12 34 34 30 90
14 | Mn/Road Truck 12 34 34 30 130
15 Mn/Road Truck 12 34 34 30 90
16 | Mn/Road Truck 12 34 34 30 130
19 | Gravel Truck 104 | 22.1 25.0 30 110
20 | Gravel Truck 11.0 | 274 35.0 30 110
21 Gravel Truck 12.9 36.3 51.0 30 110
22 | Gravel Truck 13.0 34.2 56.1 30 110
20’ | Gravel Truck 94 334 37.6 30 110
21’ | Gravel Truck 9.3 369 | 45.6 30 110
22> | Gravel Truck 9.4 38.9 50.6 30 110

* Runs 5, 7 and 9 are done at different speed in main-line (60 mph) and low-volume road (15
mph).

*  The tire pressure measured in Runs 2 and 6 was 100; at the beginning they were considered
as runs with a tire pressure different from the “standard run” that had a tire pressure of 110
psi. But since the tire pressure effects were not found to be significant, it was considered
more useful to include them in the standard pressure tests of 110 psi in order to have more
data.

*  For the Gravel Truck, actual values were considered.
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The effect of the different variables on the pavement response can be studied through the
different Runs performed:

- Axle type and load level: Runs 1-3 and 10-12; single and tandem axles with different
load levels were included. Additionally, tridem axles can be observed in Runs 19-22
(Gravel Truck).

- Vehicle speed: Runs 4-9.
- Tire pressure: Runs 13-16.

- Temperature and Offset effects must be studied through all of the Runs. Both
Temperature and Offset can be considered random variables.

During the tests, strain sensor signals were recorded for later treatment. Strain sensor signals were
recorded under the pass of the vehicles. Temperature has been recorded in a continuous way
(every 15 minutes) since the Mn/Road Project began.

II1.5.2. Processing of the measured data

Data from different sensors placed in the pavements were monitored under the pass of the
vehicles. The number of signals registered was very high, since each one of the sensors was
monitored under five passes of the vehicle for each one of the runs considered.

Approximately 1700 signals have been used in this thesis, each one corresponding to a complete
longitudinal register of a sensor under the successive passes of the steering, drive and trailer axles
of a truck. In order to interpret and draw conclusions from that information, a first phase of
treatment was done. The objective was to simplify and determine characteristic values
representative of each run.

The treatment of the information is described in chapter IV of this thesis. The objective was
determining, for each axle in each run, the maximum strain developed under the wheel, so that
different runs and axle types could be compared to each other and the comparison of
theoretical/measured values could be done in a simple way.
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II1.6. SOFTWARE PROGRAMS
The three basic pavement related software programs used in this thesis are:

- BISAR
- EVERCALC
-  CIMA

I11.6.1. BISAR

BISAR is a multilayer linear elastic program developed by Shell company (Netherlands). The
program is based on the Burmister solution, and the general advantages and restrictions of that
process apply.

The definition of the system, or input values, is:
Loads:

- Number of loads (number of wheels).
- For each load (wheel): Position (X, Y)
Radius
Force or stress
*  Each wheel is modeled by a constant pressure circular area.

Layered system:

- Number of layers.
- For each layer: Thickness
Elastic Modulus
Poisson Ratio
- For interface between layer: Bounding condition.
* Interfaces have been considered full bounded in this study.

Points:

- Number of points where solution is going to be calculated.
- For each point: layer and (X, Y , Z) coordinates.

The solution or results are:
Output:
- Foreachrequested point: oy ©y G, Ty Tw Ty
Ex 8y &z ny Vxz sz
u uy u,

* All of the components of the stress and strain
tensors, as well as displacements.
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I11.6.2. EVERCALC

EVERCALC is a back-calculation program developed by the Washington State Department of
Transportation. The program is based on an iterative process in which the elastic moduli of the
layers are successively changed in order to fit the measured deflections.

The structural model is multilayer lineal elastic, based on Burmister solution, and we can expect
concordance between this program and BISAR.

The thickness and Poisson ratio of the different layers, as well as an initial estimation of the
elastic moduli, must be previously defined in order to perform the back-calculation. FWD load
must be defined by the radius of the plate and the force applied.

Deflection sensors at any radial distance can be considered. The program calculates the solution
for the back-calculation program in order to obtain the best possible fit on deflections. Three
different error functions can be considered:

- Uniform sensor weight factors (sum of the squares of the relative differences).
- Inverse fit sensor weight factors (sum of the squares of the absolute differences).

- User supplied sensor weight factors (sum of the weighted squares of the relative
differences).

The program allows the consideration of a rigid layer. A rigid layer (or stiff layer) is one below
which there is little or no apparent contribution to the surface deflections. A bed rock foundation
below the pavement is a rigid layer. The presence of a water table near the surface has been
observed to have a similar effect; it is called an “apparent” stiff layer.

The main issue when dealing with a stiff layer below the pavement is the determination of the
depth, and several methods have been developed in order to estimate it. The EVERCALC
program allows the determination of that value; an estimation of the elastic modulus and Poisson
ratio of the stiff layer must be given to the program.

The EVERCALC program is used in this thesis to estimate the structural parameters of the
pavement sections using the results from the FWD tests.
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I11.6.3. CIMA

CIMA is a back-calculation program developed by CEDEX (Centro de Estudios y
Experimentacion de Obras Publicas ~ Spain). The program is based on an iterative process, and
uses BISAR as the structural model, so concordance between this program and BISAR is
expected.

The peculiarity of this program is that measured stresses and strains can be used in the back-
calculation process. The elastic modulus of the layers can be determined in order to fit not only
deflections, but also measured stresses and strains.

The input values for this program are basically the same as for the previous one (EVERCALC).
The main difference is that not only measured deflections are considered.

The CIMA program allows the introduction of several loads in order to model any vehicle axle
configuration. For FWD back-calculation, a single load must be considered.

The elastic moduli of the layers are first estimated in this thesis using the EVERCALC program
and FWD tests data. The CIMA program is then used to recalculate these moduli in order to
achieve concordance with the measured strains at the bottom of the asphalt layer when a vehicle
load is applied.
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IV.1. FWD BACK-CALCULATION
IV.1.1. Introduction

Several FWD tests were performed for each cell. Each cell was tested at five locations, by
applying nine drops at three different load levels.

Other particulars of the FWD back-calculation performed are summarized below:

- Load levels:

Main line: - 3 drops at 400 kPa (approx.)
- 3 drops at 600 kPa (approx.)
- 3 drops at 900 kPa (approx.)

Low-volume: - 3 drops at 300 kPa (approx.)
- 3 drops at 500 kPa (approx.)
- 3 drops at 600 kPa (approx.)

- Plate-sensor configuration:

- Plate diameter: 300 mm
- Sensor distances: 0/203/305/457/610/914/1219/1524 /1829 mm
(0/8/12/18/24/36/48/60/72 in)

*  All of the sensors were used in the FWD back-calculation
process for the main line cells. For the low volume cells, the
last three sensors were not included'.

- Rigid layer: The presence of a water table below the pavement can result in an apparent stiff
layer; the program EVERCALC was used to determine the depth of the stiff layer. An elastic
modulus of 500 MPa and a Poisson ratio of 0.5 were used to simulate this layer.

- Poisson ratios: In order to back-calculate the elastic moduli of the layers, a Poisson ratio must
be assumed. The values assumed in this thesis are:

* Vasphalt- 0.35
* Vpase: 0.40
* Vsubgrade- 0.40

" The sensors far from the axle give more information about the deeper layers of the pavement. The
thickness of the structural layers of the pavement is high for the cells in the main line (higher than for the
low volume cells), and that is why all of the sensors were included in the FWD back-calculation process.
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- Error function: The function used was “sum of the squares of the relative differences”:

2
i 1%

. Zmléjwj

J1 J
where 8,0, ... On calculated deflections
Wi, W2 ... Wy, measured deflections
- Thickness of the asphalt layer: mean value measured for cores taken from each section (rather
than the design thickness).
- Temperature of the asphalt: The value considered is the mean value across the thickness of
the asphalt layer, measured with thermocouple sensors.

IV.1.2. Results

Nine drops at three different load levels were applied. Only the last drop (the ninth) was used for
back-calculation.

The results of the first 8 drops were compared to the last one; deflection values were normalized
by dividing by the applied stress. The object of that comparison was to verify whether or not there
was a significant influence of the non-linearity and whether or not there was a significant
difference between successive drops at the same stress level. The normalized deflection for each
radial distance was calculated for all of the first 8 drops, and compared to the ninth drop:

drop i
d /d |
. S rop i
L
d P
”
Sdrop 9

where d,"®' measured deflection at radial distance r in drop number i
S¥rt  plate stress applied in drop i

For all of the cells, this ratio was usually very close to 1.0 and most of the time between 0.9 and
1.0, indicating that:

- There was not a significant difference in relative deflections between different load levels
(i.e., deflection behavior was fairly linear with respect to load).

- There was not a significant difference in measured deflections between successive drops
at the same load level.

A more detailed discussion about the non-linear behavior by looking at the FWD test results is
included in the following section (IV.1.3. “Non-linear behavior”).
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A rigid layer was included in the calculations. The depth of the rigid layer was estimated using
EVERCALC. There is one estimation for each location tested, so, in total, there are five
estimations for each cell or pavement section. For each cell, the estimated depths at the five
different locations were similar. In addition, depths for the different sections were also similar
(around 2-3 meters below the surface). This depth is in accordance with the expected “apparent
stiff layer” due to the presence of a water table level. Values adopted for the different sections
are:

- Cell 16:2922 mm (AC~211 mm + Base~711 mm + Subgrade~2000 mm + Stiff layer)
- Cell 19: 2666 mm (AC~205 mm + Base~711 mm + Subgrade~1750 mm + Stiff layer)
- Cell 26: 2145 mm (AC~145mm+  ------- + Subgrade~2000 mm + Stiff layer)
- Cell 30: 2138 mm (AC~133 mm + Base~305 mm + Subgrade~1700 mm + Stiff layer)

The back-calculated moduli for the five locations of each one of the cells are included in the
appendices (Appendix 3.- FWD BACK-CALCULATION RESULTS). A summary, indicating
the average values is included in the following tables.

Table IV.1.- Back-calculation moduli ~ Cell 16

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
9:30 5.3 mean (1-5) 6350 176 83 3.08 %
March-26-99 | 14:45 16.1 mean (1-5) 3730 179 87 4.34 %
17:30 14.8 mean (1-5) 4280 182 87 3.37 %

Table IV.2.- Back-calculation moduli ~ Cell 19

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
9:45 7.4 mean (1-5) 5370 170 83 291 %
March-26-99 | 15:00 18.2 mean (1-6) 2990 157 85 437 %
17:45 16.0 mean (1-5) 3470 161 34 3.97 %

Table IV.3.- Back-calculation moduli ~ Cell 26

T-asphalt Back-calculated modulus (MPa)

Date Time (°C) Location Asphalt Base Subgrade Error*

. 8:30 7.0 mean (1-5) | 8440 48 0.70 %
April-9-99

Pl 12:30 186 | mean(1-5) | 4090 45 151 %

8:45 100 | mean(1-5) | 8030 47 0.74 %

April-13-99 [ 12:00 160 | mean(1-5) | 5270 45 1.06 %

13:30 198 | mean(1-5) | 3140 42 1.83 %

. 8:15 8.0 mean (1-5) 9200 - 47 0.79 %
April-15-99

pr 11:30 93 mean (1-5) | 8390 46 0.73 %

. 8.00 6.0 mean (1-5) | 10,310 50 0.49 %

April-16-99 ’
prt 12:00 11.6 | mean(1-5) | 6840 48 0.69 %
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Table IV.4.- Back-calculation moduli ~ Cell 30

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
. 8:00 5.0 mean (1-5) 5950 55 47 0.20 %
April-9-99
pri 12:00 187 | mean(1-5) | 3750 46 47 0.43 %
8:15 10.0 mean (1-5) 5080 65 45 0.40 %
April-13-99 11:45 16.0 mean (1-5) 3820 49 44 0.29 %
13:15 20.3 mean (1-5) 3480 35 47 0.71 %
. 7:45 8.0 mean (1-5) 5840 59 47 0.32%
April-15-99
pril-15-99 7750 9.8 mean (1-5) | 5450 57 45 0.24 %
. 7:30 5.0 mean (1-5) 6310 60 46 0.32%
April-16-99
Pl 12:30 137 | mean (1-5) | 4060 63 43 0.54 %
5 2
1 UL =W,
*  gror — - L7
m w,
where m number of sensors
Wi measured defletion
J; calcualted deflecion

The back-calculated mean value for the modulus of the asphalt mix, as well as 95% confidence
intervals, can be seen in following figures.

The asphalt modulus considered in this thesis for the “FWD model” comes from regression fitting
of the asphalt modulus obtained for the different temperatures. The equation of the regression line
is displayed in each figure.

Cell 16 Cell 19
y = -233.37x + 7602.6 y = 0.2545x” - 226.89x + 7035
9000 9000 ‘
8000 1 . 959%CL.I. ?888 =95 % C.I.
& 7000 - = .
£ 5000 \t\ . £ 6000 -
< 5000 1 = 5000 | I N
© © ~.. ‘-
£ 4000 - £ 4000 S —
& 3000 - & 3000 e TS
& 2000 - & 2000 =a >
1000 1000 -|
0 ‘ ‘ ‘ ‘ 0 ‘ ‘
0.0 50 100 150 200 250 0.0 50 100 150 200 25.0
Temperature (°C) Temperature (°C)

Figure IV.1.- FWD asphalt modulus ~ Cell 16  Figure IV.2.- FWD asphalt modulus ~ Cell 19
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Cell 26 Cell 30
y= 0.6791x> - 486.27x + 12712 y= 4.3534x% - 295.61x + 7625
14000 T 12000
< 12000 % 95 % C.. < 10000 { 95 % C.I.
s 100007 N S s00{
= 8000 =
E 6000 E 6000
[-% ) =%
$ 4000 4 $ 4000 -
" 2000 1 3 2000 :
0 T T T 0 T T
0.0 5.0 10.0 15.0 20.0 25.0 0.0 10.0 20.0 30.0
Temperature (°C) Temperature (°C)

Figure IV.3.- FWD asphalt modulus ~ Cell 26  Figure IV .4.- FWD asphalt modulus ~ Cell 30

Comments on the results:

A uniform temperature is assumed for the asphalt layer. The value assumed is the mean
through the asphalt thickness, measured by means of thermocouple sensors. But the apparent
stiffness of the surface layer can be more sensitive to the modulus at the bottom than to the
modulus at the middle. The assumption made is then accurate enough when the temperature
differences at different depths of the asphalt layer are not significant.

The estimation of the rigid layer gave similar results for the different sections, and the result
is in accordance with the expected depth of the apparent stiff layer due to the water table.

Errors in the fitting of the deflections are small enough for Cells 26 and 30 (low-volume) but
they are poor (over 3%) in Cells 16 and 19 (main line). In these two cells, the errors were
generally higher than the typical error obtained in back-calculation. High errors mean
discrepancies between model and reality: the presence of a water table level, cracks or
dynamic effects are some of the possible explanations.

It must be considered that a large number of sensors are included in these two cells for the
back-calculation process. The more sensors we considered, the more difficult it is to fit the
measured deflection for all of them. In the cells of the low-volume loop, the last three sensors
were not used in the back-calculation: the fitting process was easier, and the error was quite
low (below 1%).

The moduli obtained for the subgrade (around 85 MPa) and for the base (around 175 MPa)
are very similar in both cells of the main line (Cells 16 and 19). In these two cells, the
variability of the base and subgrade modulus from point (location) to point was very small.
The Valu? obtained for the subgrade seems to be high in comparison with what we could have
expected .

" The influence of the subgrade modulus over the strains measured at the bottom of the asphalt is usually
small. In these two cells (16 and 19), the base is quite thick (711 mm), so the influence is even smaller than
in a typical situation.
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- Cell 26 is a full-depth section. The modulus obtained for the subgrade (around 45 MPa) is
much smaller than the value obtained in the cells of the main line (85 MPa)'. Differences in
the material or in the compaction, as well as in the confinement, are some of the possible
explanations for this difference. The back-calculated subgrade modulus was similar between
the different locations tested in this cell. The fact is that deflections far from the plate load
(representative of the stiffness of the subgrade) are much higher for this cell than for the cells
of the main line, evidencing a much softer subgrade.

- In Cell 30, the modulus obtained for the subgrade is similar to the value obtained in the other
cell of the low-volume loop (Cell 26). The value obtained for the base material in Cell 30 is
much smaller than the value obtained for cells in the main line. The material is Class 3 in the
three cells (Cell 30 and the two cells in the main line, Cells 16 and 19), and a similar valued
could have been expected. Differences in the support below the base, in the compaction or in
the confinement could be some of the explanations. The fact is that deflections are higher for
this cell than for Cell 26, and no beneficial effect seems to be derived from the presence of
this base layer, evidencing a soft base material (around 55 MPa).

- The variability of the moduli of the different layers is high for Cell 30. The confidence
intervals for the asphalt modulus in this cell are wider than for the other cells. The stiffness of
the base layer is not considerably higher than the stiffness of the subgrade, and numerical
problems are present. When two adjacent layers have a similar modulus it is common that
there is variability in the results of the FWD back-calculation, with solutions where the
modulus of the first layer increases and the second decreases or vice versa.

IV.1.3. Non-linear behavior
As stated previously, three different load levels were applied in the FWD test:

Main line: - 3 drops at 400 kPa (approx.)
- 3 drops at 600 kPa (approx.)
- 3 drops at 900 kPa (approx.)

Low-volume: - 3 drops at 300 kPa (approx.)
- 3 drops at 500 kPa (approx.)
- 3 drops at 600 kPa (approx.)

Only the last drop (the ninth) was used for back-calculation. Previously, for each test, the
normalized deflections at each radial distance were calculated, and compared to the normalized
deflections for the ninth drop. Values were very similar in all of the cases; this means that non-
linear effects were not significant and that the information contained in one single drop was
basically the same as the information contained in the rest of the drops. That is the reason why
only the last drop was considered for back-calculation.

For example ~ Cell 16 / March-26 / first test (9:30 a.m.) / first location:

' 45 MPa is a more reasonable value for the subgrade soil.
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Table IV.5.- FWD measured deflections ~ Cell 16

Drop Stress Measured deflections (um)

(kPa) DO D203 | D305 | D457 | D610 | D914 | DI219 | D1524 | D1829
1 394 154 141 130 110 91 62 40 27 22
2 394 156 139 128 109 91 61 39 28 20
3 396 154 140 129 110 92 62 41 29 23
4 597 231 207 192 162 135 91 60 42 31
5 601 235 209 192 163 137 91 61 42 32
6 598 231 208 192 162 136 91 61 42 31
7 915 353 320 295 251 212 144 97 67 51
8 913 356 320 296 253 214 146 98 68 53
9 910 356 321 297 253 214 146 98 68 53

The normalized deflections are obtained by dividing by the applied stress:
Table IV.6.- FWD normalized deflections ~ Cell 16
Drop Stress Normalized deflections (um/kPa)

(kPa) DO D203 | D305 | D457 | D610 | D914 | DI219 | D1524 | D1829
1 1.0 0.391 0.358 0.330 0.279 0.231 0.157 0.102 0.069 0.056
2 1.0 0.396 0.353 0.325 0.277 0.231 0.155 0.099 0.071 0.051
3 1.0 0.389 0.354 0.326 0.278 0.232 0.157 0.104 0.073 0.058
4 1.0| 0387 0347 | 0322 0271 | 0226| 0.152] 0.101 | 0.070 | 0.052
5 1.0 0.391 0.348 0.319 0.271 0.228 0.151 0.101 0.070 0.053
6 1.0 0.386 0.348 0.321 0.271 0.227 0.152 0.102 0.070 0.052
7 1.0 038 | 0350| 0322| 0274 | 0232] 0.157] 0.106 | 0.073 | 0.056
8 1.0 0390| 0350| 0324| 0277 | 0234 | 0.160| 0.107 | 0.074 | 0.058
9 1.0 0391 | 0353| 0326| 0278 | 0.235] 0.160| 0.108 | 0.075| 0.058

It can be observed that the normalized deflections are quite similar for the different load levels
and for the different drops at the same load level. The same verification was done for the rest of

the cases, and similar results were obtained.

Apart from the verification cited in the previous paragraph, a more precise calculation was done.
A test, performed at a high temperature, was chosen for each cell (higher temperature means
lower asphalt modulus and consequently higher stress and higher non-linear effects). One single
location was selected: the nine drops were used for back-calculation and the results were
compared to each other.

A table and a figure is included below for each cell:

Table: the FWD back-calculation results for the nine drops at the selected location.

Figure: a plot of deflections versus load level.
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Chapter IV.- TEST RESULTS AND ANALYSIS

Table IV.7.- Back-calculation moduli for different load levels ~ Cell 16

Stress Back-calc. modulus (MPa)

Date Time | T (°C) | Location Drop (kPa) | Asphalt Base Subg. Error

1 385 3583.0 186.3 90.5 4.98 %

384 3783.2 173.5 94.5 4.38 %

385 3583.0 186.3 90.5 4.98 %

585 3703.9 176.7 93.9 4.80 %
March- ) 0
2699 14:45 16.1 5 586 3496.8 193.7 88.7 5.58%

587 3487.5 190.8 89.5 5.41 %

899 3548.8 179.5 83.3 5.19%

901 3541.9 181.8 82.8 5.01 %

O [0 [|[Q|N | [B]Ww (D

903 3561.2 182.0 82.0 5.25%

... and the corresponding plot of deflections versus load level (stress level):

Cell 16 Non-Linear effects
(FWD test)
500
400 -
E 300 A
= « DO
c Intercept at Deflection 0 + D305
S 200 / - + D610
§ x D1219
= 100 « D1829
n /
/
y
0 ==
-100 ‘ ‘ ‘
0 200 400 600 800 1000
Plate Stress (kPa)

Figure IV.5.- Plot of FWD deflections versus load level ~ Cell 16
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Table IV.8.- Back-calculation moduli for different load levels ~ Cell 19

Stress Back-calc. modulus (MPa)

Date Time | T (°C) | Location Drop (kPa) | Asphalt Base Subg. Error

1 384 2088.1 144.3 98.6 4.57 %

383 2767.2 154.5 91.0 6.26 %

383 2925.6 142.8 95.8 4.45 %

585 2983.4 151.9 93.9 434 %
March- ) 0
26-99 15:00 18.2 4 589 2953.2 153.9 92.6 4.82 %

587 2874.7 152.3 95.0 4.77 %

900 2891.5 161.1 83.2 437 %

904 2871.4 163.6 82.6 4.63 %

O [0 [|[Q|N | [B]Ww (D

906 2809.4 167.9 81.3 4.89 %

... and the corresponding plot of deflections versus load level (stress level):

Cell 19 Non-Linear effects
(FWD test)

600

500 -

400 -

+« DO
800 1 Intercept at Deflection 0 +D305
/ » D610
200 - x D1219

* D1829

100

Deflection (um)

-100 T T T T
0 200 400 600 800 1000

Plate Stress (kPa)

Figure IV.6.- Plot of FWD deflections versus load level ~ Cell 19
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Table IV.9.- Back-calculation moduli for different load levels ~ Cell 26

Stress Back-calc. modulus (MPa)
Date Time | T (°C) | Location Drop (kPa) | Asphalt Base Subg. Error
1 364 3768.3 - 46.1 1.98 %
2 369 3878.4 - 46.0 1.82 %
3 373 3788.4 -—- 47.2 1.97 %
April- 4 508 3817.3 - 46.1 1.13%
13-99 13:30 19.8 5 5 485 3849.1 - 44.1 1.59 %
6 485 3838.0 -—- 44.2 1.40 %
7 576 3732.5 --- 44.2 1.42 %
8 573 3725.9 - 43.9 1.39 %
9 573 3728.2 -—- 44.0 1.40 %

... and the corresponding plot of deflections versus load level (stress level):

Cell 26 Non-Linear effects
(FWD test)
700
600 +
. 500 1
£
= 400 - + DO
c Intercept at Deflection 0 +D305
.2 300 + D610
B
8 / x D1219
= 200 * D1829
o
° 1001 / | s
[ e
O a
-100 T T T T T

0 100 200 300 400 500 600 700
Plate Stress (kPa)

Figure IV.7.- Plot of FWD deflections versus load level ~ Cell 26
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Table IV.10.- Back-calculation moduli for different load levels ~ Cell 30

Stress Back-calc. modulus (MPa)

Date Time | T (°C) | Location (kPa) | Asphalt Base Subg. Error

332 3318.2 61.4 51.1 0.45 %

331 3243.5 62.8 513 0.38 %

333 3374.3 59.0 52.2 0.33 %

470 3436.8 62.6 49.8 0.25 %

April-

9-99 12:00 18.7 4

473 3326.5 66.2 48.8 0.44 %

473 3491.2 61.5 49.4 0.29 %

579 3410.5 67.1 48.0 0.41 %

585 3645.5 59.3 48.7 0.29 %

=]
@OO\]O\UILU)M—‘g
=l

589 3600.7 62.7 48.0 0.42 %

... and the corresponding plot of deflections versus load level (stress level):

Cell 30 Non-Linear effects
(FWD test)
700
600 | /
— 500
£
2 400 - « DO
c Intercept at Deflection 0 / +D305
2 300 + D610
3 / / - x D1219
@
g // « D1829
O 100 / —
%’*
0
-100 ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700
Plate Stress (kPa)

Figure IV.8.- Plot of FWD deflections versus load level ~ Cell 30
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Chapter IV.- TEST RESULTS AND ANALYSIS

Comments:

- Differences between drops are small compared to the differences between different locations
in the same cell or the differences from one day to another.

- There does not seem to be a clear pattern in the variation of back-calculated elastic moduli
between different drops, either for the three different load levels or for the three drops at the
same load level. The stress level influence on the pavement response does not seem to be
significant.

- In Cells 16 and 19 there seems to be a slight decrease in E-subgrade with increasing stress',
but the difference is still small compared to the differences from point (location) to point or
from one day to another.

- The variation of the modulus of the bituminous mix between the different drops is very small.
There does not seem to be a significant influence of the stress level on the modulus of the
asphalt layer for the four cells considered.

- The plots of deflection versus load level show a clear linear behavior in terms of deflections.

The first main conclusion is that using the nine drops does not add significant information
compared to using a single drop per test; the other drops are basically the same, scaled by the
stress ratios (linear behavior).

The second main conclusion is that the influence of the stress level in the pavement response does
not seem to be significant (for the four cells tested). It is that the pavement response is linear
within the range of variables tested.

' This would be expected for a stress-softening subgrade, which is present at Mn/Road.
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IV.1.4. FWD model

Chapter IV.- TEST RESULTS AND ANALYSIS

The mean elastic modulus obtained for each layer from the FWD back-calculation, as well as the

geometric definition of each section, can be seen in the figure below.

Cell 16

Asphalt layer
211 mmI (AC120)

E = 2940 MPa (20 °C)
v=035

Base layer E =180 MPa
v=04
711 mm Cl. 3 Sp.
Subgrade E =85 MPa
R=12) v=04
2000 mm|
Rigid layer
Cell 26
Asphalt layer E = 3260 MPa (20 °C)
145 mmI (AC 120/150) v=035
A
Subgrade E=45MPa
R=12) v=04
2000 mm|
v
Rigid layer

Cell 19
205 mm|  Asphalt layer E = 2600 MPa (20 °C)
(AC/20) v=0.35
Base layer E =160 MPa
v=04
711 mm CL. 3 Sp.
Subgrade E =85 MPa
R=12) v=04
1750 mm|
Rigid layer
Cell 30
133 mm|  Asphalt layer E = 3450 MPa (20 °C)
(AC 120/150) v=0.35
Base layer E=55MPa
305mm 1.3 Sp. v=04
Subgrade E =45 MPa
R=12) v=04
1700 mm|
Rigid layer

* Modulus of the asphalt included only for 20 °C
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Chapter IV.- TEST RESULTS AND ANALYSIS

Back-calculation is not an exact procedure. Important assumptions and simplifications are made.
The first one is the response model: a multilayer linear elastic model has been assumed, apart
from assuming a static analysis; but the pavement structural behavior is not like that. Those
assumptions are almost always done in the back-calculation of pavements for reasons of
simplicity. Another advantage of using that structural model in the back-calculation process is
that the results obtained can be used directly in a multilayer linear elastic program (like Bisar).

But there are more assumptions, apart from the basic ones concerning the structural model; for
example:

- The Poisson ratios of the materials must be assumed in order to do a back-calculation.

- An objective function must be chosen, like the sum of the squares of the relative errors or
any other error function. Different weights can be set for each sensor.

- A stiff layer can be included, and its elastic modulus must be assumed.

Intervals for the parameters (a minimum and a maximum for the modulus of each layer)
can be established.

Depending on how these assumptions are made we will obtain different results, and even with the
same program, different technicians will obtain different results; the differences can be very
significant depending on the assumptions made. But there is one thing that all of those solutions
have in common: all of them will give similar strains at the bottom of the asphalt layer. If we
have obtained a set of structural parameters as the result of a back-calculation and we repeat the
process but with different assumptions, we will obtain a different set of structural parameters. If
we use both sets in a multilayer program to calculate the strain under any axle, both will give
more or less the same strain; it is a very useful property when we have to look at that magnitude,
as happens in this thesis. The solution for a back-calculation is a set of elastic moduli of the
layers, obtained in order to fit the measured deflections. The errors in that fit are usually very
small, less than 2% most of the time (although in this case, for Cells 16 and 19 the error reaches
5%). All of the different possible solutions (depending on the assumptions: error function,
Poisson ratios, rigid layer etc.) will give very similar deflections. The strain at the bottom of the
asphalt layer is directly related to the radius of curvature and curvature is directly related to
deflections. So, if all of the different solutions for the back-calculation process give more or less
the same deflections, then, they will give, more or less, the same strain at the bottom of the
asphalt layer'.

! Example: An example can be shown using one of the sections included in this thesis.
We will consider the Cell 30 and one of the FWD drops:
- Measured Load: 42058 N
- Measured Deflections: 0.702 /0.600/0.519/0.407/0.311/0.177 mm
at radial distances: ~ 0/203/305/457/610/914 mm

Now the back-calculation will be performed under two different assumptions ~ with and without including
a stiff layer:

- Model 1: Including a Rigid Layer (model used in this thesis).
- Model 2: Not including a Rigid Layer.
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Chapter IV.- TEST RESULTS AND ANALYSIS

The results obtained are very different. As no rigid layer is included in the Model 2, the value obtained for
the modulus of the subgrade is very high. The differences between both models can be observed in the

figure below:

Model 1 Model 2
(with Rigid Layer) (without Rigid Layer)
Asphalt layer E =4093 MPa Asphalt layer E =4757 MPa
13 mmI (AC 120/150) v=035 133mm ¢ 1a050) v=0235
Base layer E=63.6 MPa Base layer E =21.5 MPa
305mm 1.3 Sp. v=04 305mm 013 sp. v=04
Subgrade E =40.9 MPa Subgrade E =95.1 MPa
R=12) v=04 R=12) v=04
1700 mm|
Rigid layer

Both models are very different, although it is clear that both would give more or less the same deflection
bowl under a FWD load, because the moduli of the layers have been obtained under that purpose. If we
consider now a different type of load, a dual wheel, and if we look at the strains at the bottom of the asphalt
layer, we can see that both models are almost equivalent:

Tandem axle
(34 kips)

asphalt layer

00 (mm)

— Model 1
- - - Model 2

Longitudinal Strain (pe)

300 —

Even though both models are very different, they are equivalent with respect to strains at the bottom of the
asphalt layer, and the lower the error in the back-calculation deflection fitting, the more similar the strains
for both solutions would be.
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Chapter IV.- TEST RESULTS AND ANALYSIS

IV.1.5. Comments on laboratory and FWD back-calculated asphalt modulus

The results of the resilient and dynamic modulus test are included in the following figures for the
laboratory specimens'. The differences between different types of tests are due to the test itself:
the type of load applied (pulse load or cyclic), the load frequency or duration, the way the load is
applied (axial or diametrical), the size of the specimen, the way strain is measured, etc.

Cell 16
Laboratory specimens

15000

10000 -

(MPa)

5000

Asphalt modulus

‘\‘\'&
-25 0 25 50
Temperature (°C)

0

—e— Resilient Modulus 0.1 s /1 Hz
—— Resilient Modulus 1.0 s /0.033 Hz
---e--- Dynamic Modulus 1 Hz

---e--- Dynamic Modulus 0.1 Hz

Cell19
Laboratory specimens

15000

10000 -

(MPa)

5000

Asphalt modulus

50

Temperature (°C)

—e— Resilient Modulus 0.1 s /1 Hz
—— Resilient Modulus 1.0 s /0.033 Hz
---e--- Dynamic Modulus 1 Hz

---e--- Dynamic Modulus 0.1 Hz

Figure IV.10.- Laboratory asphalt modulus
~ different tests ~ Cell 16

Figure IV.11.- Laboratory asphalt modulus
~ different tests ~ Cell 19

Cell 26
Laboratory specimens

10000
8000 - .o
6000 | A
4000
2000 -

0

(MPa)

Asphalt modulus

-25 0 25 50
Temperature (°C)

—e— Resilient Modulus 0.1 s /1 Hz
—— Resilient Modulus 1.0 s /0.033 Hz
---e--- Dynamic Modulus 1 Hz

---e--- Dynamic Modulus 0.1 Hz

Cell 30
Laboratory specimens

10000
8000 -
6000 -
4000
2000 ~

0

Asphalt modulus
(MPa)

-25 0 25 50

Temperature (°C)

—e— Resilient Modulus 0.1 s /1 Hz
—e— Resilient Modulus 1.0 s /0.033 Hz
---o--- Dynamic Modulus 1 Hz

---e--- Dynamic Modulus 0.1 Hz

Figure IV.12.- Laboratory asphalt modulus
~ different tests ~ Cell 26

Figure IV.13.- Laboratory asphalt modulus
~ different tests ~ Cell 30

' The data for the figures in this section are included in the Chapter II.-“EXPERIMENTAL DESIGN”.
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When looking at each type of test (resilient or dynamic modulus) independently, it can be
observed that there is a clear influence of the load frequency; high frequency loads are associated
with higher moduli, as was expected from a viscoelastic material.

There are also differences between the two types of tests. In the resilient modulus test, a pulse
load is applied followed by a resting period; in the dynamic modulus test a cyclic sinusoidal load
is applied. Both types of loads have very different functions of time, and due to the viscosity
behavior, different results are expected. Apart from the fact that both loads are different, there are
other differences, like different specimen size and different load application (axial / diametrical).

The elastic modulus of the asphalt must be related then to a particular frequency or type of load.
According to this, the equivalent or apparent modulus when a vehicle load is applied should
depend on the speed.

On the other hand, the properties of the asphalt will change due to the construction process and
with time. In the following graphs, samples from different origins are compared:

- Laboratory prepared samples.
- Behind the paver material samples.

- Cores.
Cell 16 Cell 19
. 20000 . 15000
© ©
< :
& 15000 + e
E 5 10000 -
g E]
S 10000 - 3
£ £
= = 5000 -
8 5000 s
-3 -3
< <
0 T T 0 T
25 0 25 50 -25 0 25 50
Temperature (°C) Temperature (°C)
—— Resilient Modulus 0.1 s/ 1 Hz~ Lab. Specimens —— Resilient Modulus 0.1 s/ 1 Hz~ Lab. Specimens
—+— Resilient Modulus 0.1 s / 1 Hz~ Behind Paver —— Resilient Modulus 0.1 s / 1 Hz~ Behind Paver
- -~ -Resilient Modulus 0.1 s/ 1 Hz~ Cores - -- -Resilient Modulus 0.1 s/ 1 Hz~ Cores

Figure IV.14.- Laboratory asphalt modulus Figure IV.15.- Laboratory asphalt modulus
~ different origins ~ Cell 16 ~ different origins ~ Cell 19
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Cell 26

Asphalt modulus (MPa)

Temperature (°C)

—e— Resilient Modulus 0.1 s / 1 Hz~ Lab. Specimens
—— Resilient Modulus 0.1 s / 1 Hz~ Behind Paver
- -»- -Resilient Modulus 0.1 s / 1 Hz~ Cores

Cell 30

Asphalt modulus (MPa)
(o]
o
o
o

Temperature (°C)

—e— Resilient Modulus 0.1 s / 1 Hz ~ Lab. Specimens
—— Resilient Modulus 0.1 s / 1 Hz ~ Behind Paver

- -a- -Resilient Modulus 0.1 s / 1 Hz~ Cores

Figure IV.16.- Laboratory asphalt modulus

Figure IV.17.- Laboratory asphalt modulus

~ different origins ~ Cell 26 ~ different origins ~ Cell 30

The behind the paver samples were prepared from the asphalt mix taken from the paver hopper,
prior to the placement and compaction of the material in the field. The composition of this
material, as well as the compaction, can be different from the laboratory prepared samples. The
cores are taken from the road, once it has been finished. Different moduli can be obtained
depending on the origin, due to the difference in composition as well as in compaction (or the
extraction process in the cores). The comparison gives different results in the main line than in
the low volume cells:

- Main line cells (16 and 19): The results from the different origins are similar to each other.
- Low volume (26 and 30): There are significant differences between the different origins. The
material obtained behind the paver gave higher moduli than the other cases. The difference

was more significant for low temperatures.

The comparison of the FWD back-calculated moduli and the laboratory results can be seen in the
following figures.

Cell 16
Laboratory specimens

Cell 19
Laboratory specimens

15000 15000
13000 1 13000 1
& 11000 - & 11000
£ 9000 . £ 9000 N .
§ 7000 SN § 7000 \
& 5000 & 5000 o
S 3000 - N S 3000 -
¥ 4000 | % 4000 |

-1000 : : -1000 ; i

25 0 25 50 25 0 25 50

Temperature (°C)

—e— Resilient Modulus 0.1 s/ 1 Hz
—e— Resilient Modulus 1.0 s / 0.033 Hz
—FWD

Temperature (°C)

—e— Resilient Modulus 0.1 s/ 1 Hz
—e— Resilient Modulus 1.0 s / 0.033 Hz
—FWD

Figure IV.18.- Laboratory versus FWD
asphalt modulus ~ Cell 16

Figure IV.19.- Laboratory versus FWD
asphalt modulus ~ Cell 19
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Cell 26 Cell 30
Laboratory specimens Laboratory specimens
14000 < 12000
;_c? 12000 - E 10000 4
s 12888 = 8000 -
% 6000 4 _g 6000 -
@ 4000 @ 4000 -
w2000 Wi 2000
0 0 T T
-25 50 -25 0 25 50
Temperature (°C) Temperature (°C)
—e— Resilient Modulus 0.1 s/ 1 Hz —e— Resilient Modulus 0.1 s/ 1 Hz
—e— Resilient Modulus 1.0 s / 0.033 Hz —e— Resilient Modulus 1.0 s / 0.033 Hz
—FWD —FWD
Figure IV.20.- Laboratory versus FWD Figure IV.21.- Laboratory versus FWD
asphalt modulus ~ Cell 26 asphalt modulus ~ Cell 30

It was shown that there are very important differences for different sample origins or different test
methods or frequency of the load. On the other hand, the properties of the asphalt mix at the time
of the FWD tests (spring 99, five years after the construction) may be very different from the
properties at the beginning.

So, this comparison is not a straight comparison, although general conclusions or differences
between different sections can give some information.

For Cells 16 and 19 the FWD modulus is of the same order as the resilient modulus for the
highest frequency. For Cells 26 and 30 the FWD modulus is higher, especially for Cell 26.

The load pulse applied by the FWD device has a significant content of high frequencies, so it
should not be strange that the value obtained is more in accordance with high frequency
laboratory tests rather than low frequencies.

In Cells 26 and 30, the modulus obtained for samples prepared with material behind the paver is
much higher than for laboratory samples. FWD values are also much higher than the values
obtained for laboratory prepared samples. Differences between laboratory prepared material and
the actual mix used in these cells could be one of the factors contributing to this difference.
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IV.3. ANALYSIS OF THE STRUCTURAL RESPONSE

The data collected in the field were processed in a way that allows the comparison of different
runs to each other, and the study of the effects of the different factors influencing the pavement
response (temperature, offset, speed...).

The peak strain directly under the center of a wheel was estimated for the steering, drive and
trailer axles in each run. The equivalent or apparent modulus of the asphalt layer was determined
by fitting this maximum strain'.

The comparison of peak strains and the “apparent asphalt modulus” facilitates the understanding
of the effects of the different factors on the pavement structural response.

Note that most of the following graphs are plots of certain magnitudes (i.e., strain or elastic
modulus) versus asphalt temperature. The different runs were performed at different
temperatures, so we cannot compare them directly.

IV.3.1. Load level effects
Introduction

The objective of this section is to study non-linear effects in the pavement response. In a linear
system, the relation between force and strain is linear.

Soils are non-linear systems, usually increasing in stiffness for high confinement levels and low
shear stresses. Non-linearity could also be expected from the asphalt layer.

In the FWD back-calculation analysis, no non-linear effect was observed: deflections were
directly proportional to load level, and the back-calculated modulus values for the asphalt and for
the soils were almost constant for the different load levels. According to this result, we could
expect to find the same linearity when real vehicle loads are applied.

Description of graphs

Only tandem axles are considered in this analysis because, for this particular type of axle, there
was a wide range of load levels (from 24 to 46 kips approx.). The range of loads for the single
axle was very narrow (from 11 to 13 kips), so it was not appropriate to use these data to describe
load level effects. The tridem axle was not considered because there was not much data available
for this axle type.

The three load levels considered for the tandem axle are:
- 24 kips

- 34 kips
- 46 kips

" The FWD asphalt modulus was readjusted in order to fit the maximum strain measured right below the
center of a wheel, as was described in the previous section IV.2.3. “Asphalt modulus readjustment”.
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All of the runs considered in this analysis were performed at the same speed (30 mph) and with
the same tire pressure (110 psi).

Two types of graphs are included below:
1.- Effect of load level on the measured strain.

The measured strain is divided by the actual axle load in order to compare the different
load levels to each other. If the system is linear the response should be proportional to the
load. In that case, if the strain is divided by the actual load, the same result should be
obtained for the different load levels.

2.- Effect of load level on the “apparent asphalt modulus™.

When the load is increased, the contact area between wheel and pavement is also
increased; the contact pressure is kept constant. Therefore it is not exactly appropriate to
compare strains divided by load. In a linear system, the ratio strain/load is constant only
if the contact area is also constant. That is why the “apparent asphalt modulus” is used; in
an ideal linear system, this value should be independent of the load level. If there were
non-linearity coming from the soils, then the “apparent asphalt modulus” would not be
realistic, because it would include not only the change in asphalt modulus, but also in soil
modulus. But if this ratio does not change with the load level, we could conclude that
non-linear effects are not present in the asphalt or in the soils.

See figures IV.30 through IV .41.

Discussion of results

- The strain/load values as well as the “apparent asphalt modulus” do not change significantly
with the load level. The same absence of any load-related pattern can be observed in all of the
cells considered in this thesis. The system is clearly linear.

- This result is in accordance with what we expected based on the results of the FWD back-
calculation study'.

" The deflections measured in the FWD tests were almost linear with respect to the load and the back-
calculated elastic modulus was almost constant for the different stress levels applied.
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Cell 16 Load Level All of the runs such that:
. p =110 psi
(Transverse Strain) (Tandem axle) v =30 mph
3.5
3.0 . ;
295 opm
=
= o m o 24 kips
220 | ip
m 34 kips
g M A 46 Kips
915 X FWD
®
X 1.0
11}
0.5 A
00 T T T
0.0 5.0 10.0 15.0 20.0 25.0
Temperature (°C)
Figure IV.30.- Load level effect on transverse strain ~ Cell 16 ~ Tandem axle
Cell 16 Load Level All of the runs such that:
(Transverse Strain) p = 110 psi
(Tandem axle) v = 30 mph
6000
5000
"“\ \
Q. 4000 °
= . \ * 24 kips
([ ] .
= ° m 34 kips
5 3000 ﬂ ° 4 46 kips
% < » X FWD
@ 2000 - A
11}
1000 +
0 T T
0.0 5.0 10.0 15.0 20.0

Temperature (°C)

Figure IV.31.- Load level effect on transverse strain ~ Cell 16 ~ Tandem axle
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Cell 19 Load Level All of the runs such that:
Transverse Strain p=110psi
( ) (Tandem axle) v = 30 mph
4.5
4.0 °
3.5 s 1
_— [}
Q °
E 3.0
8 - ® 24 Kips
=25 - ° .
m 34 kips
s 0 A 46 Kips
9~ — X FWD
K15
X1
w
1.0
0.5
0.0 T T T
0.0 5.0 10.0 15.0 20.0 25.0
Temperature (°C)
Figure IV.32.- Load level effect on transverse strain ~ Cell 19 ~ Tandem axle
Cell 19 Load Level All of the runs such that:
. p =110 psi
(Transverse Strain) (Tandem axle) v = 30 mph
6000
5000 \\
& 4000
E ° ® 24 kips
= [ ] m 34 kips
g 3000 A 46 kips
o ¢ X FWD
® 2000 - ¢
w To
1000 +
0 T T T
0.0 5.0 10.0 15.0 20.0 25.0
Temperature (°C)

Figure IV.33.- Load level effect on transverse strain ~ Cell 19 ~ Tandem axle
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Cell 26 Load Level All of the runs such that:
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Figure IV.34.- Load level effect on transverse strain ~ Cell 26 ~ Tandem axle
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(Transverse Strain) p =110 psi
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Figure IV.35.- Load level effect on transverse strain ~ Cell 26 ~ Tandem axle
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Cell 26 Load Level All of the runs such that;
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Figure IV.36.- Load level effect on longitudinal strain ~ Cell 26 ~ Tandem axle
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Figure IV.37.- Load level effect on longitudinal strain ~ Cell 26 ~ Tandem axle
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Cell 30 Load Level All of the runs such that:
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Figure IV.38.- Load level effect on transverse strain ~ Cell 30 ~ Tandem axle
Cell 30 Load Level All of the runs such that:
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Figure IV.39.- Load level effect on transverse strain ~ Cell 30 ~ Tandem axle
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Cell 30 Load Level Al of the runs such that:
(Longitudinal Strain) (Tandem axle) p = 110 psi
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Figure IV.40.- Load level effect on longitudinal strain ~ Cell 30 ~ Tandem axle

Cell 30 Load Level All of the runs such that:
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v =30 mph
12000
u
10000 i -
©
o 8000 -
?, e 24 kips
= | m 34 kips
E 6000 A 46 kips
1 x FWD
® 4000 -
w
2000 -
O T T T T
0.0 5.0 10.0 15.0 20.0 25.0
Temperature (°C)

Figure IV.41.- Load level effect on longitudinal strain ~ Cell 30 ~ Tandem axle
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IV.3.2. Longitudinal strain versus transverse strain

Introduction

In the typical multilayer linear elastic calculation, the strain right under the center of a single
wheel is the same in the longitudinal and transverse directions.

Single wheel Longitudinal & Transverse
Strain
250
Elastic system
200 long. strain = transv. strain
— 150 A
W
2
£ 100 <
©
& v
7 50 \
1
1
0 1]
-50 : : : : : ‘
-2000 -1500 -1000 -500 0 500 1000 1500 2000
Y ~ Longitudinal position (mm)
‘— Exx ~ transverse strain = = Eyy ~ longitudinal strain ‘

Figure IV.42.- Longitudinal versus transverse strain in an elastic system

In a viscoelastic system, the strain is not necessarily the same in both longitudinal and transverse
directions under a moving single wheel, even if the contact area is circular. Figure IV.42 shows
that the transverse strain is acting with the same sign (tension) for longer time than the
longitudinal strain, giving more time for the viscous effects to develop. The transverse strain can
be interpreted as the result of a low frequency load while the longitudinal strain can be interpreted
as the result of a load with higher frequency.

If we are considering a viscoelastic system, it is expected that the longitudinal strain under a
single axle will be lower than the transverse strain. When considering dual wheels, it is expected
that the “apparent asphalt modulus” will also be higher for the longitudinal strain rather than for
the transverse strain.

An example of the longitudinal and transverse strains developed under a single wheel in a
viscoelastic system is included in the following figure.
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Longitudinal & Transverse

Singel wheel Strain Viscoelastic asphalt
Elastic base and subgrade
140
120 Asphalt properties: ViscoeIaLtic systlem
Elastic bulk modulus: - long. strain < transv. strain
100 +-  k = 5000 MPa /n 5 \
LI 1
— 1
£ 80 7 Viscoelastic shear modulus: —
= Burger model: 1
£ 601 - GO = 1500 MPa o
© -G1=1000 MPa ) Y
- -+ -
n Y (T1=0.05s) J \
20 1 N i
] Y
. A}
0- 1 A
:" \‘
-20 ‘ ‘ m== ‘ ‘
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Y ~ Longitudinal position (mm)

‘— Exx ~ transverse strain = = *Eyy ~ longitudinal strain ‘

Figure IV.43.- Longitudinal versus transverse strain in a visco-elastic system

Differences between longitudinal and transverse strains could also be due to the shape of the

wheel-pavement contact area (different from a circle) as well as non-uniform distribution of
pressure.

Differences between measured longitudinal and transverse strains can be also due to variability in
the pavement properties; longitudinal and transverse strain sensors are placed 5 ft apart in Cell 26
and 7 ft apart in Cell 30, and the thickness and stiffness of the asphalt could be different.

Description of graphs

In Cells 16 and 19, longitudinal strain sensors were not available, so we cannot use these cells in
order to do the comparison.

For Cell 30 there is not enough data for the single axle, so only the tandem axle is considered.

All of the runs have been considered for this purpose. We are comparing longitudinal versus

transverse strains for each run. We are not interested in comparing different runs to each other at
this time.

Two types of graphs are included next:
1.- For single axles (single wheel). Longitudinal strain versus transverse strain.
For single axles we can compare longitudinal and transverse strains directly. Both should

be the same if the viscous effects are not important (apart from the shape of the contact
area). In these graphs, the longitudinal strain under the single axle is plotted versus the
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corresponding transverse strain for the same run. Each point in the graph represents one
run.

2.- For tandem axles (dual wheel). Longitudinal versus transverse “apparent asphalt modulus”.

For a dual wheel, the comparison of longitudinal and transverse strains cannot be done in
a direct way, because even for an elastic system, the longitudinal and transverse strains
are different under the center of a dual wheel. The “apparent asphalt modulus” is used in
the comparison. In these graphs, the equivalent or apparent asphalt modulus for the
longitudinal strain under the tandem axle is plotted versus the corresponding value for the
transverse strain for the same run. Each point in the graph represents one run.

See figures 1V.44 through IV .47.

Discussion of results

- There seem to be certain viscoelastic effects in Cell 26. Under the single axle, longitudinal
strains are smaller than transverse strains, and under the tandem axle, the “apparent asphalt
modulus” is higher for the longitudinal strain.

- In Cell 30 there are only data available for the tandem axle. The apparent asphalt modulus is
higher for the longitudinal strain. This fact is in accordance with what we could expect from a
viscoelastic system, but the difference seems to be too high'.

- It can be concluded that there seem to be viscous effects when comparing longitudinal and
transverse strains, although it is not possible to be sure whether these differences come from
real viscous behavior or from another source (i.e., variability of the pavement material
properties). The fact that viscous behavior has been observed in the laboratory test (as well as
in the speed effects) makes it reasonable to think that the differences between longitudinal
and transverse strains could be due to actual viscoelastic properties of the asphalt mix.

' The “apparent asphalt modulus” values obtained for the longitudinal strain in the Cell 30 were, in general,
very high, reaching unrealistic values (like more than 10,000 MPa for temperatures around 15 °C). In
addition, the scattering in the values obtained was very high when compared to the rest of the
measurements.
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Eyy ~ longitudinal strain (ug)

Cell 26 Longitudinal & Transverse All of the runs
(Single axle)
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500 | .
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300 | ¢
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Exx ~ transverse strain (Jg)

Figure IV.44.- Longitudinal versus transverse strain ~ Cell 26 ~ Single axle

E-asphalt (MPa)
(from longitudinal strain)
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(Tandem axle)
10000
9000 -
8000 -
.
7000 -| . o
*
6000 - . .
5000 -
4000 -
X3
3000 .
2000 - .
*
1000 -
O T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
E-asphalt (MPa)
(from transverse strain)

Figure IV.45.- Longitudinal versus transverse strain ~ Cell 26 ~ Tandem axle
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Cell 30

600

Longitudinal & Transverse

) All of the runs
(Single axle)

500 -

400 -

300 ~

200 A

100

Eyy ~ longitudinal strain (ug)

100 200 300 400 500 600
Exx ~ transverse strain (ug)

Figure 1V.46.- Longitudinal versus transverse strain ~ Cell 30 ~ Single axle

Cell 30

12000
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Figure IV.47.- Longitudinal versus transverse strain ~ Cell 30 ~ Tandem axle
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IV.3.3. Axle type effects.
Introduction

The objective of this section is to study whether the pavement responds differently for different
types of axles (single, tandem or tridem). The measured strains cannot be compared in a direct
way because load levels and number of wheels are different in each case; we cannot extract
conclusions by simply comparing the strain measured under a 12 kips single axle and a 34 kips
tandem axle, for example.

In order to establish whether the pavement response is different for different kinds of axles, the
“apparent asphalt modulus” was used. The objective now is to see whether the response to single,
tandem or tridem axles can be reproduced by the same set of structural parameters in the
multilayer linear elastic model.

It was observed previously (section IV.3.1. “Load level effects”) that the response of the
pavements considered in this thesis seems to be linear. Different axle types mean different
number of wheels and different load levels per wheel. If the system is linear, it is expected that
the pavement responds in the same way for different axle types.

Description of graphs

The “apparent asphalt modulus” has been used in order to compare the response of the pavement
against a single, tandem or tridem axle.

Two types of graphs are included:

1.- Plot of “apparent asphalt modulus” versus temperature.
Single, tandem and tridem axles are included in this plot. In order not to add another
source of variability, only runs performed at 30 mph speed and 110 psi tire pressure are
included.

2.- Comparison of single versus tandem axles for all of the runs.
In these figure, we compare the response to single axles versus the response to tandem
axles. We are not interested in the general tendency with temperature or in comparing
different runs to each other. In this plot, the apparent asphalt modulus for the single axle
is plotted against the corresponding value for the tandem axle in the same run. Each point

in the plot represents one run.

See figures IV.50 through IV.61.

Discussion of results

- For Cell 19 and Cell 26 (both longitudinal and transverse strain), there do not seem to be any
differences between the response against single, tandem or tridem axles.
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For the transverse strain in the Cell 16, the apparent asphalt modulus seems to be higher for
the single axle than for the tandem and tridem axles. In this cell, and for the single axle, there
was not good agreement between model and measured values for the different offsets (see
figures 1V.48 and 1V.49). The readjusted or apparent asphalt modulus is realistic if the model
reproduces adequately the strains for the different offsets. Therefore, the difference observed
in this particular case between single axles when compared to tandem or tridem axles may be
due to an unrealistic “apparent asphalt modulus” rather than to actual differences between the
axles.

Cell16 / Run 3 Single axle (Transverse Strain)
120 v = 30 mph
100 -
80
60 B Sensor TE1
£ ¢ Sensor TE2
L A Sensor TE3
£ —FWD
201 - - - Fit
0 4
-20
N
-40 ‘ T T T ‘ ‘ ‘
-800  -600 -400  -200 0 200 400 600 800
Offset ~ transverse postion (mm)

Figure 1V.48.- Transverse strain versus offset ~ Cell 16 ~ Run 3 ~ Single axle

Cell16 / Run 4 Single axle (Transverse Strain)

120

v =5 mph

100

80

60 | ® Sensor TE1
£ ¢ Sensor TE2
g 40 - A Sensor TE3
8 — FWD

20 - - - Fit

O i
-20
-40 ‘ ; ; ; ; ; ;

-800 600  -400  -200 0 200 400 600 800
Offset ~ transverse postion (mm)

Figure IV.49.- Transverse strain versus offset ~ Cell 16 ~ Run 4 ~ Single axle
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For Cell 30 and transverse strain there are not enough data to draw conclusions. For the
longitudinal strain the differences between single, tandem and tridem axles are significant. It
was pointed out before that, when considering longitudinal strains in this cell, the values
obtained for the “apparent asphalt modulus™ reached unrealistic values (like more than 10,000
MPa for temperatures around 15 °C). In addition, the scattering in the values obtained was
very high when compared to the rest of the measurements. Therefore, the difference observed
in this particular case between different types of axles may be also due to unrealistic
“apparent asphalt modulus” values.

As a final conclusion we can say that there does not seem to be a significant difference in the
response of the pavement against different type of axles. Consequently, the same set of
parameters could be used in the multilayer linear elastic model to reproduce the response of
the pavement against single, tandem and tridem axles.

This result is in accordance with the linear behavior observed in the FWD back-calculation as
well as in the study of the effects of the load level (section IV.3.1. “Load level effects”).
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Cell 16 . Axle type All of the runs such that:
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Figure IV.50.- Axle type effect on transverse strain ~ Cell 16
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Figure VI.51.- Axle type effect on transverse strain ~ Cell 16 ~ Single versus Tandem axles
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Figure IV.52.- Axle type effect on transverse strain ~ Cell 19
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Figure VI.53.- Axle type effect on transverse strain ~ Cell 19 ~ Single versus Tandem axles
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Figure IV.54.- Axle type effect on transverse strain ~ Cell 26

Cell 26 Axle type

(Transverse Strain) (Tandem & Single)

10000

9000 -
8000

7000 +
6000 -

5000 -

4000

3000 -
2000

E-asphalt (MPa) (Single)

1000

0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
E-asphalt (MPa) (Tandem)

Figure VI.55.- Axle type effect on transverse strain ~ Cell 26 ~ Single versus Tandem axles
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Figure IV.56.- Axle type effect on longitudinal strain ~ Cell 26
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Figure VI.57.- Axle type effect on longitudinal strain ~ Cell 26 ~ Single versus Tandem axles
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Figure IV.58.- Axle type effect on transverse strain ~ Cell 30
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Figure VI.59.- Axle type effect on transverse strain ~ Cell 30 ~ Single versus Tandem axles
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Cell 30 Axle type All of the runs such that:

(Longitudinal Strain)  (Single & Tandem & Tridem) 5:;32”‘;?:

16000
14000 -
12000 - A

[ ]
10000 - ] e Tridem

m Tandem
A Single
X FWD

-asphalt (MPa

0 T T T
0.0 5.0 10.0 15.0 20.0 25.0

Temperature (°C)

Figure IV.60.- Axle type effect on longitudinal strain ~ Cell 30
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Figure VI.61.- Axle type effect on longitudinal strain ~ Cell 30 ~ Single versus Tandem axles
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IV.3.4. Speed effects

Introduction

The apparent stiffness of a viscous material depends on the frequency of the load. High frequency
loads do not allow time for viscous deformations to develop and consequently the material seems
to respond in a stiff way. Low frequency loads would result in the opposite: as viscous effects
occur, the deformation is relatively high and the material seems to respond in a soft way.

Viscous effects were apparent in the laboratory testing of the asphalt mix; the resilient and
dynamic moduli of the mix were significantly higher for higher frequencies. Viscosity effects also

can come from the soils. So, it could be expected to see differences between the pavement
response for different vehicle speeds.

Description of graphs

Most of the runs were performed at 30 mph, but several runs were done at different speeds in
order to see the effects.

On the main line, two different alternative speeds were used: 5 and 60 mph. On the low volume
loop, 5 and 15 mph were chosen.

The range of velocities considered is:

- Main line: 5/30 /60 mph
- Low volume loop: 5/15/30 mph

All of the runs considered in the following graphs were performed at the same tire pressure (110
psi).

Three types of graphs are included:
1.- Effect of speed for single axle.

The normalized strain measured under the single axle is included for the three speed
levels (5/30/60 mph in the main line and 5/15/30 mph in the low volume loop).

In the section IV.3.1. “Load level effects”, only 30 mph runs were considered. It was
shown that the normalized strain values (strain/load) were more or less constant for the
different load levels. Now we are including in the plot runs for different speeds in order
to see if there is any significant change.

2.- Effect of speed for tandem axle.

These graphs are basically the same as the earlier graphs. The only difference is that now
tandem axles are considered instead of single axles.
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3.- Effect of speed on the “apparent asphalt modulus”.

Now the “apparent asphalt modulus” is plotted for the different vehicle speeds. In the
plots, single, tandem and tridem axles are included. This will give us an idea of the
change of the asphalt’s apparent stiffness when the speed of the vehicle changes.

Single axle was not included for some of the cells, either because there were not enough
data or because there were differences between the response against this axle and the
tandem axle. Now we are looking only at the effects of the speed, and it is not worth it to
include another source of variability.

See figures 1V.62 through I'V.80.

Discussion of results

- There is a clear influence of the speed on the response of the pavement. The strains increase
significantly for low speeds. This pattern is clear for all of the cells for both longitudinal and
transverse strains.

- The results obtained are in accordance with the viscosity effects observed in the laboratory
testing for the asphalt mix.

- The “apparent asphalt modulus™ decreases significantly as the speed decreases. But viscous
effects could also come from the soils, so it may be that we are slightly overestimating the
real change in asphalt modulus because we are including in it also the change in the modulus
of the layers underneath.
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Figure IV.62.- Speed effect on transverse strain ~ Cell 16 ~ Single axle
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Figure IV.63.- Speed effect on transverse strain ~ Cell 16 ~ Tandem axle
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Figure IV.64.- Speed effect on transverse strain ~ Cell 16 ~ Tandem & Tridem axles
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Figure IV.65.- Speed effect on transverse strain ~ Cell 19 ~ Single axle
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Figure IV.66.- Speed effect on transverse strain ~ Cell 19 ~ Tandem axle
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Figure IV.67.- Speed effect on transverse strain ~ Cell 19 ~ Single & Tandem & Tridem axles
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Figure IV.68.- Speed effect on transverse strain ~ Cell 26 ~ Single axle
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Figure IV.69.- Speed effect on transverse strain ~ Cell 26 ~ Tandem axle
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Figure IV.70.- Speed effect on transverse strain ~ Cell 26 ~ Tandem axle
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Figure IV.71.- Speed effect on transverse strain ~ Cell 26 ~ Single & Tandem & Tridem axles
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Figure IV.72.- Speed effect on longitudinal strain ~ Cell 26 ~ Single axle
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Figure IV.73.- Speed effect on longitudinal strain ~ Cell 26 ~ Tandem axle
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Figure IV.74.- Speed effect on longitudinal strain ~ Cell 26 ~ Single & Tandem & Tridem axles
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Figure IV.75.- Speed effect on transverse strain ~ Cell 30 ~ Single axle
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Figure IV.76.- Speed effect on transverse strain ~ Cell 30 ~ Tandem axle
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Figure IV.77.- Speed effect on transverse strain ~ Cell 30 ~ Tandem axle
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Figure IV.78.- Speed effect on longitudinal strain ~ Cell 30 ~ Single axle
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Figure IV.79.- Speed effect on longitudinal strain ~ Cell 30 ~ Tandem axle

IV-65



Chapter IV.- TEST RESULTS AND ANALYSIS
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Figure IV.80.- Speed effect on longitudinal strain ~ Cell 30 ~ Tandem axle
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IV.3.5. Tire pressure effects

Introduction

The typical assumption in the pavement structural field is that the contact between the wheel and
the pavement is a circular area and the contact pressure is constant and equal to the air pressure
inside the tire.

The objective of this section is to determine how the strains change when the tire pressure is
changed. The ultimate goal is to determine whether the typical assumptions made in the pavement
field (circular area & uniform pressure = air pressure) can reproduce the change in strains when
the tire pressure is changed.

Description of graphs

Most of the runs were performed with a tire pressure of 110 psi. In order to study the effect of this
factor, different runs were performed for 90 and 130 psi.

The levels for the tire pressure were: 90 / 110 / 130 psi.

All of the runs included in the following graphs were carried out at the same speed (30 mph).
Three types of graphs are included:

1.- Effect of tire pressure for single axle.

The normalized strain measured under the single axle is included for the three tire
pressure levels (90 / 110 / 130 psi).

In the section I1V.3.1. “Load level effects”, only 110 psi runs were considered. The
normalized strain values (strain/load) were more or less constant for the different load
levels. Now we are including in the plot runs for different tire pressure in order to see if
there is any significant change.

2.- Effect of tire pressure for tandem axle.

These graphs are basically the same as the earlier graphs. The only difference is that now
tandem axles are considered instead of single axles.

3.- Effect of tire pressure on the “apparent asphalt modulus”.
Now the equivalent or apparent asphalt modulus values are plotted for the different levels
of tire pressure. In the plots, single, tandem and tridem axles are included. This “apparent
asphalt modulus” should be constant for the different tire pressure levels if the

assumptions of circular load and constant pressure were appropriated.

Single axles were not included for some of the cells, either because there were not
enough data or because there were differences between the response to this axle and the
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tandem axle. Now we are looking only at the effects of the tire pressure, and it is not
worth it to include another source of variability.

One of the main problems when looking at the tire pressure effects is that the changes in the
strains are not expected to be high for changes in tire pressure 90 to 130 psi. The scattering in the
data is high, and consequently we can only detect changes when the magnitude of those changes
is big in comparison with the scattering. This makes it difficult to establish conclusions about the
tire pressure effects.

See figures IV.81 through IV.99.

Discussion of results

- The same behavior can be observed clearly in all of the cases: there is not a significant
change in strains when the tire pressure is changed and the “apparent asphalt modulus” does
not change significantly for the different tire pressure levels.

- The fact that the apparent asphalt modulus does not change with the tire pressure level seems
to indicate that the changes due to tire pressure can be reproduced by the typical assumption
made in the pavement field: circular area with uniform pressure equal to the air pressure
inside the tire. But the fact that there is not a significant change in the strains could be also
interpreted to mean that the contact area did not change significantly when the tire pressure
changed.

- This study has been performed for 30-mph vehicle speed. It may be that the effect of tire
pressure would have been more pronounced at lower vehicle speeds.

- The fact that strain variation due to the changes in the tire pressure is not large (as expected)
makes it difficult to establish conclusions.

There is no evidence in the data to conclude that the typical assumptions concerning
contact area fail to reproduce the observed behavior.

But at the same time we have not been able to prove that those assumptions are
accurate.
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Figure I'V.81.- Tire pressure effect on transverse strain ~ Cell 16 ~ Single axle
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Figure IV.82.- Tire pressure effect on transverse strain ~ Cell 16 ~ Tandem axle
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Figure IV.83.- Tire pressure effect on transverse strain ~ Cell 16 ~ Tandem & Tridem axles
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Figure IV.84.- Tire pressure effect on transverse strain ~ Cell 19 ~ Single axle
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Figure IV.85.- Tire pressure effect on transverse strain ~ Cell 19 ~ Tandem axle
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Figure IV.86.- Tire pressure effect on transverse strain ~ Cell 19 ~ Single & Tandem & Tridem axles
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Figure IV.87.- Tire pressure effect on transverse strain ~ Cell 16 ~ Tandem axle
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Figure IV.88.- Tire pressure effect on transverse strain ~ Cell 26 ~ Tandem axle
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Figure IV.89.- Tire pressure effect on transverse strain ~ Cell 26 ~ Tandem axle
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Figure IV.90.- Tire pressure effect on transverse strain ~ Cell 26 ~ Single & Tandem & Tridem axles
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Figure IV.91.- Tire pressure effect on longitudinal strain ~ Cell 26 ~ Single axle
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Figure IV.92.- Tire pressure effect on longitudinal strain ~ Cell 26 ~ Tandem axle
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Figure IV.93.- Tire pressure effect on longitudinal strain ~ Cell 26 ~ Single & Tandem & Tridem
axles
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Figure IV.94.- Tire pressure effect on transverse strain ~ Cell 30 ~ Single axle
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Figure IV.95.- Tire pressure effect on transverse strain ~ Cell 30 ~ Tandem axle
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Figure IV.96.- Tire pressure effect on transverse strain ~ Cell 30 ~ Tandem axle
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Figure IV.97.- Tire pressure effect on longitudinal strain ~ Cell 30 ~ Single axle
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Figure IV.98.- Tire pressure effect on longitudinal strain ~ Cell 30 ~ Tandem axle
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Figure IV.99.- Tire pressure effect on longitudinal strain ~ Cell 30 ~ Tandem axle
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IV.3.6. Comparison of “apparent asphalt modulus” and FWD back-calculated modulus
Introduction

The FWD back-calculated data are representative of the complete length of each test cell; five
points are tested and the value considered is the mean value of those five points. On the other
hand, the apparent modulus obtained by fitting the measured strain is representative of the area
where the sensors are placed.

The variability of the asphalt modulus is high, it can be observed when comparing the FWD
results from point to point or when looking at the variability of the laboratory results. It makes
difficult the comparison of FWD and “apparent asphalt modulus”. Differences between both
values can be attributed not only to differences between FWD and vehicle loads but also to
variability in the properties of the pavement.

The apparent asphalt modulus was found to change significantly with vehicle speed. The
comparison of those values with the FWD back-calculated modulus must be done for the different
vehicle speeds.

Description of graphs

Graphs included in the previous section “speed effects” must be considered now. See, in
particular, the figures:

- Figure IV.64.- Speed effect on transverse strain ~ Cell 16 ~ Tandem & Tridem axles

- Figure IV.67.- Speed effect on transverse strain ~ Cell 19 ~ Single & Tandem & Tridem axles

- Figure IV.71.- Speed effect on transverse strain ~ Cell 26 ~ Single & Tandem & Tridem axles

- Figure IV.74.- Speed effect on longitudinal strain ~ Cell 26 ~ Single & Tandem & Tridem axles
- Figure IV.77.- Speed effect on transverse strain ~ Cell 30 ~ Tandem axle

- Figure IV.80.- Speed effect on longitudinal strain ~ Cell 30 ~ Tandem axle

Discussion of results

- For Cell 16 and Cell 19, FWD values are close to the “apparent asphalt modulus” for 60 mph.

- For Cell 26 data from longitudinal and transverse strains are available. The apparent asphalt
modulus values for transverse strain at a speed of 30 mph are close to the FWD back-
calculated modulus. For the longitudinal strain, values a bit higher are obtained.

- For Cell 30, the apparent modulus for transverse strain at a speed of 30 mph was close to the

FWD back-calculated values. For the longitudinal strain the values obtained (for the apparent
modulus) were significantly higher than the FWD values'.

"It was pointed out before that, when considering longitudinal strains in this cell, the values obtained for
the “apparent asphalt modulus” reached unrealistic values (like more than 10,000 MPa for temperatures
around 15 °C). In addition, the scattering in the values obtained was very high when compared to the rest of
the measurements.
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- As a general conclusion, it has been observed that FWD back-calculated modulus is
representative of the response of the pavement for high-speed vehicles, but the response of
the pavement is much softer against low-speed vehicle loads.

IV.3.7. Strain versus transverse position ~ Offset effects
Introduction

For each of the runs, three graphs were constructed with the peak strains versus the relative offset
between sensor and axle. These graphs represent the distribution of the peak strains for the
different transverse positions of the wheel.

The theoretical strains calculated by Bisar (multilayer linear elastic model) and using the
parameters obtained in the FWD back-calculation are plotted. The modulus of the asphalt was
readjusted in order to fit the maximum strains, obtaining in this way an “apparent modulus” of the
asphalt layer (see section IV.2.3. “Asphalt modulus readjustment”). The theoretical strains with
the readjusted asphalt modulus are also plotted.

The differences between measured strains and the theoretical values obtained with the “FWD
model” (described in section IV.1.4) were assumed to come from:

Differences between the mean properties of the asphalt along the cell and the asphalt
at the particular location of the sensors.

Actual differences between the FWD pulse load and the wheel loads.

Consequently, the FWD model was readjusted only by changing the modulus of the asphalt layer;
the modulus of the base layer and the modulus of the subgrade were kept invariable. One way to
verify the accuracy of this assumption is to look at the agreement between the theoretical and
measured peak strains for the different offsets or transverse positions of the axles. The “apparent
asphalt modulus” was determined in order to fit the maximum peak strain under the center of a
wheel, as is described in section 1V.2.3. “Asphalt modulus readjustment”; if the agreement is also
appropriate for the other transversal positions of the vehicle, it would indicate that the assumption
is close to the reality'.

" Example: A run for a low speed is selected. The reason for this selection is that the difference between
measured strains and theoretical values predicted by the FWD model was very significant for low vehicle
speed. Consequently, it is easier to determine where that difference comes from.

The case selected for the example is: Cell 19 ~ Run 6 ~ transverse strain.

Measured and FWD model predicted values are included in the following figure. It can be observed that the
difference is very significant; the measured strain under the center of the wheel (around 200 pe) is much
higher than the theoretical values (around 110 pe).

The base layer is quite thick (711 mm) for this pavement section (Cell 19), so the subgrade modulus does
not have an appreciable influence on the strain at the bottom of the asphalt layer. There are two extreme
solutions for the difference observed between FWD model and measured values: either the asphalt layer
must be softer or the base layer must be softer. The first solution is the assumption made in this thesis, and
it results in an “apparent asphalt modulus”. The second would result in an “apparent base modulus”.
(footnote continues on the next page)
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A large number of graphs were constructed:
- 4 Cells
- 20 Runs / Cell
- Transverse and longitudinal strains
- Steering, drive and trailer axles
*  This results in almost 400 graphs, but only some of them are included in the appendix
(Appendix 5.- FIGURES OF STRAIN VERSUS OFFSET).
Description of graphs

The graphs contain the measured peak strain versus the transverse position of the axles.

Three different sources have been included in each graph:

The theoretical results for the two readjusted models have also been included in the following figure: Fit
(asphalt) and Fit (base).

Both models adequately fit the strains for offset zero. It must be this way because the readjusted modulus
(either for the asphalt layer or for the base layer) was determined in order to fit the strain for zero offset.
But it can be observed that the “Fit (asphalt) model” adequately predicted the strains for the other
transverse positions of the vehicle while the “Fit (base) model” failed.

The conclusion is that the reason why the “FWD model” (described in section IV.1.4) failed to predict the
strains for this run is related to the asphalt layer rather than the base layer. The asphalt modulus must be
readjusted rather than the base modulus.
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1. Strain measured in the field.
2. Theoretical values. Bisar & FWD back-calculated elastic modulus.

3. Theoretical values. Bisar & readjusted asphalt modulus (see section IV.2.3. “Asphalt
modulus readjustment’).

Many graphs have been constructed, although only some of them are included in the appendix,
with the objective of giving an idea of the adequacy of the model to predict the strains for the
different offsets. The graphs selected are, for each cell:

- 3 Graphs for one of the runs performed at 30 mph and 110 psi. The three graphs correspond
to the steering, drive and trailer axle. Most of the runs were performed at 30 mph and with a
tire pressure of 110 psi.

- Two graphs to show the speed effects, corresponding to a speed different than 30 mph.

- One graph for a different tire pressure (either 90 or 130 psi).

- One graph for a tridem axle (at 30 mph and 110 psi tire pressure).

Discussion of results

- There is general agreement between measured and theoretical strains for the different offsets
when the corrected asphalt modulus is used. One example (Figure A5.8 in the appendix):

Cell 19 Steering axle
. . v =30 mph
Run 3 ~ Mn/Road Truck  (Single ~ 13 kips) p =110 psi
200
lh‘\
= 150 4
5 .
£ J
£ 100
[ ——FWD
@ o
& Fit
o 50
>
(2]
=
o
= 0
| ]
-50 ; ; ;
-600 -400 -200 0 200 400 600
Offset (mm)

( Figure AS.8.- Transverse strain versus offset ~ Cell 19 ~ Run 3 ~ Steering axle )

*  Figure from Appendix 5.
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For transverse strain in Cell 16, there was not good agreement between model and predicted
values for the different offsets when the single axle was considered. The strain far from the
center of the single wheel was underestimated; see Figures AS5.1 or A5.4 in the appendix. One
of the possible reasons for this lack of agreement is an overestimation of the modulus of the
base layer.

The differences between models and measured values are often due to variability from one
sensor to another rather than the model itself.

There are two differences between model and measured values that can be observed in
general:

The transverse strain between dual wheels does not seem to decrease much according to
the measured values. The model failed to reproduce this behavior: according to the model
the transverse strain should decrease significantly between the dual wheels. It can be
observed in all of the cells; see, for example, Figure A5.9 in the appendix:

Cell 19 Drive axle . v =30 mph
Run 3 ~ Mn/Road Truck (Tandem ~ 34 kips) p =110 psi

190
@ 140
=2
£
_g 90
[ —FWD
g - - - Fit
o 40~
>
7]
c
o
= -10

- -
-60 += T T T T T
-600 -400 -200 0 200 400 600
Offset (mm)

( Figure AS.9.- Transverse strain versus offset ~ Cell 19 ~ Run 3 ~ Drive axle )

*  Figure from Appendix 5.

This difference may be related to the assumptions made for the contact area. This area is
assumed to be circular in the model, and the stress is supposed to be constant. The
observed behavior would be more in accordance with a non-uniform load distribution:
load more concentrated close to the transverse edges of the tires. Two situations could
cause this non-uniform load distribution: non-uniform stress distribution (increasing close
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to the transverse edges of the tire) and a non-circular contact area (contact area wider in
the transverse direction than in the longitudinal direction)'.

It could be argued that there are different reasons unrelated to the contact area, like
viscosity effects, sensor-related problems, asphalt behavior different from elastic, etc. A
more detailed study should be done in order to adequately determine the origin of these
differences.

For longitudinal strains, which are more important in terms of pavement design’, the
model does not indicate a significant reduction of strains between dual wheels, and it is in
accordance with the observed behavior.

For large offsets, the transverse strain is in compression. In these situations, the measured
compressive strains were usually higher (in absolute value) than the theoretical values;
see, for example, Figure A5.16 in the appendix:

Cell 26 Drive axle 30 mon
- ' v =30 mp
Run 2 ~ Mn/Road Truck (Tandem ~ 34 kips) p = 110 psi
200
% 150 4
2
£
© ]
£ 100 .
n ——FWD
g - - - Fit
o 50 -
>
7
c
o
= 0
g
-50 - T T
-600 -400 -200 0 200 400 600
Offset (mm)

( Figure AS.16.- Transverse strain versus offset ~ Cell 26 ~ Run 2 ~ Drive axle )

*  Figure from Appendix 5.

This difference may be related to the viscosity properties of the asphalt mix. For a large
offset, the loads can be considered low frequency loads because the shape of the strain
pulse is wider. This could be an explanation for the observed behavior. Another
possibility is a different viscous behavior of the asphalt mix in tension and in
compression.

This is not significant in terms of pavement design since asphalt cracking is caused by
tensile strains, not by compressive strains.

" Only dual wheels are considered at this point.

? The maximum tensile strain under a dual wheel is in the longitudinal direction.
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- The fact that the strains are adequately predicted for the different transverse positions of the
axles, for high and low speeds only by changing the asphalt modulus seem to confirm that
most of the viscous effects come from the asphalt layer.

- The agreement between measured and theoretical values for the different transverse positions
of the axles seems to validate the use of a multilayer linear elastic model, with the base and
subgrade elastic moduli obtained from FWD back-calculation and the readjusted asphalt
modulus (as described in section 1V.2.3. “Asphalt modulus readjustment”).

IV.3.8. Strain versus longitudinal position
Introduction

For every pass of the vehicles the sensors placed in the pavement were monitored in order to
register the strain signals. Each one of these signals is a complete register of the strain under the
successive passes of the single, drive and trailer axles of the vehicle.

The peak values registered under the single, drive and trailer axles were determined, and those
peak values were used in order to validate the structural model. For a few signals, a more detailed
comparison has been done; not only for the peak values but also for the complete longitudinal
register. This comparison can help us to understand the structural behavior of the pavements and
determine the deficiencies of the model.

The comparison has been done by introducing in the model the offset recorded in the field, and
changing the longitudinal position of the loads to reproduce the pass of the vehicle.

The objective of this section is to compare the shapes of the theoretical and measured signals to
each other, more than looking at peak value. The comparison of peak values was done previously
when looking at the transverse distribution of peak strains. Now we are more interested in the
shape of the signals.

One of the problems of this comparison is the variability of the results; in the previous cases we
were looking at many points (peak values), so general tendencies were studied. Now we are
looking at single measurements (one sensor and one particular pass of the vehicle), so the
variability can make the comparison more difficult.

Another problem is how to compare a real signal (viscoelastic) and a theoretical signal obtained
with a linear elastic model. The theoretical signal obtained with an elastic model is symmetric
(with respect to Y = 0) but it is not like that in a viscoelastic system. In a viscoelastic system, part
of the strain produced when the wheel is over the sensor remains unrecoverable for a period of
time, so the signal is asymmetric: the strain is higher after the pass of the vehicle.

In the following figure (Figure IV.100) a viscoelastic model has been used for the asphalt. The
longitudinal and transverse strains are plotted versus the longitudinal position of a single axle.
Equivalent elastic models that give the same peak strains have also been plotted (Bisar program
has been used). It can be seen that there is not much difference for the longitudinal strain signal,
but for the transverse strain the difference is significant after the pass of the axle, giving the
viscoelastic model higher values.
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Longitudinal & Transverse

Singel wheel . . .
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Figure IV.100.- Elastic approximation of the strain in a visco-elastic system

Description of graphs

The graphs comparing the theoretical and measured longitudinal registers of the strain are
included in the Appendix 6.- “FIGURES OF STRAIN VERSUS LONGITUDINAL POSITION”.

The model used is the multilayer linear elastic model, with the base and subgrade elastic moduli
obtained from FWD back-calculation and the readjusted asphalt modulus (as described in section
IV.2.3. “Asphalt modulus readjustment”).

At least one graph for 30 mph and another for a lower speed have been included for each section
for both longitudinal and transverse strains.

The strain signals were registered versus time, not versus the longitudinal position of the vehicle.
2000 points were taken per second, and as the speed of the vehicles was known, it was possible to
relate time and longitudinal position.

Discussion of results

- The theoretical and measured transverse strains signals fit adequately for the approaching part
of the curve, before the axle reaches the sensor, but after the axle has passed, the measured
strain is significantly higher than the strain calculated with the elastic model. This
phenomenon indicates a viscous behavior. It can be observed in all of the transverse strain
graphs; see, for example, Figure A6.6 in the appendix:
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Mn/Road Truck

A v =60 mph
(12734 /34 kips) p = 110 psi

Cell 19
Run 7 / Pass 2

120

Readjusted asphalt modulus
100 - . isused in the model

80 - A /\
60 : WA

Transverse strain (ug)
(Sensor TE3)

10000 15000 20000 25000 30000 35000
Y ~ longitudinal position (mm)

‘—measured - - - linear elastic model‘

( Figure A6.6.- Transverse strain versus longitudinal position ~ Cell 19 ~Run 7)

*  Figure from Appendix 6

For the tandem axle there are two peaks of strain, one for each dual wheel. The measured
transversal strain between the two peaks was, in general, higher than the theoretical strain
calculated with the elastic model. This is directly related to the viscosity effects in the same
way as explained in the previous comment. Strains developed under the pass of the first dual
wheel still remain unrecoverable for a certain period of time. Something similar occurs for
tridem axles. It can be observed in most of the transverse strain graphs; see for example, the
figure shown previously (Figure A6.6 in the appendix).

For longitudinal strains the fit is adequate for both approaching and leaving parts of the
curve. The main failure when reproducing the longitudinal strain signals is related to the
compression produced before the axle is close to the sensor. Before the axle reaches the
sensor, the longitudinal strain is in compression; this compression is underestimated by the
model. One of the possible explanations is the longer time during which this compression is
acting, which gives time for viscous effects to develop. Another possibility is a different
mechanic behavior of the asphalt mix in tension and in compression. See, for example, Figure
A6.10 in the appendix:
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( Figure A6.10.- Longitudinal strain versus longitudinal position ~ Cell 26 ~Run 3 )
*  Figure from Appendix 6

For certain values of the offset, the strain signals had complex shapes, different from single
sinusoidal pulses. The linear elastic model adequately reproduced the shape of these signals.
See the figures provided for the transverse strain in the Cell 30 under the single axle; for
example, Figure A6.12 in the appendix.
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‘—measured - - - linear elastic model‘

( Figure A6.12.- Transverse strain versus longitudinal position ~ Cell 30 ~ Run 2 )

*  Figure from Appendix 6
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- The viscoelastic behavior of the pavement is again apparent when looking at the remaining
strain after the pass of an axle.

- As a general conclusion we can say that the model reproduced adequately the longitudinal
registers of the transverse and longitudinal strains, except for those particularities inherent to
viscoelastic systems.

IV.3.9. Final conclusions about the structural behavior

* As a result of the study of the strains measured in the four pavement cells, it seems clear that
the structural behavior is, in the four cases, linear viscoelastic.

- Most of the viscosity effects seem to come from the asphalt layer.
- The linearity observed is in accordance with the results obtained in the FWD test. The
deflections were almost linear with respect to the load and the back-calculated elastic

modulus was almost constant for the different stress levels applied.

- The viscosity observed is in accordance with the results obtained in the laboratory testing of
the asphalt modulus. The values obtained were significantly higher for high frequency loads.

- It was observed that the strains increased significantly for low vehicle speeds.
* The multilayer linear elastic model predicted adequately the structural response of the four
pavements.

- The elastic modulus for the base and subgrade layers were obtained from FWD back-
calculation.

- The elastic modulus of the asphalt layer must be adjusted for each speed.

- The same set of structural parameters adequately reproduced the response of the pavement for
different load levels and for different axle types.

- The model adequately predicted the strains for the different offsets or transverse positions of
the axles as well as the longitudinal registers of the signals.

* One of the typical assumptions in the pavement field is that the contact area between wheel and

pavement is circular and that the stress distribution across that area is constant.

- The test performed for different tire pressures did not help to determine the accuracy of this
assumption. The dispersion of the data was high, and the changes in the tire pressure were not
big enough to see a significant difference.

- A wide range of load levels was considered for the tandem axle (from 24 to 46 kips). The tire

pressure was kept constant (110 psi), so the changes in the contact area were important. The
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fact that the response for the different load levels was reproduced with the same set of
structural parameters seems to validate the assumption of circular area and constant pressure
in order to predict strains.

- Some studies show that the shape of the area of contact is close to being elliptical, and that
the contact stress is higher close to the transverse edges of the tires. The graphs of the
distribution of the transverse strains for the different transverse positions of the tandem axles
(dual wheels) seem to agree with that. The measured strains did not decrease significantly
between the two dual wheels as was predicted using circular constant pressure contact areas.
The observed behavior would be more in accordance a with non-uniform load distribution:
load more concentrated close to the transverse edges of the tires of the dual wheels.

* Some of the particularities observed, inherent to viscoelastic systems, cannot be reproduced by
an equivalent elastic system.

- The main difference is concerning the longitudinal asymmetry of the strain signals. In an
elastic system the signals are symmetric with respect to Y = 0. In a viscoelastic system, part
of the strain produced when the wheel is over the sensor still remains unrecoverable after the
pass, and consequently the strains are higher for the leaving part of the signal than for the
approaching part. This phenomenon is especially apparent for the transverse strain.

In terms of mechanistic design, it must be taken into account that the strain produced by one
of the axles of a truck is superimposed on the strain remaining from the application of the
previous axles. Relative strains rather than absolute values may be more appropriate in order
to determine the damage.

- In an elastic system, under a single wheel, the strain is the same in both longitudinal and
transverse directions (if the loaded area is circular). But it is not necessarily the same in a
viscoelastic system. Transverse strain is acting with the same sign (traction) for longer time
than the longitudinal strain, giving more time for the viscous effects to develop. The response
of the pavement in terms of transverse strain can be different from the response in terms of
longitudinal strains.

For Cells 26 and 30, where both longitudinal and transverse strains were measured, the
response in terms of transverse strain seemed to be softer than in terms of longitudinal strain.

For a single axle, there is no difference between longitudinal and transverse strain if a linear
elastic program is used and a circular contact area is assumed. But, if viscous effects are
present, the transverse strain can be higher than the longitudinal strain. This could have
significant repercussions when determining the damage produced by a single axle; the critical
magnitude in terms of damage would be the transverse strain'.

* The FWD asphalt modulus was representative of the structural response for high speeds (30-60
mph), but failed to reproduce the response for low speeds (5 mph). For the cells in the main line
(Cells 16 and 19) the FWD modulus was representative of the 60 mph tests, and in the low
volume loop cells (Cells 26 and 30) it was representative of the 30 mph tests. It is difficult to
establish a realistic speed for which the FWD modulus is representative, especially because of the
variability of the pavement properties from one point to another.

' The critical magnitude, in terms of damage, for an axle with dual wheels is the longitudinal strain.
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IV.2.1. Peak strain determination

Chapter IV.- TEST RESULTS AND ANALYSIS

The strains resulting from each vehicle pass were recorded by sensors embedded in the pavement.
For each vehicle pass, a strain signal was recorded by one of the sensors. For example, the signal

in the following figure corresponds to:

- Cell19

- Run I (Mn/Road Truck passing at 30 mph)

- Pass 1 (there are five passes for each run)
- Strain sensor TE2 (transverse strain sensor)

Cell 19 Mn/Road Truck v=30mph
Run 1/ Pass 1 (11 /23.5/ 21.6 kips) p = 110 psi
100
[ Drive axle Trailer axle
(Tandem) (Tandem)

— 80 |
w .
= i Steering axle
cN 607
=
s - i 0 pe 80\ue 65 ue
N =
o © 40

1 I
9 c
o9 [
2Ll 20
g et
= ol " " Base line 1 Base line 2

Base line 0
20 e
0 5000 10000 15000 20000 25000 30000 35000 40000
Y ~ longitudinal position (mm)

Figure IV.22.- Example of peak strain determination

Note that for a tandem axle there are two peaks (and three for a tridem axle). When using a
multilayer linear elastic program (like Bisar), the same value is obtained for the two peaks of a
tandem axle. But the actual measured values are not necessarily the same: there is variability in
the results, and some times the strain for the first peak value in a tandem axle was a bit smaller
than the second (as in the examples in the figure) and other times it was higher. In general, for
transverse strain, the second peak was more frequently higher than the first, and for longitudinal
strain it was the opposite: the second peak was usually a bit smaller. The question is whether the
theoretical model should be able to reproduce the minimum, the mean or the maximum values.

In this thesis, the mean value has been considered in order to validate the structural model.
Random differences cannot be reproduced, so the model is focused on reproducing the mean
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value, although the effects of these random oscillations on the pavement deterioration could be
considered separately'.

The number of signals like that recorded is very high:

- 4 Cells
- 20 Runs/ Cell
- 5Passes/Run
- Several strain sensors: - 3 strain sensors for Cell 16
- 3 strain sensors for Cell 19
- 5 strain sensors for Cell 26
- 4 strain sensors for Cell 30

*  Approximately 1700 readings were considered in total (including also the
corresponding readings for the study of the deflections measured in the Cell 30
included in the appendix).

In order to adequately process and interpret the results, the mean peak strain values were
determined for each pass of the vehicle. For example: 70 us / 80 ps / 65 ps in the previous signal
under the steering / drive / trailer axles (single / tandem / tandem).

The determination of the peak values was not a trivial process. Two main difficulties were
present:

1. Viscosity effects.

The base line or line corresponding to zero strain is easily determined for the first axle. But due
to the viscosity effects, part of the deformation produced by the first axle is not recovered when
the next axle is passing (in fact, part of that deformation is never recovered, and that is why
permanent deformations are developed and increase with each load application). So the strain
produced by the second axle is superimposed on part of the strain remaining from the previous
axle application.

A new base line was established in order to determine the peak value for the second axle (the
second axle was a tandem axle for both Mn/Road Truck and Gravel Truck). In the same way,
another base line was established for the third axle (the third axle was a tandem axle for the
Mn/Road Truck and a tridem axle for the Gravel Truck). The process can be seen in the previous
figure (Figure IV.22.).

! The damage in the pavement is exponentially related to strain, so the fact is that these differences can
have a significant influence in the pavement deterioration (the damage produced by “100 + 100 is smaller
than the damage produced by “95 + 105”). But the effects of these oscillations should be the objective of a
more detailed study. A possible solution would be considering in the design axles with non-uniform
distribution of weight.
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2. Offset effects on the transverse strain.

When the wheels pass just above a transverse strain sensor, or when the offset is small, a clear
tensile strain signal is recorded (as in the example shown in the previous figure). The signal has a
single peak for a single axle (and two for a tandem axle and three for a tridem axle), reaching the
maximum when the wheel is directly over the sensor.

When the offset is large the signal is also clear, but in compression (see next figure, [V.23).

Cell 19 Mn/Road Truck v =30 mph
Run 1/Pass 5 (11/23.5/21.6 kips) p =110 psi

Large offset signal

20 |

Transverse strain (J g)
(Sensor TE1)

-25 1
P
F . (Tandem)
L (Smgle)(Tandem
-35 +
40‘\“\“
0 5000 10000 15000 20000 25000 30000 35000 40000

Y ~ longitudinal position (mm)

Figure IV.23.- Example of a large offset signal

But there are intermediate situations when the shape of the signal is not that clear. Sometimes the
signal has two peaks and an intermediate minimum (see next figure, IV.24): the two peaks are
reached a bit before (Y=-A) and a bit after (Y=tA) the wheel reaches the transverse position of
the sensor (Y=0).
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Cell 30 Mn/Road Truck v = 30 mph
Run 2/Pass 5 (Single axle ~ 12 kips) p =110 psi
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Figure V1.24.- Example of transverse strain signal

If we want to compare the measured peak with the theoretical peak, a longitudinal position Y=0
will be used in the model, so we have to compare that value not with the absolute peaks (Y=-A or
Y=+A), but with the intermediate minimum (Y=0). We could also compare the absolute peaks
(Y=tA), but then we should determine A in the first place, and that value changes from one test to
another (depending on temperature, speed and offset).

Summary:

For each of the strain signals recorded during the tests, the peak strain values (under the steering /
drive / trailer axles) were determined. In determining peak strain measures, consideration was
given to asphalt pavement visco-elastic-plastic behavior, as well as vehicle offsets relative to the
location of the strain gages.

IV.2.2. Transverse distribution of the peak strains for each Run

Previously we determined the peak strains under the three axles of the vehicle for each pass. Each
pass of the vehicle has a different transverse position; the absolute offset will be different for
different passes. In the same way, each sensor has a particular transverse position and

consequently a particular relative offset (wheel-sensor).

We can plot together all of the peak values determined for a particular run, plotting peak strain
versus sensor offset.
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For example:

- Cell 26
- Run 2 (Mn/Road Truck passing at 30 mph)
- Pass 1-5 (all)
- Strain sensors TE1, TE2, TE3 (all of the transverse strain sensors)

Cell 26 Steering axle v =30 mph
Run 2 ~Mn/Road Truck  (Single ~ 12 kips) p = 110 psi
200
Peaks from
= 150 | Sensor TE2 ¢
5 *
A
£ N Peaks from
© 100 - 4 Sensor TES
whd
n
@ *
0 A
o 50 A
>
[7) Peaks from
g Sensor TE1
S 0 i
=
™ | |
-50 L
-600 -400 -200 0 200 400 600
Offset ~ transverse position (mm)

Figure IV.25.- Example of measured strain versus offset

Similar graphs can be obtained for the drive axle and for the trailer axle.

Notes:

- There are five points (peaks) from each sensor in the previous graph. Each one of
those five points corresponds to one of the five passes of the vehicle.

- For the single axle, offset X means that the sensor is X mm to the right of the center
axis of the tire:

An offset of 0 mm means that the sensor is directly below the center of the
wheel.

- For dual wheels (tandem and tridem axles), offset X means that the sensor is X mm
to the right of the center of the dual wheels:

An offset of 0 mm means that the sensor is directly below the middle point
between the two wheels.
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An offset of £ 178 mm (£ 7 in) means that the sensor is directly below the
center of a wheel.

- In the case described in the previous figure there are no data for an offset of exactly
zero. But we can estimate that value by extrapolation (as described in the next
section, IV.2.3. “Asphalt modulus readjustment”).

Summary:
For each run we have:
- 3 graphs (steering / drive / trailer axles) describing the distribution of peak strains.
- 3 strain values corresponding to the maximum strain (sensor below the wheel):
Steering axle: estimated strain for zero offset.
Drive and trailer axles: estimated strain for £ 178 mm (+ 7 in) offset

*  The maximum strain under a single wheel occurs right below the
center of the wheel. For dual wheels the maximum strain occurs at a
certain point between the center of the two wheels. In order to
compare theoretical/measured values, the point below the center of a
wheel (offset £ 178 mm) is considered.

Each run was performed in a short period of time. The five passes were performed one after each
other and consequently the asphalt temperature was more or less the same all throughout the test.
Each one of the graphs developed can be then interpreted as the strain for different transverse
positions of the wheels for a particular axle configuration and a particular temperature of the
pavement.

The maximum strains (strain below the center of the wheels) can be used to compare the different
runs to each other.

IV.2.3. Asphalt modulus readjustment

A process was described previously in which the peak strain values for each one of the passes of
the vehicles were determined and then plotted versus the offset (transverse position of the axles
with respect to the sensors). In this way we have, for each run, three graphs describing strain
versus offset (one graph for the steering axle, another for the drive axle and another for the trailer
axle). We can also estimate the strain corresponding to the sensor below the center of a wheel (X
= 0 for single wheel and X = £+ 178 mm for dual wheels), so each run can be characterized by
three strain values: the maximum strain under the steering, drive and trailer axles.
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The process described has two main drawbacks:

1. There are many cases in which we have no data for zero offset. For example, in the
case described previously (Cell 26 / Run 2) an extrapolation is necessary for the
single axle:

Transverse strain (M g)

Cell 26
Run 2 ~ Mn/Road Truck (Single ~ 12 kips)

200

Steering axle

v =30 mph
p =110 psi

-

(&)

o
I

A
’ ~\
4 AY
T AY

‘o a

extrapolation

100

[6)]
o
I

-200 0 200
Offset ~ transverse position (mm)

400

600

Figure IV.26.- Example of strain extrapolation

2. The comparison between different runs or different axles cannot be easily done just
by looking at the peak strains. For example, we cannot compare directly the strain
measured for a single axle of 12 kips and a tandem axle of 36 kips.

We are using the elastic modulus obtained from FWD back-calculation in order to compare
theoretical and measured strains under a vehicle load. But the asphalt is a viscoelastic material
and its apparent modulus depends on the frequency content of the applied load. The apparent
modulus of the asphalt can be very different for different vehicle speeds, and in particular, it can
be very different for a FWD load pulse.

Another back-calculation was performed in order to estimate the apparent modulus of the asphalt
under the pass of each vehicle: it was done by fitting the measured strain. The program CIMA
was used for that purpose. This program works in the same way as other back-calculation

programs (and in particular EVERCALC), except that strains can be used in the fitting process.
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Other particulars of the new back-calculation performed are as follows:
- The only back-calculated parameter was the elastic modulus of the asphalt layer.

- The modulus of the rest of the layers was fixed, and equal to the values obtained in
the FWD back-calculation.

- The asphalt modulus was determined in order to fit the measured strains.

- For each run three values were obtained: for the steering, drive and trailer axle.

- When there were strain values measured under the center of a wheel (offset X = 0 for
single wheel or X = = 178 mm for dual wheels), those maximum values were fit in
order to back-calculate the asphalt modulus. Otherwise, the closest strains were used.

Some examples are included next.
Example 1:
- Cell 19

- Run 3 (Mn/Road Truck passing at 30 mph)
- Steering axle (13-kip single axle)

Cell 19 Steering axle
Run 3 ~ Mn/Road Truck i ~ i v =30 mph
(Single ~ 13 kips) b = 110 psi
200
Readjusted model Peak strain: 170 pe
E-asphalt = 2200 MPa\ P (measured)

—_— \

@ 150 ; '

=2 ’ x

N Vi Y

£ A kY

g 100

()

@

o 501

>

(2]}

5

= o g FWD model

___/ E-aSphaIt = 3140 MPa K_
[ un *
‘50 T T T T
-600 -400 -200 0 200 400 600
Offset ~ transverse position (mm)

Figure V1.27.- Example 1 of FWD model readjustment

*  The readjusted asphalt modulus of 2200 MPa was obtained in order to fit the peak of
170 pe for the transverse strain under the center of the single wheel. The value of 170
ue is a measured value in this particular case.
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Example 2:

- Cell 19
- Run 14 (Mn/Road Truck passing at 30 mph)
- Steering axle (12-kip single axle)

Cell 19

Run 14 ~ Mn/Road Truck Steering axle v =30 mph

(Single ~ 12 kips) p = 130 psi

210
Peak strain: 151 pe

(extrapolation for

160 E-asphalt obtained / X=0mm)
fitting these values

IA\
\ / \

110 /:{S v Readjusted mode|
E-asphalt = 2520 MPa

60 -

FWD model

10 E-asphalt = 4000 MPa
\\
—— A

'40 T T T
-600 -400 -200 0 200 400 600

Transverse strain (J ¢)

Offset ~ transverse position (mm)

Figure IV.28.- Example 2 of FWD model readjustment

*  The readjusted asphalt modulus of 2520 MPa was obtained in order to fit the circled
points. The peak strain of 151 pe under the center of the wheel (X = 0 mm) was
obtained using Bisar with the readjusted asphalt modulus; this is an extrapolated
value.
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Example 3:
- Cell 26
- Run 3 (Mn/Road Truck passing at 30 mph)
- Trailer axle (46-kip tandem axle)
Cell 26 Trailer axle :
v =30 mph
Run 3 ~ Mn/Road Truck (Tandem ~ 46 kips) p =110 psi
250
FWD model Peak strain: 185 pe
— E-asphalt = 6080 MPa extrapolation for
i /\/—\
w200 P X =178 mm)
5 o "_N\\-—.-—”—N\\
£ % >
g 150 4 ,," ™A E-asphalf obtained
[ ol fitting these values
[ ’.
o
5 100 _ Z
> o .. ‘f" u,
2 -~ Readjusted model ~
© E-asphalt = 6840 MPa
= 50
0 T T
-600 -400 -200 0 200 400 600
Offset ~ transverse position (mm)

Figure IV.29.- Example 3 of FWD model readjustment

*  The readjusted asphalt modulus of 6840 MPa was obtained in order to fit the circled
points. The peak strain of 185 us under the center of a wheel (X = £ 178 mm) was
obtained using Bisar with the readjusted asphalt modulus; this is an extrapolated
value.

We can interpret this new value of the asphalt modulus as the “apparent asphalt modulus” for the
conditions of each run (axle type, load level, tire pressure and speed). The effects of the different
factors can be studied by comparing the “apparent asphalt modulus”.

The differences between this value and the FWD back-calculated asphalt modulus comes from
actual differences between both loads (FWD pulse versus vehicle load) as well as from the
variability of material properties and thickness of the asphalt. The FWD back-calculated modulus
is representative of the mean value of the cell (five locations per cell were tested) while the
modulus obtained by fitting the strain is representative of the area where the sensors are placed
(the differences obtained in the FWD back-calculation asphalt modulus from point to point were
significant).
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So it is difficult to determine whether the difference between this modulus and the FWD back-
calculated modulus comes from variability or from differences in the load itself. But differences
between the “apparent asphalt modulus” for different runs or different axles come only from
differences in the load configuration (load, tire pressure...) and speed. This allows us to compare
different runs to each other.

One of the main drawbacks is that we are assuming that there are no viscous effects coming from
the base layer. It will be studied later whether this assumption is close to reality. But even if this
assumption were not true, the comparison of the “apparent asphalt modulus” for the different runs
would be useful. For example, if we see a clear influence of the speed (that is, if we see that the
“apparent asphalt modulus” changes with the vehicle speed) then it is clear that there are viscous
effects, although it may be that we would be overestimating the real change in the asphalt
modulus, because we would be including in that change not only actual changes in the asphalt,
but also changes in the base layer. For example, if we see that the “apparent asphalt modulus”
does not change with the load level, we could conclude that the system is linear; both asphalt and
soil layers underneath would be linear.

1V.2.4. Conclusion

The information collected for each cell has been processed in a way that we can study and easily
use to compare different runs to each other, and study the effects of the different factors
(temperature, offset, speed...) on the pavement structural response.

Three graphs have been drawn for each of the runs: one for the steering axle (single) another for
the drive axle (tandem), and a third for the trailer axle (tandem in the Mn/Road Truck and tridem
in the Gravel Truck). Each of these graphs contains the peaks of the strains recorded versus the
transverse position of the wheels.

For each of these graphs, the maximum strain (when the wheel is directly above the sensors) was
determined, so each run can be also characterized by three peak strains, representing the
maximum strain for the steering, drive and trailer axles when the wheel is right above the sensors.

These maximum values were used to readjust the modulus of the asphalt layer, obtaining an
“apparent asphalt modulus” for each particular axle configuration and speed.

A summary for all of the runs can be seen in the appendix. The three peak strains are included, as
well as the three corresponding equivalent or apparent asphalt moduli (for the steering, drive and
trailer axles). It can be seen in the appendix that there are cases where the peak strain values or
the apparent asphalt modulus could not be determined, often because not enough data were
recorded.
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IV.4. COMPARISON OF AASHTO AND MECHANISTIC-EMPIRICAL LEF
IV.4.1. Introduction

The pavement design method of the AASHTO guide is based on a standard 18-kip single axle.
Traffic must be converted into an equivalent number of applications of the Standard Axle through
the use of Load Equivalency Factors (LEFs). Given a particular axle configuration, the LEF
represents the damage caused by that particular axle configuration relative to the damage caused
by the Standard Axle (18-kip single axle).

An overview of the AASHTO method for the determination of Load Equivalency Factors was
presented previously in the section I1.5.1. “AASHTO Load Equivalency Factors”.

The procedure is based on empirical results. LEFs are tabulated in the 1993 AASHTO guide for
single, tandem and tridem axle loads, ranging in magnitude from 2 to 50 kips in the case of single
axles and from 2 to 90 kips in the case of tandem and tridem axles. Five factors are considered:

- Axle definition:

Axle type: Single, tandem or tridem
Axle load (kips)

- Pavement definition:

Pavement type: Flexible or rigid
Structural Number (SN)

- Terminal Serviceability (p;)

The objective of this section is to compare the AASHTO LEFs with those obtained using data
from this study together with mechanistic-empirical procedures. This comparison presents several
difficulties:

- One of the main difficulties is that the factors considered in both methods are different.
Mechanistic-empirical procedures allows for the introduction of many different factors that
are not considered in the empirical method of the AASHTO guide, including tire pressure,
vehicle speed, temperature or the transverse distribution of the traffic across the width of the
lane, for example.

- The pavement structure is a factor considered in the AASHTO guide by the Structural
Number. It is treated in a very different way in the mechanistic-empirical procedures, where
the actual structure of the pavement is modeled in order to determine the strains developed
under the traffic loads.
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In order to compare LEF from both procedures several assumptions are made:
- Concerning AASHTO LEFs:

The LEFs are determined for the three levels of terminal serviceability included in the
guide: p,=2.0/2.5/3.0.

The SN is determined by using the mean pavement layer thickness and the elastic
modulus obtained from FWD back-calculation. The relationships presented in the
AASHTO 93 guide were used. The values calculated for each cell are as follows:

- Cell 16: SN = 6.9 (inches)
- Cell 19: SN = 6.4 (inches)
- Cell 26: SN = 2.6 (inches)
- Cell 30: SN = 2.9 (inches)

*  The LEFs for Cells 26 and 30 are determined by linear interpolation between
2 and 3. The maximum SN value considered in the guide is 6; the LEFs for
Cells 16 and 19 are determined by linear extrapolation.

- Concerning the mechanistic-empirical LEFs:

The multilayer linear elastic model is used with parameters obtained from FWD back-
calculation. This means that low speed traffic is not considered.

The temperature is considered fixed: 20 °C (68 °F)".

No effect of the transverse distribution of the traffic across the lane is considered.

The first step in the mechanistic-empirical procedure is related to the structural model. The
structural response or strains are determined under the loads of the traffic. The second step is to
determine the damage caused by each axle; a transfer function or fatigue law relating strain to the
number of allowable repetitions is used for that purpose. There are many fatigue laws developed
by different institutions, and different fatigue laws will result in different LEFs. In particular, the
point that makes the difference is the exponent of the strain in the fatigue law.

Several fatigue laws have been considered in this study in order to make the comparison:
- Asphalt Institute:

Nf 0.0796 . (gt)—3.291 . (E)—0.854
- Shell ~ Netherlands:

N

,0.0685 - (g,) - (E)™

! Different temperatures can result in different Load Equivalency Factors.
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- Transportation Research Laboratory ~ Great Britain:

N 1.66 - 107" - (g,)**

f

- CEDEX ~ Spain (Centro de Estudios y Experimentacion de Obras Publicas):

N, 9.075-107 - (¢,)>"
where, N¢ number of allowable repetitions until failure
€ tensile strain at the bottom of the asphalt layer
E dynamic modulus of the asphalt concrete (psi)

Note that the exponent of the strain in the fatigue law determines the LEFs for different load
levels. The larger the exponent (in absolute value) the higher the LEFs for high loads. For
example, if a certain single axle load produces twice the strain produced by the 18-kip equivalent
single axle, the Shell law would give a LEF of (2)*5.671 = 50.9 while the Asphalt Institute law
would give a LEF of (2)3.291 =5.25.

The differences between the mechanistic-empirical LEFs obtained for the different fatigue laws
are expected to be high, since there are significant differences between the strain exponents in
those fatigue laws.

IV.4.2. Load Equivalency Factors comparison

The AASHTO and the mechanistic-empirical LEFs determined for the different fatigue laws are
included in the following figures.

For each one of the cells, three graphs have been constructed: for single, tandem and tridem axles.
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Cell 16 Load Equivalency Factors
(Single axle) Structural number: 6.9

90

—%—AASHTO (pt=2.0)
——AASHTO (pt=2.5)
W ——AASHTO (pt=3.0)
L_IIJ —Al
- - - SHELL
------ TRL
----CEDEX
60
Load (kips)
Figure IV.101.- LEF comparison ~ Cell 16 ~ Single axle
Cell 16 Load Equivalency Factors
(Tandem axle) Structural number: 6.9
80
70 A
60 -
—%—AASHTO (pt=2.0)
50 A —+—AASHTO (pt=2.5)
w ——AASHTO (pt=3.0)
w40 1 —Al
- - - - SHELL
R Y A s iy s [ PR TRL
----CEDEX
20 A
10
0 T T
0 20 40 60 80 100
Load (kips)

Figure IV.102.- LEF comparison ~ Cell 16 ~ Tandem axle
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LEF

Cell 16

18

Load Equivalency Factors
(Tridem axle)

Structural number: 6.9

16

14

—%— AASHTO (pt=2.0)
—+— AASHTO (pt=2.5)
—— AASHTO (pt=3.0)
— Al

- - - SHELL

----CEDEX

Load (kips)

100

Figure IV.103.- LEF comparison ~ Cell 16 ~ Tridem axle
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Cell 19 Load Equivalency Factors
(Single ax|e) Structural number: 6.4
90
80 a
70
60 | —%— AASHTO (pt=2.0)
—+—AASHTO (pt=2.5)
w 50 ——AASHTO (pt=3.0)
w —Al
40 1 - - - SHELL
------ TRL
----CEDEX
60
Load (kips)

Figure IV.104.- LEF comparison ~ Cell 19 ~ Single axle

Cell 19 Load Equivalency Factors
(Tandem axle) Structural number: 6.4
80
70 |
60
—%— AASHTO (pt=2.0)
50 —+— AASHTO (pt=2.5)
w [/ —— AASHTO (pt=3.0)
w40 : Al
/f’ - - = SHELL
30 A S e TRL
- -—-CEDEX
20
10
0 ‘
0 20 40 60 80 100
Load (kips)

Figure IV.105.- LEF comparison ~ Cell 19 ~ Tandem axle
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LEF

Cell 19

18

Load Equivalency Factors
(Tridem axle)

Structural number: 6.4

16

14

—%—AASHTO (pt=2.0)
—+— AASHTO (pt=2.5)
——AASHTO (pt=3.0)
—Al

- - - SHELL

----CEDEX

Load (kips)

100

Figure 1V.106.- LEF comparison ~ Cell 19 ~ Tridem axle
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Cell 26 Load Equivalency Factors
(Single axle) Structural number: 2.6
120
100 -
80 | —¥— AASHTO (pt=2.0)
—+—AASHTO (pt=2.5)
w ——AASHTO (pt=3.0)
ﬂ 60 - —Al
- - - SHELL
ol 1 X/ || TRL
----CEDEX
20
0 i
0 60
Load (kips)
Figure IV.107.- LEF comparison ~ Cell 26 ~ Single axle
Cell 26 Load Equivalency Factors
(Tandem axle) Structural number: 2.6
90
80
70
50 / —¥— AASHTO (pt=2.0)
—+—AASHTO (pt=2.5)
w ——AASHTO (pt=3.0)
IiIJ —Al
- - - SHELL
------ TRL
----CEDEX

Load (kips)

100

Figure IV.108.- LEF comparison ~ Cell 26 ~ Tandem axle

IV-100




Chapter IV.- TEST RESULTS AND ANALYSIS

LEF

Cell 26

18

Load Equivalency Factors
(Tridem axle)

Structural number: 2.6

16

—%— AASHTO (pt=2.0)
—+— AASHTO (pt=2.5)
—— AASHTO (pt=3.0)
— Al

- - - SHELL

----CEDEX

Load (kips)

100

Figure IV.109.- LEF comparison ~ Cell 26 ~ Tridem axle
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Cell 30 Load Equivalency Factors
(Single axle) Structural number: 2.9
120
100 -
80 | —¥— AASHTO (pt=2.0)
—+—AASHTO (pt=2.5)
w ——AASHTO (pt=3.0)
ﬂ 60 - —Al
- - = SHELL
ol X/ | | TRL
----CEDEX
20
0 i
0 60
Load (kips)
Figure IV.110.- LEF comparison ~ Cell 30 ~ Single axle
Cell 30 Load Equivalency Factors
(Tandem axle) Structural number: 2.9
90
80
70
60 —¥*— AASHTO (pt=2.0)
—+—AASHTO (pt=2.5)
w 50 ——AASHTO (pt=3.0)
IiIJ —Al
40 - - - SHELL
e /77 - B R TRL
----CEDEX
20 A
10
0 - \
0 20 40 60 80 100
Load (kips)

Figure IV.111.- LEF comparison ~ Cell 30 ~ Tandem axle
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LEF

Cell 30

18

Load Equivalency Factors
(Tridem axle)

Structural number: 2.9

16

14

—%— AASHTO (pt=2.0)
—+— AASHTO (pt=2.5)
—— AASHTO (pt=3.0)
— Al

- - - SHELL

----CEDEX

Load (kips)

100

Figure IV.112.- LEF comparison ~ Cell 30 ~ Tridem axle
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It can be observed in the previous figures that there are significant differences between the LEFs
obtained by using each one of the different fatigue laws; each fatigue law has been calibrated for
specific conditions. There are also significant differences between the AASHTO LEFs depending
of the terminal serviceability (p;) considered.

The comparison should be done from a general point of view, focusing on those points where
there does seem to be a difference between AASHTO and mechanistic-empirical LEFs for all of
the fatigue laws. Several general comments can be made at this point:

1. The mechanistic-empirical LEFs are in general smaller than the AASHTO LEFs. The range
of AASHTO LEFs for the different terminal serviceability values is above the range of
mechanistic-empirical LEFs for the different fatigue laws considered. The difference is
higher for the low-volume cells (Cells 26 and 30) when considering single and tandem axles.

2. AASHTO LEFs for single and tandem axles increase with lower Structural Numbers,
especially for the highest loads and for a terminal serviceability p=3.0. But when using the
mechanistic-empirical procedure there does not seem to be much difference between Cells 26
and 30 (with a structural number around 3) and Cells 16 and 19 (with a structural number
around 6). This can be observed in the following graphs.

Load Equivalency Factors Load Equivalency Factors
. Pt=3.0 . . -
(Single axle) (Single axle) Mechanistic-empirical LEF
AASHTO LEF (Fatigue law ~ Shell)
100 35 -
90
30
80
70 25
w & 2 - - - Cell 16
w504 w ——Cell 19
204 = ——Cell 26
-----Cell 30
30
20 | 10
10 5
0 T 7 T T
0 10 20 30 40 50 60 0
Load (kips) 0 10 20 30 40 50 60
--SN=2——SN=3---SN=6 Load (kips)
Load Equivalency Factors Pt=3.0 Load Equivalency Factors
(Tandem axle) e (Tandem axle) Mechanistic-empirical LEF
AASHTO LEF (Fatigue law ~ Shell)
90 60
80
70 % :
60 40 ,/
w 50 . - - Cell 16
w o w ——Cell 19
a4 - w so ——cCell26
30 — _ ----Cell 30
‘ 20
20
10 10
0
0 10 20 30 40 50 60 70 80 % 100 0 - . .
Load (kips) 0 20 40 60 80 100
T SN=2——SN=3---SN=6 Load (kips)
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Load Equivalency Factors _ Load Equivalency Factors
(Tridem axle) Pt=3.0 (Tridem axle) Mechanistic-empirical LEF's
AASHTO LEF (Fatigue law ~ Shell)

- - - Cell 16
—— Cell 19
——Cell 26

----Cell 30

LEF
LEF
£

0 10 20 30 40 50 60 70 80 % 100 0 - . .
Load (kips) 0 20 40 60 80 100
Load (kips)

[--sN=2——8sN=3--- sN=6]

Figure IV.113.- Influence of the structural capacity on the LEF

*  AASHTO LEFs in the previous figure were determined for a terminal serviceability
p: = 3.0. The change in the AASHTO LEFs was not so significant for a terminal
serviceability of 2.5.

So the mechanistic-empirical LEFs do not change significantly for the different cells. The
strains increase when the load is increased, but the key is whether they increase in the same
proportion for a weak pavement section as for a strong one. The linear elastic model does not
indicate significant differences between the different sections considered in the study: the
relation between the maximum strain developed under a 50-kip tandem axle, for example,
and an 18-kip single axle is more or less the same for the four cells considered in this thesis,
and that is the reason why the LEFs are basically the same for all of the cells, even though
they have very different structural capacities.

Since mechanistic-empirical LEFs did not change appreciably with the structural capacity, it
is also expected that they would not change appreciably with the temperature.

For a particular cell, all of the mechanistic-empirical LEF curves have two points in common,
no matter which fatigue law is used. The first one is trivial (0-kip,LEF=0). For the single
axle, the second point in common is (18-kip, LEF=1), by definition of LEF. For the tandem
axle the second point in common is corresponding to a load (around 50 kips) such that the
strain under the dual wheels reaches the same value as the strain under an 18-kip single axle.
For that point, all of the fatigue laws will give a LEF = 2. For the tridem axle, the point in
common is around 70 kips (LEF=3).

Those points where the curves corresponding to different fatigue laws are equal can be
observed in the LEF figures included earlier (Figures IV.101 through 1V.112). For both
tandem and tridem axles the corresponding mechanistic-empirical LEFs (2 for the tandem
axle and 3 for the tridem axle) are significantly lower than the values provided by the
AASHTO guide. And now, the difference is not due to the definition of the fatigue law,
because all of them would give the same result. The difference must be due to deficiencies in
the structural model or in some of the basic assumptions or it may be that the failure
mechanism is not exclusively related to maximum tensile strain.

The fatigue laws are based on lab studies of flexural beam specimens, consequently failure is
very likely due only to tensile strain. The question is whether the asphalt concrete pavement
material develops damage due to a particular strain repetition as a fatigue test beam in a
laboratory does.
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Another possible explanation for this difference is that the transverse distribution of the
traffic across the lane has not been considered. But this distribution has a very different effect
in single wheels and in dual wheels. The strain produced under a single wheel is much more
concentrated than for dual wheels. See an example in the following figure:

Offset effects
250

@ 200 1
2
£
£ 1501
7}
©
£
T 100
=
x
(=}
5
9 50

0 T T T T T

-600 -400 -200 0 200 400 600

Offset (mm)
‘— Single wheel ----- Dual Wheels ‘

Figure IV.114.- Longitudinal strain ~ Single axle versus Tandem axle

In the case presented in the previous graph, both single and dual wheels produce the same
maximum tensile strain, but this strain will decrease significantly for the single wheel even
for small offsets. For the dual wheel the situation is different, and the strain does not change
so much with the offset. But in our fatigue model we are considering only the maximum
strain under each axle. This assumption underestimates the damage produced by a dual wheel
when compared to a single wheel, and it could be one of the factors contributing to the
differences observed between AASHTO and mechanistic-empirical LEFs.

In order to establish quantitative differences between both procedures, three load levels are
chosen for the single, tandem and tridem axles'. The following tables include the values obtained
for the AASHTO LEFs (for the three levels of terminal serviceability) as well as the range of
values obtained using the mechanistic-empirical procedure for the different fatigue laws.

! The three load levels are chosen such that:

Lowest load level: a load such that the expected LEF is below 1.
Intermediate Load level: a load such that the LEF is around 1. The values 36 kips and 54 kips were
chosen for the tandem and tridem axles respectively. The reason is that the AASHTO LEFs are

constants (1.38 and 1.66 respectively) for all the structural number and terminal serviceability values.

The highest load level: a load such that the expected LEF is considerably higher than 1; around 10.
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Table IV.11.- AASHTO & Mechanistic-empirical LEFs ~ Cell 16

Cell 16
AASHTO Mech. empirical
pt=20 pt=25 pt=3.0 min max ()
Single
14 kips 0.32 0.33 0.33 0.35 0.55 138%
18 kips 1.00 1.00 1.00 1.00 1.00 100%
34 kips 16.23 13.67 10.83 3.86 10.27 52%
Tandem
24 kips 0.22 0.23 0.23 0.07 0.28 78%
36 kips 1.38 1.38 1.38 0.54 0.94 53%
54 kips 8.34 7.76 6.97 3.03 4.09 46%
Tridem
36 kips 0.27 0.27 0.27 0.10 0.42 97%
54 kips 1.66 1.66 1.66 0.81 1.40 67%
72 kips 5.99 5.75 5.45 3.24 3.43 58%

Table IV.12.- AASHTO & Mechanistic-empirical LEFs ~ Cell 19

Cell 19
AASHTO Mech. empirical
pt=20 pt=25 pt=3.0 min max ()
Single
14 kips 0.33 0.33 0.34 0.36 0.55 135%
18 kips 1.00 1.00 1.00 1.00 1.00 100%
34 kips 15.88 13.02 9.98 3.76 9.81 52%
Tandem
24 kips 0.23 0.23 0.24 0.07 0.28 74%
36 kips 1.38 1.38 1.38 0.53 0.92 52%
54 kips 8.17 7.42 6.49 2.96 3.93 47%
Tridem
36 kips 0.28 0.28 0.29 0.10 0.42 92%
54 kips 1.66 1.66 1.66 0.79 1.38 65%
72 kips 5.90 5.56 5.15 3.17 3.31 59%
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Cell 26
AASHTO Mech. empirical
pt=20 pt=25 pt=3.0 min max ()
Single
14 kips 0.35 0.38 0.44 0.37 0.57 121%
18 kips 1.00 1.00 1.00 1.00 1.00 100%
34 kips 16.94 14.98 12.82 3.72 9.64 45%
Tandem
24 kips 0.25 0.30 0.37 0.09 0.33 68%
36 kips 1.38 1.38 1.38 0.61 1.00 58%
54 kips 8.16 7.43 6.55 3.1 4.27 50%
Tridem
36 kips 0.31 0.36 0.45 0.13 0.49 84%
54 kips 1.66 1.66 1.66 0.91 1.50 73%
72 kips 5.81 5.39 4.88 3.34 3.61 65%

Table IV.14.- AASHTO & Mechanistic-empirical LEFs ~ Cell 30

Cell 30
AASHTO Mech. empirical
pt=20 pt=25 pt=3.0 min max ()
Single
14 kips 0.35 0.39 0.46 0.39 0.58 120%
18 kips 1.00 1.00 1.00 1.00 1.00 100%
34 kips 16.46 14.02 11.38 3.52 8.76 44%
Tandem
24 kips 0.26 0.31 0.40 0.09 0.34 67%
36 kips 1.38 1.38 1.38 0.60 1.00 58%
54 kips 7.99 7.07 6.00 2.97 3.95 49%
Tridem
36 kips 0.31 0.37 0.48 0.14 0.51 83%
54 kips 1.66 1.66 1.66 0.91 1.50 72%
72 kips 5.71 5.20 4.57 3.21 3.38 64%

*  The value in the tables is the central value of the mechanistic-empirical range divided
by the average value of the AASHTO LEFs for the three levels of p, '. For example,
in the previous table (Table 4.14), and for the 14-kip single axle:

0.39 + 0.58

() 2
0.35 + 0.39 + 0.46

3

120 %

' This is more or less equivalent to assuming a terminal serviceability pt = 2.5.
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The differences for different fatigue laws or for different terminal serviceability values are much
higher than the differences between different cells. It can be observed in the previous tables that
the differences between cells are very small for the range of loads considered'.

General comments for the differences between AASHTO and mechanistic-empirical LEFs (M-E
LEFs):

- The mean values for the M-E LEFs for single axles of (14 / 18 / 34) kips were around (125 %
/100 % / 50 %) of the values provided by the AASHTO procedure.

- The mean values for the M-E LEFs for tandem axles of (24 / 36 / 54) kips were around (70 %
/55 % / 50 %) of the values provided by the AASHTO procedure.

- The mean values for the M-E LEFs for tridem axles of (36 / 54 / 72) kips were around (90 % /
70 % / 60 %) of the values provided by the AASHTO procedure.

* It can be observed, as a general tendency, that the M-E LEFs underestimate the AASHTO
values; and the larger the load, the greater the underestimation.

IV.4.3. Conclusions

- The differences between the mechanistic-empirical LEFs obtained when using different
fatigue laws are significant. The different laws have been calibrated in different situations,
and they are representative of those conditions (materials and environmental) for which they
were developed.

- There are also significant differences between the AASHTO LEFs depending on the terminal
serviceability level (py). The values are higher for lower p;.

- The differences between the LEFs obtained for the different fatigue laws make difficult the
comparison with the AASHTO LEFs. In general, the mechanistic-empirical LEFs are smaller
than the AASHTO LEFs. The range of AASHTO LEFs for the different terminal
serviceability levels is above the range of mechanistic-empirical LEFs for the different
fatigue laws considered.

The general conclusion is that the mechanistic-empirical LEFs underestimate the AASHTO
values; and the larger the load, the greater the underestimation. A possible explanation is that
only one distress mechanism has been considered in the mechanistic-empirical procedure
(asphalt cracking). The AASHTO procedure is based on empirical results; the real
deterioration of a pavement is the sum of a series of deterioration mechanisms, so it is not
strange that when only one mechanism is considered, the damage is underestimated. This
would also explain why the higher the load, the higher the underestimation.

! The comparison made is equivalent to consider a terminal serviceability value pt = 2.5. The influence of
the SN on the AASHTO LEFs was not so significant for this terminal serviceability level (2.5). For that
reason, and because of the range of load level considered, there are not significant differences between the
AASHTO LEFs for the different cells.

2 The 18-kip single axle is the Standard Axle for which the LEFs are determined. Consequently, the LEF
for this particular axle configuration is, by definition, 1.
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Experimental validation is required in order to determine whether the AASHTO values are
realistic or whether more realistic values would be obtained with the M-E procedures.

In the AASHTO procedure the LEFs for single and tandem axles increase for low structural
numbers, and especially for high loads and high terminal serviceability level (p; = 3.0). But
the mechanistic-empirical procedure gave more or less the same values for the four cells
studied, even though the structural capacity was very different between them.

The transverse distribution of the traffic across the lane must be considered in the
mechanistic-empirical procedure, otherwise the damage produced by single wheels will be
overestimated. The strain distribution under a single wheel is much more concentrated than
for a dual wheel, and consequently, the strain decreases significantly with the offset.

Many factors not included in the AASHTO procedure for LEF determination can be
incorporated in the mechanistic-empirical procedure. In addition to the factors considered
previously, we can add:

Tire pressure

Temperature

Changes in base layers and subgrade due to seasonal effects
Speed of the vehicles

*  Additionally, the Miner hypothesis for damage superposition allows the consideration of
daily and seasonal variations of traffic and structural properties of the pavement in a very
simple way.

*  Also, the mechanistic-empirical procedure allows the definition of the pavement structure
itself, so it is not necessary to characterize the complete pavement structure by a single
number (Structural Number of the AASHTO guide).

* In this thesis only the fatigue cracking of the asphalt layer has been considered. The
rutting failure criterion is also considered in the pavement design field. The incorporation
of different failure criteria in the mechanistic-empirical procedure is very simple,
although different criteria would result in different LEFs.
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Chapter V.- CONCLUSIONS AND RECOMMENDATIONS

SUMMARY

The objective of this thesis is the development of a mechanistic-empirical procedure for the
determination of Load Equivalency Factors for flexible pavements.

The LEFs included in the present AASHTO guide are based on the empirical results of the
AASHO Road Test, performed in Illinois in the late 50’s. Several deficiencies presented in that
procedure make necessary a method based on mechanics rather than pure empiricism, a method
that can address the particularities of the traffic loads, environment and materials of each case as
well as incorporate the real distress mechanism causing the pavement deterioration.

A mechanistic-empirical procedure consists of two main steps. The first is a structural model that
relates the traffic loads to a certain structural response, usually strains. The second is a distress
model that relates that structural response to damage. The pavement deterioration is then
computed through the accumulation of the damage produced by the successive passes of the
traffic.

An extensive experimental work concerning the structural model is carried out in this thesis. Data
from the Mn/Road Project are used in order to study the structural response of pavements.

The Mn/Road Project is an outdoor facility located north of Minneapolis where full-scale
pavement sections are tested. Real vehicle loads are applied, and the structural response can be
measured by means of different kinds of sensors placed in the different layers of the pavements.
Four different pavement cells were selected for this study, and the response was measured under
different vehicle configurations.

Different types of vehicles, including different kinds of axles and a wide range of load levels, as
well as different tire pressures and speeds were used for the tests referred to in this thesis, which
were performed during spring 1999. Data from strain sensors were recorded under the pass of the
vehicles, and stored for a later treatment.

The data was treated and the peak strains registered under each axle configuration were
determined so that a comparison could be done in order to study the effects of different factors
influencing the pavement structural response.

The structural model used in this thesis is the multilayer linear elastic model. The structural
parameters were first determined from Falling Weight Deflectometer back-calculation, and a
comparison of this model with the measured data was made. The deficiencies were addressed and
a corrected model was used in which the elastic modulus of the asphalt was adjusted for each
vehicle speed.

The structural model previously validated was used as the first step in the mechanistic-empirical
LEF determination. For the second step, the damage model, the only distress mechanism
considered was the asphalt fatigue cracking; the rutting or permanent deformation criterion was
not considered in this thesis.

Several fatigue laws developed by different institutions were used, and the mechanistic-empirical
LEFs obtained were compared to the values provided by the AASHTO guide.



Chapter V.- CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
1. Structural model

As a result of the studies carried out, it can be concluded that the structural behavior of the four
pavement cells considered in this thesis is linear viscoelastic.

Linearity:

- The measured strains increased linearly with to the force, and a linear model reproduced the
response of the pavement for a wide range of load levels with the same set of structural
parameters (elastic moduli of the layers).

- It was also verified that the linear model adequately reproduced the response for different
types of axles. Different types of axles mean a different number of wheels and different
wheel forces, so this was an expected result considering the linearity of the system (load
superposition).

- The linearity of the system was also observed when the FWD back-calculation was
performed: the deflections increased linearly with the load and the back-calculated modulus
of the asphalt and soil layers was almost independent of the stress level applied.

Viscosity:

- Viscosity effects were evident when looking at the strains for the same axle at different
vehicle speeds. The strains increased significantly for low speeds.

- The study of the transverse distribution of the strains for different vehicle speeds seemed to
indicate that most of the viscosity effects came from the asphalt layer.

- The viscosity of the asphalt mix was apparent in the laboratory testing of the asphalt
modulus. Dynamic and resilient modulus significantly increased for high frequency loads.

Wheel-pavement contact area:

- The high dispersion in the data made difficult the establishment of conclusions concerning
the effects of tire pressure. The changes in strain when the tire pressure was changed were not
significant in comparison with the scattering of the data.

- The study of the transverse distribution of the strains for the tandem axles (dual wheels)
showed that the transverse strain did not decrease significantly between the two dual wheels
as would be predicted using circular constant pressure contact areas. The observed behavior
would be more in accordance with a non-uniform load distribution: load more concentrated
close to the transverse edges of the tires of the dual wheels (i.e., either the contact stress
increases close to the transverse edges of the tires or the contact area is wider in the
transverse direction than in the longitudinal direction).
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- A typical assumption in the pavement analysis field is that the contact area between wheel
and pavement is circular and that the stress distribution in that area is constant. The fact that
the strains were predicted for a wide range of load levels (keeping the tire pressure constant)
with the same set of structural parameters seems to validate that assumption in order to
predict strains.

Multilayer linear elastic model:

- The structural model used in this thesis is the multilayer linear elastic model (Burmister
solution).

- The structural parameters used for the first comparison were the elastic moduli obtained from
FWD back-calculation.

- Differences between the strains predicted by the model (multilayer linear elastic with FWD
back-calculated parameters) and the measured values were believed to come from actual
differences between the FWD pulse load and the traffic wheel loads as well as from the
variability of the pavement properties:

FWD pulse load is an impulsive load applied at a particular point of the pavement. It has
a significant content of high frequencies. Since the asphalt is a viscoelastic material, it is
not surprising that its apparent stiffness against a FWD pulse load is different from its
apparent stiffness when real moving wheels are considered.

The FWD back-calculated moduli are representative of the complete pavement cell;
several points were tested and the mean value was considered. The response measured by
a particular sensor is representative of the area where that sensor is placed.

- An adjusted model was then used, where the asphalt modulus was adjusted in order to fit the
measured strains.

The adjusted asphalt modulus (“apparent asphalt modulus™) was found to be independent
of the load level as well as independent of the axle type (linearity of the system).

The adjusted asphalt modulus (“apparent asphalt modulus™) was found to depend on the
speed of the vehicles. It was higher for higher speeds and decreased significantly for low
speeds (5-mph tests).

The FWD back-calculated asphalt modulus was found to be representative of the asphalt
stiffness for high vehicle speeds. For the cells in the main line (Cells 16 and 19) the FWD
modulus was representative of the 60 mph tests, and in the low volume loop cells (Cells
26 and 30) it was representative of the 30 mph tests. It was difficult to establish a realistic
speed for which the FWD modulus is representative, especially because of the variability
of the pavement properties from one point to another.

- The adjusted model adequately predicted the strains for the different offsets or transverse
position of the axles as well as the longitudinal registers of the signals.
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- The fact that the response is viscoelastic and that we are using an elastic model implies two
important considerations:

The equivalent or apparent asphalt modulus must be determined for each speed.

Several particularities inherent to viscoelastic systems cannot be reproduced by the
equivalent elastic model. For example, the longitudinal asymmetry of the strains signals.

Other magnitudes:

- Only measured strains at the bottom of the asphalt layer have been considered in this thesis,
although the complete validation of the structural model would require the verification of
different magnitudes, like deflections at the surface or stresses and strains measured in
different soil layers.

- A study of the deflections measured in Cell 30 under the pass of the vehicles is presented in
the appendix. The treatment of the data as well as the analysis was done in the same way as
before, and the results seem to validate the conclusions drawn for the strains.

2. Fatigue model

- The differences between the mechanistic-empirical LEFs obtained for the different fatigue
laws were very significant. The different fatigue laws were developed by different institutions
and are representative of the conditions for which they were calibrated.

- There were also significant differences between the AASHTO LEFs depending on the
terminal serviceability level (p;). The values were higher for lower p..

- The differences between the LEFs obtained for the different fatigue laws make difficult the
comparison with the AASHTO LEFs. In general, the mechanistic-empirical LEFs were
smaller than the AASHTO LEFs. The range of AASHTO LEFs for the different terminal
serviceability levels was above the range of mechanistic-empirical LEFs for the different
fatigue laws considered.

- The general conclusion was that the mechanistic-empirical LEFs underestimated the
AASHTO values; and the larger the load, the greater the underestimation. A possible
explanation is that only one distress mechanism has been considered in the mechanistic-
empirical procedure (asphalt cracking). The real deterioration of a pavement is the sum of a
series of deterioration mechanisms; these mechanisms are indirectly considered in the
AASHTO procedure as it is based on empirical results.

Experimental validation is required in order to determine whether the AASHTO values are
realistic or whether more realistic values would be obtained with the M-E procedures.

- In the AASHTO procedure the LEFs for single and tandem axles increase for low structural
numbers, and especially for high loads and high terminal serviceability level (p, = 3.0). But
the mechanistic-empirical procedure gave more or less the same values for the four cells
studied, even though the structural capacity was very different between them.
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The transverse distribution of the traffic across the lane must be considered in the
mechanistic-empirical procedure. Otherwise the damage produced by single wheels will be
overestimated, because the strain distribution under single wheels is much more concentrated
than for dual wheels.

RECOMMENDATIONS

Concerning the structural model

The use of a multilayer linear elastic model has proved to be simple and accurate in
predicting the strains developed under the pass of traffic loads.

Since the observed structural behavior was viscoelastic, the elastic modulus of the asphalt
layer must be adjusted for each vehicle speed when using a linear elastic program.

The FWD back-calculation can be a very simple and useful tool for determining the structural
properties of the pavement layers, although the modulus obtained for the asphalt cannot be
used to reproduce the response against low speed traffic.

Concerning the LEF determination

The experimental data recorded at Mn/Road Project were crucial in validating and establishing
conclusions about the structural model. But no experimental data were considered for distress, so
it is difficult to determine whether or not the mechanistic-empirical LEFs obtained are realistic.
Several recommendations can be made.

The different factors influencing the pavement structural response must be included in the
procedure:

- Load level and axle type

- Tire pressure

- Temperature

- Changes in base and subgrade layers due to seasonal effects
- Speed

- Transversal distribution of the traffic across the lane

Fatigue laws calibrated for the specific materials of the site must be used. The differences
between different fatigue laws can be very significant.

Different distress mechanisms, not only the fatigue asphalt cracking, should be included in
the model.

Concerning future tests

It is recommended to perform FWD tests at more than five points per cell, and to relate the
position of those points to the position of the sensors.
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- It is also recommended to measure the strains when a FWD pulse load is applied. The FWD
pulse load is well defined, as well as the contact area and the stress distribution; in addition,
the same load producing the strains to be measured would be used to back-calculate the
structural parameters. So it could be a first step in the model validation, before considering
actual traffic loads where more sources of variability are present.

- It is recommended to include single axles with dual wheels in future studies. That
configuration was not considered in this thesis, and would help to separate from the issues
concerning tandem axles the issues related to dual wheels.

- It is recommended to include in the process of validation of the structural model not only
strains at the bottom of the asphalt layer, but also other different structural magnitudes; in
particular deflections at the surface and also vertical stresses and strains in the different
granular layers and at the top of the subgrade.

- The number of strain sensors was insufficient to adequately define the strain associated with
each run. Three sensors were not enough, especially considering that many times some of
them did not work properly.

Concerning research topics

- One of the main issues concerning the structural model is how to relate the asphalt elastic
modulus to vehicle speed. It has been done in this thesis by fitting the measured strains. More
research study is required in this field: laboratory and in-situ procedures should be studied in
order to adequately characterize the viscoelastic behavior of the asphalt mix. The ultimate
goal of this characterization must be relating the asphalt modulus to a particular vehicle
speed, rather than a frequency.

The interpretation of the FWD test results in order to relate asphalt modulus to vehicle speed
would be another important issue. Related to this point would be the calibration of the FWD
device in order to reproduce a specific or target vehicle speed.

- More study should be done in the use of viscoelastic structural models, introducing the actual
parameters of a viscoelastic material for the asphalt rather than an equivalent modulus for
each speed. This would improve the understanding of the pavement structural behavior as
well as the relation between the apparent asphalt modulus and vehicle speed.

- Another main issue is the definition of the contact area between wheel and pavement. The
shape of that area and the stress distribution on it should be better defined, as well as its
influence on the pavement deterioration.

- As no experimental validation of the LEFs is carried out in this thesis, it was not possible to

conclude whether the AASHTO values are more realistic than the values obtained through the
M-E procedures. More experimental study is required in this field.
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TRUCKS DEFINITION

The axle spacing and dimensions for the Mn/Road Truck can be seen in the following figure.

Mn/Road Truck

Trailer axle Drive axle _
(tandem) (tandem) Steering axle

R ) g ET

|
.

1778 mm 1829 mm 1930 mm
0 ) (76”)

9906 mm
(48”) (32’ 6”) (527) a7)

* drawing not to scale

Figure A2.1.- Mn/Road Truck dimensions

A calibration process was performed for the offset or relative transversal position of the different
axles of Mn/Road Truck and the Gravel Truck. The peak strain values registered were plotted
versus absolute offset for each one of the axles, and the relative transverse distance between axles
was determined. The results for the Mn/Road Truck can be seen in the following figure.

Mn/Road Truck
Calibrated Offsets

Video camera

Trailer axle Drive axle Steering axle
(tandem) (tandem)

Figure A2.2.- Offsets considered in the analysis ~ Mn/Road Truck
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The value obtained for the single axle (2 outside the drive axle) is equal to the theoretical value
and there is a small difference for the trailer axle: the theoretical value indicates that the trailer
axle is 1 inch inside with respect to the tandem axle (where the camera is installed).

For the Gravel Truck, the calibrated offsets are included in the following figure.

Gravel Truck
Calibrated Offsets

- B —— 1
""" N i o — = I

75 mm Video camera Sé 1;11;1
Trailer axle o Drive axle Steering axle
(tridem) (tandem)

Figure A.2.3.- Offsets considered in the analysis ~ Gravel Truck

Calibrated offsets were used in the analysis; a large number of vehicle passes was used in this
calibration process, and the result can be considered reliable. Another reason for the use of
calibrated offsets is that no design data was available for the Gravel truck.

For the trailer axle of the Mn/Road Truck, a different value could have been chosen. For this axle,
the theoretical offset was 1 inch, and the calibrated offset was 0 inches. The calibrated value was
used in order to be consistent with the rest of the offsets (because calibrated values were used for
the Gravel Truck). For this type of axle (with dual wheels), a difference of 1 inch in the offset
would not change appreciably the results.
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FWD BACK-CALCULATION RESULTS

FWD tests were performed for the four cells considered in this thesis. The tests were performed
several times a day for several days.

Each test was performed at five points or locations per cell, and the stress levels applied were:
- Main line: - 3 drops at 400 kPa (approx.)
- 3 drops at 600 kPa (approx.)
- 3 drops at 900 kPa (approx.)
- Low-volume: - 3 drops at 300 kPa (approx.)
- 3 drops at 500 kPa (approx.)
- 3 drops at 600 kPa (approx.)

The plate diameter was 300 mm, and the deflections were measured at several radial distances:

- Sensor distances: 0/203/305/457/610/914/1219/1524/ 1829 mm
(0/8/12/18/24/36/48/60 /72 in)

A rigid layer was included in the calculations. The estimated depth of the rigid layer was:
Cell 16: 2922 mm
Cell 19: 2666 mm
Cell 26: 2145 mm
Cell 30: 2138 mm

The back-calculated moduli for each one of the cells are included in the following tables.
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Table A3.1.- Back-calculation moduli ~ Cell 16

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
] 5978.9 150.9 82.3 333 %
top: 8.3 2 6930.9 173.9 85.6 2.52%
3 —_— —_— —_— —
9:30 053
featt 4 6093.1 176.9 80.8 3.19 %
bottom: 3.7 5 6407.9 2013 81.6 3.26 %
mean 6350 176 83
] 3694.5 174.7 90.1 3.58 %
top: 23.0 2 41343 177.4 91.7 3.83 %
March-26-99 3 . o . .
14:45 | mean: 16.1
4 3535.9 181.3 83.3 4.71 %
bottomm: 8.5 5 3561.2 182.0 82.0 5.25%
mean 3730 179 87
oo 177 ] 4014.8 181.5 87.4 3.48 %
op- 1/ 2 46263 182.1 92.5 317 %
3 —_— —_— — —
17: . 14.
7:30 | mean: 14.8 4 40165 182.8 838 382 %
bottor: 10.5 5 44452 180.7 82.6 2.99 %
mean 4280 182 87

Table A3.2.- Back-calculation moduli ~ Cell 19

T-asphalt Back-calculated modulus (MPa)

Date Time O Location Asphalt Base Subgrade Error*
1 6017.1 186.4 91.7 1.60 %
top: 11.4 2 6987.6 183.9 87.7 2.58 %
3 4957.9 170.7 78.1 2.06 %
9:45 | mean: 7.4 4 38717 1533 76.1 428 %
bottom: 5.1 5 5014.7 154.7 79.2 4.03 %

mean 5370 170 83
1 3340.4 171.0 92.5 2.92 %
top: 25.2 2 3870.2 166.7 88.4 3.37 %
3 2829.6 155.3 83.6 3.94 %
March-26-99 | 15:00 | mean: 18.2 4 2807.2 167.8 81.3 4.89 %
5 2178.1 142.4 78.2 5.54 %
bottom: 11.5 6 2890.0 140.2 85.7 5.53 %

mean 2990 157 85
top: 17.8 1 3647.6 181.3 90.7 2.71 %
: 2 4424 8 172.9 87.3 3.13 %
3 3280.9 162.8 81.7 3.49 %
17:45 | mean: 16.0 4 2571.9 144.5 78.6 522%
bottom: 13.1 5 3447.9 144.1 83.4 5.32 %

mean 3470 161 84
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Appendix 3.- FWD BACK-CALCULATION RESULTS

Table A3.3.- Back-calculation moduli ~ Cell 26

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
1 7553.6 45.0 0.57 %
top: - 2 7990.0 47.9 0.84 %
3 8269.6 48.0 137 %
8:30 | mean: 7.0 4 9364.1 477 0.45 %
bottomm: - 5 9001.8 517 0.25 %
April-9-99 mean 8440 48
top: 24.6 1 3550.0 41.0 1.41 %
P 2 37915 443 1.99 %
3 3833.8 46.6 1.57 %
12:30 | mean: 18.6 4 4617.0 44.1 1.54 %
bottom: 13.0 5 4669.9 47.0 1.05 %
mean 4090 45
1 71305 439 0.57 %
top: 10.3 2 7603.3 473 0.99 %
3 7785.1 475 1.48 %
8:45 | mean: 10.0 4 9046.8 473 0.47 %
bottom: 9.7 5 8601.7 49.1 0.19 %
mean 8030 47
1 46183 .4 40.4 0.99 %
top: 18.0 2 4784.4 45.5 1.29 %
, 3 5057.0 46.0 1.58 %
April-13-59°| 12:00 | mean: 16.0 4 5903.1 448 0.63 %
bottom: 11.8 5 6011.2 46.9 0.80 %
mean 5270 45
top: 263 1 28262 375 213 %
$ 26, 2 3007.8 41.6 247 %
3 2762.1 45.0 1.79 %
13:30 | mean: 19.8 4 33955 41.0 137 %
bottom: 13.6 5 37282 44.0 1.40 %
mean 3140 42
1 8247.6 43.8 0.48 %
top: 7.9 2 8580.6 48.2 0.87 %
3 9088.3 462 1.72 %
8:15 | mean: 8.0 4 97873 4738 0.29 %
bottom: 8.3 5 10,278.5 47.4 0.61 %
April-15-99 mean 9200 47
top: 05 1 7482 4 431 0.74 %
e 2 8234.4 45.6 124 %
3 8253.6 46.2 133 %
11:30 | mean: 9.3 4 9148.0 46.9 0.27 %
bottom: 9.1 5 8825.1 49 4 0.08 %
mean 8390 46
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Appendix 3.- FWD BACK-CALCULATION RESULTS

1 9401.9 46.9 0.55 %
top: - 2 9677.9 49.3 0.67 %
8:00 | mean: 6.0 3 10.121.3 — 49.5 0.89 %
4 11,237.3 50.3 0.18 %
bottom: --- 5 11,126.9 52.3 0.18 %
April-16-99 mean 10,310 50
top: 14.8 1 6239.3 43.6 0.81 %
T 2 6423.3 48.5 0.91 %
3 6782.0 47.9 1.20 %
12:00 | mean: 11.6 ) 433 — T oIt
bottom: 8.3 B 7342.7 - 50.3 0.14 %
mean 6840 48

Table A3.4.- Back-calculation moduli ~ Cell 30

T-asphalt Back-calculated modulus (MPa)
Date Time (°C) Location Asphalt Base Subgrade Error*
] 4986.9 32.3 46.8 0.24 %
top: - 2 4092.9 63.6 40.9 0.24 %
3 6673.7 41.4 46.5 0.12 %
8:00 :5.0
featt 4 54192 83.0 474 0.12 %
bottomm: —- 5 8563.1 56.2 532 0.29 %
April—9-99 mean 5950 55 47
o 22.0 ] 2974.0 37.0 44.1 0.60 %
op: 22 2 2761.1 46.7 412 0.14 %
, , 3 41243 357 45.1 0.55 %
12:00 | mean: 18.7 4 3600.7 62.7 48.0 0.42 %
bottom: 13.5 5 5266.6 458 552 0.43 %
T mean 3750 46 47
] 4637.2 31.0 47.0 0.84 %
top: 10.3 2 3449 4 68.4 40.6 0.35 %
3 5153.7 68.4 43.6 0.13 %
8:15 :10.0
featt 4 45963 91.0 452 0.29 %
bottom: 9.7 5 7554.7 59.3 51.0 037 %
mean 5080 65 45
] 2381.4 45.4 41.1 0.43 %
top: 18.7 2 27445 522 39.4 0.25 %
April-13-99 | 11:45 | mean: 16.0 i 4890.7 44.4 47.1 0.19 %
bottom: 12.2 5 5545.9 53.0 49.5 0.27 %
mean 3820 49 44
o0 247 ] 2781.7 21.5 44.8 1.76 %
op: & 2 22155 40.7 40.7 031 %
, , 3 3942.6 33.0 46.5 0.48 %
13:15 | mean: 20.3 4 33593 485 474 0.15 %
bottom: 14.3 5 50982 333 553 0.87 %
T mean 3480 35 47
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Appendix 3.- FWD BACK-CALCULATION RESULTS

1 5067.7 27.1 47.4 0.60 %
top: 8.1 2 3728.8 72.0 40.6 0.19 %
o,
745 | mean: 8.0 3 6354.4 47.8 44.4 0.55 %
4 5816.8 80.6 50.1 0.08 %
bottom: 7.9 5 8226.3 65.1 54.2 0.17 %
April-15-99 mean 5840 59 47
on: 102 1 3812.4 50.3 40.8 0.17 %
op: 1% 2 3420.6 69.4 39.8 0.07 %
3 5872.2 48.1 43.8 0.36 %
11:00 : 9.8
fmean 4 5430.7 768 457 0.06 %
bottom: 9.3 5 8736.2 42.4 55.2 0.54 %
mean 5450 57 45
1 5322.4 292 443 0.48 %
top: --- 2 3812.1 74.1 38.4 0.40 %
730 | mean: 5.0 3 6017.0 73.9 42.5 0.17 %
: o 4 6591.7 75.8 47.9 0.24 %
bottom: ——- 5 9812.4 49.4 54.5 0.30 %
April-16-99 mean 6310 60 46
on: 16.6 1 3435.2 47.6 40.1 1.26 %
op- 10. 2 2838.7 56.9 39.5 0.43 %
3 3958.7 70.1 41.1 0.53 %
12: 2 13.
30 | mean: 13.7 4 4430.4 64.9 478 032 %
bottom: 10.0 5 5646.1 75.2 48.7 0.18 %
mean 4060 63 43
5 2
1 m - W
* grror — z J J
m i1 Wj
where m number of sensors
w; measured defletion
& calcualted deflecion
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Appendix 4.- SUMMARY OF PEAK STRAINS

SUMMARY OF PEAK STRAINS
The maximum peak strain and the equivalent asphalt modulus for each run is included next.

For example:

Cell19 Runt1 T. 14.2°C (14.9 -13.5)
exx (ug)  E (MPa)
- Single: 140 2410
- Tandem 1: 85 2000
- Tandem 2: 80 1950

Run 19 was performed with Mn/Road Truck at 30 mph.
*  Mn/Road Truck axles: steering / tandem / tandem.
*  gXxx: transverse strain.

Interpretation:

The mean temperature of the asphalt was 14.2 °C in Cell 19 during Run 1. The
temperature changed during the time the five passes were performed, being 14.9 °C
at the beginning and 13.5 °C at the end. 14.2 is the mean value for the five passes
corresponding to Run 1.

The measured transverse strain when the single wheel was directly over a sensor was
140 pe, and the equivalent asphalt modulus was 2410 MPa.

2410 MPa is the apparent asphalt modulus under the single axle of Run 1.

The measured transverse strain when the trailer axle (tandem 2) was directly over a
sensor was 80 e, and the apparent asphakt modulus was 1950 MPa.

For a single wheel the maximum strain occurs when the sensor is below the center of
the wheel. For dual wheels (as in the tandem or tridem axles) the maximum strain
occurs at a certain point between the two wheels. In this appendix the value
considered is the strain directly below the center of one of the dual wheels.

1950 MPa is the apparent asphalt modulus under the second tandem axle in the truck
of Run 1.

For Cell 26 and 30, the maximum strain and apparent asphalt modulus are also
included for longitudinal strain.
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell16 Run1 T: 12.8°C (13.3-12.2)
exx (ue) E (MPa)
- Single: 90 4040
- Tandem 1: 60 3170
- Tandem 2: 65 2410
Cell16 Run2 T: 13.9°C (13.0 - 14.8)
exx (ue) E (MPa)
- Single: 95 4180
- Tandem 1: 85 3010
- Tandem 2: 90 2710
Cell16 Run3 T: 16.2°C (16.3 - 16.0)
exx (ug)  E (MPa)
- Single: 110 3700
- Tandem 1: 95 2460
- Tandem 2: 135 2030
Cell16 Run4 T. 57°C (5.6-5.7)
exx (ue)  E (MPa)
- Single: 100 3890
- Tandem 1: 70 2490
- Tandem 2: 65 2830
Cell16 Runb5 T. 11.2°C (11.2-11.3)
exx (ue) E (MPa)
- Single: - -—
- Tandem 1: 50 4450
- Tandem 2: 55 3780
Cell16 Run 6 T: 13.8°C (14.6 - 13.0)
exx (ue) E (MPa)
- Single: — -—
- Tandem 1: 130 1340
- Tandem 2: 125 1450
Cell16 Run?7 T. 10.2°C (9.7-10.7)
exx (ue)  E (MPa)
- Single: —_ —
- Tandem 1: 75 3750
- Tandem 2: 75 3750
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell16 Run 8 T: 15.6°C (15.6 - 15.5)
exx (ug)  E (MPa)
- Single: — —
- Tandem 1: 140 1150
- Tandem 2: 170 1260
Cell16 Run9 T.
exx (ue) E (MPa)
- Single: — —
- Tandem 1: - -
- Tandem 2: -— -
Cell16 Run 10 T: 16.3°C (16.4-16.3)
exx (ue)  E (MPa)
- Single: 105 3250
- Tandem 1: 70 2490
- Tandem 2: 65 2830
Cell16 Run 11 T- 9.0°C (8.0-10.0)
exx (ue) E (MPa)
- Single: 80 5290
- Tandem 1: 75 3750
- Tandem 2: 75 3750
Cell16 Run12 T:
exx (ue) E (MPa)
- Single: -— -
- Tandem 1: -— -—
- Tandem 2: -— -
Cell16 Run13 T 7.7°C (54-10.0)
exx (Mg)  E (MPa)
- Single: 80 4990
- Tandem 1: 75 3550
- Tandem 2: 80 3160
Cell16 Run 14 T. 12.3°C (13.5-11.0)
exx (ue) E (MPa)
- Single: 100 4050
- Tandem 1: 90 2830
- Tandem 2: 95 2570

A4-3



Appendix 4.- SUMMARY OF PEAK STRAINS

Cell16 Run 15 T: 123°C (11.5-13.1)
exx (ug)  E (MPa)
- Single: — —
- Tandem 1: 85 2830
- Tandem 2: 85 2830
Cell16 Run 16 T. 52°C (42-6.2)
exx (ue) E (MPa)
- Single: 70 6540
- Tandem 1: 65 4970
- Tandem 2: 65 4970
Cell16 Run 19 T: 13.4°C (14.6 -12.3)
exx (ue)  E (MPa)
- Single: -— —
- Tandem: 55 3340
- Tridem: 45 3290
Cell16 Run 20 T 81°C (56-10.7)
exx (ue) E (MPa)
- Single: 80 4750
- Tandem: 60 4000
- Tridem: 55 3980
Cell16 Run 21 T. 13.4°C (13.1-13.7)
exx (ue)  E (MPa)
- Single: -— -—
- Tandem: 90 2890
- Tridem: 90 2940
Cell16 Run 22 T: 129°C (13.4 -12.4)
exx (ue) E (MPa)
- Single: — —
- Tandem: 100 2250
- Tridem: 100 2800
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell19 Run1 T: 142°C (14.9 -13.5)
exx (ue) E (MPa)
- Single: 140 2410
- Tandem 1: 85 2000
- Tandem 2: 80 1950
Cell19 Run 2 T:
exx (ue) E (MPa)
- Single: — —
- Tandem 1: -— -
- Tandem 2: -— -
Cell19 Run3 T. 17.5°C (17.7 -17.3)
exx (ug)  E (MPa)
- Single: 170 2200
- Tandem 1: 125 1745
- Tandem 2: 165 1630
Cell19 Run4 T. 71°C (52-8.9)
exx (ue)  E (MPa)
- Single: 119 3385
- Tandem 1: - -
- Tandem 2: -— -
Cell19 Runb5 T. 12.6°C (12.6 -12.6)
exx (ue) E (MPa)
- Single: - -—
- Tandem 1: 55 4315
- Tandem 2: 60 3735
Cell19 Run 6 T: 152°C (16.1 - 14.4)
exx (ue) E (MPa)
- Single: 225 1295
- Tandem 1: 135 1510
- Tandem 2: 135 1510
Cell19 Run?7 T 11.7°C (11.2-12.1)
exx (ue)  E (MPa)
- Single: -— -
- Tandem 1: 80 3845
- Tandem 2: 80 3845
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell19 Run38 T: 16.4°C (17.1-15.7)
exx (ug)  E (MPa)
- Single: 265 1070
- Tandem 1: — —
- Tandem 2: — —
Cell19 Run?9 T.
exx (ue) E (MPa)
- Single: — —
- Tandem 1: - -
- Tandem 2: -— -
Cell19 Run10 T: 18.3°C (18.3-18.1)
exx (ue)  E (MPa)
- Single: 181 1640
- Tandem 1: 95 1690
- Tandem 2: 95 1690
Cell19 Run 11 T: 10.7°C (9.6-11.7)
exx (ue)  E (MPa)
- Single: 131 2950
- Tandem 1: 90 3140
- Tandem 2: 90 3140
Cell19 Run 12 T:
exx (ue) E (MPa)
- Single: — —
- Tandem 1: -— -
- Tandem 2: -— -
Cell19 Run 13 T. 93°C (6.6-11.5)
exx (Mg)  E (MPa)
- Single: 116 3290
- Tandem 1: -— -
- Tandem 2: - -
Cell19 Run 14 T 13.3°C (14.7 -12.1)
exx (ue) E (MPa)
- Single: 151 2520
- Tandem 1: -— -
- Tandem 2: -— -—
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell19 Run 15 T: 142°C (13.3 -15.0)
exx (ug)  E (MPa)
- Single: 145 2380
- Tandem 1: 105 2240
- Tandem 2: 105 2240
Cell19 Run 16 T. 66°C (56-7.7)
exx (ue) E (MPa)
- Single: 92 5020
- Tandem 1: 75 4070
- Tandem 2: 75 4070
Cell19 Run19 T: 14.8°C (159 -13.5)
exx (ue)  E (MPa)
- Single: 141 2240
- Tandem: 70 2550
- Tridem: 60 2290
Cell19 Run 20 T 96°C (6.9-12.0)
exx (ue) E (MPa)
- Single: 105 3630
- Tandem: 70 3520
- Tridem: -— —
Cell19 Run 21 T. 15.2°C (14.8 -15.4)
exx (ue)  E (MPa)
- Single: 170 2200
- Tandem: -— -
- Tridem: 110 2350
Cell19 Run 22 T: 14.4°C (15.0 -13.7)
exx (ue) E (MPa)
- Single: 183 1970
- Tandem: 115 2050
- Tridem: 125 2140
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Appendix 4.- SUMMARY OF PEAK STRAINS

Cell26 Run1 T: 20.3°C (20.5-20.0)
exx (ug)  E (MPa) eyy (ue)  E (MPa)
- Single: 350 2220 245 3510
- Tandem 1: - - 148 4490
- Tandem 2: - - 127 4940
Cell26 Run 2 T. 16°C (15.5-16.4)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 188 5350 138 7780
- Tandem 1: 155 5030 162 5890
- Tandem 2: 155 5030 138 7140
Cell26 Run3 T 13.9°C (13.5-14.4)
exx (ue)  E (MPa) eyy (ve)  E (MPa)
- Single: 180 6050 - -
- Tandem 1: 145 5540 143 6870
- Tandem 2: 215 4460 185 6840
Cell26 Run4 T: 18.9°C (18.9 -18.8)
exx (ug) E (MPa) eyy (ue) E (MPa)
- Single: 600 1180
- Tandem 1: 300 1270 274 2110
- Tandem 2: 300 1270 246 2420
Cell26 Runb5 T: 19.6°C (19.9 -19.4)
exx (Wg)  E (MPa) eyy (ue) E (MPa)
- Single: 523 1300 327 2430
- Tandem 1: 250 1660 190 3350
- Tandem 2: 240 1760 160 4150
Cell26 Run 6 T 22.3°C (22.3-22.3)
exx (ug)  E (MPa) eyy (ue)  E (MPa)
- Single: 550 1330 502 1510
- Tandem 1: 470 950 425 1720
- Tandem 2: 470 950 400 1870
Cell26 Run?7 T. 222°C (22.1-22.3)
exx (ue)  E (MPa) eyy (ue)  E (MPa)
- Single: 490 1560 335 2580
- Tandem 1: 340 1570 296 2770
- Tandem 2: 340 1570 287 2890
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Cell26 Run 8 T 16.6°C (16.5 - 16.6)
ex (ue)  E (MPa) ey (ue)  E (MPa)
- Single: 350 2610 310 3060
- Tandem 1: 310 1800 250 3440
- Tandem 2: 410 1650 345 3130
Cell26 Run?9 T. 15.2°C (14.7 -15.7)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 200 5310 207 5100
- Tandem 1: 190 3740 180 5170
- Tandem 2: 275 3070 235 5080
Cell26 Run 10 T: 13.8°C (13.9-13.7)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: - -— 142 6910
- Tandem 1: 115 5090 115 6230
- Tandem 2: 105 5790 105 6950
Cell26 Run 11 T: 13.2°C (13.0-13.4)
exx (ug) E (MPa) eyy (ue) E (MPa)
- Single: 143 7470
- Tandem 1: - -— 160 5980
- Tandem 2: - -— 143 6910
Cell26 Run12 T:
exx (ue) E (MPa) eyy (He) E (MPa)
- Single:
- Tandem 1:
- Tandem 2:
Cell26 Run13 T. 99°C (9.9-9.9)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 161 6050 126 8210
- Tandem 1: 130 6150 131 7280
- Tandem 2: 130 6150 117 8430
Cell26 Run 14 T. 89°C (8.8-8.9)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 150 7360 125 9140
- Tandem 1: 135 6390 133 7670
- Tandem 2: 130 6740 115 9150
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Cell26 Run 15 T 12.6°C (12.7 -12.5)
ex (ue)  E (MPa) ey (ue)  E (MPa)
- Single: 190 4940 158 6210
- Tandem 1: 160 4530 159 5760
- Tandem 2: 160 4530 141 6710
Cell26 Run 16 T 11.7°C (11.5-11.8)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 200 5190 145 7670
- Tandem 1: 150 5500 152 6560
- Tandem 2: 150 5500 126 8200
Cell26 Run 19 T:
ex (ue)  E (MPa) ey (ue)  E (MPa)
- Single:
- Tandem:
- Tridem:
Cell26 Run 20 T. 12.2°C (11.7 -12.7)
exx (ug) E (MPa) eyy (ue) E (MPa)
- Single: 120 7310 0 0
- Tandem: 130 6350 130 7550
- Tridem:
Cell 26 Run 21 T. 15.6°C (15.7 -15.4)
exx (Wg)  E (MPa) gyy (ue) E(MPa)
- Single: 180 4420 185 4270
- Tandem: 200 3810 195 5090
- Tridem: 200 3220 140 5420
Cell26 Run 22 T 99°C (9.9-9.9)
exx (ug) E (MPa) eyy (ue) E (MPa)
- Single: 125 6960 133 6490
- Tandem: 155 5900 160 6850
- Tridem: 160 5170 110 7860
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Cell30 Run1 T: 20.1°C (20.4 -19.9)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: - - 210 4850
- Tandem 1: 185 2830 150 5070
- Tandem 2: 165 3020 140 5050
Cell30 Run2 T. 17.4°C (17.0-17.7)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 150 8090
- Tandem 1: 200 3840 150 7430
- Tandem 2: 200 3840 150 7430
Cell30 Run3 T 149°C (144 -15.4)
exx (pe)  E (MPa) eyy (ve)  E (MPa)
- Single: - - 115 11980
- Tandem 1: 220 3330 166 6530
- Tandem 2: 275 3350 201 7030
Cell30 Run4 T: 18.6°C (18.7 - 18.6)
exx (ug) E (MPa) eyy (ue) E (MPa)
- Single: 295 3430
- Tandem 1: 230 2100 316 1970
- Tandem 2: 235 2030 282 2300
Cell30 Runb5 T 19.4°C (19.7 -19.1)
exx (pe)  E (MPa) eyy (ve) E (MPa)
- Single: - - 183 5770
- Tandem 1: 200 2580 172 4370
- Tandem 2: 190 2780 162 4720
Cell30 Run 6 T: 23.3°C (23.3-23.3)
exx (ug)  E (MPa) eyy (ue) E (MPa)
- Single: - - 300 3360
- Tandem 1: 425 1220 363 2390
- Tandem 2: 420 1240 343 2580
Cell30 Run?7 T: 23.3°C (23.2-23.3)
exx (ue)  E (MPa) eyy (ue)  E (MPa)
- Single: 244 4400
- Tandem 1: 325 1840 289 3240
- Tandem 2: 325 1840 251 3880
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Cell30 Run 8 T 17.6°C (17.5-17.6)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: - - 185 6680
- Tandem 1: 300 2080 249 3930
- Tandem 2: 425 1680 309 4070
Cell30 Run9 T: 16.2°C (15.6 - 16.9)
exx (ug)  E (MPa) eyy (ue) E (MPa)
- Single: 129 10460
- Tandem 1: 250 2750 179 5980
- Tandem 2: 340 2400 222 6230
Cell30 Run 10 T: 13.7°C (13.9-13.6)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: - - 115 10280
- Tandem 1: 135 4560 100 8520
- Tandem 2: 115 5740 95 9070
Cell 30 Run 11 T: 13.7°C (13.5-13.8)
exx (ug)  E (MPa) eyy (ue) E (MPa)
- Single: 140 8770
- Tandem 1: 190 4150 120 9770
- Tandem 2: 170 4890 120 9770
Cell30 Run12 T 99°C (9.8-10.0)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: 132 10140
- Tandem 1: 195 3990 110 10870
- Tandem 2: 235 4270 155 9730
Cell30 Run13 T 10.9°C (10.9 - 11.0)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 122 9800
- Tandem 1: 190 3850 130 8470
- Tandem 2: 175 4360 125 8890
Cell30 Run 14 T. 95°C (94-9.6)
exx (ue) E (MPa) eyy (ue) E (MPa)
- Single: 124 10650
- Tandem 1: 185 4550 120 10090
- Tandem 2: 160 5620 115 10620
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Cell30 Run 15 T 12.3°C (12.3-12.2)
exx (ue)  E (MPa) eyy (ue) E (MPa)
- Single: 325 2770 - -—
- Tandem 1: - - 153 6900
- Tandem 2: - - 147 7260
Cell30 Run 16 T: 11.4°C (11.3-11.6)
exx (ue)  E (MPa) eyy (ue) E (MPa)
- Single: 310 3410
- Tandem 1: 190 4370 127 9430
- Tandem 2: 200 4060 122 9850
Cell30 Run19 T:
exx (ue)  E (MPa) eyy (ue) E (MPa)
- Single: - - — —
- Tandem: -— - — —
- Tridem: - - — —
Cell 30 Run 20 T: 13.3°C (12.8-13.9)
exx (ue)  E (MPa) eyy (ue) E (MPa)
- Single: 75 14820
- Tandem: 175 4590 135 8290
- Tridem: - -— 131 5670
Cell 30 Run 21 T: 16.2°C (16.4 - 16.0)
exx (ue)  E (MPa) eyy (ve) E (MPa)
- Single: - - 100 10410
- Tandem: 250 3010 171 6870
- Tridem: -—- - 178 4750
Cell 30 Run 22 T. 97°C (9.7-9.7)
exx (ue)  E (MPa) eyy (ue) E (MPa)
- Single: 80 13730
- Tandem: 215 4020 158 8000
- Tridem: 159 6010
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Appendix 5.- FIGURES OF STRAIN VERSUS OFFSET/

v = 30 mph

Cell 16 Steering axle 5= 110 psi

Run 3 (Single ~ 13 kips)
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Figure AS.1.- Transverse strain versus offset ~ Cell 16 ~ Run 3 ~ Steering axle

Cell 16 Drive axle v= 30 mph
Run 3 (Tandem ~ 34 kips) p =110 psi
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Figure AS.2.- Transverse strain versus offset ~ Cell 16 ~ Run 3 ~ Drive axle
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Appendix 5.- FIGURES OF STRAIN VERSUS OFFSET/
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Figure AS.3.- Transverse strain versus offset ~ Cell 16 ~ Run 3 ~ Trailer axle
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Figure AS.4.- Transverse strain versus offset ~ Cell 16 ~ Run 4 ~ Steering axle
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Figure AS.5.- Transverse strain versus offset ~ Cell 16 ~ Run S ~ Drive axle
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Figure AS.7.- Transverse strain versus offset ~ Cell 16 ~ Run 19 ~ Trailer axle
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Figure AS.9.- Transverse strain versus offset ~ Cell 19 ~ Run 3 ~ Drive axle
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Figure AS.10.- Transverse strain versus offset ~ Cell 19 ~ Run 3 ~ Trailer axle
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Figure AS.11.- Transverse strain versus offset ~ Cell 19 ~ Run 6 ~ Steering axle
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Figure AS.12.- Transverse strain versus offset ~ Cell 19 ~ Run 6 ~ Drive axle

AS5-7




Appendix 5.- FIGURES OF STRAIN VERSUS OFFSET/

Cell 19 Trailer axle _
. v =30 mph
Run 15 (Tandem ~ 34 kips) p = 90 psi
120
100 Fa 4

(o]
o
|

[o)]
o

N
o
|

Transverse strain (Jg)
S
o o

¥
S
Il

—FWD
- - - Fit

-600 -400

-200 0 200
Offset (mm)

400 600

Figure AS.13.- Transverse strain versus offset ~ Cell 19 ~ Run 15 ~ Trailer axle
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Figure AS.14.- Transverse strain versus offset ~ Cell 19 ~ Run 22 ~ Trailer axle
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Figure AS.15.- Transverse strain versus offset ~ Cell 26 ~ Run 2 ~ Steering axle
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Figure AS.16.- Transverse strain versus offset ~ Cell 26 ~ Run 2 ~ Drive axle

A5-9



Appendix 5.- FIGURES OF STRAIN VERSUS OFFSET/

Transverse strain (Jg)

Cell 26 Trailer axle. v =30 mph
Run 2 (Tandem ~ 34 kips) b= 110 psi
200
A
150 - N\
/ : * e 4 A
100 a
\\_,/ ——FWD
- - - Fit
50 - .
0 /
a
o
a
-50 ‘ ‘
-600 -400 -200 0 200 400 600
Offset (mm)

Figure AS.17.- Transverse strain versus offset ~ Cell 26 ~ Run 2 ~ Trailer axle
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Figure AS.18.- Transverse strain versus offset ~ Cell 26 ~ Run 6 ~ Steering axle
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Figure AS.19.- Transverse strain versus offset ~ Cell 26 ~ Run 6 ~ Drive axle
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Figure AS.20.- Transverse strain versus offset ~ Cell 26 ~ Run 15 ~ Steering axle
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Figure AS.21.- Transverse strain versus offset ~ Cell 26 ~ Run 22 ~ Trailer axle
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Figure AS.22.- Longitudinal strain versus offset ~ Cell 26 ~ Run 10 ~ Steering axle
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Figure A5.23.- Longitudinal strain versus offset ~ Cell 26 ~ Run 10 ~ Drive axle
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Figure AS.24.- Longitudinal strain versus offset ~ Cell 26 ~ Run 10 ~ Trailer axle
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Figure AS5.26.- Longitudinal strain versus offset ~ Cell 26 ~ Run 8 ~ Drive axle
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Figure AS.27.- Longitudinal strain versus offset ~ Cell 26 ~ Run 13 ~ Steering axle
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Figure AS.28.- Longitudinal strain versus offset ~ Cell 26 ~ Run 22 ~ Trailer axle
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Figure AS.29.- Transverse strain versus offset ~ Cell 30 ~ Run 3 ~ Steering axle
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Figure AS5.30.- Transverse strain versus offset ~ Cell 30 ~ Run 3 ~ Drive axle
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Figure AS5.31.- Transverse strain versus offset ~ Cell 30 ~ Run 3 ~ Trailer axle
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Figure AS.32.- Transverse strain versus offset ~ Cell 30 ~ Run 8 ~ Steering axle
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Figure AS5.33.- Transverse strain versus offset ~ Cell 30 ~ Run 8 ~ Drive axle
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Figure AS5.34.- Transverse strain versus offset ~ Cell 30 ~ Run 15 ~ Steering axle
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Figure AS5.35.- Transverse strain versus offset ~ Cell 30 ~ Run 21 ~ Trailer axle
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Figure AS5.36.- Longitudinal strain versus offset ~ Cell 30 ~ Run 10 ~ Steering axle
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Figure A5.37.- Longitudinal strain versus offset ~ Cell 30 ~ Run 10 ~ Drive axle
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Figure AS.38.- Longitudinal strain versus offset ~ Cell 30 ~ Run 10 ~ Trailer axle
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Figure AS.39.- Longitudinal strain versus offset ~ Cell 30 ~ Run 6 ~ Steering axle
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Figure A5.40.- Longitudinal strain versus offset ~ Cell 30 ~ Run 6 ~ Drive axle
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Figure AS5.41.- Longitudinal strain versus offset ~ Cell 30 ~ Run 13 ~ Drive axle
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Figure AS5.42.- Longitudinal strain versus offset ~ Cell 30 ~ Run 20 ~ Trailer axle
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Figure A6.1.- Transverse strain versus longitudinal position ~ Cell 16 ~ Run 10
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Figure A6.2.- Transverse strain versus longitudinal position ~ Cell 16 ~ Run 8
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Figure A6.4.- Transverse strain versus longitudinal position ~ Cell 19 ~ Run 10
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Figure A6.5.- Transverse strain versus longitudinal position ~ Cell 19 ~ Run 6
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Figure A6.6.- Transverse strain versus longitudinal position ~ Cell 19 ~ Run 7
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Figure A6.7.- Transverse strain versus longitudinal position ~ Cell 19 ~ Run 22
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Figure A6.8.- Transverse strain versus longitudinal position ~ Cell 26 ~ Run 2
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Figure A6.9.- Transverse strain versus longitudinal position ~ Cell 26 ~ Run 7
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Figure A6.10.- Longitudinal strain versus longitudinal position ~ Cell 26 ~ Run 3
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Figure A6.11.- Longitudinal strain versus longitudinal position ~ Cell 26 ~ Run 8
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Figure A6.12.- Transverse strain versus longitudinal position ~ Cell 30 ~ Run 2
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Figure A6.13.- Transverse strain versus longitudinal position ~ Cell 30 ~ Run 6
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Figure A6.14.- Longitudinal strain versus longitudinal position ~ Cell 30 ~ Run 3
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Figure A6.15.- Longitudinal strain versus longitudinal position ~ Cell 30 ~ Run 4
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Appendix 7.- STUDY OF THE DEFLECTIONS IN CELL 30

STUDY OF THE DEFLECTIONS MEASURED IN CELL 30

This thesis is focused on the strains measured at the bottom of the asphalt layer. In Cell 30,
deflections under the pass of the vehicles were also measured during the spring 99 tests. A study
of those deflections is carried out in this appendix.

The strains are measured by means of an LVDT (linear variable displacement transducer). One of
the extremes of the LVDT is fixed to the top of the asphalt layer, and the other one is anchored
deep within the subgrade so that it can be considered a fixed point.

This study is included in an appendix because only data for one of the cells is considered. It will
be used in order to verify the conclusions established when studying the strains. And also it may
be that there are particularities that can be observed in the deflections that could not be observed
when looking exclusively at the strains.

Treatment of the measured data

The measured deflections were treated exactly in the same way as the strains. The recorded
signals were transformed into ASCII files. Those signals were then edited in the form of
longitudinal position graphs, determining the peak values under the pass of the steering, drive and
trailer axles.

The peak values were plotted versus the relative offset (sensor-axle) in the same way that was
done for the strains, and also the maximum deflections for each run (when the wheels passed
directly over the sensor) were determined. Each run was then characterized by:

-.  Three graphs (steering, drive and trailer axle) with the peak measured deflections versus the
offset or transversal position of the axles).

-.  Three maximum deflections, corresponding to the deflections when the sensor was directly
below the wheel (in the case of tandem axles the maximum deflections wsually occur at the
point between the two dual wheels, although the point considered in this study is the point
directly below one of the dual wheels: offset 178 mm ~ 7 in).

The three equivalent asphalt moduli in order to fit these deflections were also determined.

Since the treatment that was done for the strains has been done for the deflections, the results can
be interpreted a similar way.

Graphs included

Different graphs are included in the following pages for the deflections measured in Cell 30. They
are basically the same graphs that were constructed for strains:

- Graphs to interpret the effects of several factors:

Load level
Axle type
Speed

Tire pressure

A7-1



Appendix 7.- STUDY OF THE DEFLECTIONS IN CELL 30

- Graphs for the transversal distribution of peak values ~ offset effects:

Three graphs for one of the runs performed at 30 mph and 110 psi (corresponding to
the steering, drive and trailer axles)

Two graphs to see the speed effects

One graph for a different tire pressure

One graph for a tridem axle (at 30 mph and 110 psi tire pressure)

-. Graphs for the complete longitudinal register of the deflection (deflections versus
longitudinal position of the axles).

Discussion of results

In general the same behavior can be observed as was observed when looking at the strains. Again
the pavement response is clearly linear viscoelastic.

The effect of the load level does not seem to alter the structural properties of the pavement
structure: the system is linear, and the multilayer linear elastic model can adequately reproduce
the measured deflections for different load levels and axle types with the same set of structural
parameters.

Again the deflections increase significantly when the speed decreases, as was expected from a
viscous system.

Concerning the tire pressure effects it is now especially difficult to establish conclusions, because
the deflections are not very sensitive to changes in tire pressure. The tire pressure had no
significant influence on the deflection for the range of pressures used in this study (i.e., 90-130

psi).

The deflections were adequately predicted for the different transversal positions of the axle. For
the complete longitudinal registers of deflection, the theoretical model adequately predicted the
approaching and leaving parts of the curve.

An important point that was observed when looking at the longitudinal registers of the deflection
is that the curves are almost symmetric (approaching and leaving branches). This seems to
indicate that most of the viscous effects come from the asphalt layer; if there were significant
viscosity effects coming from the base or subgrade, the shape of the deflection signals would be
asymmetric.

As a final conclusion it can be said that the same linear viscoelastic behavior observed for strains

have also been observed for deflections. The study of the measured deflections seems to verify
the conclusions drawn after the study of the measured strains.
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Cell 30 Load Level All of the runs such that:
(Deflection) (Tandem axle) p =110 psi
v =30 mph
3.0
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£15 .
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0.0
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Temperature (°C)
Figure A7.1.- Load level effect on deflection ~ Cell 30 ~ Tandem axle
Cell 30 Load Level All of the runs such that:
. p =110 psi
(Deflection) (Tandem axle) v = 30 mph
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Figure A7.2.- Load level effect on deflection ~ Cell 30 ~ Tandem axle
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Cell 30 Axle type All of the runs such that:

(Deflection) (Single & Tandem & Tridem) 5:;3?“‘31
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Figure A7.3.- Axle type effect on deflection ~ Cell 30
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Figure A7.4- Axle type effect on deflection ~ Cell 30 ~ Single versus Tandem axles
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Cell 30 ] . Speed All of the runs such that;
(Deflection) (Single axle) p = 110 psi

10.0
9.0 A
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Figure A7.5.- Speed effect on deflection ~ Cell 30 ~ Single axle
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Figure A7.6.- Speed effect on deflection ~ Cell 30 ~ Tandem axle
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Call 30 . . Speed . All of the runs such that:

(Deflection) (Single & Tandem & Tridem) p =110 psi

8000

7000 -
6000 e~ X
o X
= 5000 ~ * 30 mph
- 15 mph
"® 4000 X
g X\kk A 5 mph
3000 X FWD
‘F ° [ ] o ©
W 2000 . .

L] ]
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Figure A7.7.- Speed effect on deflection ~ Cell 30 ~ Single & Tandem & Tridem axles
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Cell 30 Tlr_e Pressure All of the runs such that:

(Deflection) (Single axle) v = 30 mph

8.0
_70 &
2
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3
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Temperature (°C)
Figure A7.8.- Tire pressure effect on deflection ~ Cell 30 ~ Single axle
Cell 30 . Tire Pressure All of the runs such that:
(Deflection) (Tandem axle) v = 30 mph
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Figure A7.9.- Tire pressure effect on deflection ~ Cell 30 ~ Tandem axle
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C[;El!ﬂ30 . Tire Pressure All of the runs such that:
(Deflection) (Single & Tandem & Tridem) v = 30 mph
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Figure A7.10.- Tire pressure effect on deflection ~ Cell 30 ~ Single & Tandem & Tridem axles
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Cell 30 _Steerlng ax!e v=30 mph
Run 3 (Single ~ 13 kips) b = 110 psi
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Figure A7.11.- Deflection versus offset ~ Cell 30 ~ Run 3 ~ Steering axle
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Figure A7.12.- Deflection versus offset ~ Cell 30 ~ Run 3 ~ Drive axle
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Deflection (mm/100)
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Figure A7.13.- Deflection versus offset ~ Cell 30 ~ Run 3 ~ Trailer axle
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Cell 30 Steering axle
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Figure A7.14.- Deflection versus offset ~ Cell 30 ~ Run 7 ~ Steering axle
Cell 30 Drive axle
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Figure A7.15.- Deflection versus offset ~ Cell 30 ~ Run 7 ~ Drive axle
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Cell 30 Trailer axle
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Figure A7.16.- Deflection versus offset ~ Cell 30 ~ Run 13 ~ Trailer axle
Cell 30 Trailer axle
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Figure A7.17.- Deflection versus offset ~ Cell 30 ~ Run 22 ~ Trailer axle
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Figure A7.18.- Deflection versus longitudinal position ~ Cell 30 ~ Run 2
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Figure A7.19.- Deflection versus longitudinal position ~ Cell 30 ~ Run 6
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