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Introduction

A flexible pavement system consist of various com-
ponents, the materials include subgrade or natural
soil at the bottom, then unbound granular base or
subbase, followed by bound granular material and
then the asphalt concrete layer at the top. The
mechanical behavior is considerably different for
all these materials. For example, asphalt concrete
layer exhibits more temperature dependency than
the unbound granular material, on the other hand,
the unbound material are more susceptible to mois-
ture changes than bound material. For all these
materials, it is possible to explain theoretically the
mechanical behavior and properties, but it is still
very difficult to visualize its behavior (1,2). It is
necessary to explain the response of the material
under a given loading condition in the laboratory to
appropriately understand the material behavior.
Subsequently, the mechanical property that may be
appropriate for the application under consideration
should be calculated. The purpose of this paper is
to present a course that presents this complex in-
formation in a very organized manner that is easy
to understand and visualize.

Organization of Information

The organization of information in a class is ex-
tremely critical in understanding of pavement ma-
terials and pavement system. The detailed outline
of the senior/graduate level course titled “Flexible
Pavement Materials and Design” is shown in Table 1
on the following page. This section includes the me-
thodical way of presenting the information so that
all learning styles can be addressed.

Step I: Overview of the Materials and Its
Contribution to the Pavement System and
Pavement Distresses

Understanding the distresses in the pavements and
discussing the cause of failures is a good starting
point to get the students thinking about pavement
materials and interaction between layers within a
pavement system. For example: rutting in pave-
ments can be caused due to surface course or
subgrade being soft. To understand pavement
materials it is important to explain the purpose of

each of the material within the pavement system,
and it always makes sense to start from the bot-
tom. For example, subgrade is the natural soil and
most probably cannot be altered. The purpose of
other materials in the pavement system is to pro-
vide a most cost effective protection to the subgrade
under the given loading and environmental condi-
tions. The rock and aggregates is the most cost-
effective load bearing materials available and would
provide the best support structure for the traffic.
Since all aggregates are not the same, the selec-
tion of aggregates is significantly influenced by the
availability and its mechanical properties. The
material closer to the pavement surface is expected
to withstand higher stresses and should perform
better than the aggregates closer to the subgrade.
The aggregates closer to the surface alone cannot
withstand traffic loads without a binding material.
Therefore, the aggregates closer to the surface
need binding material to interlock and sustain
stresses due to loads and environmental conditions.
Hence, asphalt concrete is used closer to the sur-
face. When this concept is explained, different
types of locally available materials should be shown
to the students so that they get the feel of the ma-
terial and where they could be used within the pave-
ment system.

Step II: Mechanical Behavior of Pavement Materials

After the pavement materials were introduced, the
mechanical behavior of the materials was ex-
plained. These include elastic versus viscoelastic
versus plastic behavior, stress and temperature
dependency (2). These were theoretically ex-
plained with illustrations of mechanical responses
to simple input histories, like creep and recovery
and dynamic loading at different temperatures. The
change in the responses with environmental con-
ditions was demonstrated to clearly indicate the
effect of the pavement response to these environ-
mental changes.

Step lll: Measurement of Mechanical Properties
of Pavement Materials

After the mechanical behavior of each material was
presented, the mechanical properties significant to
the performance of the pavement were explained.

Flexible pavement materials
exhibit complex mechanical
behavior, in the sense, that they not
only show stress and temperature
dependency but also are sensitive
to moisture conditions. This
complex behavior presents a great
challenge to the faculty in bringing
across the level of complexity and
providing the concepts needed to
understand them. The interaction
of these materials within a
pavement system is still not
understood very well. Solving
complex pavement systems has
always been very challenging for
researchers and practitioners. The
authors present a methodical way
of presenting this complex subject
so that the student does not get lost
in the details but also gets the
perspective of the process of
understanding complex material
and the pavement system. First, it
is necessary to explain whether the
individual layers in the pavement
system serve their purpose, and
then explain the pavement system
focusing on the interaction
between layers. The concept of
interaction does not change if the
mechanical behaviors of the
individual layers are modified.
Then change the properties of
individual layers to realistic values,
briefly explaining the test methods
and illustrating with actual
laboratory data. Finally a
backcalculation analysis and a field
visit are conducted to observe the
falling weight deflectometer tests.
Total: 207
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Flexible Pavement Materials and Design

Topic Sub-topic Classes
(75 minutes each)
Syllabus/Introduction 1
Mechanical behavior of asphalt concrete 2
Brief overview Mechanical behavior of unbound 1
material
Theoretical Overview | Theoretical behavior/example problems 2
Laboratory Demonstration of laboratory data and 2
Measurements analysis of raw data
Exam I 1
Elastic Layer System Interaction between layers 2
Computer software /example problems 3or4
. . Non-linear elastic 2
Non-linear elastic and : -
viscoelastic analysis V1scoelast1.c 2
Backcalculation 2
Exam IT 1
. . Quality Control and quality assurance 2
Practical Application Invited Talk Tor2
Evaluation In-class prol?lems 1
Case-studies 1
Exam IIT 1
Total | 28

Table 1. Course Outline

Figure 1. Superpave Gyratory Compactor

This was done with an illustration of causes of typi-
cal pavement failures. The method of measuring
mechanical properties is explained and if possible
equipments used to measure them are shown to
the students. To obtain an excellent grasp on the
mechanical properties
it is important to dem-
onstrate the measure-
ments necessary to
calculate the proper-
ties. In several cases
the raw data mea-
sured from the labora-
tory were presented to
the students and they
were asked to calcu-
late the mechanical
properties in small
groups.

The biggest challenge
was to explain the
complex behavior of
asphalt concrete.
This material exhibits
a great degree of tem-
perature and stress
dependency; hence it
was difficult to make
the students visualize
the drastic change in
mechanical proper-
ties. The asphalt con-
crete samples were
compacted in the

Superpave Gyratory Compactor (shown in figure
1) by teaching assistants. A demonstration experi-
ment was conducted in which a static load of 500
Ibs was applied on the sample for 100 seconds at
four test temperatures; 4°F, 25°F, 60°F, and 100°F,
and vertical displacements were measured (shown
in figure 2). The phenomenon of the change in dis-
placement response under the same dynamic load
at different temperatures and loading times dem-
onstrated the time-temperature dependency. The
students then calculated the creep compliance or
the stiffness modulus of asphalt concrete from raw
data of load and displacement measurements. The
exposure to raw data was extremely helpful in vi-
sualizing the response of the material under vari-
ous test conditions. This technique really blended
very well with the theoretical information provided
earlier in the course. In the case of subgrade and
subbase materials, where raw data from the labo-
ratory test was not available, raw data from pub-
lished literature was used to illustrate the concept.
Typical soil samples were shown to the students to
compliment the raw data. To explain the mechani-
cal properties of subgrade materials, the raw data
from established literature was used to illustrate the
concept.

Step IV: Practical Applications of Understanding
Pavement Materials

After the mechanical properties were presented, the
challenges faced by the materials engineer in se-
lecting the materials were illustrated by videos that
showed various materials being used during pave-
ment construction. These also included various
application techniques as well as issues faced dur-
ing construction, like water on the surface, a gap
between paver and the truck causing segregation,
poor temperature control causing material to com-
pact poorly.

Several personnel from the state department of
transportation and local agencies were invited to
share their experiences in the industry especially
with selecting a quality material for a given appli-
cation. This gave an excellent perspective to the
students and provided practical applications and
importance to the information they had studied dur-
ing the class.

Step V: Assessment and Evaluation of
Understanding of Pavement Materials

To assess and evaluate if the students had under-
stood the mechanical responses and behavior of
the material, various in-class problems were pro-
vided in small groups and then a quiz was given at
the end of the topic (3).

The authors realized that the topic was vast and
there was a lot of information to be presented, but
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to do justice to the topic and not lose focus, it was
important to present the information in perspective
to pavement performance so that it tied everything
together and it did not seem like a lot of information.

Step VI: Flexible Pavement System

A flexible pavement system consists of various min-
iature systems of complex materials. Understand-
ing the behavior of these materials within a pave-
ment system is extremely challenging. The true
mechanical behavior is very difficult to character-
ize and model. To explain the interaction between
the components it was necessary to make simple
assumptions to begin with and then proceed to-
wards the actual material behavior.

Elastic Analysis

The elastic is the simplest mechanical behavior of
a material and it is the easiest to explain the inter-
action of pavement layers with this theory. Even
though none of the pavement layers are elastic,
the concepts of interaction and compatibility are the
same irrespective of the material behavior. The
elastic analysis allows the computations to be
simple and can be demonstrated without intensive
calculations. First, the analysis was done by hand
in class, using examples of a simple two-layer sys-
tem (Pavement Design and Analysis textbook from
Huang was used). The computer software was then
used to explain three or more pavement layer sys-
tems. This also served as a good introduction to
various Pavement analysis computer softwares.

Computer Softwares

Several analysis programs have been developed
to analyze a pavement system; the analysis was
conducted using more than one, to demonstrate
the concepts. The analysis was done with a simple
user-friendly window-based elastic layered analy-
sis program like WESLEA and ROADENT to dem-
onstrate concepts of interaction between layers
within a pavement system. For example: the effect
of various thickness or stiffness of different pave-
ment layers on mechanical response at the surface
and the interface was emphasized. In addition, the
effect of mechanical response on the pavement
distress was also presented. This helped the stu-
dents to identify the contribution of each of these
layers to pavement performance.

Step VII: Backcalculation

Once the concept of interaction between layers is
explained within a pavement system, the
backcalculation was introduced to the students.
Backcalculation is a process of calculating the prop-
erties of pavement layers from a series of surface
deflections using equipment called Falling Weight
Deflectometer. It is a method widely used by the

Departments of Trans-
portations for overlay
design. These pro-
cesses expose the stu-
dents to a brute force
method of analyzing a
pavement system and
understand the re-
sponse of the pave-
ment system as a
whole. The widely
available computer
software program like
MODULUS was used
for the analysis. This
analysis reinforced the
concepts of the re-
sponse of the pave-
ment system.

The authors recognize
that backcalculation is
an approximate method
of determining in-situ
properties. The results need to be interpreted with
caution before conclusions are made based on this
process. However, in this class, the source of er-
rors was only theoretically explained. After the
backcalculation analysis is conducted, the students
were introduced to mechanical properties and be-
havior of pavement materials.

The previous two sections of this course encour-
ages students to apply techniques and tools for dif-
ferent engineering applications and addresses the
following ABET assessment outcomes:

“The Civil Engineering Program at Rowan Univer-
Sity will produce graduates who have the ability fo
use the fechniques, skills, and modem engineer-
ing tools necessary for engineering practice.”

Step VIIIl: Mechanical Properties - Non-Linear
Elastic and Viscoelastic

After a brief overview of pavement materials is
done, the elastic analysis was modified to account
for the non-linear behavior of pavement materials.
The non-linear layered analysis is computationally
intensive, but computer programs like KELYAER
have been widely used to conduct such analysis.
The students did case studies using both elastic
and non-linear elastic and the results were com-
pared. Forexample, after a three-layer system was
analyzed considering all material as elastic, the
material properties were modified to represent ac-
tual material behavior. The asphalt concrete was
considered as viscoelastic, the subbase and the
subgrade were considered as non-linear elastic.
The data representing material behavior was taken
from the Pavement Design and Analysis textbook.
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. .. Important
fo emphasize
the factors
that influence
pavement
response and
hence pavement
performance.

Brief overview of materials
and their contribution to the
pavement system

» Asphalt concrete- Viscoelastic

Explain the mechanical behavior of each material.

Unbound material-Non-linear elastic.

Asphalt concrete

\ 4

a. binding material to withstand tension
b. Water proofing, durability and smoothness

Unbound material
Aggregates provide bearing capacity and supports the layer
below — resist compression and shear

Theoretical overview of mechanical
behavior of pavement materials

Explain the theoretical concepts that define the mechanical
behavior of each material with models and appropriate graphs.
lllustrate:

a. Effect of temperature and environmental conditions

A 4
Laboratory measurements

b. Effect of speed of traffic

a. Reinforce theoretical concepts by showing laboratory data
illustrating various mechanical responses.
b. Explain and demonstrate the equipment required to measure

A 4

mechanical responses on the material.
c. Explain the factors that affect laboratory measurements

Elastic Layer System

1. Explain the interaction between layers for a simple elastic layered
p| system:

Figure 3. Flow Chart

2. Effect of various thickness and moduli values on compressive
strains, tensile strains within the pavement system.

3. Explain the sensitivity of properties of each of layers on various
parameters.

4. Interaction between layers and how the pavement system behaves
as whole.

5. Intreduce computer softwares to analyze elastic layered systems
and interpretation of output.

Non-Linear Elastic and

1. Review material properties of flexible pavement system and how
they are different from an elastic material.

2. Emphasize that elastic layered analysis is an approximation, but
illustrates interaction between layers.

Viscoelastic Analysis

v

» 3. Introduce the actual material properties within layer and explain
its complexities.

4. Conduct appropriate analysis using various softwares and
interpretation of output.

5. Backcalculation

Explain the issues facing the state
agencies and the contractors
1.Quality control and quality assurance

Practical applications 2. Effect of poor quality control on mechanical properties and

v

Evaluation

responses.
3. Invite state agency and contractors to share their
experiences in this field.

a. In-class problems to be solved in groups and quizzes.
b. Interpretation of laboratory data to identify material behavior

—— | c. Case studies to identify effect of mechanical response on

Figure 4. Flow Chart (Continued)

construction practices.
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The data input and the analysis were conceptually
explained before the softwares were used. The
interpretation of the output and the implication of
the difference in assuming an elastic material to a
non-linear material were emphasized.

Step IX: Field Visit

A field visit was conducted on an interstate where
pavement rehabilitation was needed, and the pro-
cess of falling weight deflectometer and the factors
that affect the surface deflections was demon-
strated. This is important to emphasize the factors
that influence pavement response and hence pave-
ment performance. The outline is explained in the
flowchart (figure 3 and 4).

The step IV and step IX emphasized practical is-
sues during construction and evaluation of pave-
ments. It addressed the following ABET outcome
“The Civil Engineering Program at Rowan Univer-
sity will produce graduates who have the broad
education necessary to appreciate contemporary
issues and understand the impact of engineering
solutions in a global/societal context”.

Assessment of Course

The students understood the concepts based on
the outline presented, especially, incorporating labo-
ratory data and reiterating the importance of each
material and its mechanical properties within the
pavement system. The students provided positive
feedback to this leaming process and have shown
to have more retention of the information when they
were required to apply the concepts in senior and
graduate level classes. One of the comments be-
fore the outline was used was “The class was un-
organized and the delivery of information seemed
haphazard and confused. It was difficult to estab-
lish a logical progression from step 1 to step 2 to
step 3". The overall evaluations were 2.83/5.00.
After the method was used the students gave a
rating of 4.75/5.00 on organization and 4.90/5.00
overall. Thus, this technique seems to work.

Conclusions

The authors believe that the flexible pavement
material is an extremely challenging topic to be
understood. In fact several experienced people in
the industry have serious misunderstanding about
the topic. This outline has proven very useful in
making this topic interesting and practical. This
course follows the cognitive learning. This was
extremely important considering the complexity of
the topic. The outline presented has provided posi-
tive feedback from the students; they have enjoyed
and retained the information longer when advanced
classes were taught in subsequent semesters.
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