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Abstract

Many methods have been used to effectively design a pavement structure that carries the required traffic
loads. In Canada, American Association of State Highway and Transportation Officials 93 (AASHTO
93), Shell Pavement Design (Shell), and Mechanistic-Empirical Pavement Design Guide (MEPDG) are
examples of pavement design methods. AASHTO 93 and Shell simplify the effects of loading by using
equivalent single axle loads which do not truly capture the effect of truck configurations. Other
parameters that AASHTO 93 and Shell do not address are environmental conditions, loading effects of
truck configurations, road geometry, or the behaviour of materials within the pavement structure.
MEPDG has begun to address some of these limitations, but the models have not been finalized and

require local calibrations for result accuracy.

University of Waterloo has partnered with PSI Technologies Inc. to evaluate the conventional design
strategies in Canada using a mechanistic pavement design method, PSIPave 3D™. This method uses
three-dimensional modelling to evaluate the pavement responses under traffic loads considering the
effects of road geometry and truck configuration. PSIPave 3D™ outputs the normal and shear strains
anywhere in the pavement structure. Designs were provided for three road sections in Hamilton, Ontario
using AASHTO 93, Shell and MEPDG. The pavement structure for each road design were ran in

PSIPave 3D™ to evaluate different cases of geometry, tire types and bus configurations.

Based on these findings, the greatest impact of geometry was observed in the subgrade side slope but
was found to have minimal effects on the normal strains under the loading. In comparison to the
traditional dual tires (11R22.5), the super singles (455/55R22.5) were found to cause more damage
(fatigue and shear) in the upper layers and it was found that the effect of tire pressure dissipates as the
structure is investigated closer to the subgrade layer. The effect of changing bus configurations has an
effect on the strains as well. As the single axle is changed to a tandem axle, a major strain reduction
occurred. In terms of fatigue damage, an increase by a factor of approximately 2 was observed for the
number of load repetitions to fatigue failure whereas changing to dual tires on a single axle only causes

an increase by a factor of 1.34.
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Chapter 1
INTRODUCTION

A pavement structure allows the safe and smooth transportation of people and goods which stimulates
economic growth. Each road should provide a smooth, durable, and skid-resistant surface. A typical
flexible pavement structure consists of Hot Mix Asphalt (HMA), granular base, and granular subbase.
The primary goal in pavement design is to design a structure that can distribute the stresses from traffic
to the underlying layers without damaging the subgrade. Pavements will start to deteriorate at a faster

rate if proper design, construction, and maintenance procedures are not followed.

Pavement distresses, such as rutting and cracking, not only lead to a decrease in the lifetime of the
pavement but can also cause user discomfort and dangerous accidents. An example of a severe
pavement distress is shown in Figure 1-1. This figure highlights the importance of considering the
effects of climate and drainage in the pavement structure. The surface of this road could be slightly
sloped towards the ditches to help mitigate the moisture damage to the HMA layer. Moreover, these
geometry parameters also have an impact on the strains and having a better understanding of the
pavement behaviour can be beneficial in coming up with a design that is more representative of the

road’s conditions.

Figure 1-1: Severe Pavement Distress



Through the introduction of better design strategies, the need for maintenance can be minimized which
saves on direct and user costs (traffic delays). A better design strategy will also maximize the

investment by the owner.

1.1 Research Motivation

With pavement design continuously undergoing development, it is beneficial to highlight and compare
the features of each method. The purpose of this comparison is so that the designers are aware of the
implications of using each method. Empirical methods such as American Association of State Highway
and Transportation Officials 93 (AASHTO 93), the most common design method used in Canada
(Tighe, Pavement Asset Design and Management Guide, 2013), does not consider the effects of climate
nor truly account for material behaviour under loads. These methods convert all types of load into an
equivalent single axle load which does not properly represent the impact of different truck

configurations.

Shell Pavement Design Method (Shell) considers the Mean Annual Air Temperature (MAAT) in its
analysis and introduces a mechanistic aspect that uses layer elastic theory to calculate the strains and
stresses based on the given inputs. The designer refers to a set of charts to obtain the pavement layer
thicknesses. In addition to climate, Mechanistic-Empirical Pavement Design Guide (MEPDG) also
includes axle load spectra in its analysis. However, MEPDG is still undergoing development and does
not consider the impact of road geometry and shear stresses on the pavement performance.
Additionally, accurate results require the local calibration of the global pavement distress models which
can be a costly and time-consuming task. Not all of the current tools consider many of the important
factors that have an impact on pavement performance such as climate, geometry, shear stresses and the
configuration of trucks. Therefore, the limitations of conventional design methods are becoming

apparent.

Currently, there are a few pavement desigh methods available to designers to help determine the
required thicknesses for a pavement structure. Pavement design strategies can be further developed to
address these inputs in the design process. The main motivation of this research is to compare and
accomplish designs with each pavement design method to show the benefits and limitations of each

tool.



1.2 Research Objectives

The objectives of this research are the following:

1) Describe and highlight the features of three common pavement design methods including the
benefits and limitations of each.

a. Design a reconstruction pavement structure using each of the discussed pavement design
methods for three selected roads in Hamilton, ON. The roads are North Service Road,
Cannon Street, and Stone Church Road.

2) Using PSIPave 3D™, evaluate the impact of geometry, bus configurations and tire types on
pavement performance. The nine pavement structures developed in objective 1 will be used in
PSIPave 3D™.

3) Analyze the outputs from PSIPave 3D™ and using the normal and shear strains, compare each

pavement structure obtained from conventional design methods.

Figure 1-2 presents an overall schematic of the objectives. As a summary, the objectives are to show

the contributions and limitations of current pavement design tools, and how considerations on road

geometry and shear strains can further enhance pavement design strategies using Ontario case

Identify the benefits and limitations of
conventional pavement design methods

Pavement structure design for North Service

studies.

Road, Canon Street and Stone Church Road

Receive a thickness from AASHTO 93, Shell and
MEPDG
Analyze each pavement structure using
PSIPave 3D™

Figure 1-2: Flow Chart of Research Objectives




1.3 Outline of the Thesis
Chapter 1 Introduction: This chapter provides a short background about the topic, the research

motivation, the research objectives, and the outline for the rest of this thesis.

Chapter 2 Literature Review: This chapter provides background information about design
methodologies, conventional pavement design methods (in detail including their model, inputs,
drawbacks), PSIPave 3DTM, and fatigue damage analysis.

Chapter 3 Methodology and Data: This chapter provides information on the methodology of the
study and relevant information about the three road sections considered in this work.

Chapter 4 Design and Analysis: This chapter shows the design process for AASHTO 93, MEPDG,
and Shell. These designs are then analyzed in PSIPave 3D™ to evaluate the effect of road geometry,

wide-base tires versus conventional dual-tires, and bus configurations.

Chapter 5 Results and Discussions: This chapter discusses the results obtained from PSIPave 3D™

considering the peak normal and shear strains in PSIPave 3D™.

Chapter 6 Conclusions: This chapter presents the key conclusions derived from the results.



Chapter 2
LITERATURE REVIEW

2.1 Background

The function of a pavement structure is to distribute the stresses from the load effectively throughout
the layers. 64.1% of the pavements in Canada are flexible and 0.3% are rigid according to a survey by
Transportation Association of Canada (TAC) in 2010 (Tighe, Pavement Asset Design and Management
Guide, 2013). Flexible pavement structures contain HMA and granular layers over the subgrade. Figure
2-1 shows a typical flexible pavement structure in Ontario.

HMA Surface
HMA Binder

Base

Subbase

Figure 2-1: Flexible Pavement Structure

The HMA surface layer is designed to be smooth and skid-resistant to allow safe and convenient travel
for drivers. The surface should be impermeable and durable to handle traffic loads and environmental
conditions. The HMA binder layer transfers the load from the traffic to the base and subbase layers.
The base and subbase layers act as extra structural support and thickness for frost protection. The
subgrade is the native soil that the pavement structure will be built on. Loads are distributed through
all the layers to the subgrade. In addition, the proper installation of drainage and geometry is also
important in ensuring that moisture is drained from the pavement structure. For example, a rural
pavement design could ensure the surface layer is sloped towards the ditches to guarantee the effective

drainage of moisture.

In the City of Hamilton (the City), the pavement structures differ based on the road classification. The
“Comprehensive Development Guidelines and Financial Policies Manual” (City of Hamilton, 2019)

outlines the material types and minimum layer thicknesses, as shown in Table 2-1.



Table 2-1: City of Hamilton Recommended Minimum Pavement Thicknesses

City of Top Course Granular Granular

Binder Course

Hamilton Asphalt A Bl
Roads (Rural and Urban)

40 mm Superpave | 100 mm Superpave

Collector | 9 5 pG 58-28 19 PG 58-28

150 mm 300 mm

50 mm Superpave | 110 mm Superpave
Arterial 125FClor FC2 | 19 PG 58-28H or V- | 150 mm 450 mm
PG 58H or V-28 28

The mixes used by the City are Superior Performing Asphalt Pavements (Superpave) mixes which bring
a new performance-based asphalt binder specification. The performance grade (PG) is selected based
on the climate of the design location. To select the performance grade, 7-day maximum pavement
temperature and minimum pavement temperature of the region are determined. The maximum and
minimum pavement temperatures are selected to be resistant against rutting and cracking, respectively
(The Federal Highway Administration, 1995). A PG58-28 binder is designed considering a 7-day
maximum pavement temperature of 58°C and a minimum pavement temperature of -28°C. Granular
materials, which are commonly used for the base and subbase, are a mix of aggregates. The design
thickness of the HMA mixes and granular materials shown in Table 2-1 can also be obtained by using

conventional pavement design methods.

2.1.1 Design Methodologies

Pavement structures have been designed with the following methodologies, but each come with their
limitations:

= Experience-based methodology is based on previous experience in the region. Given the
pavement type, the designer refers to a set of tables and deduces the pavement thicknesses.
The designer should refer to experience tables specific to a given region as thicknesses can
vary depending on different traffic loads and climates. Table 2-1 is an example of

experience-based methodology.

= Empirical methodology is developed based on experiments and experience. For example, the

AASHTO 93 empirical model is based on a road test further explained in Section 2.1.2.1.



This model simplifies the design process by minimizing laboratory and field testing for each
specific design.

= Mechanistic-empirical methodology calculates the stresses, strains, and deflection and
relates these responses to the pavement performance. This methodology typically requires
more inputs, but they result in better predicted outputs. The most common mechanistic-
empirical method is MEPDG which is used to predict the pavement distresses. This

pavement design method is explained in Section 2.1.2.3.

The methods commonly used across Canada are shown in Table 2-2 based on the Table outlined in the

2013 Pavement Asset Design Management Guide by Transportation Association of Canada.

Table 2-2: Flexible Pavement Design Methods in Canada (Tighe, Pavement Asset Design and
Management Guide, 2013)

Agency General Design Methods

Alberta AASHTO 93
British Columbia AASHTO 93

Shell Method
Saskatchewan

Asphalt Institute
AASHTO 93/MEPDG (new construction)

Manitoba Canada Good Roads Association (CGRA)/MEPDG (rehabilitation)
AASHTO 93

Ontario Ontario Pavement Analysis of Costs (OPAC)
Routine (Empirical) Method

Quebec AASH,T 093
Chausée 2

. AASHTO 93

New Brunswick Rebound Values

Prince Edward Island Asphalt Institute
AASHTO 93

Nova Scotia Correlation Charts using AADT and grain size of subgrade

Newfoundland and Labrador Standard Section Used

Yukon State of Alaska Design Method
Public Works and Government | AASHTO 93
Services Canada (Federal) State of Alaska Design Method

2.1.2 Conventional Pavement Design Methods

The pavement design methods considered in this research are: AASHTO 93, Shell, and MEPDG. The

following section will discuss the basis, limitations, inputs, and outputs of the conventional pavement
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design methods compared in this thesis. It will also discuss the capability of each method to accomplish
rehabilitation designs.

2.1.2.1 American Association of State Highway and Transportation Officials 93 (AASHTO 93)

AASHTO 93 is an empirical pavement desigh method developed by the American Association of
State Highway and Transportation Officials in 1961, but the explanation and design procedure will be
based on the 1993 revision used in Ontario (American Association of State Highway and
Transportation Officials, 1993). This method is based on a 27 million-dollar test in Ottawa, IL for
both flexible and rigid pavement structures (Pavement Interactive, n.d.). Performance measurements
such as roughness, distress, strains, and pavement serviceability index (PSI) were collected during
this test phase.

Based on these measurements, a series of empirical equations and nomographs were developed. The
AASHTO 93 equation outputs the structural number of the pavement structure which represents the
structural strength of the given pavement structure based on the given road conditions (American
Association of State Highway and Transportation Officials, 1993). The inputs for a flexible pavement

design (asphalt) are shown in Table 2-3.

Table 2-3: Inputs for AASHTO 93 Method

Inputs Description

Reliability | Probability of intended performance

So Standard error of traffic and performance prediction

Wig Number of 80 kN single-axle loads

A PSI The change between initial and terminal serviceability index
Mr Resilient modulus of the subgrade

A guide is available in Ontario to help designers determine what inputs to use as typical values for an
AASHTO 93 design (Hajek et al., 2008). Once all the inputs are obtained, the required structural
number is calculated with Equation 2-1.

o810 (37— 13)

1094

10g10(Wyg) = ZgSo + 9.36log,o(SN + 1) — 0.20 + +2.321log,o(Mg) — 8.07

Equation 2-1



where

W18 = Number of 80KN single axle loads

Zg = Standard normal variate

So = Standard error of traffic and performance prediction

SN = Structural number

APSI = The difference between initial and terminal serviceability

Mg = Resilient modulus of the subgrade

Alternatively, the nomograph, shown in Figure 2-2, could be used to obtain the required structural

number. This figure shows a typical design process for the given values.
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Figure 2-2: AASHTO 93 Nomograph

Once the required structural number is determined, the designer needs to select the thicknesses for

each layer. To find the structural number of the design, Equation 2-2 can be used (American

Association of State Highway and Transportation Officials, 1993).
n

SN* = Z CllDl + al-Dimi
i=2

Equation 2-2

where
n = number of layers
ai = Material coefficient of layer i

Di = Thickness of layer i



m; = Drainage coefficient of layer i

The inputs and coefficients for Ontario could be found in the “Adaptation and Verification of
AASHTO Pavement Design Guide for Ontario Conditions” (Hajek et al., 2008). The structural
number of the selected layer composition must be greater than the required structural number in order

to satisfy the design requirement.

Other than designing new and reconstructed pavement structures, the AASHTO 1993 method also
provides a guideline for overlay design. The overlay structural number is determined by taking the
difference between the expected structural number (considering future traffic) and the effective
structural number of current structures shown in Equation 2-3. The coefficients for selected
rehabilitation methods such as pulverizing are shown in the AASHTO design document for Ontario
(Hajek et al., 2008).

SNOL = SNf - SNeff
Equation 2-3 (Hajek et al., 2008)

where

SNov = The structural number of the required overlay

SNt = The expected structural number considering future traffic

SNesr = The effective structural number (measured from falling weight deflectometer testing)
The challenges associated with AASHTO 93 are the following:

= This method is solely based on observations and measurements made during a two-year test
with only a specific climate in mind. The only climate consideration in AASHTO 93 is the time
it takes for the moisture to be drained through a drainage coefficient. The Long-Term Pavement
Performance (LTPP) program has indicated that under normal traffic, 36% of the pavement
deteriorations are caused by climate and subgrade (The Federal Highway Administration,
2016). Therefore, proper consideration of climate in the design process will be beneficial in the

long-term performance of the pavement structure.

= For the traffic input, mixed traffic is converted to 80 kN equivalent single axle loads (ESAL)
which has been shown to simplify the effects of traffic on the pavement performance (Dinegdae
& Birgisson, 2016).

= |t does not truly account for material behaviour under loading.
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= Material properties are indicated through a layer coefficient. No matter what type of HMA is
used, the layer coefficient for it is 0.44 and therefore AASHTO 93 cannot distinguish between
quality differences of the same material.

= Engineering judgement is required as AASHTO 93 does not consider extra thickness for frost

protection.

AASHTO 93 simplifies the design process with a global equation. Many regions and agencies continue
using the method because the inputs are easy to gather and do not require much laboratory or field

testing.

2.1.2.2 Shell Flexible Design Charts (Shell)

Shell is a mechanistic-empirical model developed by Shell International Petroleum Co. in 1963 and
further updated in 1978. This method treats the pavement structure as a three-layer system which
designs based on the maximum horizontal tensile strain at the bottom of the asphalt layer and the
maximum vertical compressive strain at the top of the subgrade (Shell International Petroleum
Company Limited, 1978). The purpose of the horizontal tensile strain is to control bottom-up cracking
(fatigue cracking) and vertical compressive strain is to control subgrade deformation (rutting). These
failure methods are briefly discussed in Section 2.1.2.3. Table 2-4 shows the inputs for Shell’s flexible

design method.

Table 2-4: Inputs for Shell

Inputs Description

ESAL Traffic volume (80 kN equivalent single axle load)
Dynamic Modulus | Subgrade and unbound materials moduli

MAAT Mean annual air temperature

Mix Code Fatigue/stiffness characteristics of asphalt

Shell also adopts the standard 80 kN equivalent single axle load for its traffic parameter. The dynamic
modulus values could be assigned from Chart E of the manual based on the material type if laboratory
testing is not feasible or available. The MAAT can be calculated by referring to the climatic information
from a given weather station in the region. The mix code contains three parts that determine the
properties of the HMA.
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= Sand F variables determine the fatigue and stiffness characteristics (1 used for typical mixes
and 2 used for mixes that have high void percentages or are open-graded).

= The last part of the mix code determines the penetration resistance of the HMA, which is
now replaced by a performance grade system. Two penetration values can be chosen: 50 or
100.

Based on these inputs, the designer refers to a chart that corresponds to these inputs and determines the
design thicknesses of the structural layers. The total unbound layer thickness can be initially chosen by
the designer and Shell provides the breakdown of the base and subbase layers based on their

corresponding modulus.

The Shell method does provide steps for overlay design as well. The process involves using the MAAT
and using deflection measurements to estimate the asphalt effective thickness, subgrade modulus, and
original design life. Future design life and the overlay thickness are determined whether the original

failure criterion was based on subgrade strain or asphalt fatigue.
The challenges associated with Shell are the following:
= Only allows for flexible pavement designs.

= Also uses ESAL which has been shown to simplify the effects of traffic on the pavement
performance (Dinegdae & Birgisson, 2016).

= Limited set of design charts available therefore interpolation is required if a value is in-

between.

= Engineering judgement is required as Shell does not consider extra thickness for frost

protection.

2.1.2.3 Mechanistic-Empirical Pavement Design Guide (MEPDG)

MEPDG is a mechanistic-empirical model, which was developed under the National Cooperative
Highway Research Program (NCHRP) (Li et al., 2011). This method was first completed in 2004 but
is still undergoing further updates and development. The mechanistic aspect of this method calculates
the stresses, strains, and deflections, and the empirical aspect relates these responses to predict the
pavement distresses throughout its lifetime. MEPDG uses Jacob Uzan Layered Elastic Analysis
(JULEA) and 2D-FEM to output the stresses and strains (Li et al, 2011). This method does not output

layer thicknesses, but instead requires thicknesses to do its analysis. A design with this method involves
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changing the pavement thickness until a satisfactory result is achieved in all failure criteria. As this is
an iterative design process, the designer finds the optimal design for a given project based on the
performance threshold determined by the region. This method allows for three hierarchical levels
available for design (ARA, Inc., ERES Consultants Division, 2004):

= Level 1: Site specific data — laboratory and field testing are required to find the properties for

materials, traffic distribution, climate in the chosen site.
= Level 2: Agency database or values estimated through correlations
= Level 3: Typical values used in the region
Table 2-5 shows the inputs for MEPDG.

Table 2-5: Inputs for MEPDG

Inputs Description

Environment | Temperature and moisture

Materials Properties and thicknesses of each material used
Traffic Loads, classifications, configuration and forecasting
Reliability Probability that design will be under distress limits

Aguib has identified environment and traffic as two primary inputs in pavement performance (Aguib,
2013). Additionally, it was found that temperature was the most impactful factor in climate. In Virginia,
it was found that a 5% increase in temperature has a potential to reduce the pavement service life by
20% (Qiao et al., 2013). At hot temperatures, the asphalt layers become soft which can lead to surface
rutting whereas at cold temperatures, the asphalt layers can experience low-temperature cracking.
Consequently, moisture advects through the surface cracks and causes debonding of the asphalt
membranes with the aggregates which further damages the pavement (Yang & Ning, 2011). MEPDG
can predict the accumulation of damage to predict pavement performance over time. One of the goals
for pavement design is to minimize the distresses. TAC predicts that MEPDG will be the most used
pavement design method after calibration and validation (Tighe, 2013). A study in Manitoba that used
default and local load spectra values, concluded that default MEPDG values are not representative of

local conditions (Ahammed et al., 2011).

The design process is carried out through the software “AASHTOWare Pavement ME Design” which
enhances the use of MEPDG. The outputs are pavement distresses such as terminal international

roughness index (IRI), permanent deformation of total pavement, bottom-up fatigue cracking, top-
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down fatigue cracking, and thermal cracking. Based on the road classification, the predicted distresses
outputted by MEPDG would have to be below a given set of thresholds set by the region. The design
is considered satisfactory if it is below the threshold for all predicted distresses. These distresses are
briefly discussed below and predicted based on empirical transfer functions (Huang, 2004):

= IRl measures the longitudinal surface profile (roughness) in the wheel path.

= Bottom-up fatigue cracking is caused as a result of the maximum tensile strain at the bottom of

the HMA layer and propagates towards the surface.

= Top-down cracking is caused as a result of the critical shear strain in thick pavements and
cracks initiate on the surface layer of the pavement structure. However, the top-down
cracking failure mechanism is still not fully understood and therefore it is not used as an

acceptance criterion.

= Permanent deformation (total pavement) is caused as a result of HMA and subgrade rutting.
HMA rutting could occur due to a weak mix, subgrade rutting is caused as a result of the
maximum compressive strain on the subgrade due to traffic loading. The subgrade deflects
and the pavement structure follows the same path downwards, causing ruts in the wheel path
which leads to major rideability issues.

= Thermal cracking is a challenge in areas that experience cold climates and has two types: low-
temperature cracking and thermal fatigue cracking. Low-temperature cracks are formed as a
result of shrinkage due to the hardening of the binder. Thermal fatigue cracks are caused by the

tensile strains in the pavement due to the variation in temperature.

Tighe et al. (2008) has found that distresses such as rutting and alligator cracking will worsen in the

future, but low-temperature cracking will be less prominent.

This method can also be used for rehabilitation purposes. The condition of the pavement must be
assessed at the time of rehabilitation. Existing material moduli can be backcalculated from the
deflection basins obtained from Falling Weight Deflectometer (FWD) testing. Cores could also help
provide insight into the material type and thicknesses. These inputs are entered into MEPDG with local
calibration factors and ran with the expected traffic and climate of the given test section to see if the
performance criteria pass in all the distress types. If any of the distresses fall below the performance

threshold set by the region, the design must provide a thicker overlay to pass the design and reran to
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check for passing (Module 8: Asphalt Overlays of Asphalt Pavements). The pavement rehabilitation

selection process is shown in Figure 2-3.

PHASE I: OVERALL CONDITION ASSESSMENT AND
PROBLEM DEFINITION (Part 11, Chapter 5)

A, COLLECT DATA

[B. EVALUATE DATA}———

1

|C. IDENTIFY CONSTRAINTS |—————

|

PHASE I1: POTENTIAL PROBLEM SOLUTIONS
(Part 111, Chapters 5, 6, and 7)

A. COLLECT DATA

[B. FEASIBLE SOLUTIONS |
1

|C. DEVELOP PRELIMINARY DES[GNSl

|

PHASE I1I: SELECTION OF PREFERRED SOLUTION
{APPENDIX )

[A. COST ANALYSIS]
1

[B. NON-MONETARY CONSIDERATIONS
'y

|C. PREFERRED REHABILITATION ALTERNATIVE
i

|D. DETAILED DESIGN |

Figure 2-3: MEPDG Pavement Rehabilitation Selection Process (Ministry of Transportation

Ontario, 2019)

The challenges associated with MEPDG are the following:

This method relies on significant input from the user, which may require further

laboratory/field testing based on the level of hierarchy chosen.
The license of AASHTOWare is expensive to purchase.

Since the transfer functions are empirical, local calibration of the models are required to output

more accurate results. Local calibration is the process of changing the coefficients for the global

15



models to reduce the standard error between predicted and observed local distresses (Tarefder
& Rodriguez-Ruiz, 2013). This is a time-consuming and costly task.

= As the method is undergoing development, some of the global models are still not fully
calibrated and finalized.

2.1.3 PSIPave 3D™

Finite element modelling (FEM) has been used before in pavement design, but most designers refer to
general-use FEM software such as ABAQUS. Liu et al. (2017) found that ABAQUS takes too much
time for pavement structural analysis purposes. PSI Technologies Inc., an engineering firm based in
Saskatchewan, Canada that specializes in transportation infrastructure and mine water management,
has developed a three-dimensional modelling tool used to analyze pavement structures and determine
the displacements, stresses, and strains at any location. This tool considers the impact of road geometry
on normal stresses and shear stresses which are only attainable through a three-dimensional analysis.
Shear forces are generated from braking, accelerating and standard motion of the wheel that occurs
while driving (Global Road Technology, 2016). Literature has found that shear stresses are one of the
major causes of deteriorations, such as rutting and top-down cracking, observed in the pavement (Su et
al., 2008). These peak shear stresses occur at the edge of the tires and are more critical in thick HMA
pavements while longitudinal strains are the critical strains in thin HMA pavements (Al-Qadi & Wang,
2009). This is likely due to the thick HMA layers effectively reducing the longitudinal tensile strains.
Considering these factors, pavement designs can be analyzed in PSIPave 3D™ for a better

understanding of the pavement behavior. Table 2-6 shows the inputs for PSIPave 3D™.
Table 2-6: Inputs for PSIPave 3D™

Inputs Description |

Material Properties Layer thicknesses, modulus of each layer, and Poisson's ratio
Maximum load per axle, interaxle spacing, group spread, track width,
tire type and pressure

Road Geometry Road width, shoulder width, side slope, surface slope, ditch depth

Truck Configuration

Designs could use typical modulus values for the region. The cross section of the pavement depends
on whether it is an urban or rural pavement design. The pavement structure will include shoulders for
rural designs and include curbs for urban designs. The loading is based on any truck of the designer’s

choosing, with fully customizable axle/tire configurations. In addition to the truck configuration, the
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type of tire used is also an important consideration in evaluating the pavement responses in PSIPave
3D™. The truck loading is transferred through the tire to the pavement layers therefore tire-pavement
interaction is valuable in calculating the pavement responses. Once all the inputs are obtained and
entered, PSIPave 3D™ generates a mesh on the given pavement structure and performs a finite element
analysis to determine the stresses, strains, and displacements anywhere along the structure. These

results can then be used by a designer for further analysis, such as fatigue damage analysis.

2.1.4 Fatigue Damage

To evaluate the fatigue damage, the tensile strains can be used to find the number of allowable load
cycles to prevent fatigue damage using Equation 2-4 below (Huang, 2004):

N = fi(e) 2(E)) Equation 2-4

where

1, f2, f3 = fatigue constants derived from lab testing of the asphalt mix
& = the maximum tensile strain at the bottom of the asphalt layer

E: = the modulus of the asphalt layer

The predicted number of fatigue cycles can be divided by the number of allowable fatigue cycles
obtained from the equation above to find the damage ratio (Huang, 2004). This provides a better basis

of comparison for cases where it is unclear which scenario will do the most fatigue damage.

2.2 Summary

The conventional pavement design methods, AASHTO 93, Shell and MEPDG, have been successfully
used in the past. However, each method has limitations. AASHTO 93 and Shell simplify the effects of
loading by using equivalent single axle loads which do not truly capture the effect of truck
configurations. MEPDG has begun to address some of these limitations, but the models have not been
finalized and require local calibrations for result accuracy. Additionally, the shear strains which are
only attainable through three-dimensional modelling are shown to be the critical strain in thicker
pavements. These shear strains occur due to the acceleration and braking of trucks which have adverse
effects on the pavement structure. As an alternative to conventional methods, finite element modelling
has also been used to design pavements as it is a powerful tool in evaluating pavement responses under
loading. Through this method, strains and deflections can be found anywhere along the pavement

structure. PSIPave 3D™, a three-dimensional modelling tool specifically for pavement purposes was
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developed by PSI Technologies Inc. This research investigates how to address limitations of current

methods and whether considering parameters that accurately represent the road conditions such as road

geometry, truck configurations, and tire types will have a major effect on the pavement performance.

The benefits and drawbacks of each pavement design method are shown in Table 2-7. Some engineering

judgement is required when designing with all of these tools such as ensuring the pavement structure

is sufficient to protect against frost damage.

Table 2-7: Benefits and Challenges of Each Pavement Design Method

Pavement Design
Methods

Benefits

- There is an alternative to solving
the complex empirical equation
with a chart

- When there is uncertainty or not a

Drawbacks

- Its empirical nature does not
accurately replicate the pavement
conditions.

- Does not truly account for material
behavior under loading

AASHTO 93 . . - Does not consider climate other than
lot of inputs available to the - .
. . . the climate of the test location and
designer, this method is a good . .
option for design through drainage properties.
' - Uses ESAL which simplifies the
- Free . .
impact of traffic on pavement
performance
- Only allows for flexible pavement
designs
- Does not require many inputs - Requires interpolation as there is
Shell - Simplified the design process | only a set of limited charts available
with a set of charts - Uses ESAL which simplifies the
impact of traffic on pavement
performance
- Requires a lot of inputs for the
-Gives the damage accumulation hlghest-level accuracy, Iat_) and field
. ) testing are required which means
over time using  performance longer and more expensive designs
MEPDG prediction models if pavement g P gns

thicknesses and other inputs are
known.

- It must be locally calibrated for
accurate results.

- Still undergoing development

- Expensive design software
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Chapter 3
METHODOLOGY AND DATA

3.1 Methodology

The data for this research project was collected in Hamilton, Ontario. Testing methods such as Ground
Penetrating Radar (GPR) and FWD were used to gather information about the material properties in
the pavement. The data was collected with PSI’s FWD truck and surveying van. The GPR was
assembled onto the PSIPave van shown in Figure 3-1.

Figure 3-1: PSIPave Survey Van

Most importantly, the light detection and ranging (LiDAR) sensor on the PSIPave van provided insight
into the geometry of the road such as road width, side slope, ditch depth, and surface slope. The City
has also provided some borehole logs and lab data which will be used to identify the materials in each
layer, specifically the subgrade. Three road sections were selected in the city based on the availability
of inputs: North Service Road, Cannon Street, and Stone Church Road.

A pavement structure will be developed for North Service Road, Cannon Street, and Stone Church
Road using AASHTO 93, Shell and MEPDG. AASHTO 93 and Shell pavement design methods output
the layer thicknesses, while MEPDG and PSIPave 3D™ use layer thicknesses in their analysis. Frost
protection will be considered to develop pavement structures for each road section based on AASHTO
93 and Shell pavement design methods. For the AASHTO 93 design, an overstressing check is
commonly done in Ontario to ensure that the asphalt layer is capable of carrying the traffic loads. For
the Shell design, once the inputs are gathered, the designer refers to a set of a charts to receive the layer

thicknesses. For the MEPDG design, the analysis was based on the City’s minimum pavement
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thicknesses outlined in Table 2-1. If these thicknesses provide satisfactory results, it will be selected as
the MEPDG design. Otherwise, the thicknesses will be increased until the predicted distresses are below
the thresholds set by region. These thickness designs are then be compared using PSIPave 3D™. The
designer can get a better understanding of the pavement behaviour by using three-dimensional
modelling which provides information about the strains, stresses and displacements anywhere in the

structure. Each road section is used to evaluate a different scenario:

= North Service Road will be used to evaluate a total of twelve cases to assess the impact of

geometry (three different design thicknesses with four different geometric cases).
o Geometry Case 1: Narrow shoulder, steep slope
o Geometry Case 2: Narrow shoulder, gradual slope
o Geometry Case 3: Wide shoulder, steep slope
o Geometry Case 4: Wide shoulder, gradual slope

= Cannon Street will be used to evaluate a total of six cases to assess the impact of wide-base

tires versus conventional dual tires (three different design thicknesses with two different tires).
o Tire Type 1: Conventional dual tires (11R22.5)
o Tire Type 2: New generation wide-base tires (455/55R22.5)

= Stone Church Road will be used to evaluate a total of nine cases to assess the impact of different

bus loading and axle configurations.
o Bus 1: Single axles, single tires
o Bus 2: Tandem drive axle, single tires
o Bus 3: Articulated bus with dual tires

The cases will be explained more in detail in Section 4.2. Results of each case will be discussed

thoroughly.
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3.2 Design Inputs

3.2.1 Borehole Data

The borehole and coring data for each road were provided by the City. Using this data, the material and
thickness of each layer can be identified. For the purpose of this study, the borehole and coring data is
useful in determining the subgrade material. Designers must ensure there is sufficient HMA and
granular thickness to protect the underlying subgrade. The frost susceptibility of the subgrade must also
be evaluated using the frost susceptibility criteria chart (Transportation Association of Canada, 1997).
The evaluation of this is due to frost heave taking place in cold conditions. In freezing conditions, the
moisture in the soils turn to ice and cause an expansion in the soil. If the material type is highly
susceptible to frost, thicker pavement structures must be considered for extra protection against frost
action. Granular layers provide an insulation blanket to help restrict the movement of water within the
depth of the pavement structure (Arjun). Coarse-grained gravels are used as they are less susceptible to
frost action. As a rule of thumb, pavement designers aim for a total pavement structure thickness that
meets 50% of the frost depth (Pavement Interactive, n.d.). In the City of Hamilton, the frost depth is
1.2 m (Terraprobe, 2013), and therefore the minimum frost depth pavement designers provide to protect
against frost action is 600 mm. For the selected road sections explained further in the paper, all subgrade

materials were silty clay.

3.2.2 Traffic

The traffic data was also provided by the city. This data included traffic counts on an interval of 15
minutes. The peak count of buses and trucks was the most valuable information in the traffic data as
motorcycles (FHWA category 1), passenger cars (FHWA category 2), and four-tire single units (FHWA
category 