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Abstract

This research investigates the strength and rutting perfonnance of in-service asphalt pavements in

Manitoba using a simple, modified version of the static indirect tensile (IDT) strength test. The

aim of the research is to evaluate the strengtli and defonnation properties of asphalt mixtures and

relate these fundamental properties to observed rutting behaviour in tlie field. This represents a

significant shift from traditional mix evaluation rnethods, which rely primarily on mix volumetric

properties and empirically based tests, such as Marshall stability and flow, to assess rutting

resistance. Experience gained in this area will serve to lielp in the selection of suitable mix

designs that are more resistant to rutting.

Cored samples were collected from ten representative highway sections across the

province with varying age,traffrc, and rut depth characteristics. Twenty-one cores were obtained

from each pavement section: tliree from both the inner and outer wheel paths and 15 from the

area between wheel paths. The cores were obtained from three randomly selected areas within

each pavement section. Mix volumetrics and binder properties were determined from l2 of the

core samples while three samples per site were tested for strength and performance parameters.

Perfonnance of the samples was detennined using a modified fonn of the static indirect tensile

strength test at 25oC. The specimens were loaded diametrally at a loading rate of 0.1 mm/minute

until failure occurred. Miniature LVDTs mounted directly on the central portion of the sample

measured the lateral and axial deformations while a load cell captured the strength data

continuously throughout testing.

Sirnple regression analysis was employed to relate the rutting data from each pavement

section to mix volumetric properlies obtained in the laboratory and to the strength parameters

measured during IDT testing. Analysis of the test results showed poor correlation befween mix
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volumetric propefties and rutting perfonnance. The rneasured lateral to axial defonnation ratio

and Poisson's ratio at both l0 and 25 percent of the failure load, however, were found to be

highly proportional to rutting. Test results showed that the test is consistent, pafticularly up to 25

percent of tlie peak load, and as such, shows promise as a mealls to evaluate mixture strenglh iu

relation to rutting.
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Chapter 1

II\TRODUCTIOI\

1.1 The Research Need

One of the most significant challenges facing highway departments today is the mitigation of, or

at least the minimization of, permanent deformation in asphalt concrete (AC) pavements.

Petmanent deformation, commonly referred to as rutting, manifests itself as longitudinal

depressions in the wheel paths called ruts. Rutting is initiated by heavy traffic loading, which if

sufficiently large, will cause one or more of the pavement layers to experience unrecoverable

deformation. Over time these small permanent deformations accumulate to form ruts, thereby

reducing driver safefy and overall driving comfort and eventually forcing rehabilitation of the

pavement section. As a result, highway agencies across the country spend millions of dollars

each year to address the rutting problem.

The rutting problem is certainly not new to pavement engineers. In fact, rutting in

asphalt pavements has been a problem since asphalt was first introduced as a paving material.

Research and technological advancement have improved our understanding of rutting and

provided new tools and methodologies to address the problem, but because of rapid change in the

transportation industry, the problem remains. Today, highway pavements are being subjected to

higher load levels than ever before due to increased truck traffrc, higher tire pressures, and greater

axle weights. Continued advancement in transport technology, coupled with industry demands

for changed trucking legislation, will likely lead to even higher allowable pavement loadings in

the future. Moreover, these changes are being experienced at a time when highway maintenance

budgets are generally on the decline. As a result, it is becoming increasingly difficult for
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pavement infrastructure and to provide safe,highway agencies to maintain the condition of their

smooth highways that are resistant to rutting.

1.1.1 Review of Asphalt Mix Design in Relation to the Rutting problem

The manner in which asphalt pavements are designed has changed considerably over the last

century. One of the primary reasons asphalt mix design procedures have changed has been to

address the rutting problem. The following section describes the historical development of

asphalt mix design and the measures taken to evaluate rutting susceptibility in the laboratory.

Invariably, each design method determines rutting susceptibility by relating some measure of

mixfure stability (strength) to field experience.

The first scientific approach to asphalt mix design was developed by P. Hubbard and F.C.

Field in the early 1900s. The Hubbard-Field method, as it was known, was based on the

determination of asphalt content from aggregate gradation (Asphalt Institute, 1996). Mixfure

stability was measured using a punching-shear failure test. In this test, a 102 mm (4 inch)

diameter sample is compacted by means of a drop-hammer, heated to 60oC, and placed in a

cylindrical mould with unequal top and bottom openings. A vertical load is applied at a rate of 5l

mm/minute and the maximum load required to force the mixture through is recorded as the

mixture stability.

Roughly 30 years later, the Hveem method was developed by Francis Hveem of the

California Department of Transportation. In this system, 102 mm (4 inch) diameter specimens

are prepared using kneading compaction to simulate field compaction. Mixture stability is

measured using the Hveem Stabilometer, a device that is similar to a standard triaxial cell. The

test applies a vertical load to the specimen and measures the amount of horizontal pressure that

develops in the surrounding fluid. This provides a measure of the mixture's resistance to lateral
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defornration under vertical loading. The load is applied at a Íate of l.2l mm/min and a

temperature of 60'C. Standard mix design procedures are found in ASTM D 1560 and D 1561.

In the 1940s, Bruce Marshall of the Mississippi State Highway Department developed the

Marshall method, which is still used by many agencies today, including Manitoba Transportation

and Government Services (MTGS). The Marshall method was later refined by the U.S. Army

Corps of Engineers to address the rutting problems of military airfield pavements during World

War II (Huber, 1999). Stability, density, and voids analyses form the basis of this mix design

method. Impact compaction is utilized to prepare laboratory samples for determination of density

and optimum volumetric properties such as asphalt content, air voids, and voids filled with

asphalt (VFA). Resistance to rutting is estimated by the Marshall stability test, which measures

the maximum load and flow experienced by a 102 mm diameter sample subjected to a vertical

load applied along its diametral axis. The rate of loading is 5l mm/min (2 inches/min) and the

test temperature is 60oC. Extensive field experience has shown that mixtures with higher

Marshall stabilities generally have higher rutting resistance. This method, except for changes in

specification values, has remained virtually unchanged since its development (Kandhal, 1990).

Standard Marshall mix design procedures are found in ASTM D 1559.

In 1987, the Strategic Highway Research Program (SHRP) began development of the

Superpave (Superior Performing Asphalt Pavements) mix design system. This system introduced

improved methods to select and combine aggregates and asphalt binders based on climate and

expected traffic volumes. Gyratory compaction is used to simulate compaction in the field. The

fundamental difference between Superpave and the other mix design systems is that it is a

performance-based system. This means that the physical properties measured in the laboratory

can be directly related to field performance using engineering principles (Asphalt Institute, 1995).

Rutting resistance of the asphalt mixture is controlled through the selection of high quality
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aggregates and asphalt binders whose performance characteristics are verified by a series of

perfotmance-based laboratory tests. No simple test procedure is used to measure mixlure stability

in this mix design system.

Despite the advancement of mix design technology over the last century, the rutting

problem still remains (Huber, 1999). Change in the transportation industry has been rapid, and

the evolution of the knowledge and tools necessary to address the changes have lagged behind

(Kim et a1., 1991). Traditional asphalt mix design systems such as the Hveem and Marshall

methods were developed over fifty years ago yet they are still in use today. These empirical

methods were based primarily on simple tests for mixture stability that were correlated to in-

service pavement performance to determine suitable design thresholds. Though capable of

producing good performing asphalt mixtures at the time of their development, these methods do

not have the flexibility to properly characterize new materials or predict performance under new

loading conditions because they do not relate directly to fundamental engineering properties such

as stress and strain (Vallejo, 1976; Kim et al., l99l). The ability to measure fundamental

properties is becoming increasingly important as many highway agencies start using mechanistic

pavement design procedures. Recent advancements in asphalt mix design technology (i.e.

Superpave) have improved traditional methods, but more work is required to establish suitable

test methods that can accurately measure material stress and strain. A simple strength test that

can quantify the rutting resistance of different asphalt mixtures in the laboratory is also required

(Kandhal et al., 1993; FHWA, 2000).
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1.1.2 The Rutting Problem: Manitoba Context

There are approximately 7,250 km of asphalt-surfaced highways currently under the control of

MTGS in the province (MTGS, 1998). MTGS (formerly known as Manitoba Departme¡t of

Highways and Transportation) produces and places 600,000 to 800,000 tonnes of virgin a¡d

recycled asphalt mix to maintain and rehabilitate these and other deteriorated pavement sections

each year. Although rutting has always been a common pavement distress locally and across

Canada, it was not until the mid 1980s that rutting of asphalt pavements was identified as a major

problem on Canadian highways (Palsat et al., 2000). To address the problem, the Roads and

Transportation Association of Canada (RTAC) held a series of "Pavement Rutting Seminars"

across the country in 1989 (Emery, 1990). The goal of these seminars was to identify the main

causes of rutting and to provide feasible solutions.

At about the same time, MTGS initiated several of their own rutting studies within the

province. As reported by Fisher (2000), these studies led to significant changes in the design of

local asphalt mixtures. These changes included a shift towards larger maximum aggregate size,

better control of VMA, higher design air voids (4.5 percent rather than 3.5 percent), increased

crush count (40 to 50 percent), stiffer asphalt cements, and a restriction that limited screened fines

to 50 percent of the total fines in the mixture. Since the introduction of these changes, it appears

as though the rutting resistance of asphalt pavements in the province has improved (Fisher, 2000).

Despite these improvements, there is still concern over the long-term rutting performance

of asphalt pavements in the province and the adequacy of current design procedures. The

American Association of State Highway and Transporlation Officials (AASHTO) method of

structural pavement design, which is cunently used by MTGS, was developed in the 1960s based

on truck tire pressures of 515 kPa (75 psi). Today in North America, it is not uncommon to see

tire pressures in excess of 900 kPa (130 psi) (Middleton et al., 1986; Kim and Bell, 1988; Hudson
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and Seeds, 1988, Button et al., 1990, Dawley et al., 1990). This increase in tire pressure means

pavements are being subjected to higher stresses than originally designed for. Consequently,

there is a greater chance rutting will occur. Furthermore, truck traffic volumes are rising and

there is increasing pressure from the private sector to raise allowable axle loadings and gross

vehicle weights, and to allow larger trucks (9-axle semis) on the highway network. There is also

pressure to relax spring loading restrictions in the province, which could have an adverse affect

on rutting performance.

Current mix design procedures must also be re-evaluated because of the increase in

pavement loading. Although current asphalt mix design procedures (Marshall method) and

established design thresholds appear adequate for now, future performance in a changing

transportation environment is uncefiain. Part of the problem stems from the fact that the Marshall

method is empirical and relies on correlations to known field performance. Therefore, it is

diffrcult, if not impossible, to predict rutting performance under new loading conditions. What is

needed is a simple performance-based laboratory test that can identify rutting resistance by

relating fundamental engineering properties such as stress and strain to achral rutting performance

in the field. To address this issue, MTGS initiated a rutting study with the Universify of

Manitoba in October 1999. The research conducted for that study forms the basis of this thesis.

1.2 Purpose and Objectives

The purpose of this research is to investigate the rutting performance of asphalt concrete

pavements in Manitoba and to identifu or develop a simple strength test that measures rutting

resistance in the laboratory. The objectives of this research are to:

n Review relevant literature to determine the current state of knowledge;

r Assess the rutting performance of different of in-service asphalt pavements;
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the time of constructionCharacterize the physical properlies of the asphalt pavements at

and in their present condition;

Identiff the causes of rutting in these pavements;

Identify a simple strength test protocol that can be used to assess

laboratory;

Evaluate the strength and performance of the asphalt pavements

this test;

rutting resistance in the

in the laboratory using

r Relate observed field performance to physical mixture properties and strength

parameters;

Establish threshold strength values and guidelines for acceptable field performance; and

Assess the suitability of the selected test procedure for evaluation of rutting resistance of

asphalt mixtures.

1.3 Scope

The scope of this study is limited to ten in-service, thick or overlaid asphalt pavement sections

scattered across the province of Manitoba. Rutting of each pavement section was confined to the

surface asphalt layer (mixture rutting), and as such, no investigation was done on the underlying

pavement structure. The findings reported herein are based solely on the evaluation of these

pavement sections.

1,.4 Significance of the Research

Although considerable research has been conducted on rutting, rutting still remains a significant

problem. The development of Superpave has improved the way asphalt mixtures are designed,

but Manitoba and many other agencies still rely on traditional empirical mix design systems such

as the Marshall method. Moreovet, there is a general consensus in the industry that a simple
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performance test relating fundamental engineering properties to rutting performance in the field is

required. Clearly the contribution of this research to MTGS and the asphalt industry as a whole is

timely and will provide valuable information that will aid in the design of rut resistant asphalt

mixtures.

1.5 Organization of the Thesis

The thesis is divided into six chapters. This chapter describes the basis for the research and

outlines the purpose, main objectives, scope, and significance of the research. The remaining

chapters are structured as follows:

Chapter 2: Review of Rutting

This chapter provides background information on asphalt pavement rutting that is relevant to this

research. The chapter describes the different types of rutting and the mechanism by which rutting

occurs. It also describes the influence of various material properlies on rutting resistance.

Chapter 3: Review of Laboratory Test Methods to Evaluate Rutting

Chapter 3 provides a literature review of common laboratory test methods used to evaluate the

rutting resistance of asphalt mixtures. Based on this review, a test procedure for this study is

selected. This chapter also outlines the theory behind the test chosen for this research project.

Chapter 4:, Research Program

Chapter 4 details the data collection and laboratory testing procedures conducted as part of this

research. The general research framework is summarized including the selection of pavement test

sections, the extraction of pavement cores, and the collection of pavement, traffic, and rut depth

information. This chapter also details the laboratory testing performed on the extracted core

samples and presents the test results.
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Chapter 5: Analysis and Discussíon

This chapter describes the procedures used to analyze the data and discusses the significant

findings. Correlations between physical mixture properties, strength properties, and rutting

performance are presented and discussed.

Chapter 6: Summary, Conclusions, and Recotnntendations

Chapter 6 summarizes the research work and provides insight on the important lessons learned.

Recommendations for future work are given.

References and appendices are included at the end ofthe thesis.
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Chapt er 2

REVIEW OF RUTTII{G

A great deal of research on the subject of rutting has been conducted and published over the

years. A review of pertinent literature is provided in this chapter.

2.1 Definition of Rutting

Rutting is defined as the accumulation of permanent deformation or strain in one ormore layers

of the pavement structure. Rutting generally develops gradually with traffic loading and appears

as longitudinal depressions in the wheel path. A photograph showing a severely rutted asphalt

pavement is shown in Figure 2.1.

Figure 2.1: Asphalt Pavement Rutting
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2.2 Types of Rutting

Rutting in asphalt pavements is generally affributed to one or more of the following factors

(Dawley et al., 1990):

1. Wearing of surface material (rvear rutting);

2. subsidence of the underlying pavement structure (structural rutting); or

3. Plastic deformation of the asphalt concrete layer (mixture rutting).

Figure 2.2 shows the different types of rutting.

1t

Loss of surface material
caused bv ravellinq or
traffic abrãsion "

/,- UND|STURBED -SUBGRADE

A. WEAR RUTTING

Permanent deformation
in one or more of the
underlying pavement layers

Shoving due to
shear failure of
the asphalt

7- uNDtsruRBED-/
SUBGRADE

C. M]XTURE RUTTING

,,- UNDISTURBED -/, 
SUBGRADE

B. STRUCTURAL RUTTING

E ASEHnLT CoNCRETE EI,ìì GRANULAR SUBBASE

ffi-Sl cnnruulAR BASE K suBGRADE

Figure 2.2: Types of Rutting
Adaptedfrom Dawley et al. (1990)

2.2.1 Wear Rutting

Wear rutting occurs as a loss of surface material in the wheel path caused by wear of the

aggtegate particles or by ravelling where individual aggregate particles are dislodged from the

asphalt binder (Huber, 1999). Aggregate wear results from abrasive traffic action and is more

prevalent in pavements with low aggregate durability. Studded tires are particularly abrasive and
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have consequently been banned by most highway agencies. Ravelling results from a loss of

binder adhesion caused by inadequate compaction, low asphalt content, and aging of the asphalt

binder (Emery, 1990; Huber, 1999). Rutting caused by ravelling tends to be non-uniform and

will often lead to potholing and a very rough ride.

2.2.2 StructuralRutting

Structural rutting occurs primarily during thaw weakening periods when the layers beneath the

pavement structure are unable to support the applied loads. It is often caused by poor drainage of

the pavement structure, frost action within the underlying layers, or poor construction practices

that result in a weak pavement structure (Emery, 1990). Under sufficient load, the weak structure

will subside or deform and the surface asphalt layer will distort to match the underlying

deformations. The thickness of the asphalt layer, however, will remain the same.

2.2.3 Mixture Rutting

Mixture rutting (also known as instability rutting) is primarily due to the lateral distortion of the

asphalt layer within the wheel paths and occurs in pavements that lack adequate shear strength to

resist applied axle loadings. Rutting of this type is confined to the asphalt layer and is

characterized by depressions in the wheel path and ridges along the edges of the wheel path.

Instability rutting is most severe when pavement temperatures are high and when traffic is heavy

or slow-moving.

Mixtures that experience instability rutting usually have a combination of low binder

cohesion (often associated with high binder content) and a weak aggregate skeleton lacking

stone-on-stone contact and aggregate interlock. Moisture damage or stripping of the asphalt

concrete also leads to reduced shear resistance of the mixture and a greater chance that the

material will experience rutting of this nature.

l2
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Some mixture rutting also occurs as the mixture consolidates after construction under

normal traffic loads. Research, horvever, has shown that the amount of rutting due to mixture

consolidation is small in comparison to other mechanisms, provided the pavement is well-

constructed and compacted (Goetz, 1957; Speer, 1962; Dawley et al., 1990; Lyfion et al., 1993).

2.3 Rut Progression

The development of rutting in asphalt pavements can generally be separated into th¡ee distinct

phases:

l. Initial consolidation;

2. Constant deformation; and

3. Increased deformation.

The three phases are illustrated in Figure 2.3.

Phase ll phase lll

ACCUMU L,ATED TRAFFTG (ESALs)

Figure 2.3: Rut Depth Progression
Adaptedfrom Kannemeyer (1995), Figure 2.6
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The initial consolidation phase, also known as post-construction compaction, is

characterized by a rapid increase in rutting once the pavement is subjected to traffic. The amount

of deformation is dependent on the compaction level achieved during construction, the quality of

the mixfure, and the level of traffic. Pavements constructed with low compaction tend to

consolidate easily under traffic leading to higher than normal permanent deformations.

After initial consolidation is complete, the rate of rut development slows and will

eventually stabilize at a constant rate. During the constant deformation phase, relatively little

rutting will occur because the aggregate skeleton is stable and capable of carrying the shear

stresses that develop from traffic loading.

The final phase of increased deformation will only occur as a result of plastic flow or

lateral distortion of the mixture. This phase is usually initiated by the infiltration of moisture,

which reduces the shear strength of the mixture. It may also be caused by the development of

fatigue cracking or other pavement distresses (Kannemeyer, 1995). It is important to note that

not all pavements will experience this phase of rut progression.

2.4 The Mechanism of Rut Resistance

Despite extensive research on rutting, the mechanisms by which asphalt mixtures resist

defomation are still not fully understood (Brown and Gibb, 1996). The mechanism of rut

resistance in asphalt concrete is complicated because its components, mineral aggregate and

asphalt binder, have different material properties and contribute to rutting resistance in different

ways.

The aggregate component of asphalt concrete acts to form a tight skeleton that is capable

of supporting traffic loading through stone-on-stone contact. The aggregate skeleton behaves as

an elastic material whose properties are influenced mainly by compaction and particle angularity

14
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(fracfured faces). In general, the load canyirig properties of the aggregate skeleton, as well as the

overall rutting resistance of the mix, improve with increasing compaction and aggregate

angularity.

The asphalt binder holds the aggregate skeleton together but is not capable of carrying

trafftc load on its own. It must be strong enough, however, to hold the aggregates in place and to

withstand the shear loads that develop at aggregate contact points (Huber, Iggg). Unlike

aggregates, whose behaviour is linearly elastic, asphalt binders are visco-elastic. Visco-elastic

materials exhibit a time-dependent behaviour that is a function of both the elastic and viscous

components (Davis et al., 1982).

As a viscous material, the stiffness of the binder depends on the magnitude and rate of

loading. In general, an asphalt binder will be stiff when load is applied rapidly and weak when

load is applied slowly. Thus, the longer a given load is applied, the more the material will flow

under it (Huang, 1993). The behaviour of the asphalt binder is also dependent on temperature.

At high temperatures (>150oC), an asphalt binder will be almost completely viscous, whereas at

temperatures below the glass transition temperature (<-20"C) it will be almost perfectly elastic

(Huber, 1999).

In an asphalt concrete mixture, the aggregate and asphalt binder combine to form a

material that exhibits linear elastic, non-linear elastic, and viscous þlastic) behaviour, depending

on the temperature and rate of loading (Lytton el al., 1993; Huber, 1999). Figure 2.4 shows the

theoretical change in behaviour with temperature. At low service temperatures (i.e. winter),

mixture behaviour will be almost 100 percent linear elastic and no rutting will occur. As the

selvice temperature rises, material behaviour becomes more non-linear elastic. Under these

temperature conditions, which are typical of spring and fall, asphalt mixtures will exhibit some

viscous behaviour, but rutting resistance sill remains high enough to keep permanent

t5
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deformations to a minimum. At high temperalures, mixlure behaviour becomes more viscous.

Under these conditions, the pavement is weaker and more susceptible to plastic flow. Hence, the

greatest amount of mixture rutting occurs in the summer months.

High

PAVEMENT SERVICE TEMPERATURE

Figure 2.4: Change in Asphalt Mixture Behaviour with Change in Temperature
Adaptedfrom Huber (1999), Figure I2

2.5 Characteristics of Rut Resistant Mixtures

It is well undeistood that rutting in asphalt pavements is initiated by repeated traffic loading. The

rate of rut formation, however, depends primarily on the adequacy of the strucfural design, the

severity of local environmental conditions, the quality of the materials used, and the level of

compaction achieved in the field. Because this research is only concerned with mixture rutting,

this section will focus on the material properties of the mixture. Structural design is not

considered because it is related to structural rutting.
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2.5.1 AggregateProperties

The most critical considerations in the selection of the aggregate are gradation, size, angularify,

and fìne aggregate (sand) properties.

Gradation

Aggregate gradation, or grain-size distribution, is a major consideration in the design of rut

resistant asphalt pavements. Good rutting resistance is obtained when the aggregate structure is

dense-graded because shear resistance develops through stone-on-stone contact of the larger

particles, which are in turn held in place by the interlocking effect of the smaller particles. Gap-

or open-graded mixtures still have stone-on-stone contact, but voids in the aggregate skeleton

allow sliding of some particles over others resulting in decreased shear resistance and

significantly higher permanent deformations (Brown and Cooper, 1984). For this reason, it is

generally agreed that the aggregate gradation should approximately follow the maximum density

curye. When the sieve size is plotted to the power of 0.45 (as used by Superpave), the maximum

density curve becomes a straight line that passes through the origin and the maximum aggregate

size al 100 percent, as shown in Figure 2.5. A restricted zone through which aggregate gradations

are not allowed to pass and typical minimum as well as maximum control points are also shown

on the graph.

Although gradations along the maximum density line form the strongest aggregate

structure, experience has shown that such gradations are not desirable because the mix will tend

to compact easily in the field and have low in-place air voids. Instead of following the line

directly, it is recommended that the aggregate gradations be slightly offset to provide sufficient

VMA (Parker and Brown, 1993; Asphalt Institute, 1997).

t1
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0 .075 .3 .6 1.18 2.36 4.75 9.5 tz.s 19.0

Sieve Size (mm) Raised to 0.45 Power

Figure 2.5: Aggregate Gradation Maximum Density Line

Experience has also shown that gradations must be restricted between the 0.300 mm sieve

and the 2.36 mm sieve. Gradations that pass through this restricted zone are called "humped"

gradations and tend to have too much fine sand in relation to total sand. This often leads to

compaction problems in the field, reduced rutting resistance, and poor mixture durability due to

inadequate voids in the mineral aggregate (Asphalt Institute, 1995). In a study of asphalt overlays

in Illinois, Carpenter and Enockson (1987) found that a hump in the gradation curve on the No.

40 (425 pm) sieve as plotted on a 0.45 power curve is the most influential mixture variable in

rutting performance.

Aggregate gradations that pass above the restricted zone are considered fine while

gradations that pass below the restricted zone are considered coarse. Perdomo and Button ( 1991)

found that coarse mixtures are more rut resistant than those with high fines (i.e. sand-size)

content. In addition, the Superpave system recommends heavy-dufy pavements be designed with

coarser gradations passing below the restricted zone (Huber, 1999).
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Aggregate size is also an important factor in rutting resistance. It is generally agreed that

mixtures with larger maximum aggregate size are more rut resistant than those with smaller

aggregate (Sharma and Larson, 1990; Mahboub and Allen, 1990; Perdomo and Button, l99l;

Parker and Brown, 1993; Huber, 1999). A study of rutted pavements in Lethbridge, Alberta by

Dawley et al. (1990) recommended that the maximum aggregate size be increased to l6 mm (5/8

inch) and that at least 8 percent be retained on the 12.5 mm (ll2 inch) sieve. Changes made to

Manitoba's mix design standards in the late 1980s followed the same trend, as a larger maximum

aggregate size of 19 mm, and a minimum of 5 percent retained on the 12.5 mm sieve were

introduced (Fisher, 2000).

Angularity

Aggregate angularify, which is related to the number of fractured faces, is also important to

rutting resistance. Mixtures that have coarse aggregate with a high percentage of crushed faces,

have better aggregate interlock and greater frictional resistance between aggregate particles,

resulting in improved rutting resistance (Dawley et al., 1990). Smooth or round particles, on the

other hand, will easily slip past one another when loaded. As a result, many highway agencies

have increased their specified crush counts in the last l0 years. Supe{pave, for example, specifies

90 percent crushed (two faces) for all mixtures designed for pavements with ESALs in the 10 to

30 million range (Asphalt Institute, 1997). Field research by Marks et al. (1990) found that an

aggregate crush count of 85 percent resulted in good resistance to rutting.

Fine Aggregate

The fine aggregate component of bituminous paving mixtures has a significant impact on rutting

performance. The sand-size particles in a dense-graded mixture help to carry load by providing

l9
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frictional resistance within the aggregate skeleton. Sand with high angularity will prevent

slippage befween larger aggregates while smooth, round sand will not. Natural sand (uncrushed)

particles are usually too round to provide adequate internal friction resistance leading to higher

permanent deformations (Levebvre, 1957; Shklarsky and Livneh, 1964; Button et al. 1990;

Dawley et al., 1990; Perdomo and Button, 1991). As a result, most agencies specify the use of

manufactured sand, which is crushed from much larger rocks. Work done by perdomo and

Button (1991) recommended that natural sand be limited to l0 to 15 percent, especially in

pavements designed for hear.y traffic.

Asphalt mixtures that have excessive fines (i.e. material passing the 75 ¡rm sieve) are also

more susceptible to rutting. When the amount of fines is high, the bond between the larger

pafticles and the asphalt cement is weakened because the silt and clay particles sit as dust on the

larger particles (Atkins, 1997). In addition, mixtures with high fines content require more asphalt

binder to coat the parlicles, which also leads to lower rutting resistance. Mixtures with excessive

fines will have weaker aggregate skeletons because shear forces are transferred between small

particles instead of through contact between larger ones.

2.5.2 Asphalt Binder Properties

The influence of the asphalt binder on the rutting resistance of an asphalt mixture depends

primarily on the quantity and stiffness of the binder.

Asphalt Content

Numerous studies have identified high asphalt binder content as one of the primary causes of low

rutting resistance (Huber and Heiman, 1987; Brown and Cross, 1989; Button et al. 1990;

Perdomo and Button, 1991; Wahhab and Khan, t99l). Rutting resistance generally decreases as

asphalt content increases due to thicker asphalt film thicknesses, which tend to reduce internal

20



CHAPTER 2. Review of Rutting 2l

stability of the mixture.

well. The effect of air

friction (stone-on-stone contact) between aggregate particles and overall

Mixtures with high asphalt content will usually have lower air voids as

voids on rutting resistance is described in detail in section 2.5.3.

Stffiess

The rutting resistance of an asphalt mixture is highly dependent on the stiffness of the binder. In

general, stiff binders provide greater rutting resistance than soft binders, but generally at the

expense of low-temperature cracking performance. There are fwo main methods to specify

binder stiffness: (1) penetration grade; and (2) performance grade.

In the traditional viscosity and penetration grade binder specification system, the

penetration grade represents the stiffness of the asphalt. In this system, the lower the penetration

gtade, the stiffer the binder is. For example, a 100-150 penetration grade asphalt binder is stiffer

than a 200-300 penetration grade binder. The main problem with this system is that it is

empirical and relies on the accuracy of the relationship between penetration and field experience.

Another major drawback is that both viscosity and penetration are measured at specific

temperatures (viscosity testing is normally conducted at 60oC and 135'C while penetration

testing is performed at 25"C) instead of the whole range of typical pavement temperatures

(Asphalt Institute, 1995). As a result, two binders with distinctly different performance

characteristics can be classified with the same penetration grade.

With the advent of Superpave, the criteria for binder selection have shifted towards

performance grade (PG), which is determined through rigorous laboratory testing. The pG

system is based on local climate with each binder receiving both a high- and low-temperature

grade. APG 64-22 asphalt binder, for example, is rated for a high pavement temperature of 64.C

and a low pavement temperature of -22"C. The correct performance grade for southern Manitoba
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is PG 58-34 or PG 58-40, depending on the reliability level required in the design. To ensure

adequate rutting resistance at high temperatures and thermal cracking resistance at low

temperatures, a binder meeting the locally specified PG should be used. For pavements with

heavy or static loads, a binder with a higher high-temperature grade may be specified to improve

the rutting resistance. Polymer modified binders are now being used to improve high temperature

stiffness (rutting resistance) while maintaining low-temperature performance.

It is important to note that binder stiffness increases with age. This is part of the reason

why the rate of permanent deformation is highest immediately after construction and decreases

ove¡ time.

2.5.3 MixtureProperties

Air Voids

The most influential mixture property in terms of rutting performance is air voids of the

compacted mix. There is a general consensus among pavement engineers that mixtures with air

voids below three percent are highly susceptible to rutting (Bissada, 1983; Huschek, 1985; Brown

and Cross, 1989; Kandahl et al. 1993). Several field research studies substantiate this common

belief (HuberandHeiman,ISST;Ananietal., 1990; Kandhaletal. 1993). Whenairvoidsdrop

below three percent, there is not enough room for the bituminous mortar (composed of fine

aggregate particles and asphalt binder) to move under load. As a result, the behaviour of the

mixture become predominantly viscous and permanent deformation occurs. At air voids above

three percent, the aggregate skeleton and asphalt binder remain elastic, limiting the permanent

deformation. Conversely, if the air voids are too high, the mixture will tend to be more

permeable. This will lead to rapid oxidization (hardening) of the binder and greater susceptibility

to moisture damage.

22
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VFA and VMA

Other mixture properties, such as voids filled with asphalt (VFA) and voids in the mineral

aggtegate (VMA), have also been shown to influence rutting. A study of I I sites in

Saskatchewan by Huber and Heiman (1987) found that rutting increases with VFA. This makes

sense as VFA includes the effect of both air voids and VMA (Figure 2.6). Huber and Heiman

suggest a maximum value of 70 percent VFA for rut resistant pavements.

VMA also has an affect on rutting, although somewhat indirect in nature. Mixtures with

low VMA tend to be more difficult to compact and therefore they have lower density and greater

rutting potential (Fisher, 2000).

Vmb = Bulk volume of compacled mix

Vmm = Voidless volume of paving mix

Va = Volume of air voids

Vb = Volume of asphalr

Vse = Volume of mineral ãggregate

VMA = Volume of voids in the mineral aggregare

VFA = Volume of voids filled with asphâlr = {VMA - Va}lr'MA

Vba = Volume of absorbed asÞhalt

Figure 2.6: Volumetric Properties of Asphalt Concrete
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Stability

Mixture stability has long been used as a laboratory indicator of rutting performance. The

measurement of mixture stability, however, depends on the mix design method. In the Marshall

method, stability is measured by means of an indirect tension test. In the Hveem method,

stability is derived from a punching shear failure test. In both cases, stability is linked to rutting

performance in the field only by extensive experience. This experience has shown that high

stability mixtures have greater rutting resistance than low stability mixtures.

2.5.4 Field Compaction

Proper mixture compaction during construction is critical to the long-term rutting performance of

asphalt pavements. Good compaction, achieved at 98 percent of 75-blow Marshall density

(Dawley et al., 1990), leads to greater stability of the mix and limits post-construction

consolidation. It is important to note that good compaction must not be achieved at the expense

of low air voids.

2.6 Implications of Rutting

The development of rutting is a signifìcant problem for highway agencies because it results in:

r Reduced safety;

Reduced ride quality; and

Premature rehabilitation.

Reduced Sofnty

Reduced safety is a major problem associated with excessive rutting (Morris, lg73). As rut

depths increase and the wheel paths become channelized, driver manoeuvrability is significantly

reduced making lane changes and obstacle avoidance difficult. Excessive rutting also leads to
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water ponding in the wheel paths and the potential for hydroplaning. This can occur when rut

depths are as small as 0.5 cm CNRC, 1994).

Reduced Ríde Quality

The governing factor in most pavement rehabilitation (overlay) projects is poor ride qualify.

After initial construction of a pavement, distresses such as cracking, ravelling, potholing,

heaving, and rutting will appear resulting in reduced ride quality. Rutting is of particular

importance because it is not only one of the primary factors influencing pavement serviceability

(i.e. the ability of the pavement to accommodate and serve the traffic that uses it), but it can also

lead to other forms of distress such as longitudinal cracking in the wheel paths (Hussain, 1990).

Hence, when rutting becomes severe, ride quality and driver comfort are reduced and

rehabilitation may be necessary.

Premature Rehabilitation

A certain degree of permanent deformation is expected during the life of an asphalt pavement.

When rutting is excessive, however, safety and ride quality are reduced and premature

rehabilitation becomes necessary. This causes an increase in overall life-cycle costs and puts

greater financial strain on highway agencies.

The cost of rehabilitating rutted pavements is substantial. A 1997 survey of highway

agencies in the United States revealed that 17 percent of road maintenance budgets went to the

rehabilitation of rutted pavements (Huber, 1999). Though not surprising, it does emphasize the

potential economic benefit of research in this area.

25
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Chapter 3

REVIEW OF LABORATORY TEST
METHODS TO EVALUATE RUTTII\G

3.1 Current Status

The application of laboratory test methods to evaluate the strength and fundamental material

properties of asphalt concrete represents a significant shift from past mix design practice.

Although considerable research related to rutting in asphalt pavements has been carried out over

the past 30 years, no single laboratory test procedure to assess rutting susceptibilify has gained

widespread acceptance for mix design and evaluation purposes. Traditional asphalt mix design

systems, such as the Marshall method, rely primarily on experience, mix volumetric parameters,

and stability to select suitable mix designs. Although the Superpave mix design system improved

these methods and several strength test procedures have been applied with varying degrees of

success, researchers are still in the process of developing a simple test or protocol that would

relate material strength to field performance (Huber, 1999; FHWA, 2000). Clearly, a simple end-

result test procedure capable of determining rutting potential is needed (Kandhal et al., 1993).

3.2 Review of Rutting Test Methods

A literature search was camied out to compare the various laboratory test methods that have been

used to evaluate the propensity of rutting in asphalt concrete mixtures. Invariably, these tests

attempt to measure the deformation properties of the asphalt mixture by simulating the axial and

lateral stress conditions in an asphalt pavement in a temperature-controlled environment.

Because many of the test methods are empirically based, regression analysis is used to relate the



CHAPTER 3. Review of Laboratory Test Methods to Evaluate Rutting

measured properties to actual field performance. The tests can be grouped into the following

categories: (1) unconfined creep; (2) confined creep; (3) unconfined repeated compression; (4)

confined repeated compression; (5) static indirect tension; (6) dynamic indirect tension; (7)

repeated shear; and (8) loaded wheel simulation.

3.2.1 Unconfined Creep

The unconfined creep test has been used extensively to investigate the deformation resistance of

asphalt mixtures. A summary of previous research and the test parameters used is given in Table

3'1' Although a variefy of loading conditions have been applied, the test is normally conducted

for 60 minutes on cylindrical specimens at 100 kpa and 40"C.

Studies conducted using the unconfined creep test have shown varied results in terms of

the test's ability to determine deformation resistance. Kandhal et al. (1993) found that test results

do not indicate the potential of rutting in different asphalt concrete mixtures, whereas Brown and

Cooper (1984) concluded that the test can be used to rank mixes according to their deformation

resistance.

Though unconfined creep testing has been used extensively, it is unable to símulate in-

situ pavement conditions. Applied stresses are lower than actual truck tire pressures and test

temperatures are norrnally lower than those fypically observed in the field. Tests that attempt to

match actual field conditions (approximately 60'C and 825 kPa) result in uncharacteristic sample

failure (Parker and Brown, 1993; Brown and Foo, 1994).

3.2.3 Confined Creep

Table 3.2 summarizes previous research that has used the confined creep test to investigate

rutting' Brown and Foo (1994) recommended the test be conducted under typical in-situ stress

conditions (828 kPa axial stress and 138 kPa confining stress) and a temperature of 60.C. Others,
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Table 3.1: Comparison of Unconfined Creep Test parameters

28

Specimen Specimen Applied
Diameter Height Stress, Loading

Pattern
Temp.

Reference Axial
701,207 ,

483

100

100

138

103

200

345

100

100

103

138

60 min. load

60 min.

60 min. load

60 min. load

60 min. load
15 min. rest

60 min.

60 min. load
60 min. rest

60 min. load

60 min. load

60 min. load

60 min. load
l5 min. rest

NA

NA

40

25,38,60

25

40

25

40

40

40

40

Finn et al. (1983) 102

Bissada (1983) NA

Brown and Cooper
(1984) loo

Monismith and
Tayebali (198S) 102

Krutz and Stroup-
Gardiner (1990) 102

Mahboub and Allen
(1e90) ts2

Brown and Bassett
(19e0) toz,

Dawley et al.
(leeo) loo

Kim et al. (1991)' 152

Kandhal et al.
(1993) ts2

Brown and Foo(rss|) toz

152

203

NA

126

203

64

304

NA

6s

r02

NA

102

"Shell Method
NA - not available

Table 3.2: Comparison of Confined Creep Test parameters

Specimen Specimen
Diameter Height Applied

Stress (kPa
Loading
Pattern

Temp.
Reference

Monismith and
Tayebali (1988)

Brown and Foo
(ree4)

mm

102

102

203
Axial:207
Confining: 103

Axial: 828
Confining: 138

25, 39, 60NA

60 min. load:
ó0l) mln. rest

NA - not available

t02
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such as Monismith and Tayebali (1988), performed the test at much lower axial and confining

stress levels of 207 kPa and 103 kPa, respectively, and a temperature of 40.C. Although the

test better represents actual field conditions than the unconfined creep test, it is more

diff,icult and expensive to conduct.

3.2.3 UnconfinedRepeatedCompression

Suitable test procedures for the unconfined repeated compression test have been described in

detail in the literature. A surnmary of previous research and testparameters is given in Table 3.3.

Axial stress levels vary but typically do not exceed 107 kPa. The test is generally conducted at

40"C at loading frequencies between 0.5 and 8.0 Hz.

Table 3.3: comparison of Unconfined Repeated compression Test parameters

29

Reference (mm) (mm) (kPa)

Specimen Specimen Applied
Diameter Height Stress, Axial Loading Temp.

Pattern loc)

Kim et al. (1991)' 102 203 Varied

NA

100 200 105

102 Varied 240

0.125 s load;
0.375 s rest;
2000 pulses

I s load; 0.5
Hz; 10,000
cycles

NA

1, 4, 8 Hz for
30s

Varied

Brown and Gibb
(1ee6)

Bhairampally et al.
(teee)

Al-Suleiman et al.
(2000)

r00100 40

40

25

oOhio 
State Method.

NA - not available

3.2.4 ConfinedRepeated Compression

The confined repeated compression test makes use of traditional triaxial test apparatus capable of

irnparting repeated loads on an asphalt concrete specimen. Although stress conditions vary,
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loading cycles typically consist of 0.1-second load pulses followed by 0.S-second rest periods at

40"c. A summary of previous research and test parameters is given in Table 3.4.

The major advantage of the repeated load triaxial test is that it best simulates the in-sihr

pavement conditions (Brown and Cooper,1984). However, as noted by Dawley et al. (1990), the

test is complex and better repeatability is obtained from other test methods.

Table 3.4: comparison of confìned Repeated compression Test parameters

30

Specimen Specimen
Diameter Height Applied

Stress (kPa
Loading
Pattern

Temp.
Reference

lHz

0.5 s load;
0.5 s rest;
75,000 cycles

0.I s load;
0.9 s rest;
30,000 cycles

0.1 s load;
0.5 s rest;
12,000 cycles

0.I s load;
0.5 s rest

1.0 s load;
1.0 s rest;
3,600 cycles

NA - not available

3.2.5 Static Indirect Tension

The static indirect tension (IDT) test is performed by applying compressive load to the diametral

(vertical) axis of a cylindrical specimen. Horizontal and vertical deformations are typically

measured directly in the central portion of the sample. Standard procedures for the test are

provided in ASTM D 4123 (ASTM, 1995). A summary of previous research and test parameters

Brown and
coop.' liés+l loo 2oo

Dawlev et al.

fróqoí 
- loo 2oo

Leahv and
wi,.irl- rl sq r; to2 203

Krutz and
s.u."lv frgq¡l 102 203

äil;;t 
* "' roo zoo

Brown and
óluu frõqô roo NA

Axial: 200
Confining: 100

Axial: 350
Confining:NA

Axial: 69,138,207
Confining:NA

Axial: 310
Confining: 207

Axial:216
Confining: 207

Axial:230
Confining: 70

30

40

18,27,
35

40

40

40
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is given in Table 3.5. Although this test confìguration leads to tensile failure of the specimen,

which is closely related to cracking resistance, the results of the test also provide useful

infomation related to material strength and deformation resistance (Kennedy,1977; Roque and

Buttlar, 1992; Thiessen et al., 2000).

Table 3.5: Comparison of Static Indirect Tension Test parameters
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Specimen Specimen
Diameter Height Loading Rate

Reference

Kennedy (1977)

Carpenter and Enockson
(te87)

Brown and Cross (1989)

Button et al. (1990)

Brown and Bassett
( I ee0)

ASTM (l9es)

mm/min Tem
t02

NA

t02

NA

102,152

102,152

NA

NA

NA

NA

NA

Gre ater
than 51

Varied

22

25

25

25

25

5l

51

51

5t

51

51

NA - not available

Another test that uses the indirect tensile configuration is the Marshall stability test.

Conducted at a loading rate of 51 mm/minute and a temperature of 60oC, this test has been

widely used as parl of the Marshall mix design method. The use of a rapid loading rate in this

test will initiate a viscous response from the nrixture that corresponds to moving traffic loads.

The test method, however, does not provide information on the resistance to slow-moving or

static loads. The test does not measure stress or strain (only maximum load) and relies on

established relationships to field performance.
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3.2.6 Dynamic Indirect Tension

The dynamic indirect tension test uses the same loading configuration as the static versio' of the

test. The magnitude of the applied dynamic load has been varied in the past, but curyent

procedures specrfy a load that is ten percent of the IDT failure load. Current test standards are

foundinASTMD4123 (ASTM, 1995)andLTPPProtocol P07(FHWA,2000). Itisimportant

to note that the test is commoniy referred to as the resilient modulus test. A summary of previous

research and test paranleters is given in Table 3.6.

Table 3.6: comparison of Dynamic Indirect Tension Test parameters

J¿

Specimen Specimen Dynamic
Diameter Height Load Loading Temp.

Reference

Carpenter and
Enockson (1987)

Brown and Cross
( I e8e)

Brown and
Bassett (1990)

Wahhab and Khan
(reer)
Zhang et al.
(tee7)

ASTM (199s)

FHWA (2000)

mm

NA

102

102

102

102

102,152

102,152

(mm

NA

NA

NA

NA

63

Greater
than 5l

25 to 50

NA

l0% of IDT
Strength

l0% of IDT
Strength

445

300

10 to 50% of
IDT Strength

10% of IDT
Strength

NA

1.0 Hz

1.0 Hz

1.0 Hz

0.3 to 60 Hz

0.33, 0.5,
1.0 Hz

1.0 Hz

5,22,39

25

5,25, 40

50

NA

5,25, 40

5,25,40

NA - not available

3.2.7 Repeated Shear

A report published by the National Research Council in the United States identified the repeated

shear test as the most promising test to evaluate defomration resistance of asphalt concrete (NRC,

1994)' Others, such as Sousa and Solaimarrian (1993) and Taybali et al. (1999), have also

recommended the use of repeated shear to evaluate deformation resistance. In the most common
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fornl of the test, repeated shear at constant he ight (RSCH), cylindrical samples are subjected to

repeated shear loads of 70 kPa while the height of the specimen is held constant. The shear load is

applied through aluminiurn caps glued to the top and bottom of the specimen. Testing is

normally conducted at ten'ìperatures corresponding to the nean 7-day maximurn pavement

temperature. Complete details of the test setup and configuration are provided elsewhere (NRC,

1994). A summary of previously used test parameters is given in Table 3.7.

Table 3.7: Comparison of Repeated Shear Test Parameters

33

Specimen Specimen Applied
Diameter Height Shear Stress

Reference (mm) (mm) (kPa)
Loading
Pattern Temp. ('C)

Sousa and
Solaimanian 150
( l ee3)

50 10
0.1 s load;
0.6 s rest; Varied
5,000 cycles

0.I s load;
0.9 s rest; 40
50,000 cycles

0.1 s load;
0.6 s rest; Varied
100,000 cycles

NRC (19e4) 100 s0

I"T:liï." 1s2 tozal. (1999)

14 to 105

68

3.2.8 Loaded Wheel Simulation

A number of loaded wheel simulation tests have also been developed. In these tests, a moving

wheel apparatus is used to accelerate the effect of loaded tires on an asphalt core or slab. It

should be noted that loaded wheel tests are empirical and do not measure fundamental

engineering properties of stress and strain, but rather the response of a mixfure to loading. Test

results must be correlated to actual field performance.

Several loaded wheel test devices, also known as rut testers, have been developed to

evaluate rutting potential in asphalt mixes. The most notable of these include the Hamburg

Wheel Tester (HWT), the French Wheel Tracker (FWT), and the Georgia Loaded Wheel Tester
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(GLWT). A fourlh simulation device, known as the Asphalt Pavement Analyzer (APA), has

recently been developed as a modified version of the GLWT. A comparison of the devices is

given in Tablc 3.8.

Table 3.8: Loaded Wheel Simulation Devices (Rut Testers)
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Test
Parameter

Rut Tester
HWT FWT GLWT APA

Wheel load (N)

Pressure on sample (kPa)

Loading rate
(cycles per minute)

Loading mechanism

Test environment

Test temperature

Steel wheel Pneumatic tire

705

1,500

60

Water

50

5,000

600

60

Air

60

700

700

45

Pressurized
rubber hose

Air

40

445

690

60

Pressurized
rubber hose

Air/water

Varied
Sources: Kandhal and Mallick (1999); Huber (1999), Table 6

3.3 Selection of Test Method

Although considerable research related to permanent deformation in asphalt concrete has been

documented, a consensus as to which laboratory test procedure is most applicable has not yet

been reached in the asphalt industry. As shown by the preceding literature review, numerous

laboratory test methods have been used to evaluate the propensity of rutting in asphalt concrete

mixtures with varying degrees of success. As a result, factors such as the ability of the test to

measure fundarnental engineering properties (stress and strain), test simplicity and repeatability,

and the availability of suitable test equipment, were considered when selecting a test for this

study.

One test that met these criteria and has shown promise as an evaluator of rutting

susceptibility is the static IDT test. Not only does the test n-ìeasure fundamental engir-reering

properties such as stress and strain, which can be used to determine material strength and
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Poisson's ratio, but it also offers a number of practical advantages. According to Kennedy

(1977), the test is simple to conduct, utilizes comnlon test equiprnent, and produces results that

are more consistent than other test methods. The test procedure is also similar to Marshall

stability, which has long been used as an indicator of mixfure rut resistance. For these reasons,

the static IDT test was chosen for this study.

3.4 The Static Indirect Tensile Test

3.4.1 Basic Theory

The static IDT test is conducted by applying a compressive load parallel to and along the veftical

diameter of a cylindrical asphalt specimen. A diagrarn of the basic loading configuration is

sllown in Figurc 3.1.

Loading Strip

where

P : applied load
cr : angle at the origin subtended by

the width of the loading strip
R: radius of the specimen
a: width of the loading strip

Figure 3.1: Loading Configuration of the Indirect Tensile Test

Vertical compressive stresses near the load points are greatly reduced by the distribution of the

load through steel loading strips that are curved to match the diameter of the specimen. The

width of the loading strips is normally one-eighth (l/8'r') the specimen diarneter. The curved

loading strips prevent coillpressive farlure near the loading points and ensure a constant loading

35
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width is maintained over the duration of the test (Gonzalez-Angarita, 19'/5). As a result, uniform

tensile stresses develop alongthe verticalaxis of the specimen causingthe specimen to eventually

fail along the vertical plane.

Figure 3.2 shows the stress distribution that develops during the IDT test. It is important

to note that the horizontal stresses along the veftical axis change from tension to compression as a

result of the loading strips. Concerns over the stress concentrations resulting from the use of

loading strips have been eliminated as studies have shown that the magnitude of the horizontal

tensile stress is virtually unaffected near the centre of the specimen where measurements are

normally obtained (Kennedy and Hudson, 1968).

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Tension *l-- Compression

Figure 3.2: Relative Stress Distributions of the Indirect Tensile Test
Adaptedfrom Kennedy (1977), Figure 2
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The theory behind the IDT stress distribution is not new. A number of researchers,

includirig Sokolnikoff (1956), Frocht (1957), Hondros (1959), and Timoslienko and Goodier

(1970) have all conducted research in this area. Later work by Kennedy and others (Kennedy,

1977;Kennedy and Hudson, 1968; Hadley,1968; Anagnos and Kennedy,1972) led to improved

understanding of the IDT test ar-rd tlie development of analytical procedures to calculate the stress

and strain at the centre of the sample. The basic equations are:

(3.1)

(3.2)

where

indirect tensile stress (kPa)

: indirect compressive stress (kPa)

: total load (N)

width of loading strip (rnrn)

thickness of specirnen (rnrn)

: angle (radians) subtended by one-half the width of the loading strip

radius of specimen (rnrn)

As shown, the veúical compressive stress at the centre of the sample are three times the

tensile stress. The tensile strength of the specimen is equivalent to ol when the ultimate failure

load (P,,11) is reached. Assurning the width of the loading strip is one-eighth (1/8th) the specimen

diameter, the formula to calculate tl-re indirect tensile strength reduces to:

2 Pult

tt

o.,. = 
to (sin2a- t I' Tratl Zn)

6 =-6P (rirzo-L\
c rat\ znl

O1

O6

P

a

r.

cl

R

Sr=
tr tD (3.3)
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where
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51 : tensile strength (kPa)

P,,1, : ultimate load at failure (lrtr)

t : thickness of specimen (mrn)

D : diarneter of specimen (mm)

Equations to compute the tensile strain, Poisson's ratio, and the modulus of elasticity

were also developed and are discussed in detail elsewhere (Kennedy, 1977; Kennedy and

Hudson, 1968). For the sake of completeness, tliey are given here:

(3.4)

L)= (3.s)

[i+-.j+]
(3.6)

modulus of Elasticity

applied load

'=i[j+.j+]
[*l +r I

L-.1"" 
* *-l'" 

l
f*f+rl

L*'-.1'" 
* 

),"* l

[.j .: I

l{+-.FlL-; -i 
lX

'!.

E

P:

where
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Plx : least squares line of best fit between load P and total horizontal

defonnation X, for loads up to 50 percent of the rnaxirnum load

X total deformation at any given load

1 : length over which strain is estimated

v Poisson's ratio

R radius of specimen

Ê1 tensile strain at any given load

T total tensile strain at failure

R' X/Y : least squares line of best frt between verlical deforrnations Y and

the conesponding horizontal defonnation X

Jî' J+' J?'u'd i+: integrars orunit stresses

-i +f

Jo'¡y 
and Jo* 

: integrals of radial stresses in the y and x directions

Though solvable using a cotnputer, tliese integrals and equations can be sirnplified if the

specimen diameter and widtl-r of loading strip are known. Anagnos and Kennedy (1972)

sirnplified these equations for static testing of 4- and 6-inch (102 and 152 rnm) diameter

specimens and a half-inch (12.5 rnm) wide loading strip. The resulting simplifications are given

in Table 3.9.
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Table 3.9: Analysis Procedures for Indirect Tensile Test Results

40

Diameter of Specimen

Property 102 mm (4-inch) 152 mm (6-inch)

Poisson's Ratio, u
0.0673DR - 0.8954 0.04s24DR - 0.6804

-0.2494DR-0.0156 -0.16648DR-0.00694

Modurus of Elasticity f to.nntu D + o.z6s2f + fo.tllou + 0.2712]

rensire Srrain ar Failure x-. [0'l 
l85D + 0'03896-] 

"-" 
lo'olglu + o'ozall

" | 0.2494u + 0.0673 J '" [ 0. 1665u + 0.0a52 ]

where

h - height of specimen (inclies)

Xrr : total horizontal defonnation at failure (inclies)

DR : deformation ratio Y1/X1 (tlie slope of line of best fit between veñical

defonnation Y1 and the corresponding horizontal deformation X1 up to failure

load P.,¡1

Sn : horizontal tangent modulus P/X1(the slope of the line of best fit between load P

and total horizontal deformation Xl for loads up to failure load, Pu¡¡

Additional analysis procedures to evaluate point stresses and strains, Poisson's ratio, and

the initial tangent modulus were recently developed by Roque and Buttlar (1992), Buttlar and

Roque (1994), and Buftlar and Roque (1998). Details of these procedures will be provided in

Chapter 5.

3.4.2 Advantages andDisadvantages

Through extensive laboratory testing, Kennedy and Hudson (196S) identified the following

significant advantages of the indirect tensile test:



CHAPTER 3. Review of Laboratory Test Methods to Evaluate Rutting

1. It is relatively simple and quick to perform;

2. The type of specirnen and equiprnent are the same as those used for compression testing

which is generally available;

3. Failure is not significantly affected by surface conditions;

4. Failure is initiated in a region of relatively uniform tensile stress;

5. The coefficient of variation of the test results is low;

6. It provides information on the tensile strength, modulus of elasticify, and Poisson's ratio;

and

7 . It captures the true stress-strain response of tlie material.

Most importar-rtly the test can be used to evaluate the deforrnation characteristics of asphalt

concrete (Baladi, I 989).

The main disadvantage is that the repeated loading conditions in the field are not

simulated in the laboratory. However, analysis of actual test results in section 5.4 will sliow that

the stress and strain conditions of the test closely resemble tliose in the field. it sliould be noted

that although the duplication of field conditions is desirable, the Kennedy and Hudson concluded

that the advantages of the test compensate for the lack of simulated loading conditions.

3.4.3 Factors Affecting the Test Results

A number of factors have been found to influence the results of the indirect tensile test. Work by

Kennedy and Hudson (1968) identified the following factors:

L Load-deformation characteristics of tlie material tested;

2. Size and dimensions of the specimen;

3. Composition and dimensions of the loading strip;

4. Rate of loading; and

5. Test temperature.

41
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Although a specitnetr's size is known to affect results, research has shown that tlie indirect te¡sile

strength is independent of tlie length-diarneter ratio of the test specimen (Kennedy and Hudson,

1 e68).

A number of sources of error have also been identified in the literature. Brown and

Cooper (1984) found that test results rnay be erroneous íf tlie contact between tlie loading strips

and the specimen is not perfect. Striations caused by the coring bit (for core samples) or voids in

the surface of the specimen contribute to these errors. Exact centering of the specirnen in the

middle of the loading strips is also critical. Testing of specirnens that are not perfectly centred in

the loading apparatus will result in front and back deformation measurements that differ

significantly.

42
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Chapt er 4

RESEARCT{ PROGRAM

4.1 Research Plan

The research program conducted for this thesis focused on the laboratory investigation of in-

service asphalt paventents. The general framework of the research is outlined in Figure 4.1 . Te¡

asphalt pavement sites were selected on various highways throughout the province and core

samples extracted from each site. It was decided that cores should be obtained from both inside

and outside the rutted wheel paths so that the physical mixture propelties between the two could

be compared. Traffic and other peüinent pavement data, such as age, overlay thickness, rut

depth, and as-constructed mixture properties were also obtained.

A laboratory testing progranì was conducted to deterlnine the physical mixture properties,

as well as the strength and deformation parameters of the recovered cores. indirect te¡sile

strength testing was conducted on samples taken between wheel paths usir-rg a slow rate of

loading that ensured plastic defonnation of the sarnples would take place. It is important to note

that the analysis of the results focused on the stress-strain resporlse of the samples during the

initial stages of the test, rather than at failure because permanent deformation occurs at stress

levels well below the poittt of failure . Results of the laboratory testing are compared to the rut

depth rneasuren'ìents obtained in the field to assess the cause of the ruttìng and to rank the

different asphalt mixtures in tenls of their rutting resistance. Simple linear reglession analysis

rvas employed to deterrrine the relationships between the physical mixfure properties, strength

paraneters, and the rate of rutting.



CHAPTER 4. Resecu'ch Progrant

The remainder of this chapter will describe the researclr prograrn in detail, inch-rding the

selection of pavement sites, collection of site data, extraction of field cores, Iaboratory a¡alysis of

the recovered cores, and modified IDT testing.

Figure 4.1: Research PIan

4.2 Site Selection

Ten asphalt concrete pavement sections were selected across the provir-rce of Manitoba for this

study by MTGS. The nrain objective in the selection process was to choose pavement sections

that were mtted as a result of plastic deformations in the upþer asphalt layer and not structural

subsidence of the underlying pavernent strucfure. The absence of stluctural rutting at all ten sites
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was confinned at the time of coring by visual inspection of the cores. The sites were also

selected to provide a range of traffic loading and to provide a relatively unifornr province-wide

geographic distribution. The environmental conditions at each site are similar and unlikelv to

affect the development of rutting at one site more than another.

The selected sites are all located on major highways across the province. TIle location of

each site is shown in Figure 4.2. Of the ten sites, four are located on PTH (provincial trunk

highway) 1, also known as the Trans-Canada Highway; three are located on PTH 16, also known

as the Yellowhead Highway; and single sites are found on PTH 2, PTH 3, and PTH 21. Each site,

except site A, is located on a high-speed route with speeds of 100 km/hour. Traffic speeds at site

A are about 70 km/hour.

45
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4.3 Data Collection and Field Sampling

4.3.1 SiteCharacteristics

Pertinent site information was gathered for each of the ten pavement sections. Details of the

location and pavement structure of each site are given in Table 4.1. Of the ten pavemerìts

selected, seven were asphalt overlays on existing asphalt or concrete pavements, while the

remaining pavements were new thick asphalt pavements on granular or stabilized base. All

existing pavements were milled prior to overlay, with the milled thickness replaced plus the

overlay thickness. The thickness of the most recent asphalt overlay ranged from 75 mm to 255

mm.

4,3.2 Mix Design Parameters

Mix design parameters such as asphalt conteÍìt, design air voids, VMA, VFA, Marshall stability

and flow, and aggregate gradation were obtained from rnix design records of each site. All

nrixfures were designed to Manrtoba standards using the Marshall method and75 blows per face.

A detailed summary of the rnix design data for the top lift of asphalt is provided in Table 4.2.

Current rnix design specifications for the surface lift are 5 to 7 percent asphalt content, 4 to 5

percent air voids, 14 to 16 percerìt VMA, 65 to 75 percent VFA, and a stability of 3.0 kN, or

greater (based on 75 Marshall blow compaction).

It is important to note that reclaimed asplialt pavement (RAP) was used in half of the

pavement sections. Site E had the hrghest content of RAP at 23 percent. It is also important to

note the different grades of asphalt binder and maximum aggregate size used at each of the sites.

Sites E, F, G, I, and J were all constructed using a softer grade of asphalt cement (150-200

penetration), which theoretically makes them more susceptible to rutting. Sites A and B used a

smaller tnaximum aggregate (16 mm), but only because MTGS chose to increase the maximum

aggregate size in their mixes after these two projects were completed.
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Table 4.1: Site Characteristics

Test Pavement Structure
Site PTH Site Location (Year of Construction)

A
6.0 km W of W Jct PTH
100 to W Jct PTH i00
(wB)

75 mm asphalt overlay (i990)
75 nrm asphalt (1913)
200 mm concrete (1959)
100 mm granular base (1959)

B
0.8 km E of PTH 5 to
4.0 km W of E Jct
PR 3s l (EB)

75 mrn asphalt overlay (1989)
50 nrm asphalt overlay (1976)
76 nrm asphalt (1951)
152 mm sand asphalt (1957)

C
Red River Floodway
to PTH 12 (EB)

75 mm asphalt overlay (1994)
75 nrm asphalt (1975)
203 mm concrete (1954)
152 mm granular base (1954)

l6D
3.0 km E ofW Jct
PR 354 to 0.9 km W of
W Jci of PR 354 (EB)

105 mm asphalt overlay (1994)
100 asphalt (1960)
400 mn granular base ( 1960)

E
SE l/4 10-3-4 Winkler to

3 &.14 SW Cr. 9-3-5 Morden
(WB)

100 mm asphalt (1995)
125 nm stabilized base (1994)
350 nrm granular subbase (1994)

l6
300 m W ofV/ Jct of
PR 250 to I km E ofJct
of PR 250 (WB)

150 mm asphalt (1996)
150 mm granular base (1995)
300 mm granular subbase (1995)

G
4.8 km W of E Jct
PR 351 to 1.6 km E of
PR 3s0 (WB)

85 mm asphalt overlay (1998)
35 nrm asphalt (1976)
203 mm stabilized base (1976)

16H
Saskatchewan Border to
50 m W ofN Jct PTH 83
(v/B)

255 mm asphalt overlay (1997)
75 mm asphalt (1969)
152 mm granular base (1965)
50 mm granular subbase (1965)

2l 16kmNofPTHIto
N of PR 259 (NB)

155 mni asphalt (1997)
152 mm granular base (1962)
50 mm granular subbase (1962)

W of PR 342toE
J 2 Boundary R.M. of

Victoria (WB)

175 mm asphalt overlay ( 1 999)
75 rnm asphalt (1981)
lJ1 n¡m asphalt (1961)
76 mm granular base (1958)

PR - provincial road
WB - westbound
EB - eastbound
Jct - junction
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Table 4.2:N4ix Design Paramcters

Asphalt Air Marshall Florv Binder Max. Agg.
Test content voids vMA vFA Density stability (0.25 RAp pen. size"
Site (%) (%) (%) (%) (kglm3) (kN) mm) (%) crade (mm)

A 5.5 4.6 14.9 69.0 2,373 5.7 7 0 120-150 16

B 1.0 3.5 16.0 NA 2,250 6.7 NA 0 120_150 16

c 6.2 4.0 t4.0 68.0 2,310 8.9 g 20 t20_150 le
D 6.5 5.2 t5.2 66.0 2,t73 g.3 10 0 120-150 t9
E 6.0 4.0 14.0 65.0 2,226 10.7 11 23 150_200 tg
F 6.2 4,4 14.7 65.0 2,187 9.8 l0 20 150_200 tg
G 5.8 4.4 t4.0 65.0 2,2'70 10.2 I I i5 150_200 19

H 6.0 4.8 14.0 68.0 2,226 5.9 B 0 120_ 150 19

I 7.0 4.0 14.0 65.0 2,221 4.2 9 0 150_200 tg
J 5.9 4.5 t4.0 71.0 2,334 6.4 9 9 150_200 tg

"Maximunl aggregate size. Note that nominal maximum oggr"gutã rir" ir th" lurg"rt sieve that
retains I 0 percent or more of the aggregate particles.
NA - not available

4.3.3 As-Constructed Pavement Properties

Information on the pavement properties at the time of construction was obtained from job

summary records. The as-constructed mix properties are identified in Table 4.3. Asphalt

contents ranged from 5.3 to 6.6 percent, which is typical of MTGS mix designs. hr-place air

voids were generally high except for site A where in-place air was measured at 5.1 percent. This

is only slightly higher than the maximum design value (5 percent), which may Iead to low air

voids in the future due to the expected consolidation of the pavement under traffic. Marshall

stability values are generally high, ranging fi'om 6.1 to 16.5 kN. Average VMA and VFA across

the ten sites were 15.0 and 67.6 percent respectively. None of the as-constructed pavement

properties were out of specification.
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Table 4.3: As-Constructed Mix Properties
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Asphalt
Test Content

In-Place
Air

Voids VMA
Marshall
Stability

Percent
Crushed"

Core
Densit

Site (o^ %\
VFA

(t/
/o k KN

5.3

6.1

5.5

6.2

5.5

s.9

5.7

5.7

6.6

5.4

5.1

7.0

9.3

9.8

8.7

9.7

1.3

9.7

1.8

6.1

t4.9

16.0

14.6

13.9

14.0

15.2

14.8

15.2

16.0

r 5.0

64.0

74.0

68.0

61.0

62.0

62.0

68.0

69.0

74.0

68.0

2,382
) )1,A

2,262

2,178

2,231

2,197

) )77,

? ?s?

2,310

2,350

6.1

7.5

9.4

I i.6
16.5

r 5.3

9.5

8.2

16.0

I 5.0

Flolv
(0.2s
mm)

9.0

I 1.0

10.0

1 1.0

i r.0
I 1.0

10.0

9.0

10.0

10.0

o//o

NA

NA

53

55

52

62

60

53

NA
NA

A
B

C

D

E

F

G

H

I

J
oPercentage of coarse aggregate
minimum for MTGS projects.
NA - not available

4.3.4 Traffic Data

with at least one fractured face. Fifty percent is cunently the

Traffic data including cuffent average annual daily traffic (AADT), percent trucks, and equivalent

single-axle load (ESAL) applications were collected for all sites. A detailed summary of the data

is shown in Table 4.4 for travel in one direction in the driving lane only. The average daily traffic

rarrged from 430 to 8,350 vehicles per day and the percent trucks ranged from 11.6 Lo 26.3

percent. It is important to note that site A, with an AADT of 8,350, is one of the most heavily

traveled rural highway sections in Manitoba.

The total accumulated traffic estimates ranged fi'om 0.03 to 8.57 million ESALs.

Estimates of accumulated traffic since construction were based on the following expression

(MTGS, 1999):

ACCESAL = (aalr)" (xrt<s)* (rrn)" (nlr')" (:os)* (aan)t(r oo) (4.r)
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Table 4.4: Traffic Data and Design ESALs

50

Test
Site

Overlay
Age

Year
Current AADT
AADT o Measuredó

ESALs to Design
Percent Date" ESALs'/
Trucks millions) millions

A
B

C

D

E

F

G

H

I

J

9

l0
5

5

AT

3

1

2

2

0.25

8,350

2,5r0
4990

910

3,820

625

2,650

790

430

635

1999

t999

1996

t999

1999

r 998

1999

1999

t999

r999

12.9

20.3

I 1.6

26.3

t2.4

26.3

2t.6
13.2

r 6.5

16.5

8.57

4.44

2.96

1.40

1.54

0.61

0.57

0.25

0.07

0.03

9.0

3.6

5.3

t.2

3.1

2.4

t5.l
4.2

0.3

1.1

"AADT from most recent traffic count; one direction, d.iulng tur-t" or'tt1r.
áYear that Current AADT was measured; r-rote that AADT was not measured each year.
"ESALs to Date are estimated from construction to time of testing using cunent traffic
volumes and truck equivalency factors.
"20-Year Design ESALs calculated using expected traffic volumes and truck equivalency
factors at y ear of construction.

where

ACCESAL

%TKS =

TEF

DLF :

AAF

ll:

accumulated equivalent single axle load applications for n years, based

on single axle dual-wheel load of 8,165 kg

percerìt truck traffic

truck equivalency factor, or the average number of ESALs per truck

design lane factor, or the percentage oftraffìc in the design rane (equals

0.8 for four lane highways)

amount of annuity factor [(l + r)" - I]/r

rate of ESAL growth (% growrl/100)

number of years
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Truck equivalency factors varied depending on the route classification. Sites A through

D and sites F thror-rgh H are all located on PTH I or PTH 16, wliich are part of the National

Highway Systern. Routes that are part of this system have a TEF of 3.5 (MTGS, 1999). The

remaining test sites are located along designated RTAC routes that have a TEF of 3.0. The

default ESAL growth rate used in each case was 3.0 percent.

The original2}-year design ESALs are also included in Table 4.4. Itis important to rlote

that tlre 2)-year design ESALs for sites A through F were calculated using the old set of truck

equivalency factors utilized by MTGS prior to 1997. These factors were lower than the ones used

cunently, leading to low design values cornpared to current ESAL estimations. This, however,

does not affect the analysis in subsequent sections since "ESALs to Date" are used, not 2g-year

design values.

4.3.5 F'ield Sampling

Twenty-one core samples were obtained by MTGS fi-om each test site in November 1999. All

coring was performed with a Milwaukee water-cooled, diamond tooth core barrel with a diameter

of 152 mm (6 inches). Three coring locations were selected atrandom within each pavementtest

section to obtain representative samples over the entire site. Seven cores were obtained from the

driving lane at each coring location as shown in Figure 4.3. Cores I and 3 were taken from the

inner wheel path (lWP) and outer wheel path (OWP) respectively, while the remaining cores

(cores 2 and 4 through T) were taken frorn between wheel paths (BWP). This was done so that

the physical mixture properties between the material in the rut and outside the rut could be

compared. Each coring location was linked to the provincial control section referencing systenl

for identifi cation purposes.

51



CHAPTER 4. Research Progrant 52

ç Driving
Lane
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o
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o-
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Figure 4.3: Core Sampling Confïguration

Individual lift thicknesses were determined through visual inspection of the cores.

Thickness of the top asphalt lift ranged from 35 mm at site A to 54 mm at site F. Total core

thickness varied frorn 154 to 305 mm. Figure 4.4 shows the variation in total core thickness

between the sites.

Figure 4.4: Variation in Thickness



CHAPTER 4. Research Progrant

4.3.6 Rut Depth Measurement

Rut depths were mallually rneasured at each coring location with a 1.8-metre straight edge placed

over the inner and outer wheel paths at the time of coring in November 1999. A total of 30

n'ìeasurenlents were taken at each site. Table 4.5 shows the average measured rut depths at each

test site. The results of the inner and outer wheelpaths were averaged arithmetically to establish

a combined rutting value that will be used later to establish rutting rates for each site. Average

combined rut depths ranged frorn 0.0 to 5.8 mm. It shor-rld be noted that the rut depths at site H

were re-measured in November 2000 because no rutting was initially observed at the time of

coring. Site J was also re-measured in May 2001, but to date no ruttir-rg has occurred on this

section. A comparison of IWP and OWP rutting shows that neither the IWP or OWP rut depths

are consistently high or low, although experience has shown the rutting in the OWP is usually

deeper than in the IWP due to lack of edge support.

Table 4.5: Rut Depth Measurements

53

Average Average Combined
Test IWP OWP Average, x Standard g5th x+s
Site (n:15 n:l Deviation. s rcentile (680/0

2.0 8.03.7

s.0

3.3

5.2

5.8

2.8

3.7

1.3

3.0

1.7

7.2

6.9

4.2

x *2s
9s%)

9.2

8.0

5.5

5.5

4.8

2.3

4.2

5.3

2.6

0.0

D 2.0 3.1 3.2 1.3

A 6.7

B 6.6

c 2.4

E 3.5

F 1.3

G 2.7

Hr' l.g 3.7

t.7

0.0 0.0

1.1

1.3

7.3

4.0

0.7

0.5

0.6 3.1

1.8

4.7 4.2

4.0 4.1

2.0 1.8

r 0.1 1.1 r.0 0.8

J' 0.0 0.0 0.0

3.2

1.3

J.J

1.6

3.6

3.5

1.7

0.0
nAverage rut depth, IWP and owP combined; measured in November i999.
bzero rutdepth rneasured in November 1999. Re-measured in November 2000.
'Zero ru| depth rneasured in November I 999 andMay 2001.
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Table 4.5 also provides a statistical summary of the rutting data including standard

deviation, rut deptlr at the 85tr'percentile, and rut cleptlr at the 68 and 95 percent confidence levels.

This was done to show the variation in the measurements and to determine the appropriate rut

depth value for futule analysis. Because 30 measurements were taken and because there is some

uncertainty in the traffic levels used, it was decided that the average rut depth would be adequate

for analysis purposes (Chapter 5).

The relative severity of rutting on Manitoba highways is defined by the MTGS asset

managernetlt system as (MTGS, 1999):

¡ None: Rut Depth < 5 mm;

¡ Slight: 5 < Rut Depth < l0 mm;

. Moderate: 10 < Rut Depth < 15 mm;and

r Extreme: Rut Depth > 15 mm.

Based on these severity ranges, the rutting performance of the pavements selected for this study is

good. The rutting at sites A and B can be classified as "Slight", while the rutting at the remaining

sites can be classified as "None". It should be noted, however, that several sites are only a few

years old and may rut more in the future.

4.4 Laboratory Testing '

The laboratory testing progran was designed to evaluate the physical mixture properties and

strength parameters of the pavement sections cored for this study. A flow chart of the test pla¡ is

shown in Figure 4.5. Of the 2l cores taken per site, 12 cores were used for evaluation of physical

nixture properties (cores l-4, Figure 4.3) and the remaining nine for strength testing (cores 5-7).

Three of the nine cores identified for strength testing were randomly chosen for nlodifìed indirect

tensile strength testrng in this study while the renainder were stored for future use.
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Figure 4.5: Laboratory Test Plan

4.4.7 Core Analysis

The following laboratory tests were conducted on the top lift of the 12 cor.es reserved for

evaluation of physical mixfure propertics:

l. Bulk density;

2. In-place air voids;

3. Marshall stability and flow;

4. Voids analysis to measure air voids, VMA, and VFA;

5. Abson method to recover the aged asphalt cement to detemrine asphalt content;

6. Recovered binder penetration a|25"C and absolute and kinematic viscosity.

7. Sieve analysis to determine the gradation of the aggregate.

Test Results

The average test results frorn eaclr pavement section are shown in Table 4.6. The results

represent average values ofthe top lift ofthe l2 cores tested at each site,

55

Core Samplíng - 21 Cores Per Site

12 Cores
Core Analysis

6 Cores
Stored for Future Testing

3 Cores
Strength Testing

Modified Indirect
Tensile (IDT)
Strength Test

Volumetric
Properties

Binder
Properties

Aggregate
Properties
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Table 4.6: Physical Mixture Properties of Recovered Cores

56

Asphalt Air
Test Content Voids VMA

Marshall Flow
VFA Stability (0.25

Recovered
Binder

PenetrationSite

A

B

5.6

6.4

5.6

6.0

5.7

6.4

5.8

6.t

6.6

5.8

%\
4.3

4.0

4.5

5.I

5.5

5.9

4.1

3.1

3.6

4.4

13.6

15.3

14.0

13.1

t3.2

15.1

14.2

14.3

15.5

15.0

68.3

13.7

67.8

6l .3

s8.7

61.6

70.9

74.0

11.0

7 t.0

i 5.5

15.4

t4.4

r 8.6

19.0

22.0

13. I

13.4

t2.5

9.4

1l

t4

l1

1t

t3

IJ

11

t2

11

10

34

4l

40

52

47

56

12

55

61

61

KN
Densityo
(ke/m3)

C

D

E

F

G

H

I

J

2,406

) 1)'7

) ?q)

) ?))

2,331

) )q1,

2,353

2,379

) ?)1

2,349

"Average density of IWP, OWP, and BWP cores.

Average recovered asphalt content of the cores was 6.0 percent, which is typical of asphalt

surface mixtures in Manitoba. Measured in-place air voids were all above three percent, which is

generally regarded as the limit below which excessive mixture rutting will occur. Measured

Marshall stability and flow values were generally higher than those recorded at the time of

construction, likely a result of age-hardening. The recovered binder penetration values ranged

fronr a low of 34 at site A to a high of 72 at site G. The newest sites have the highest penetration

grades because little oxidization of the asphalt binder has occured.

Of particular importance to this study, due to their impact on mtting performance, are the

airvoids and the density. A detailed comparison of the densities and airvoids as they vary across

tlre pavetnent lane is shown in Table 4.7. As expected, the densities in the wheel paths are higher

than those betr.veen wheel paths, but not by mucir. Site B showed the highest difference in

density (compaction) at 3.0 percent. This shows that only a minor portion of the mixtnre ruttir-rg

at each of the sites can be attributed to post-constructìon compaction.
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Table 4.7: Comparison of Density and Air Voids

Density Air Voids

IWP and
Test OWp

Percent IWP and
Difference OWP

(%) (%\
B\ryP BWP

Percent
Difference

(t/.\sire (kg/m3) (kg/m3) (%)
A

B

C

D

E

F

G

H

I

J

2,437

) ?)o

2,395

) )5c)

) )'7)

2,209

2,365

2,33r

2,248

2,3r0

2,395

2,251

2,360

2,246

) )'7)

2,193

2,315

2,288

2,238

2,291

15.9

78.4

35.0

9.2

1.4

7.7

60.0

30.0

5.8

10.8

t.1

3.0

1.5

0.6

0.0

0.8

2.1

1.8

0.5

0.8

2.9

3.1

4.0

6,5

7.0

9.2

3.5

5.1

6.9

6.5

5.1

6.6

5.4

1.1

7.1

9.9

5.6

7.4

7.3

7.2

IWP - inner wheel patlr
OWP - outer wheel path
BWP - between wheel paths

In terms of air voids, there is a rnarked difference between the wheel path and between

wheel path values. In each case the air voids between wheel paths is higher than that measured in

the wheel path. The percent difference in the air voids ranges from a low of only 1.4 percent at

site E to a high of 18.4 percent at site B. Tlre only site with arr voids in the wheel path below

three percent is sitc A.

Aggregate gradation was determined for each of the recovered core samples. Figure 4.6

slrows a0.45 powerplot of the aggregate gradations. As shown, all the gradations were within

specification and none pass through the Superpave restricted zone. In fact,lhey all pass above the

restricted zone indicating a fine graded mixfure in each case.
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Table 4.8 separates the aggregate gradations of each of the mixtures into coarse, fine, and

mineral filler components. Sites G through J have the highest coarse aggregate fraction ranging

fronr 38.2 to 38.9 percent. Site D has the highest percentage of fine aggregate af 65.1percent

while site F has the highest percentage mineral filler at 6.5 percent. It is important to note that

there is little difference between the mix gradations across the ten sites as the range between the

high and low values is narrow in each case.

Table 4.8: Aggregate Properties of Recovered Cores

Coarse Fine Mineral
Test Aggregate" Aggregateá Filler'
Site , (o/o\ (%) (v,\

59

A 35.8

B 35.3

c 3s.0

D 34.3

E 36.7

F 35.0

G 38.2

H 38.2

I 38.7

J 38.9

64.2

64.1

65.0

65.7

63.3

65.0

6l .8

61.8

6i.3

61. I

4.9

4.0

5.5

5.6

5.9

6.5

4.6

4.9

4.5

4.5
oMaterial retained on the 4.J5 nm (No. 4) sieve
1'Material passing the 4.15 rlm (No. 4) sieve
'Material passing the 75 ¡rm (No. 200) sieve

4.4.2 Strength Testing

Indirect tensile strength testing of the recovered core samples was conducted for this research.

The following sections describe the test setup, specimen preparation, and test procedure used.
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Test Setup

Research Progrant

Testing was perfonned using a 100 kN compression/tension load frame. The test equrpment is

slrown in Figure 4.7. The load is transfered to the specimen via 19.4 mm (3/4 inch) wide, curved

loading strips with a curvature equal to the diameter of the cylindrical specimens (i.e. I 52 mm) as

specified in ASTM D 4123 (ASTM, 1995) and LTPP Protocol P07 (FHWA, 2000). A linear

variable differential transducer (LVDT) was placed underneath the bottom loading platen to

rleasure rarl displacement and to verify the loading rate. The test equipment was placed inside

an environmental chamber capable of maintaining a tentperarure within +1'C (Figure 4.8). Load

and deformation data was captured using a 20-channel data acquisition systeni and LabVIEW@

5.0 software.

60

Figure 4.7: Test Equipment
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Sp e cintert P rep aration

All cores were place in a cold storage room maintained at constant temperature and humidity

until the testing prograln began. The three cores selected for strength testing were sawed into lift

thicknesses using a water-cooled, masonry saw. Three measuremerìts of sample thickness and

diameter were then taken and averaged to obtain representative values. Sample thickness ranged

fron 26.2 to 43.0 mm due to the variation in constructed lift thicknesses (Figure 4.9). All

samples, however, were within acceptable thickness linits (25-50 mrn) as specified in LTpp

Protocol P07 (FHWA, 2000). As expected, little variation was found ìn the diameter

nleasurements.

After sawing, each cut face was inspected to ensure a smooth surface was obtained. The

samples were instrutnented with miniature LVDTs on both sides along two perpendicular axes as

shown in Figure 4.10. These were held in place by aluminiunl gauge points attached directly to

the specimen using epoxy-based glue. Two gauge points were nloulrted along the horizontal

diameter and another two along the vertical diameter with a centre-to-centre spacing of 38.1 mn

6l

Figure 4.8: Environmental Chamber and Data Acquisition System
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Figure 4.9: Representative Test Specimens

Curved ----r-_
Loading -\
Strip

Asphal
Sample

Gauge
Points

Axial LVDT

Latera
LVDT

Figure 4.10: Test Configuration
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(1.5 inches). Proper placement and alignment of the gauge points was ensured through the r.rse of

a standard tnounting template. All samples were placed within the temperature controlled testing

chamber a minimum of l2 hours prior to testing to ensure the desired test temperature was

attained.

Test Procedure

Tlre standard test protocol for indirect tensile strength is outlined in ASTM D 4lZ3 (ASTM,

1995) and LTPP P07 (FHV/A, 2000). The standard procedure specifies a monotonic loading rate

of 51 mm/min at a temperature of 25'C. At this loading rate and temperature, failure occurs

within seconds which nleans that little infonnation is obtained about the long-term deformation

resistance of the mixture. In order to capture the full load-deformation response of the mixture

over time and to allow plastic deformation to take place, it was decided that a slower loading rate

was needed.

A trial testing progrant consisting of nine different loading rate and test temperature

combinations was undertaken to identify suitable test conditions for this study. The trial testing

program considered loading rates of 0.1, 1.0, and 4.0 mm/min and test temperatures of 10,25,

and 40"C. Three replicate samples were tested under each combination for a total of 27 tests. A

typical asphalt surface course mixture was obtained from MTGS for the purposes of this trial

testing. The asphalt mixture was reheated and 152 rnm (6 inch) diameter test samples prepared

using a Troxler gyratory compactor. The bulk relative density of each sample was measured

using the procedures outlined in ASTM D 2126. Air voids, VMA, and VFA were also calculated

for each sample.

The prepared samples were then tested to failure in the indirect tensile test rnode using

the nine differer-rt loading rate and temperature combinations. A summary of the test results is

shown in Table 4.9.

63



CHAPTER 4. Research Progrant

Table 4.9: Summary of IDT Trial Testing

64

Test
Temp.

Loading
Rate

mm/min

Average
Tensile Strength"

Standard
Deviation

Coefficient of
Variation

OC

l0
0.1

1.0

4.0

60

30

48

o//o

11

4

4

(kPa Pa)
526

859

I,3l4

25

0.r
1.0

4.0

t01
182

360

8

JJ

20

7

r8

6

40

0.1

1.0

4.0

38

93

120

5

6

7

t2
7

6
oBased on three replicate samples.

The effects of loading rate and ten'ìperature are clearly displayed in Figure 4.1 1. As

shown, the average tensile strength increases as the loading rate increases and temperature

decreases. This makes sense'since the asphalt binder is a viscoelastic material, which is sensitive

to both temperature and duration of loading as described in section 2.4.
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Figure 4.11: Effect of rest Temperature and Loading Rate on Tensile Strength
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A review of the Iiterature revealed that these results are similar to those found in previous

research work. Kennedy and Hudson (196S) conducted a similar, yet more detailed, experirnent

with test temperatures ranging fronl -23 to 60oC (-10 to 140"F) and loading rates ranging from

1.3 to 152 mm/min (0.05 to 6.0 inches/min). They found the average tensile strength at 1.3

nrm/min and26.l"C (80'F) was 344.5 kPa (50 psi) compared to l82 kPa under simiiar conditions

in this research. At 3.6 mm/min (0.14 inches/min) and 26.7"C, they found the average ter-rsile

strength to be 393 kPa cornpared to 360 kPa found in this research. The slight difference in

measured values between the two studies can likely be attributed to differences in mixture

composition. Kennedy and Hudson concluded that the effect of loading rate is not as great as the

effect of temperature.

Based on this investigation, test conditions of 25"C and 0.1 mnr/rlin were selected for

tiris sfudy. The reasons for these selections are:

r A temperature of 25oC is typical of warm summer conditions in Manitoba when most

mixture (instability) rutting occurs. A temperafure of 25oC is also currently the

standard test temperature for the static IDT test.

r Although a lower coefficient of variation was found at a loading rate of 4.0 mm/min

and 25"C, a rate of 0.1 nTm/min was preferred because it allows plastic flow of the

material and more effectively captures deformation resistance.

I The slow loading rate does not attempt to simulate traffic loading but does ct.eate

conditions in which the strength and deformation properties of the mixture can be

evaluated. This is valid because the testing is done on asphalt mixfures in the

laboratory only, and not in the field.

' At 40oC, sample failure was sometimes a result of shear failure at the loading strips.

This failure mode was not observed at25"C.
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o Tests a|. 25"C and a rate of 0.I rnm/min appear to be repeatable and

66

are consistent

with the results of previous research.

It is importarìt to note that no preconditioning load was applied as trial testing indicated

the load dissipated immediately due to flow of the sample.

Test Resttlts

Three replicate samples from each site were tested using the modified IDT strength test

procedure. The load-deformation response of each sample was rneasured and the ultirnate

(failure) load and conesponding failure strains detennined from the test data. The tensile strength

of each sample was then calculated according to equation 3.3. A summary of the failure

properties is provided in Table 4. 10.

Table 4.10: Summary of Failure Properties

Indirect Tensile
Strength

Horizontal (Lateral) Vertical (Axial)
Failure Strain o Failure Strain 1'

Test Mean Std. Dev. CV
Sire (kPa) (kPa) (%)

Mean St. Dev. CV Mean St. Dev. CV
(pe) (pe) (%) (ue) (ue) go\

c829
D 119 21

410287
88679

1t

r8

8160128
F 99 ls

G357
H308
r233
J14i

11,153 972 g g,gg4 2,334 24

t5,141 5,064 33 t2,554 4,194 3g

12,430 1,594 13 10,951 l,ggl lg

13,341 1,440 11 11,904 1,385 12

8,179 1,ggg 23 I ,297 1,606 22

11,310 1,596 14 9,100 3,367 31

9,819 2,750 2g 7,769 l,lll 15

ll,l52 1,763 15 9,246 1,729 2r

11,755 1,193 15 1,612 1,911 24

I 1,583 2,647 23 6,509 1,077 17

l6

T9

28

t2

6
oTensile failure strain.
r'Compressive failurc straiu.
Std. Dev. - standard deviation
CV - coefficient of variation
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Chapter 5

AI\ALYSIS AI\D DISCUS STON

5.1 Rutting Analysis

It is well l<nown that rut depth increases with traffic. This fact makes direct comparison of the rut

depths of the pavement sections in this study meaningless and emphasizes the need for a

standardized rutting paran-ìeter. A suitable rutting parameter nlust norrralize the rut depths as a

function of traffic to provide an even basis of comparison. A literature search was conducted to

identify a suitable method to standardize the ruttin g data.

One approach used by severai researchers involved establishing a rutting parameter based

on overlay thickness. In a study of pavements with equal traffic, Brown and Cross (1989)

calculated rutting as a percentage of layer thickness. This can be expressed as:

Rutting Parameter =
Rut Depth (mm) x 100% (5. 1)

Layer Thickness (mm)

A similar study of rutted asphalt overlays by Caryenter and Enockson (1987), established

a rutting parameter, or rutting rate, based on the percentage of permanent strain per ESAL:

Rate of Rutting =
Rut Depth (mm) x 100% (s.2)

[overlay Thickness (rnrn)] x [nsÁäl

Based oll this last approach, the pavement sites in this sludy would be r.anked as shown

in Figure 5.1. Sites G and I clearly exhibit the poorest rutting performance, whereas site J

appears to be performing the best. This ranking seerì.ìs to agree with performance in the field as

the pavement sections wrth relatively little rutting ovel many years (e.g. sites A and B) have low
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that have already undergonepernlaneut strain per ESAL rates whereas as the newer sites

significant rutting (e.g. sites G and I) have high rates.

o rì

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

FD
Test Site

Figure 5.1: Permanent Strain per ESAL at the Test Sites

Other studies have calculated a rate of rutting without considering layer thickness. Huber

and Heiman (1987), as well as Dawley et al. (1990), calculated rutting rate as rut depth divided by

accumulated ESALs, or:

Rate of Rutting =
Rut Depth (mm)

(5.3)
ESALs (millions)

This approach incorrectly suggests that the rate of rutting increases linearly with

accumulated traffic. As previously discussed in section 2.3, the rate of rutting is not linear but

tends to decrease over time. In general, rutting progresses rapidly in the first few years of service

and tl'ien gradually declines over time. Consequently, Parker and Brown (1993) found that

pavement behaviour is best nodeled using a rate of rutting that is a function of the square root of

I
rl)
t¡ì

L
Ø

o

o
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rutted paveurents intotal accumulated ESALs. The same approach was applied later to

Pennsylvania by Kandhal et al. (1993). This rate of rutting is expressed as:

Rate of Rutting =
Rut Depth (mrn)

!trSALs (tntltro'rÐ
(s 4)

For example, if the rut depth is 10 mm and the accumulated traffic is I million ESALs,

the rate of rutting would be l0 mm/MESALsT/2. If traffic on the same rutted pavement were 4

million ESALs, the rate of rutting would only be 5 mm/MESALsT/2.

Comparing this last approach to the n:tting observed at the sites selected for this study,

we hnd a good frt. Figure 5.2 shows a plot of rut depth versus accumulated ESALs for the 10

projects of this study. Least squares regression reveals that the data closely fit a log function with

an R2-value (coefficient of determination) of 0.82. It is important to note that the shape of Figure

5.2 is similar to that of typical rut progression (Figure 2.3) and to the shape of the square root

function. Based on these similarities, and previous use of this approach in other studies, the rate

of rutting defined in equation 5.4 will be used for the remainder of this sfudy.

Figure 5.3 ranks the test sites accordrng to tire rate of rutting as calculated using this

technique. Site J showed no rutting to date and therefore has no rutting rate. This fact makes

comparison to other sites difficult; therefore, subsequent analyses using the rutting rate concept

will not include site J. The lack of rutting at site J will be discussed further in section 5.4.2.

Of the remaining sites, site G exhibited the highest r-utting rate (3.98) although the

accumulated traffic loading is only 0.57 MESALs. Conversely, sites C and F had the lowest

rutting rates at 1.68 and 1.70 respectively, although accumulated traffic differed significantly

fton2.96 to 0.61 million ESALs, respectively. The average rate of rutting observed across the

nine rutted sites was 2.63 nlnlly'rESAlsr/2.
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Figure 5.2: Rut Depth Progression rvith Traffic
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Figure 5.3: Rate of Rutting at the Test Sites
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Kandhal et al. (1993) identified a threshold rutting rate of 5.1 mn/MESALsT/2 10.2

inches/MESALsT/2) to distingr-iish between good and poor performing pavement sections. Under

this criterion, all of the pavement sites have perfonled well. Caution must be taken in using this

threshold arbitlarily, however, considering much lTigher traffic levels were seen in Kandhal's

study. Based on the limited number of test sites in this research and the distribution of results

illustrated in Figure 5.3, the following thresholds for rutting perfomrance seem reasonable:

r Good: Rate of Rutting < 2.0

I Average: 2.0 < Rate of Rutting < 3.0

r Poor: Rate of Rr.rtting > 3.0

Using these thresholds, sites C, F, and A have exhibited good perfon'ì'ìance, sites D, E, and B have

exhibited average perforrnance, and sites J, H, and G, have exhibited poor performance.

5,2 Analysis of Indirect Tensile Strength Test Results

The nrethodologies used to analyze the results of the IDT testing program are described in the

following sections.

5.2.1 Lateral to Axial Strain Ratio and Poisson's Ratio

Lateral to axial strain ratios were calculated for each test specirnen by averaging the horizontal

and vertical strains measured on the front and back faces at points corresponding to l0 and25

percent of the ultimate failure load (P,¡,). Poisson's ratio was calculated according to tlie

following equatiort developed by Buttlar and Roque using linear regression and least squares

estimators (1992, 1994):

72

u= -0.r00+ r.orof 
Hru,' )' - o rrrf tnuo l'l"ro'* It

I vro,, ,l l. Dn'o J I vro,, J
(s.5)
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Poisson's ratio (0.05 < v < 0.50)

trimmed average of horizontal deformations (mm)

trimmed average of vertical deformations (rlm)

average thickness of three replicate specirnens (mrn)

average diameter of three replicate specimens (nlrn)
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Average horizontal and vertical deformations for the above equation were determined by

calculating the trimmed mean of the defonnations from all three samples (six faces) following the

method presented by Buttlar and Roque (1994) and Roque et al. (1998). All the deformations

\Ã/ere llonralized for differences in sample thickness and diameter and were taken at points

corresponding to l0 and 25 percent of the average failure load of all three specimens. These

loading levels were chosen so that stable load and deformation measurements could be obtained

and so that strain levels remain small. These loading points were also selected to limit the

an'ìount of cracking in the speciuren. Deformations from all three samples (six faces) were used

to calculate Poisson's ratio because unreliable values are obtained when using measurements

from a single face (Buttlar and Roque, 1994).

A summary of the calculated lateral to axial strain ratjos and Poisson's ratios is given in

Table 5. I . It is important to note that Poisson's ratio is normally limited to an upper bound of 0.5

in elastic analysis. In this study, however, calculated values were found to exceed this limit and

have been left as such for analysis pulposes. Values greater than 0.5 confirm the plastic flow of

the material under the slow loading rate and the presence of discontinuities due to the

development of cracks. To reflect this deviatiou from the accepted range, they will be called

apparent Poisson's ratios fi'om this point forward.
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Table 5.1: Strain Ratio and Apparent poisson's Ratio
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Test Ratio @ CV Ratio @ CV
Site Sample 10%o of Pu¡1o (%\ 25o/o of p.no (yo\

Lateral to
Axial Strain

Lateral to
Axial Strain

Apparent
Poisson's
Ratio @

l0o/o of P..,,h

Apparent
Poisson's
Ratio @

25Yo of P,,ut'

17

I

2

J

A
0.79
0.57

0.14

0.'/'/
0.5s
0.7 s

0.52l8 0.s7

I
2

-l

0.s9
0.s4
0.82

0.64
0.66

0.80
0.58¿J 12 0.66

11

i
2

1

C
0.69
0.55

0.62

0.10
0.53

0.60
0.3614 0.39

t4
I
2
a
J

D
0.65
0.1r
0.54

0.69
0.69

0.61

0.68 0.67

I

2

.J

0.57
0.54
0.s6

0.58
0.s9
0.56

0.48 0.39

20

I
2

3

0.55
0.79

0.s9

0.54
0.66

0.74
0.35l5 0.40

20l0G
I
2

3

0.93
1.13

1.08

0.68
0.96

0.70
1.63 t.19

H
I
2

J

t1
0.76
0.94
0.91

0.14
0.91
0.Bs

0.7610 0.96

I
2

3

0.95
0.96

0.8s

0.15
0.17
0.80

0.97t.11

I
2

3

1.35

r.03

094
t920

t.14
0.89

0.'79

1.47 1.27

oAverage strain ratio from two faces (one specimen).
1'Determined using deforrnations from six fãces (three specimens).
CV - coefficient of variation

As shown by the data, a wide range of strain ratios was measured at both l0 and 25

percent of the failure load. At l0 percent, the strain ratios ranged from 0.54 to 1.35 while at 25

percent, they ranged from 0.53 to 1.14. In general, measured ratios at 25 percent were lower than

those measured at 10 percent. This difference calt be attributed to greater flow of the sample
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(horizontal deformation) during the initial stages of the testing as the aggregate structure within

the specirnen consolidates to a more stable conhguration. Statistical analysis of the results

revealed a decrease in the coefficient of variation for six of ten sites, going frorn l0 to 25 percent.

This can be attribr"lted to greater stability of the deformation measurelllents at loads corresponding

to 25 percent of Pu¡1.

Similar trends are observed in the apparent Poisson's ratio values. At a load level of l0

percerrt, the values range from a low of 0.39 at site C to a high of t.7l at site L At25 percent, the

values range from 0.35 at site F to 1.2'7 aT site J. At each site, there is a decrease in the apparent

Poisson's ratio from l0 to 25 percent of the failure load. The decrease is generally in the range of

l0 to 20 percent, except at site I where the decrease is approximately 43 percent. This is

particularly surprising considering the low degree of variability between samples at this site.

The fact that the apparent Poissor-l's ratios are scattered over a wide range is an important

finding of this sfudy because it confirms the ability of the IDT test and the apparent poisson's

ratio analysis method to distir,guish between different asphalt mixtures. If the results had been

clustered, one could assun-ìe the mixtures have similar strength and deformation resistance. But

because the results are varied, it is clear that defonnation properties are not the same from site to

site.

The scatter of the data also allows suitable threshold values to be determined. Visual

analysis of the apparent Poisson's ratio data in Table 5.1 shows three fairly distinct ranges at load

levels corresponding to l0 and 25 percent of P,¡,. For apparent Poisson's ratio at 10 percent the

recommended thresholds are:

. Good: v<0.5

¡ Average: 0.5>v>0.8

r Poor: v>0.8

75
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For apparent Poisson's ratio at 25 percent of P,¡, the recommended thresholds are:

" Good: v<0.4

I Average:0.4>v>0.'7

¡ Poor: v>0.7

Using these thresholds, sites C, E, and F exhibit good perfornance, sites A, B, and D exhibit

average perforrnance, and sites G, H, and I exhibit poor performance. Cornparing these

categorizaÍions to those established using the rutting rate thresholds we find that only sites A and

E change between performatrce levels. This shows there is consistency between the

recommeuded thresliold levels for 10 and 25 percent. The results also show that the apparent

Poissot-l's ratio tends to decrease with pavement age. Figure 5.4 shows the nature of this trend. A

sinilar trend is seen if accumulated ESALs are plotted against Poisson's ratio.

1.40

t.20

r.00

0.80

0.60

0.40

0.20

0.00

6

Age (years)

=

o
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ôì
,ê\\:]/

q

Ø
Ø
o

Figure 5.4: Pavement Age versus Apparent Poisson's Ratio
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Although this trerld is not surprising, it is significant because it suggests that sorne

caution must be used when this analysis method is used to compare pavements that are not of

equal age. Newer pavements will tend to be less resistant to deformation because the asphalt

binder has yet to experience age-hardening (oxidization) and the aggregate skeleton may still be

undergoing initial consolidation.

Despite the apparent trend of decreasing Poisson's ratio with age, it is important to note

that the test is still able to distinguish between two projects of the sarì-ìe age. Sites C and D are

good examples of this, Trial testing conducted on various mixtures of the same age in

preparation for this research showed this ability as well.

5.2.2 Stress-StrainAnalysis

Equations developed by Buttlar and Roque (1gg2,1994) were also utilized to determine poi¡t

stresses and strains at the centre of the sarnples up to the failure load. They are:

CSX (s.6)

71

= o e48 - o or ili;) - o z6%(u)+' .rr[fi)øl

cBX = 1.03 - 0'rr(;) - 0 081(a)+ 0.08r[;)'

oft)= 2P 
xCSX

zTD

Xlrle(t)=ËxCBXxl.072

(5.7)

(5.8)

(s e)
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correction factor for three-dimensional effects

correction factor for specimen bulging

specimen thickness (ntm)

specimen diameter (mm)

Appalent Poisson's ratio (calculated via equation 5.5)

tensile stress at time t (kPa)

tensile strain at time t

load at time t (N)

gauge length (mrn)

horizontal deformation at time t (mm)
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lvhere

CSX

CBX

T

D

o(Ð

€(r)

P

GL

x(Ð

These equations accourtt for three-dimensional effects including the stress state and

specimen bulging by applying correction factors to the measured stresses and strains. The

correction factors and stress-strain equations were derived fi'om a 3-D finite element model of the

IDT test. Analyses of the 3-D finite element model were perfomred assuming a constant modulus

value and various Poisson's ratios. The same Poisson's ratios calculated previously for each site

(Table 5.1) were used to determine the conection factors.

Using these equatiotts, the stress-strain response of each sample was determined. Figures

5.5 to 5.14 compare the response between the three replicate samples tested per site. Sites A, B,

C, I, and J show excellent consistency between samples with regards to both the rnagnitude a¡d

rate of strain mobilization. Good consistency is observed at the remaining sites. This high level

of consistency is remarkable considering the variability normally seen between mixfures with

different aggregates, asphalt binders, and volulnetric properties.
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t75

150

12s

100
Ø(â
q)

U)
q,)

Ø

é)
Fi

75

50

25-

0

0

Figure 5.6: Stress-Strain Response of Samples at Site B

10,000 15,000

Tensile Strain (microstrain)



CHAPTER 5, Analysis and Discussion 80

a
Ø

p
U)
c)

Ø

c)
F

175

150

1,25

100

75

50

25

0

5,000 10,000 15,000 20,000

Tensile Strain (microstrain)

Fig*tE:t; Stress-Strain Response of Samples at Site C

Ø
Ø

Ø
q)

t)
q)

-

t75

150

t25

r00

75

50

25

0

5,000 15,000 20,000

Tensile Strain (microstrain)

Figure 5.8: Stress-Strain Response of Sarnples at Site D



CHAPTER 5, Analysis and Discussion 81

Ø
Øo

(n
q)

q

F

n5
150

t2s

100

t5
s0

25

0

0 5,000 10,000 15,000

Tensile Strain (microstrain)

20,000

Figure 5.9: Stress-Strain Response of Samples at Site E

(Ò
Ø

(h
é)

(a

t-'(

t75

150

t2s

100

15

50

25

0

5,000 10,000 15,000

Tensile Strain (microstrain)

Figure 5.10: Stress-Strain Response of Samples at Site F



CHAPTER 5, Anabtsis and Discussion 82

Ø
Ø
CJ

(t
é,)

Ø
q)

t-(

175

r50

t2s

100

15

s0

25

0

175

r50

t25

100

75

50

25

0

5,000 10,000 15,000

Tensile Strain (microstrain)

Figure 5.11: Stress-Strain Response of Samples at Site G

l

ooo 
I
I

I

i
I

__.___l

)o

Ø
Ø
q.)

(â
q)

Ø
q.)

F

5,000 10,000 15,000

Tensile Strain (microstrain)

20,000

ptg,r* 5J2r St..rr-Strain Response of S"-p1., "t¡ii. H



CHAPTER 5. Analysis and Discussion

175

150

12s

100

75

50

25

0

5,000 10,000 15,000 20,000

Tensile Strain (microstrain)

Figure 5.13: Stress-Strain Response of Samples at Site I

83

Ø
Ø
C)

(n
o
Ø
qJ

t-r

l

i

L

Þ¡
c)

(t)
o
Ø
q)

t-r

n5
150

r25

100

75

s0

25

0

5,000 10,000 15,000 20,000

Tensile Strain (microstrain)

Figure 5.14: Stress-Strain Response of Samples at Site J



CHAPTER 5 An alysis and Discttssion

5.2.3 Strain Bnergy Analysis

The strain energy, which represents the amount of er-rergy per unit volume that the material can

absorb under stress, was calculated using uncorrected horizontal (tensile) stress ancl strain

lneasuremellts up to 10 and 25 percent of the ultimate failure load. A summary of the results is

provided in Table 5.2.

Table 5.2: Tensile Strain Energy Density

84

Test
Site

Up to 10% of P"¡, (kPa) Up to 25o/o of P"¡, (kPa)

Average cv (%) Average cY (%)
A

B

C

D

E

F

G

H

I

J

2,133

970

2,092

1,386

1,354

1,005

702

204

485

173

26

58

20

l7

52

52

1B

9

67

97

15,1 15

7,625

13,238

11,223

9,854

9,402

3,1 35

2,464

2,373

1,125

35

45

28

r3

2t

80

91

46

54

67

CV - coefflicient of variation

As shown, there is a wide range in strain energy between sites. Average tensile strain

energies ranged from 173 kPa at site J to 2,133kPa at site A up to l0 percent of the failure load.

Sirnilarly, average strain energies range from 1,125 kPa at site J to 15,115 kpa at site A up to 25

percent of P,,¡¡. Although there is a high level of variability within each site, as evidenced by the

coefficient of variation, the results appear to separate stronger mixes from weaker ones. Based on

the data, sites A through F can be groupcd iuto one catcgory reprcscnting strongel nrixtures,

wirile sites G through J compose a grollp of weaker mixtures.
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5.2.4 Initial Tangent Modulus

The preceding analyses have focused on the properties of the asphalt material at failure and at

lower Ioad levels of l0 and 25 percent. However, the response of the asphalt during the initial

stages of the test is also important. The initial tangent modulus provides a sr-ritable measure of

short-loading-timestiffness(Roqueetal., 1998). Itisfoundbyfittingathircl-orderpolynomial to

the stress-straiu response curve up to failure and evaluating the derivative of the polynomial at a

strain of zero. The fitted polynomial is forced through the origin because strain should be zero

when stress is zero and because the deformation measurements are not stable at the start of the

test (Roque et al., 1998).

The initial tangerìt rnodulus was found for each sarnple at each site using this technique.

A statistical summary of the results is shown in Table 5.3. The values range from 5.9 pa at site J

to 71.1 Pa at site E. In general, newer pavements (i.e. sites G through J) have lower nloduli

values.

Table 5.3: Initial Tangent Modulus
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Test
Site

Average (n = 3)
(Pa)

Std. Deviation
(Pa)

CV
(%)

A

B

C

D

E

F

G

H

I

J

25.3

¿J.3

19.7

37.6

71.1

36.4

15.6

r0.I

7.9

5.9

3.0

7.4

3.4

6.8

2t.1

13.7

4.8

4.4

1.5

1.6

12

32

t7

r8

29

38

3l

43

r9

26

CV - coefficient of variation
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5.3 Regression Analysis

Simple linear regression analysis was used to examine the relationsllips between the rate of

rutting (dependent variable) and mixlure properties (independent variables). More detailed

analysis could not be justified at this time because of the limited number of test sites and a lack of

adequate performance data. This analysis was performed using the Statistical package for the

Social Sciences (SPSS), version 10.0.

5,3.1 Physical Mixture Properties

The effect of physical mixture properties on rutting performance is well documented in the

literafure. As discussed in Chapter 2, low in-place air voids, high asphalt content, insufficie¡t

field cornpaction, low binder stiffness, and poor aggregate angularity and interlock are all known

contributors to rutting. Linear regression was employed to investigate the influence of these and

other physical properties on the rutting measured in this study. Mixture properties i¡cludi¡g

asphalt content, air voids, VMA, VFA, Marshall stability, density, recovered binder penetration,

and percent passing the No. 4 and No. 200 sieves were selected as independent variables.

Separate regression analyses were conducted for data obtained at the time of construction (fi-om

job sumnaries) and for data obtained from laboratory analysis of the recovered cores.

A summary of the results shown in Table 5.4 illustrates one of the interesting findings of

tltis study, which is the lack of a strong correlation between the physical mixture properties and

the rate of rutting. Correlation results for the rernaining mixture properties are provided in

appendices A (As-Constructed) and B (Recovered Cores).

Despite research and field experience to show other.wise, the volumetric properties

measured at the time of construction and at the time of coring do not appear to be significant

contributors to rlìtting resistance. As shown by the statistical results, none of the regressions

involving volumetric properties proved to be significant. Voids filled with asphalt showed the

86
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highest correlation within the as-constructed properties with an R2-value of only 0.24.

Meanwhile, the relationship between rnixture air voids and rutting rate showed the highest

correlatiotl within the recovered core properties with an R2-value of 0.32. The lack of any

correlatiotl between mixture air voids and rutting at the time of construction is surprising

considering the known effect of in-place air on the initial nrixture consolidation and long-term

rutting performance.

Table 5.4: Correlation of Mixture Properties to Rate of Rutting

8l

As-Constructed Properties Recovered Core Pronerties

Mixture Property R2 r-starisric,, it--ïtt:år, R, r-statistic' fr-Yil,iår,

Marshall Srabiliry 0.05 -0.597
Density 0.03 -0.449

Asphalt Content
Air Voids
VMA
VFA

0.10 0.897

0.0 r -0. 140

0.05 0.626

0.24 1.461

0.05 0.897

0.32 -1.826

0.04 0.506

0.27 -1.592

0.34 - 1.895

0.01 -0.289

0.54 2.843

0.54 -2.858

0.35 -t.948

0.200
0.447

0.276

0.093

0.281

0.335

NA

0.007

0.0i9

0.287

0.055

0.314

0.077

0.049

0.392

0.0r3

0.0r2

0.046

Recovered Binder
Penetration NA NA

% Passirig 4.75 mm
(No. 4) Sieve 0'61 -3'306

% Passing 75 ¡rm
(No. 2oo) Sieve o'48 -2'563

llf I t I 2 2, the correlation is considered significan t at a 95o/o confidence level.óProbability that a correlation as extreme ltrign or low) as the one observed will occur if the null
hypothesis were true. If p < 0.01, the null hypothesis is rejected.
R2 - coefficient of detenlrination
NA - not applicable

Based on testing of the sites in this study, there is also no significant correlation between

Marshall stability and the rate of rutting. The coefficient of determination for the as-constructed

stability values was only 0.05 and for the recovered cores, 0.34. However, this fìnding is not

surprising when previous research in this area is considered. In a study of rutted pavements in

Saskatchewan, Huber and Heiman (1987) found a correlation of only 0.ll using as-constructed
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values and 0.02 using values obtained frorn analysis of recovered cores. Other research by

Brown and Cooper (1984) and Dawley et al. (1990) concluded that the Marshall stabilitv test is

not reliable in assessing resistance of asphalt concrete to deformation.

Of all the parameters tested, only recovered per-retration and the aggregate percent passing

the No. 4 sieve showed significant correlation to the rate of rutting (i.. I t I r z). rn. coefficient

of determination for recovered binder penetration was 0.54. A plot of recovered binder

penetration versus rate of rutting is shown in Figure 5.15.

s0 60

Recovered Binder Penetration

Figure 5.15: Recovered Binder Penetration versus Rate of Rutting

As expected, mixtures with higher penetration (softer) binders tend to be more

susceptible to rutting in the field. A higher correlation is likely not seen because the aggregate

structure also contributes significantly to rLrtting resistance. Strong correlations for the aggregate

passing the No. 4 and No. 200 sieve sizes suggest that tlle aggregate structure does indeed play a

signifìcant role in rut resistance. Figures 5.16 and 5.17 show the relationships between rutting
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rate and the aggregate percent passing the No. 4 and No. 200 sieves (at the time of construction),

respectively.
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Aggregate Percent Passing No. 4 Sieve

Figure 5.16: Percent Passing No. 4 Sieve (As-Constructed) versus Rate of Rutting
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Unexpectedly, mixtures that have a higher percentage of aggregate passing the No. 4

(4.75 rnm) sieve (i.e. mixtures with more fine aggregate) appear to be more resistant to rutting.

This contradicts conventional theory, which says that coarse mixtures are more rut resistant than

fine mixtures. From Figure 5.17, it also appears as though rutting resistance increases with the

percentage of mineral frller (percent passing the No. 200 sieve). This also opposes conventional

theory, which says that mixtures with high fines content are generally more susceptible to rutting.

In any case, one must be cautious of these corelations, however, due to the narrow range of the

gradation data on which they are based.

One final observation from the results shown in Table 5.4 is the consistency between the

as-colÌstructed R2-values and the present condition R2-vlaues. With the exception of Marshall

stability and air voids, the change in the R2-value is small. This suggests that the effect of aging

lias been relatively uniform across the sites.

5,3.2 StrengthProperties

The preceding analysis emphasizes the need to evaluate material strength and deformation using a

simple laboratory test that can be related to field performance. Physical mixture properties

cor-rtribute to rut resistance but cannot adequately predict the rate of rutting on their own.

Information on the strength and performance properties (stress and strain) of the asphalt material

may provide useful infomration on the rutting resistance of the pavement. To investigate tìris,

simple regression analysis was conducted on the data obtained from IDT testing of the recovered

cores (three replicate samples per site). Table 5.5 summarizes the resuìts of the regression

analysis. Additional correlations are presented in Appendix C.
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Table 5.5: Corrclation of Strength Properties to Rate of Rutting

91

p-Value
t-Statistic" 1-tailed) á

Indirect Tensile Strength

Laferal (Tensile) Strain at Failure

Axial (Cornpressive) Strain at Failure

Average Lateral to Axial Deformation Ratio @ l0olo of P,,¡1

Average Lateral to Axial Deformation Ratio @ 25o/o of p,,1,

Apparent Poissor-t's Ratio @ 100% of P,,¡1

Apparent Poisson's Ratio @ 25%o of P"¡

0.34 -3.560

0.02 -0.688

0.1 I r.734

0.50 4.942

0.28 -3.024

0.10 4.044

0.76 4.686

0.00 r

0.249

0.048

0.001

0.002

0.001

0.001

'If I t I > 2, fhe conelation is considered significant at a 95o/o confidence level./'Probability that a correlation as extreme ltrign or low) as the one observed will occur if the null
hy^pothesis were true. If p < 0.01, the null hypothesis is rejected.
R? - coeff lcient of determination
NA - not applicable

An interesting finding of this analysis is the lack of good correlation between the rate of

rutting and properties measured at failure. Poor corelations were found for both the lateral and

axial strain values at failure. A low correlation was also found for nteasured tensile strength (R2-

value : 0.34). This result ls similar to the correlation between the tensile strength and mtting (R2-

value:0.10) found by Brown and Cross (1989). The significance of these results is that they

show the treed to evaluate the IDT test results at load levels plior to failure if information on the

defomration resistance is to be gained.

It is interesting to note that the correlation for tensile strength in this sludy is the same as

that found for Marshall stability of the recovered cores (both have R2-values of 0.34). Both of

these properties provide information on the strength of the asphalt material at failure but do not

plovide any information on the behaviour of the material prior to that point. In the field, most of

the rutting deformations occur due to the flow of the material at signiflcantly lower stress

conditions. It is not surprising then to find stronger correlations for the axial and lateral
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deformations at 10 and25 percent of the failure ioad. Figures 5.18 and 5.19 show the relationship

between the apparent Poisson's ratio and the rate of rutting at 10 and 25 percent, respectively.
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Figure 5.18: Apparent Poisson's Ratio @ l0% of Pu¡1 versus Rate of Rutting
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Figure 5.19: Apparent Poisson's Ratio @25% of Pu¡¡ versus Rate of Rutting
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Apparent Poissou's ratio determined from deformations at 25 percerlt of P,¡1 showed the

strongest correlation (R2-value :0.76). Tlie differences between the correìation coefficients of

the average lateral to axial defonnation ratios and the apparent Poisson's ratios result frorn the

methodologies empioyed in the analysis process, including the trimn-red mean approach.

From these graphs, it is clear that rutting susceptibility increases with apparent poisson's

ratio. This is important because it shows that mixtures that undergo large lateral defonlations

may be nlore prone to rutting in the field. It also shows the importance of the asphalt binder

because the strength of the binder affects the ability of the mix to resist these tensile strains.

5.3.3 Strain Energy

As shown in Table 5.2,the mixtures with higher strain energies are able to absorb more energy

before failure. This means that they can withstand high stress levels without experiencing

excessive deformations. More importantly, the higher the strain energy, the greater the resistance

to rutting appears to be based on the analysis of the limited data set. This relationship is

demonstratedinFigures5.20and5.2l. Inbothcases(l0and25percentofP.,¡1),thetensilestrain

energy shows a strong correlation to the rate of rutting. Caution must be used, however, due to

the high degree of variability in the strain energy results as evidenced by the large coefficient of

variation found in almost every case.

5.3.4 Initial Tangent Modulus

Sirnple linear regression was used to examine the relationship between the initial tangent modulus

and the rates of rutting established earlier. A plot of the regressior-r is given in Figure 5.22. As

sltowtt, there is no apparent correlation between the initial tangent modulus and the rate of rutting

(Rt : 0.10), although the results appear to be slightly skewed as a result of site E. Testing of

additional pavement sections is required to verify this result.
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Figure 5.20: Average Tensile Strain Energy @ l0% of pu¡1 versus Rate of Rutting
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Figure 5.21: Average Tensile Strain Energy @25% of pu¡l versus Rate of Rutting
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Figure 5.22: Average Initiat Tangent Modulus versus Rate of Rutting

5.4 Significance of the Test Results

5.4.1 The Need for Strength Testing

It is clear from this research that physical mixture properties alone cannot describe the rutting

behaviour of asphalt pavements. Regression analysis of the pavement sections showed a lack of

corelation between the mixture properlies and the rate of rutting. Even critical properties whose

influence on ruttitrg is known, such as air voids and density, did not correlate well to rutting. This

shows that the development of rutting resistance is a complex phenomenon that usually results

from a number of different factors in combiuation.

This clearly illustrates the importance of using a simple perforntance test to augment the

information we can obtain from the mixture properties. A simple perfomrance test, such as the

static IDT strength test, provides valuable data on the strength and deformation resistance of

asphalt llixtules. Furthermore, this test is able to measure fundamental engineering properties of
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highway agencies shift towardsstress and straiu, which are becoming increasingly important as

mechanistic desr gn procedures.

5.4.2 Rutting Analysis

Lack of Rttttirxg ar Sirc J

The lack of rutting at site J is an interesting finding of this research. As shown in the following

disctlssion, the lack of rutting cannot be explained r-rsing the physical mixture properlies or the

results of the IDT testing. lt is inportant to note, however, that slte J was the newest of the ten

pavement sections and that although no rutting has been obserued to date, the pavement may rut

considerably in the future.

Most pavements experience sorne degree of traffìc compaction in the wlreel paths after

construction yet site J showed no rreasurable rutting to date. A comparison of the densities in the

wheel path and in between wheel paths at the time of coring reveals only a small amount of

consolidation (0.8%) has occurred. Asphalt content is slightly below average (5.8%), air voids

are adequate (4.4%), and the aggregate gradations are within speciflrcation. In addition, site J has

the lowest Marshall stability at the time of coring (9.4 kN) and one of the highest binder

penetrations (61). These physical properties would suggest this pavement section should be no

more rut resistant than the other nine sections, and if anything, it should be more susceptible to

rutting. The orrly mixture property that suggests higher than normal rutting resistance is the

atnouut of coarse aggregate (percent passing the No. 4 sieve) in the mixfure, which at 38.9

percetlt, is the highest among all the sites. As discussed in Chapter 2, research lias shown coarse

mixlure s are more resistant to rutting. However, in light of tlle other evidence, the lack of rutting

at this site cannot be reasonably explained by the physical properties of the mix.

The IDT test results for site J indicate a level of rutting resistance similar to what the

physical mixture properties suggest. As shown in Table 5.1, the apparert Poissol-l's ratio at slte J
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is the highest of all the sites at a load level of 25 percent. Based on the correlation obtained using

the renraining sites, a high apparent Poissorr's ratio would suggest that the pavement at site J is

weak and rì1ore prone to rr"rtting. Similarly, estimates of the tensile strain energy are the lowest of

all the sites, suggesting again that site J is one of the weaker mixtures tested.

The Rutting Rate Concept

It is well understood that the amount of rutting in an asphalt pavement is closely tied to the level

of traffic loading that is applied to it. Other things being equal, higher traffic volumes and/or

heavier loads will lead to deeper rutting. As a result, pavements that have different traffic load

levels cannot be compared directly.

To alleviate this problern, the pavements in this study were con-ìpared on the basis of the

rutting rate, which nonnalizes the rut depths as a function of accumulated traffic (ESALs). By

dividing rut depth by the square root of ESALs, tire rutting performance of different pavement

sections can be compared without bias. This approach proved to be an appropriate basis for

conrparison because it mirrored the non-linear behaviour seen in the freld (Figure 5.2). It also

provided a range of rates large enough so that distinct thresholds for perfonnance could be

identified.

5,4.3 Relationship of Test Results to Field Conditions

Mixture rutting is initiated by plastic flow of the asphalt material laterally away from the wheel

path. As shown in Figure 5.23, the asphalt material outside the wheel path resists the lateral

cotnpressive loads imposed by a loaded tire by applying an equal and opposite confining

pressure. If, however, the asphalt material around the wheel path is weak, the lateral stress iu the

wheel path will exceed the confining pressure (resistance) of the outer material and plastic flow
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will occur. As shown in the diagram, the loading on the material outside the wheel path is similar

to tire loading configuration of the IDT test.

An analysis of typical field conditions was conducted and the results compared to

laboratory measured stresses and strains in order to verify the suitability of the modified version

of the IDT test used in this study. Actual pavement stress and strain were estiurated using

Kenlayer, a DOS-based computer software program that can model the response of various mr-rlti-

layered pavement systems under different Ioading conditions (Huang, 1993). For the purpose of

this analysis, a single tire (i.e. steering axle) was applied to a flexible pavement structure

consisting of 150 mm of asphalt and 300 mm of granular base over a clay subgrade. Tire

pressures were assurlled to be 655 kPa (95 psi) and the elastic modulus for the three pavement

layers were 2,500, 400, and 40 MPa, respectively. A single tile load was used because it is

usually the most critical in terms of pavement stress and strain. Using these inputs, Kenlayer

calculated the distribution of radial stresses and strains throughout the underlying layers to a

depth of 450 mm and radially outward from the tire Ioad to a distance of 200 mm. The stresses

and strains at the middle of the asphalt layer (depth : 75 nln) and at a radial coordinate of 200

n:rm off of centreline were assumed to be representative of the materialadjacent the wheel path.

The strain at the middle of the asphalt layer at this location was estinated to be 50 pe. In

comparison, IDT strain values at l0 percent of the ultimate load ranged from about 150 to 300 pre

for the teu paveurent sites of this study. At 25 percent of the ultimate load, tliey ranged from

about 500 to 800 pe. This sirows that although the applied loading conditions of the static IDT

test do not simulate repeated traffic loading conditions, the strain levels measured during the iDT

test are at ieast in the same order of magnitude as those seen in the field.
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Figure 5.23: Relationship of IDT Test to Field Conditions

The stress level at the same location was estimated to be about 179 kPa. In comparison,

the tensile stresses from the IDT testing ranged from about I to l6 kPa at 10 percent and from

about 4 to 40 kPa at l0 and 25 percent of the ultimate load, respectively. Based on theory,

however, it is known that the compressive stresses, are normally equal to three times the tensile

stress values (Kennedy, 1977), making the stress levels seen in the field comparable to those

imposed in the test. The magnirude of these stresses is confirmed through work by Brown and

Foo (1994) who estimated the confining stress under a fypical truck load to be 138 kPa. This is

important because it confirms the ability of the test to approximate the in-sifu pavement stress

conditions under typical truck loading.
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5.4.4 suitability of the IDT Test f'or Evaluation of Rutting Susceptibility

One of the main olrjectives of this research study was to identify and evaluate a simple

performance-based strength test that can be used to n.leasure rutting susceptibility of asphalt

mixfures. A literature search of existing test procedures revealed that no single test method to

evaluate rutting is widely accepted by the asphalt community. However, the modified version of

the IDT test shows a great deal of promise as a suitable test procedure to evaluate rutting

susceptibility in the laboratory. The reasons for this include:

Tlte tesÍ results are consistent.

As shown by the closeness of the stress-strain response cllrves of the three santples tested

per site, consistent results are obtainable with this test method. Asphalt concrete mixtures are

inhomogeneous materials and as such, the material properties tend to be highly variable.

Although a pavernent sectiou, such as those selected for this study, may be constructed using the

same nlix design and from material originating from the same asphalt plant, the in-situ properlies

of the pavement section catr be signifrcantly different from one location to the next. This reality

makes the consistency of the test results of this study quite remarkable.

The test is sintple and relatively inexpensive to conduct.

The testing can be conducted using a conventional cornpression/tension loading frarne

and easy-to-manufacture steel loading strips. The most expensive component of the test setup,

the LVDTs, are about $600 each. Other tests, especially those that utrlize dynamic loadi¡g,

require the acquisition of expensive testing equipment, which can cost as much as $100,000.

Although not as fast as the Marshall stability test, this procedure is still quicker than most of the

tests described in Chapter 3 with each test taking approximately 20 ninutes to perform. These
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factors make the test affordable and therefore feasible for use by MTGS and other highway

agencies.

Tlte test ttteasuresfr.rndamenÍal engineering properties such as stress and strain.

Perhaps the most important advantage of the modified IDT test is its ability to capture the

tlue stress-strain response of the material under load. Moreover, defonlation measurement at tlie

centre of the sample ensures that the stress-strain readings are unifonn. As highway agencies

shift towards mechanistic design methods, greater importance will be placed on the n'ìeasuremerlt

of these fundamental engineering properties. The static IDT test appears to be a viable method to

obtain these measurements.

The test is able to distirtguish between dffirent ntixtures.

Another important finding of this research was the wide range in the measured stress and

strain values. As shown in Table 4.10 and Figules 5.5 to 5.14, measured stress and strain values

differed across the ten paverì1ent sections, suggesting a major difference in the material strength

and deformation properties from site to site. This result makes sense since each pavement section

was constructed with different aggregate and binder components. If the range of rleasured values

had been narrower, there would be no evidence that the mixtures are significantly different from

one another. This would lessen the signiflrcance of the IDT test results and indicate the test's

unsuitability for evaluation of rutting susceptibility.

Tlte test resttlts correlate well with the rate of rutting.

A main objective of this study was to relate the results of a simple strength test to rutting

perfortnance. The strong correlations found between the rate of rutting and the apparent

Poisson's ratio at l0 and 25 percent of the failure load show that the objective was rlret with the

lirnited data set used.
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The positive relationsliip between Poisson's ratio and the rate of rutting can be explained

by considering the behaviour of the material in and around the wheel paths. When the material

below the tire in the wheel path is loaded, lateral stresses develop in the asphalt layer. These

stresses are resisted by the strength of the surrounding material, which imparts an equal but

opposite confining pressure on the material in the wlieel path. If the surroundir-rg material is

weak, it will not be strong enough to resist the outward stress exerted by the material in the wheel

path and will deform permanently by pushing the material above it up, forrning the ridges

alongside the wlleel path that are characteristic of mixture rutting.

Because Poissott's ratio is a measure of how rnuch lateral defonrration will occur in

relation to axial (vefiical deformation), the same analogy can be applied. A high Poisson's ratio

jndicates tire material in and around the wheel paths will not be strong enough to withstand the

lateral stresses and therefore will experience a large amount of deformation in both the x (lateral)

and y (vertical) directions. Permanent deformation of this material forces the sunounding

material to deform away from the applied load, thereby forming the rut. Conversely, mixtures

with low apparent Poisson's ratios are able to resist these forces with very little lateral strail and

consequently mixture rutting is minimal.

5.4.5 Limitations of the IDT Test

An important part of this research was the evaluation of the modified IDT test procedure. Despite

the protnise the modified IDT test has shown, a uurnber of limitatious were identihed. These

limitations can be described as follows:

A ntinimtutt sarnple tlticlmess is required.

The standard test procedure outlined in LTPP protocol P07 specifies a minimum sample

thicklless of 25 mrn. This does not present a problem when testing laboratory compacted
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samples, but it can be a problem when field sarnples are required as was the case in this study.

When the asphalt layer to be tested rs less than 35 mm, it becomes impossible to sarv-cut both

faces and still retain a25 mnt sample thickness. As an example, the three test samples from site

A were the only samples from the nine set aside for strer-rgth testing that were thicl< enough for

IDT testing.

The test results depend on the age of the asphalt mixture.

Based on the limited number of pavement sections tested, tire apparent Poisson's ratio of

an asphalt mixfure appears to decrease with age (i.e. rutting resistance appears to increase with

age). This would suggest that caution must be employed when the test is used to compare

pavements of different age. Additional testing is required to verify the test's ability to

differentiate between mixtures that are the same age.

Tlte test results depend ott tlte tentperature and loading rate.

As evidenced by the trial testing progranl described in section 4.4.2, the results of the

IDT test vary with loading rate and test temperature. Asphalt mixtures tested at high loading

rates and/or low temperafures have higher tensile strengths and greater stiffness than mixfures

tested at low loading rates and/or high ternperatures. This is because of the visco-elastic

properties of the material itself. The important extension of this is that test results cannot be

compared when different loading parameters are used. Moreover, it is possible that the

relationship between the IDT test results ar-rd rutting could change if different loading parameters

are used.

Establislted analysis procedures are dependent on the ultintatefailure load, P,,¡,.

The procedures used to analyze the IDT test results depend on the magnitude of the

ultimate faiiure load of each specimen. A standard load level was not used because the average
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ultimate load for each mixture differed substantially. If a standard load had been used for the

analysis, the corresponding strain values would have been vastly different as sonre samples rvould

already have experienced signihcant plastic flow. This would make cornparison of strain values

between samples from different sites useless.

5.4.6 Sources of Brror in the IDT Test

Tlte tesl results depend on proper seating of the specirnen in the loading apparatus.

Tilting or rotation of the specimen on the loading strips may result in deformation

measul'elnents that are uot true to the applied load. The potential for these problems is greater

when cored samples are used. This is due to the irregularities (striations or voids) on the outer

surface of tlre core, which l'esult from the coring process. Core samples that do not allow proper

seating of the loading platens should not be tested. Fixing the upper and lower loading platens so

that they cannot deviate from the vertical would help to reduce the errors associated with this

phenomenon.

Specinten bulging and cracking n.Lay cause rotation of the LVDTs.

The gauge points that hold the miniature LVDTs in place are susceptible to tilting and

rotation due to cracking and bulging of the specimen during testing. This can lead to inaccurate

defonnation nleasurenlents and poor results. In extreme cases, this phenomenon cau lead to

separation of the alur¡inium gauge points and LVDTs from the specimen, which results in a loss

of useful data. Several samples were lost in this lllanllerduring the course of this sfudy.
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Tlte test specÌmen ntust be perfectly cenÍred between tÌte loading strips.

To obtain accurate test results, the test specimen must be perfectly centred along the

loading strips under the applied loading point. This was difficr-rlt to achieve by placing the upper

loading strip manually, because it was free to rotate and tilt. If the specimen is not perfectly

centred, the deformatiou ureasurelnerlts ol'ì one side of the specirlen will be significantly higher

than the other, causing errors in the results and subsequent analyses.
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Chapter 6

ST]MMARY, CONCLUSTONS, AI{I)
RECOMMEI\DATIOI\S

6.1 Research Summary

In this thesis, a modifìed version of the static indirect tensile strength test \¡ias used to evaluate

rutting susceptibility of asphalt concrete mixtures. Standard test protocols specify a loading rate

of 5l mm/min and a test temperature of 25"C, but it was believed that the specified loading rate

was too high to obtain information on the deformation resistance of the mixture. A slower

loading rate of 0.1 mm/min was selected therefore in order to capture the true stress-strain

response of the sample over time and to allow plastìc deformations to take place.

Ten asphalt pavement sections were selected across the province to obtain a varied cross-

section for this sfudy. The sites ranged in age fi'om three rnonths to ten years and had trafhc

volumes ranging from 430 to 8,350 vehicles per day. Rut depths were measured at each of the

sites using a 1.S-metre straightedge and the results analyzed to determine the rate of rutting. The

rate of rutting normalized the trafflc data by dividing the pavement rut depth by the square root of

accumulated ESALs. This provided a meaningful basis on which to compare the rutting

performance at each of the ten sites, irrespective of accumulated trafflic.

A rigorous laboratory testing program was conducted to evaluate the physical mixture

ploperties and stlength characteristics of the pavelllent sections. Cores taken from each test site

were analyzed to detel'nrine aggregate gradation and volumetric properties and the results

courpared to as-col.ìsttucted tnixture propelties. Three leplicate sarnples were also tested using

the modified velsion of the static IDT strength test. Load and defo¡mation measurements taken
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directly on-sample were used to calculate stresses and strains up to specirnen failure. Analysis

procedures established by Buttlar and Roque (1994,1998) were used to detennine the Poisson's

ratio and initial tangent modulus. Simple linear regression analysis was employed to investigate

the relationships between the properties measured in the laboratory and the rutting rate observed

in the field.

6.2 Findings and Conclusions

Based on the results of this investigation several imporlant findings and conclusions can be made:

' There is currently no standard test procedure to evaluate the strength and rutting

susceptibility of asphalt mixtures in the laboratory. A simple performance-based strength

test that can relate fundamental engineering properties to rutting performance in the field

is still required. The need for such a test is increasing as highway agencies shift towards

mechanistic design procedures that require nleasuremeut of stress and strain as inputs.

' Rutting at the ten pavenent sites selected for this study ranged from 0 to 5.8 mm. Based

on performance thresholds established by MTGS, rutting at eacir of the pavement sites is

slight. All rutting was confrned to the surface asphalt layer (rlixture instability rutting).

r Rut depth cannot be used to compare the rutting performance of pavements of different

age and traffic levels. Rutting must be normalized as a function of traffic to establish a

meaningful basis of comparison.

' Previous literature suggests rutting should be normalized by dividing the rut depth by tlre

square root of accumulated ESALs. Research has shown this rate of rutting to be a good

representation of rutting behaviour in the field. Analysis of the rutting data compiled for

this study confirmed the applicability of this concept to the selected test sites.

' Rutting is a complex phenomenon that cannot be explained by physical mixture

properties alone. Regression analysis of both the as-constructed and recovered core
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properties showed poor correlation to the rate of rutting. Of the properties examined, the

recovered binder penetration and aggregate gradations showed the strongest correlation to

rutting rate. The coefficient of detennination (R2-value) for recovered binder penetration

was 0.54 and for aggregate passing the No. 4 (4.75 mm) sieve it was 0.61. Other

properties such as air voids and asphalt content showed little correlation to rutting rate,

although field experience would suggest a relationship does exist. The coefficients of

determination for these recovered core properties were only 0.32 and 0.01, respectively

The strong correlation between the recovered binder penetration and rutting rate is likely

iufluenced by the age of the binder. Over time, asphalt binders undergo oxidization and

become stiffer, resulting in higher rutting resistance when the pavement is old, cornpared

to when it was new.

The modified IDT test procedure used in this research appears to provide consistent

strength and deformation properties at a loading rate of 0.1 mm/min and a test

temperature of 25"C.

Analysis procedures developed by Buttlar ar-rd Roque (1992, 1994) wele used to

determine point stresses and strains. Excellent consistency was found in the stress-strain

response of different samples fi'om the same test site. This is somewhat surprising

considering the variability in mix composition and construction nonnally seen in asphalt

pavements.

Properties at failure, such as tensile strength, lateral failure strain, and axial failure strain,

do not corelate weil to the rate of rutting. The coefficients of determination for these

tlrree properties r'vere 0.34, 0.02, and 0.11. These findings are not surprising because

perlllanent deformations occur at much lower stress and strain levels. Also, permanent

deformatior-l stems frorn shear flow of the matelial, not tensile failure.
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Although within the domain of elastic behaviour Poisson's ratio must not exceed 0.5, it

was found that significant flow occurred in some samples. Excessive flow resulted in

horizontal defomration and cracking that led the conrputed Poisson's ratio to exceed 0.5.

As a result, this value has been called the apparent Poisson's ratio.

A wide range of stress, strain, and apparent Poisson's ratio values were measured across

the ten pavement sites. This shows that the modified IDT test is capable of distinguishing

between mixtures with different stlength and defonnation properties.

Correlations between the apparent Poìsson's ratios detennined at 10 and 25 percent of the

failure load and the rate of rutting were the highest found iir this study. At 10 percent, the

coefftcient of deterntination was 0.70 and at 25 percetrt, it was 0.76. At each site, the

Poisson's ratio was lower at 25 percent of the failure load than at l0 percent of the failure

load, likely because the aggregate structure within the specimen consolidates to its

strongest form during the initial stages of the test. As Poisson's ratio increases, so does

the rate of rutting. Apparent Poisson's ratio calculated using deformations at25 percent

of the failure load appears to be the best indicator of rutting susceptibility.

The stress and strain levels measured during IDT testing are similar to those seeu under

truck loading in the field. This shows, in part, the suitability of the test to evaluate rutting

susceptibility in the field.

Rutting performance thresholds were established using tlre apparent Poisson's ratio.

Good tutting perforrnance (i.e. low rate of rutting) is expected when the apparent

Poissol-l's ratio is less than 0.5 and 0.4, for load levels conesponding to 10 and25 percent

of tl-re failure load. Poor perforn'ìance is expected when the apparent Poisson's ratio is

greater than 0.8 and 0.7, for load levels coresponding to 10 and 25 percent of the failure

load.
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The modified IDT test results are susceptible to temperature and rate

expected, the measured stiffiress increases with the loading rate and

temperature.

110

of loading. As

decreases with

Errors in the testing may occur if tlle surfaces of the test specimen are not flat and smooth

or if the test specimen is placed incorectly in the loading apparatus. Care must be taken

to ensure the specimen is centred correctly between the loading platens.

6.3 Recommendations for Future Work

This research project represents a first step towards the development of suitable laboratory test

procedures for evaluating rutting susceptibility. Much work still remains to improve and expand

on this research. Some of the key recommendations of this research are:

' Additional laboratory testing is required to confirm the results of this study. Ten

paveurent sites are not enough to confidently identify trends in the data. Testing of

additional in-service pavements will provide a wider database of results frorn which to

draw conclusior-rs.

The effect of pavement age on the IDT test results needs to be evaluated. From this

research, it appears as though the apparent Poisson's ratio, and hence the rutting

susceptibility of a tnixture, is highest when the pavement is new. A testing program of

equal age paven'ìents is necessary to confirm the ability of the IDT test to differentiate

between the rutting resistance of different pavements irrespe ctive of age.

Attempts should be made to limit the sources of error in the test procedure. One

recommendation is to conduct all future testing usir-rg a rigid loading apparatus similar to

the one developed by Baladi (1989). In this system, the upper loading plate is fixed

parallel to the lower one, but is guided vertically along steel rods. Tiris type of apparatus
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would prevent tilting and rotation of the loading plates and the specimen during testing,

thereby irnproving consistency and the overall accuracy of the test method. Caution must

be used, however, as this type of system may introduce other stresses as a result of

friction along the steel rods.

Conduct tests on severely rutted pavements (i.e. rut depths greater than 15 mm). The

pavernents in this study all had relatively low rutting levels constituting a narrow range of

rutting performance. Testing of pavements that exhibit severe rutting would allow

confinlation of the results of this study.

Investigate the effectiveness of the modified IDT test on uew mix designs. This would

provrde useful information that could be used to establish specifrc test critelia that can be

applied during the mix design stage.

The effect of loading rate and temperature on the apparent Poisson's ratio (rLrtting

resistance of the mixture) needs to be investigated.

Analyze the IDT test results obtained from this study at a unifonl strain level instead of

load levels corresponding to l0 and 25 percent of the ultimate failure load, P,,¡1. The

strain level should be taken during the initial stages of the test to ensure the amount of

cracking is minimal. Analysis of the IDT results at different load levels (e.g. I5 and 40

percent of P,¡,) would also be valuable as a means to confirn the results at 10 and 25

percent of Pu¡1.

A dynarnic version of the IDT test should be examined and the results compared to those

obtained from static testing. This would provide additional information on the

deformation characteristics of each pavement and hopefully confirrn the effectiveness of

the IDT test configuration in evaluating rutting resistance.

111



CHAPTER 6. srnunary, conclusio,s, a,d Recon,,e,clatio,s

The lack of pavement rutting at site J could not be explained using physical mixture

properties or results of the IDT strength testing. Tlre amount of rutting should be

monitored at this site over the next few years to detennine whether or not this pavement

continues to exhibit superior ruttir-rg perforrnance.
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Figure A-3: Stability (Job Summary) vs. Rate of Rutting
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Table A-1: Regression Analysis of As-Constructed Physical Mixture Properties

Physical Mixture Property R2 t-Statistic" p-Valueb

% Asphaìt Content

Density

Marshall Stability

MarshallFlow

%VMA

% Air Voids

%VFA

MTSG"

% RAP

o/o Passing 16.0 mm Sieve

% Passing 12.5 mm Sieve

o/o Passing 9.5 mm Sieve

o% Passing 4.75 mm Sieve

o/o Passing 2.0 mm Sieve

% Passing 0.425 mm Sieve

%o Passing 0.18 mm Sieve

o/o Passing 0.075 mm Sieve

0.32

-0.17

-0.22

-0. r6

0.23

-0.10

0.48

-0.35

-0.23

-0.53

-0.63

-0.45

-0.78

0.08

-0.37

-0.47

-0.70

0.r0

0.03

0.05

0.02

0.05

0.0 r

0.24

0.12

0.05

0.29

0.39

0.21

0.6 r

0.0 r

0.14

0.22

0.48

0.897

-0.449

-0.587

-0.421

0.626

-0.140

1.461

-0.978

-0.612

-1.672

-2.135

-1.351

-3.306

0.204

-1.066

-1.394

-2.s63

0.200

0.33 5

0.287

0.343

0.626

0.447

0.093

0.1 80

0.280

0.069

0.035

0.1 09

0.007

0.422

0.16 I

0.103

0.019
uTests 

the significance of the corelation. If ltlr2, then the correlation is statisticlly significant.
bRepresents 

the probability that a statistical result as extreme as the one observed will occur if the null
hypothesis were true. If p < 0.01, the nullhypothesis is rejected.

"MTSG - maximum theoretical specif,rc gravity.
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Appendix B

Physicul Mixture Properties of Recovered Cores
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Figure B-1: Asphalt Content (Cores) vs. Rate of Rutting

5.4 5.6

R2: 0.05

5.8

132

6.0 6.2

Asphalt Content (7o)

6.4 6.6 6.8

I



a-------
l

l

l
l

5.0

bo cl
.=a

ú(n.- Éc

o)

tl. c

3.0

2.0

Figure B-2: Air Voids (Cores) vs. Rate of Rutting

IJJ

-_ì

l

4.5 5.0

Air Voids (%)

6.s



5.0

4.0

Þoq
.=q

=ú(â;rq
à.

é.) !

tv. É

3.0

2.0

a

1.0
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Table B-l: Regression Analysis of Physical Mixture Properties of Recovered Cores

Physical Mixture Property R2 t-Statistic' p-Valueb

% Asphalt Content

Density

Marshall Stability

Marshall Flow

%VMA

% Air Voids

%VFA

MTSG.

Absolute Viscosity of Binder

Kinematic Viscosity of Binder

Recovered Binder Penetration

o/o Passing 16.0 mm Sieve

o% Passing 12.5 mm Sieve

oZ Passing 9.5 mm Sieve

% Passing 4.75 mm Sieve

o/o Passing 2.0 mm Sieve

% Passing 0.425 mm Sieve

o/o Passing 0.18 mm Sieve

% Passing 0.075 mm Sieve

0.22

-0.1 1

-0.58

0.09

0.19

-0.51

0.52

-0.45

-0.66

-0.66

0.73

-0.1 I

-0.46

-0.3 8

-0.13

-0.01

-0.37

-0.30

-0.59

0.05

0.01

0.34

0.01

0.04

0.32

0.21

0.20

0.44

0.44

0.54

0.01

0.2t

0.14

0.54

0.00

0. 13

0.09

0.35

0.897

-0.289

- 1 .895

0.226

0.506

-1.826

-1.592

-1.323

-2.323

-2.324

2.843

-0.282

-1.363

-1.079

-2.858

-0.029

-1.043

-0.846

-1.948

0.287

0.392

0.049

0.414

0.314

0.055

0.011

0.1 14

0.270

0.270

0.013

0.393

0.r08

0.1 58

0.012

0.489

0.r66

0.213

0.046

oTests 
the significance of the corelation. If ltlrZ,then the correlation is statisticlly significant.

bRepresents 
the probability that a statistical result as extreme as the one observed will occur if the null

hypothesis were true. If p < 0.01, the null hypothesis is rejected.

"MTSG - maximum theoretical specific gravity.
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Appendix C

IDT Strength Testing Results
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Figure C-1: Indirect Tensile Strength versus Rate of Rutting
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Figure C-4: Lateral to Axial Deformation Ratio @ L0% of Putr versus Rate of Rutting
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Figure C-5: Lateral to Axial Deformation Ratio @25o versus Rate of Rutting
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Figure C-6: Indirect Tensile Strength versus Permanent StrainÆSAL
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Figure C-7:Lateral (Tensile) Strain @ Failure versus Permanent StrainÆSAL
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Figure C-8: Axial (Compressive) Strain @ Failure versus Permanent StrainÆSAL
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Figure C-9: Lateral to Axial Deformation Ratio @ l0% of Pu¡, versus Permanent StrainÆSAL
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Figure C-13: Tensile Strain Energy @10% of Pu¡¡versus Permanent StrainÆSAL
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