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ABSTRACT

In response to the Intermodal Surface Transportation Efficiency Act (ISTEA) of
1991, Louisiana constructed five projects to evaluate several methods of using discarded
tire rubber in highway pavements. The field performance was quite variable. To achieve
the agreement among state agencies on ghe engineering benefits of using crumb rubber
modifier (CRM) in HMA pavement and to define the cimumstance§ where the LaDOTD
can use asphalt rubber materials in the most cost-effective way, a full-scale research
program has been conducted at the Louisiana Transportation Research Center (LTRC) to
evaluate the performance of CRM-HMA asphalt pavement under Accelerated Loading
Facilities (ALF). Three ALF test lanes were constructed at the Louisiana Pavement
Research Facility (LPRF), one with conventional mixtures, one with a CRM-HMA
wearing ccurse and one with a CRM-HMA base course. The observed field data were
used as the basis for the performance comparisons among the test lanes.

[n this study, the 2-D finite element analytic model called FLEXPASS was used
to predict the performance of the ALF test lanes. Laboratory test data was collected to
develop appropriate material modeling parameters that are used to predict the
performance of the ALF test lanes. The predicted results of performance derived from
these numerical simulations of the test lanes have been evaluated and compared with the

field data to determine how well the numerical model predicted performance.
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The purposes of this study includes evaluating the overall performance of hot mix
asphalt mixtures containing CRM as compared with similar mixes with conventional
HMA under ALF loading, and identifying the optimal location in the pavement structure
that the LaDOTD can use asphalt rubber materials in a cost-efficient manner.

Based on the results from this study, it is observed that there is good agreement
between FLEXPASS predictions and measured field performance and that FLEXPASS
can be used to successfully model Louisiana flexible pavements.

Based on the results of this study, it is found that even though CRM asphalt
mixtures and conventional asphzi[t mixtures behaved very similarly in the laboratory
characterization, ALF test lane contained CRM-HMA base éourse exhibited significantly
smaller rut depth than the other two test lanes. Test lane contained CRM-HMA wearing
course exhibited similar rut depth as the lane with conventional mixes.

Predictions of serviceability for the lane with CRM-HMA Type 5A base course
were higher than the lanes with all conventional materials or with the CRM-HMA Type
8 wearing course. The overall performance of CRM-HMA base course was better than

- the performance of CRM-HMA in the surface course.

From the results of this study, the author concluded that: (a) the DOTD should
consider extending the use of modified binders in all flexible pavement layers in the light
of the superior performance of the AR Type 5A base section; and (b) the DOTD should

consider adding asphalt rubber hot mix to its list of available base course matenals.
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CHAPTER 1

INTRODUCTION

This document describes the research work and findings of the comparative
performance of conventional and rubberized hot mix asphalt under accelerated loading
facilities (ALF). Chapter | is an introduction that includes the problem statement and the
background information of the research project. Chapter 2 presents the objectives and
scope of the research. Chapter 3 presents literature review of research on asphalt rubber
hot mix. Chapter 4 describes ALF testing, materials used in the study, and test lanes
construction. Chapter 3 shows the numerical simulation of ALF testing lanes. Chapter 6
describes the two failure criteria models used for pavement performance prediction in this
study. Chapter 7 describes the material testing to characterize the pavement materials.
Chapter 8 describes FLEXPASS, the 2-D finite element model, used to predict the
performance of the test lanes. Chapter 9 is the discussion of results and conclusion.

Problem Statement

Waste or scrap tires pose a substantial waste management challenge due to the
large number of scrap tires generated annually around the whole nation. To reduce these
scrap tire inventories, applications and markets for scrap tire rubber have to be developed

and enhanced. In 1991, the Intermodal Surface Transportation Efficiency Act (ISTEA)

sfiad that anv agnhalt pavement n
an D v

specified that any nroject funded by federal agencies must use certain

percentages of scrap tires [1]. A number of activities were underway as a result of this

1
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act. Although this mandate was dropped from the ISTEA legislation, it did encourage the
research and application of HMA materials that include crumb rubber modifier (CRM) in
pavement construction.

CRM has been used in asphalt pavement construction for over 40 years
principally as local repair material, as interlayers, or in seal coat construction. Since
1960, shredded waste tires have been used in HMA mixtures. [t was not untl late 1980s
that the extensive use of recycled tire crumb rubber in asphalt mixtures occurred.

There are two aspects of the use of CRM in HMA materials: environmental and
engineering benefits. The environmental benefits are widely accepted because recycled
tire crumb rubber reduces landfills and eliminates potential pollution. On the engineering
benefits, however. there are still some principal unresolved issues regarding the use of
recycled rubber in asphalt pavement. One of them is the actual field performance of the
material as compared with conventional asphalt materials. The other is the optimal
position within the pavement structures to use these materials. While most of the
applications of CRM are on the surface course, the application on the base course using
CRM might give better performance as laboratory results from previous research indicate
that the asphalt rubber materials show reduced thermal and reflective cracking, reduced
rutting, and slower aging when compared with conventional mixes [2]. Indeed, by
placing the asphalt rubber in a thicker base, a) considerably more rubber would be used;
therefore, also achieving the goal of disposing of more discarded tires, and b) difficulties
involved in recycling asphalt rubber materials would be eliminated.

Because of the need to evaluate the engineering benefits of using CRM. to

determine the optimal position within the pavement structures to use these materals, to
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dispose of tires in an economical fashion, and to determine the appropriate structural
coefficient for use in pavement thickness design, a field study is needed to evaluate the
performance of [EMA materials that include CRM. Full-scale testing using Accelerated
Loading Facility (ALF) provides the best alternative for a relative quick assessment of
the cost-effectiveness of CRM-HMA. Additionally, numerical simulation and
performance prediction of the pavement structure will help to extend the field

performance evaluation and comparisons.

Background Information of the Research Project

There are currently two methods of applying crumb rubber in asphalt mixtures: a
wet process and a dry process. The dry process uses ground rubber particles as an
aggregate substitute in the mixture. The wet process involves preblending the ground
rubber with the asphalt cement for a period of time at high temperature before mixing
with the aggregate. Common wet process methods include the McDonald, Ecoflex, and
Wet Rouse continuous blending methods [3].

In response to the Intermodal Surface Transportation Efficiency Act (ISTEA) of
1991, Louisiana constructed five projects to evaluate several methods of using discarded
tire rubber in highway pavements. Eight variations of these two processes were
construct;ad on the following projects [4]:

o US 61: Patented wet process—Gap graded mixture (Arizona Process)
e LA 15: Generic wet process—Gap graded, 16 mesh mixture and Dense

Graded 80 mesh mixture (Rouse)

e LA 1040: Patented dry process—Gap graded (Plus-Ride)
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e US 167: Generic Dry process—Gap graded, 16 mesh mixture and Dense

Graded 80 mesh mixture (Rouse)

o US84: Pre Blended Rubber—Presently allowed by the Specifications (Neste-

Wright)

The generic *wet process” method with 80 mesh powdered Rouse rubber stood
out among all these pavements due to its adaptability to current construction practice.
This type of process is used with conventional dense-graded mixes, and no patents are
associated with the process. Construction of the ALF project incorporated the use of the
80 mesh pow;iered Rouse rubber in a wet process termed as Asphalt Rubber-Hot Mix
Asphalt (AR-HMA). The Rouse materials are readily available from Vicksburg,
Mississippi.

To evaluate the engineering benefits of using CRM in HMA pavements and to
define the circumstances where the LaDOTD can use asphalt rubber materials in the most
cost-effective way, a full-scale research project was conducted at the Louisiana
Transportation Research Center (LTRC) to evaluate the performance of CRM-HMA
asphalt pavement under accelerated loads. Two CRM-HMA mixtures were designed
based on the existing Louisiana Type 8 wearing course and Type 3A base course
'mixtures. Three ALF test lanes were constructed at the Louisiana Pavement Research
Facility (LPRF), one with conventional mixtures, one with CRM-HMA wearing course,
and one with CRM-HMA base course. The measured performance data will be used as
the basis for the performance comparison among the test lanes. Additionally, the
predictions of performance derived from numerical simulations of the test lanes will be

also prepared and compared with the field observations.
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CHAPTER 2

OBJECTIVES AND SCOPE

Objectives

The objectives of this study were as follows:

¢ Evaluate the overall berformance of hot mix asphalt mixtures containing CRM
as compared to similar mixes with conventional HMA under ALF loading.

o [dentify the optimal location in the pavement structure that the LaDOTD can
use asphalt rubber materials in a most cost-efficient manner.

o Evaluate the structural analysis responses of hot mix asphalt mixtures
containing CRM as compared with similar mixes with conventional HMA
under ALF loading.

To achieve these objectives, three test lanes were constructed at the Louisiana

ALF site using conventional and rubberized HMA. ALF loads were applied until failure
occurred using the selected failure criteria.

The second part of this study involves conducting numerical simulation of ALF

test lanes. A finite element computer software called FLEXPASS is used for performance
prediction. The input parameters for FLEXPASS were based on the results from

laboratory tests performed on pavement materials from the ALF site and field
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information. The predicted performance includes rutting, fatigue cracking, slope
variance and present serviceability index (PSI).

The third part of this study involves comparing the field performance of three test
lanes constructed at the LPRF to predicted performance of the same three lanes. The
specific comparison of performance will be made for HMA and asphalt rubber materials
in the surface and base position for these three lanes subjected to ALF loading.

The performance will be evaluated using number of applied loads, observed
distresses at specified loading intervals, monitoring pavement response to non-destructive

testing, and comparisons between predicted and observed performance measures.

Scope
Only the wet Rouse method for processing asphalt rubber materials was
investigated in this study. Because asphalt rubber materials were placed only in a 1.5-
inch wearing course and a 3.5-inch base course, performance comparisons apply only to

these two locations.
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CHAPTER3

REVIEW OF RESEARCH ON ASPHALT RUBBER HOT MIX

History of Asphailt Rubber in Pavement

The history of adding recycled tire rubber to asphalt paving material can be traced
back to the 1940s when U.S. Rubber Reclaiming Company began marketing a
devulcanized recycled rubber product, called Ramflex™, as a dry particle additive to
asphalt paving mixtures. In the mid-1960s, Charles McDonald began developing a
modified asphalt binder using crumb rubber. This product was marketed by Sahuaro
Petroleum and Asphalt Company as Overflex™. The Arizona Refining Company, Inc.,
created a second modified binder in the mid-1970s replacing a portion of the crumb
rubber with devulcanized recycled rubber and marketing it under the name Arm-R-
Shield™. Both Overflex™ and Arm-R-Shield™ were patented and eventually brought
under single ownership. The companies marketing these two products t-'ounded a trade
association known as the Asphalt Rubber Producers Group in the mid-1980s. Ramflex™
disappeared from the market when U.S. Rubber Reclaiming Company was sold by its

parent corporation.

The other half of the history originates in Sweden. [n the 1960s, two Swedish
companies began developing an asphalt paving surface mixture that would resist studded

tre and chain wear. The mixture included a small amount of crumb rubber as an

| 7
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aggregate and was called by the trade name Rubit™. In the late 1970s, this product was
introduced and patented in the United States as PlusRide™ by All Seasons Surfacing
Corporation. The design of PlusRide™ evolved through a series of field projects in
Alaska and other States from 1979 through 1985. PlusRide™ has been managed by a

number of firms and is presently marketed by EnvirOtire, Inc.

With the environmental interest to find alternative uses for scrap tires and the
enactment of ISTEA in 1991, asphalt technologists and rubber-recycling entrepreneurs
began investigating ways to modify or improve existing technologies available for adding
crumb rubber to asphalt paving materials. Several new technologie;s have emergedg and
are being evaluated. The initial field test sections of crumb rubber asphalt mixtures
similar to PlusRide™ and McDonald technology were laid in 1989 and 1990.

respectively. Additional technologies have been introduced since that time but have not

been widely evaluated.

Generally, tire rubber is prepared for recycling by reducing its size by mechanical
shearing or grinding to particle sizes less than 6.3mm (%"). This form of tire rubber is
designated as Crumb Rubber Modifier (CRM). When the CRM is added to asphalt
cement, the rubber particles will interact with the asphalt and swell. Asphalt Rubber (AR)
is the asphalt cement modified with CRM. The methods of producing crumb rubber
impart different shape and texture characteristics to each particle which have a
significant effect on the properties of the asphalt rubber material.

When CRM is added to asphalt cement, the rubber particles will generally
become swollen in the asphalt, increasing the mixtures viscosity. Laboratory results from

previous research indicate that the asphalt rubber materials show reduced thermal and

|
1
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reflective cracking, reduced rutting, and slower aging when compared with conventional
mixes. A field evaluation is needed to determine whether these benefits can be realized.

Review of Research on CRM in HMA Mixtures

Many state highway agencies and private sector organizations have conducted
their own research on the applications of crumb rubber in HMA mixtures.

Charles H. McDonald, consulting engineer, Phoenix, Arizona, is considered to be
the father of the asphalt-rubber systems developed in the United States. His laboratory
work, which was initiated in 1963, resulted in the placement of patching materials in the
mid 1960s. i

Arizona, arguably, has the longest sustained experience with CRM mixes of any
State. Though many of their older projects used asphalt rubber in interlayers exclusively
to mitigate reflection cracking, these products were expressly excluded from study in this
project, which focuses on taditional HMA applications. Much of the CRM-HMA
performance information available is from projects initiated in the late 1980s [3].

Currently, the city of Phoenix uses significant quantities of gap-graded CRM
mixes in overlays of residential streets. Before 1992, the CRM mixes used a patented
asphalt-rubber binder. During the 1995 construction season about 26 km (16 mi) of CRM
mix will be placed. Typical overlay thicknesses are 30 mm. Overall, performance is
reported to be better than conventional mixes. Recently, some early reflection cracking
has been reported [3].

California first began using the asphalt rubber to improve the durability of HMA.
It has performance history on CRM materials dating back to 1978. Both wet and dry

process mixes have been placed over existing flexible and rigid pavements with and
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without interlayers. Evaluation of these projects has led CALTRANS to use only asphalt-
rubber (wet process) gap-graded and dense-graded mixes in nonexperimental work.
[nvestigation of other CRM mix types is continuing; however, this work is limited.
Although distresses have been reported (rutting, bleeding, and raveling), the majority of
projects are performing well. CALTRANS reports improved durability, reflection crack
control, and resistance to chain wear when asphalt-rubber hot mixes are used. Side-by-
side performance comparison of thinner CRM and conventional overlays led
CALTRANS to reduce required overlay thickness when CRM is used. With additional
experience, California developed a design guideline in 1992 that allows for reduced
overlay thickness for a gap-graded HMA with asphalt rubber on specific types of

applications [3].

Although Florida first placed CRM material in the 1970's, the bulk of their
performance experience is limited to projects placed since 1989. Florida has several
years' experience with CRM as the wearing course. Florida DOT uses crumb rubber in
membrane interlayers, and in open-graded and dense-graded friction courses. Open-
graded friction courses (OGFC's) are required on all multilane facilities with design
speeds equal to or greater than 73 km/h (S’O mi/h). No structural value is typically
assigned to the OGFC. Dense-graded friction courses (DGFC's) are used where an OGFC
is not required. To date, performance has been good. Florida DOT began constructing
demonstration projects of asphalt pavement with crumb rubber wet processes in 1989 and
has reported satisfactory pavement performance [6]. Beginning in January 1994, all

OGFCs and DGFCs must include an asphalt-rubber binder. Florida DOT expects
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improved durability and better temperature susceptibility pertormance from the CRM

mixes.

Two crumb rubber processes (McDonald and Rouse) were used in Virginia in
1996 with the result that the inclusion of asphalt rubber in HMA pavements increases
construction cost by 50 to 100 percent as compared to the cost of conventional mixes.
Troy et al {7] conducted research on crumb rubber modified asphalt mixtures in Nevada.
In the Nevada study, CRM binder was evaluated using the Superpave binder testing
protocols while the mix was designed using the Hveem procedure.

Federal Aviation Administration (FAA) and U.S. Department of Transportation
has conducted a research on laboratory testing and mix design of asphalt-rubber concrete
in civil airport pavements from [983-86. [n this study, asphalit-rubber concrete and an
asphalt concrete control were tested in the laboratory and material properties were
determined. The materials properties and airplane gear loads were input into a computer
program for analysis of relative lives and prediction of pavement damage. An economic
evaluation was performed comparing the costs and service lives of each material. The
criteria for asphalt-rubber concrete in civil airport pavemenis— were created [8].

[n the present ALF broject, asphalt rubber prepared using the Wet Rouse process
will be incorporated into both a surface course and a base course. The performance of the
LaDODT Type 8F Wet Rouse asphalt rubber wearing course will be compared with that
of the conventional LaDODT Type 8F wearing course. Similarly, the performance of
Type 5A Wet Rouse asphalt rubber base will be tested and compared to that of a

LaDODT Type 5A base.
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CHAPTER 4

DESCRIPTION OF ALF TESTING
The project consists of construction and ALF loading of three test lanes at the
Louisiana Pavement Research Facility (LPRF) under accelerated loading. The
experiments have been designed so that direct pairwise comparisons can be made

between the three lanes.

ALF Machine

The Accelerated Loading Facility (ALF) is a relocatable road testing machine
which applies controlled full-scale rolling wheel loads to a test pavement. The ALF was
designed and manufactured for AUSTROADS by the Road Transport Authority (RTA) in
New South Wales (NSW), Australia in 1984. One of the machines was purchased by the
LTRC and delivered to the Pavement Research Facility outside Port Allen, Louisiana by
LTRC in April 1994.

Figure 4.1 shows the schematic diagram of ALF. It is a 100 ft long, 55-ton
structural frame with a moving wheel assembly that travels 0 to 12 mph on rails attached
to the frame and is in contact with a 38-ft pavement section. At each end of the frame, the
rail curves upward to permit gravity to accelerate, decelerate, and change the direction of
the wheel assembly. Loads are applied in one direction, and the loads can be distributed

laterally to simuiate traffic wander in the wheeli patii.
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Figure 4.1 Schematic Diagram of ALF

A: trolley assembly, Figure 4.2, is used to apply loads to the test pdvemenL The

wheel assembly can be detached from the trolley through a bolted connection at the

elevation of the load cells. The ALF has both single and dual tire wheel assemblies that

model one-half of a single axle. The loads applied to the pavement can be varied from

9,000 to 22,500 Ib by adding or subtracting ballast weights. Thus, dual or single tire,

single axles can have loads ranging from 18,000 to 45,000 Ib. Approximately 380 load

cycles per hour or 8,640 load cycles per day can be applied.

The benefits ALF provides to a highway agency include the following:

The ability to observe the behavior and the damage patterns that develop
under traffic loads in a short period of time, thereby avoiding the need for
costly, full-scale pavement tests like AASHO Road Test.

The ability to compare performance of new materials with currently used
materials.

The generation of high-quality, reliable field data that cannot be obtained from

other forms of full-scale testing.
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e The ability to established links between results obtained from the field trials

and laboratory material tests.

Figure 4.2 ALF Machine at Test Site
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Summary of Some ALF Trials Conducted in Australia

In 1983 the Department of Main Roads, NSW produced the Accelerated Loading
Facility (ALF) and it was proudly displayed at the PIARC1 World Road Congress in
Sydney in front of the Opera House. This device looked industrial, yet it was the
equivalent of space age technology for road research. The ALF is now the cornerstone of
much of Australia's flexible pavement research and represents about a $1 million annual
expenditure to AUSTROADS members and industry. As of June 1996, the Australian
ALF has completed 17 trials and applied almost 25 million load cycles to about 90
pavement types [9]. The various trials have been identified by the locations and several
are documented below:

1. Somersby trial [10]. This was the first trial with ALF. The focus of this trial was

the proof testing of ALF. In this trial the ALF machine was confirmed as a

reliable and effective device.

!\)

Benella trial [10]. The objective of this trial was to evaluate the high-quality dense
crushed rack base pavement for heavy traffic. A heavy-duty unbound pavement
comprising a double seal over 400 mm of crushed rock base and 170 mm of
ripped sandstone subbase was tested. [t was confirmed that the pavement would
withstand the heavy traffic. Australian states incorporated higher compaction
levels for unbound bases designed for heavy-duty pavements based on results

from this trial.

(W)

. Beerbuurum trial [10]. The main objectives of the trial were to compare thin
(200mm) and standard (300mm) cement treated bases (CTB) and to compare the

performance of pavements with or without bitumen heavy cure coat interlayers
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between lifts of CTB and those constructed in one lift instead of two or three
lifts{46]. This trial led to improved construction practices to estabiish the bond
between lifts of CTB.

4, Beerbuurum II trial [11]. The objectives of the trial were to compare the
performance of two thickness of recycled sandstone bases, to determine the
effects of bitumen and bitumen/cement stabilization on the performance of a
reconstructed high-quality crushed rock pavement, to compare the performance of
crushed rock pavements constructed at different moisture/compaction conditions,
and to determine the number of axle load that could be carried by a tj'pical
crushed rock pavement (300 mm thick) subjected to ALF under single axle dual-
wheel loads of 40, 60 and 80 KN.

5. Prospect trial {12]. This trial addressed the performance of blast furnace slag as a
base material and as a stabilizing agent. The successful performance of the blast
furnace slag as a base was confirmed and specifications for road base materials
were adjusted to permit wider use of the slag materials.

6. Callington trial [13]. This ALF wial was the first trial to address the relative
performance of variety of asphalt surfacings in the context of pavement
rehabilitation. The ﬁndiﬁgs of this trial were compared with conventional binder.

7. Mulgrave trial [14]. In this trial, asphalt fatigue relationships were developed for
three different fatigue cracking levels of a hot mix asphalt pavement over a
cement treated crushed rock subbase course.

8. Brewarrina ALF tral [15]. This trial was conducted to examine the performance

of pavements made with a geo-textile reinforced surface seal. The guidelines were

i
i
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established for the design and construction, maintenance, and management of the
geo-textile reinforced surface seal pavements.

9. Field Trals at Cooma [16]. In 1990 an investigation commenced into the
feasibility of deep-lift stabilization of granular pavements to satisfy the structural
design requirements of heavily-trafficked rural pavements. The investigation had
taken into consideration construction techniques that had been developed from
pilot and full-scale trials in NSW in co-operation with industry. Using this
stabilization techniques, it was gstimated in 1994 that savings of 20-40% over the
cost of granular overlz;ys could have been achieved in NSW which translated into
a $4M-$6M per annum saving for a $20M rehabilitation program. The Cooma
ALF trial was conducted from May to October 1994 adjacent to the Monaro
Highway some 20 km north of Cooma in southern NSW. The objectives of the
trial were to establish the performance of deep-lift recycled pavements, using
stabilization equipment now available, over subgrades of relatively low and
relatively high strengths; to gain a better understand of the distress mechanisms
and hence possible interventions to extend pavement life, and to determine how
pavement performance depends on stabilization depth; and further to compare the
observéd pavement lives under accelerated loading with fatigue lives predicted
by STRANDS, an Australian general purpose finite element analysis package ina
Windows format. The project was very successful and gained much interest from
overseas pavement engineers. The final report [16] and a subsequent publication
from the RTA [17] allowed the deep-lift process to continue in NSW with greater

pavement reliability and minimization to construction risks.

\
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10. Flyash Trials at Erraring. Pacific Power is conducting a major three-year research
and development project to examine the possible use of flyash (a waste product
from conventional coal-fired power generation) as a pavement material. The
major aim of the project is to demonstrate the cost-effective use of flyash in road
construction and to generate high quality data on the use of flyash, with a view to
promoting the results widely to potential road builders. A major component of the
project was an accelerated pavement loading trial using the Accelerated Loading
Facility. The performance of cement-stabilized flyash base and subbase
pavements placed on a coal haul road within the Erraring Power Station is being
monitored.  Given the performance of the cement-stabilized flyash base
pavements under ALF loading, the cement-stabilized flyash base pavement should
last well in excess of 20 years [18].

i1. Dandenong ALF Trial on Marginal Materials. Austroads and various industry
organizations are currently supporting the Accelerated Loading Facility Trial in
Dandenong, east of Melbourne [19]. This $0.55 million trial includes a series of
different binders in a very marginal soil from Victoria. The two major binders are
a 2% portland cement and 2% bitumen, and a 4% slag/lime (85%/15%)
cémentitious blend. The pavement thickness is 200 mm on 2% lime stabilized
(300 mm deep) clay subbase. In addition, testing was carried out on a crushed
rock pavement from Boral Montrose quarries. Trafficking of the trial pavements
was completed in March 1997 and the results are likely to be available in late July

1997.
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ALF Trials in USA

Currently, four facilities in the United States use mechanical testing devices to
conduct accelerated pavement tests with three using ALF machines. Table 4.1 gives the
simple descriptions of the pavement testing machines used by these facilities.

Table 4.1 Pavement Testing Machine [20]

Organization{ Pavement | Load (KN) Rate | Date Opened Funding
(Machine) | Type Tested Pass/hour Source
FHWA HMA 40-100 380* 1986 F**
(Accelerated
Loading
Facility)
Louisiana | Composite 40-100 380 1994 S/F
(Accelerated
Loading
Facility)
Indiana HMA 40-90 1333 1991 S/F/L
(Accelerated
Loading
Facility)
California HMA 20-200 350 1995 S/F
(Heavy
Vechicle
Simulator)
**F=FHWA, S=State, [=Industry/Private
*Applying an 80-KN (18,000-Ib) load at 380 passes/hour to a test section is equivalent to applying
2,100,000 ESALSs per year

[n September 1984, FHWA entered into an agreement with Department of Main
Roads, Australia, to provide plans, specifications, and technical assistance for the
construction of an ALF in the United States. Construction of the U.S. ALF began in July
1985 and the completed machine was delivered to Turner-Fairbank Highway Research
Center (TFHRC) in August 1986 [21]. The ALF has been in nearly continuous operation
since its delivery. From August 1986 through March 1989, the first phase of pavement
research was conducted to establish operating and data collection procedures. to assess

the rationality of pavement performance data obtained with the ALF, and to study the
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pavement response and performance for a range of loads and tre pressures with
particular emphasis on tire pressure [21].

In 1989 a field-testing program was conducted by Pavement Testing Facility
(PTF) in conjunction with Montana and Wyoming to document the benefits, costs, and
difficulties associated with using ALF to test in-service pavements and also to evaluate
the measures taken in the western states to prevent premature rutting in asphalt pavement.
This field trial demonstrated the mobility of ALF and provided experience with site
preparation, traffic control, and site restoration [22].

The second phase of the initial ALF trial started in January 1990 and the main
objective was to study the effect of wide-based single tires as compared to dual-wheel
tires on pavement performance. The performance data of this trial showed that the
replacement of conventional dual-wheel tires with wide-based single tires carrying the
same load would produce four times the fatigue damage and two times the rutting as
occurred when dual-wheel tires were used.

Since 1993, the two FHWA ALFs, have been used to assist the highway
community in validating Superpave binder tests and specifications, Superpave mixture
tests and performance models, and other laboratory tests that have been developed to
predict the performances of asphalt mixtures. To accomplish the objective, 48 sites were
constructed. The pavements were tested under conditions which promoted either rutting
or the formation of fatigue cracks. The asphalt binder and mixture tests were validated

using the results from these pavement tests {23].
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The ALF Trials in Louisiana

The first ALF trials in Louisiana started in January 1986. The Louisiana pavement
research facility in Port Allen uses an ALF machine to simulate traffic loads on several
full-scale pavement test sections. The effort was focused on improving pavement base
course design. The objective of this trial was to evaluate the performance characteristics
of the historically prevalent in-place soil cement stabilized base construction and several
promising alternative materials. Nine pavement test sections were constructed. The
testing was divided into three phases, each phase consisting three pavement test sections.
Phase 1 testing incorporated crushed stone alternatives to soil cement base. Pﬁase 2 was
designed to compare the performance of the plant-mixed stabilized soil cement design
and construction with that of in-place soil cement. Phase 3 inciuded a comparison of
existing in-place soil cement design and construction procedures with that of a plant
mixed soil cement process using a reduced cement content [25]. Results from this first
ALF experiment can be found in [26], [27], and [28].

The comparative performance of rubberized asphalt hot mix is the second ALF
trial at Louisiana. This trial started in March 1999 and ended in December 2000. A
detailed description of this trial is presented below.

The third trial currently under testing involves comparing the performance of
stone/RAP interlayers, and the fourth trial being planned focuses on SUPERPAVE

mixtures.

Pavement Test Lanes

In the field accelerated loading (ALF) evaluation, three test lanes were

constructed (Table 4.2). Lane 1 was designed to have a 1.5 inch asphalt rubber HMA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(AR-HMA) wearing course, a 2-inch conventional binder course, and a 3.5 inch
conventional Type SA base course. Lane 2 was designed to have a 1.5 inch conventional
wearing course, a 2-inch conventional binder course, and a 3.5 inch AR-HMA base
course. Lane 3 was designed as the control lane consisting of a 1.5 inch conventional
wearing course, a 2.0 inch conventional binder course, and a 3.5 inch convention Type
5A base course. All three lanes are placed on a 8.5 inch crushed stone subbase course
sitting above 10 inches of soil cement with 8% cement [2]. Table 4.2 shows the structure
of the cross sections of test lanes.

Table 4.2 Structure of the Planned Test Lanes

Lane 001

Lane 002

Lane 003*

1.3" Wearing Course

(Type 8F)Wet Rouse

2.Q0" Binder Course
{Type 3)

3.3" Base Course
{Type SA)

8§.5" Crushed Stone
10.0" Seil Cementc

38.0" Select Soil/
Zmpankment

1.3 Wearing Course
(Type 39)

2.3"™ 3inder Course
{Type 3)

3.3" Base Couzse
(Type 3A)Wet Rouse

8.5" Crushed Stone
10.0" Soil Cement

38.0" Select Soil/
Zmbankment

vLane 003 is the Control Section

1.3" Aearing Course
{Tyge 8F)

~

2.0"™ Bindexr Course
(Type 8)

3.3" Base Course
(Type 33}

3.3" Crushed Stone
10.Q" Soil Cement

38.0" Select Soil/
Zmbanikment
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Description of Pavement Materials

Aggregate

A siliceous limestone aggregate, commonly used in Louisiana, was used in this
project. The No.5, No. 67 and No. 78 coarse aggregates and No. 11 screenings were
siliceous limestone supplied by Vulcan Materials Company, from Gilbertsville,
Kentucky. The coarse siliceous sand was supplied by Quick Sand and Gravel from
Waston, Louisiana. Table 4.3 lists the properties of the aggregates.

Asphait Cement

LaDOTD specifies that PAC-40 asphalt cement, typically modified with an
elastomer, be used on high-volume roadways in binder and wearing course mixtures. An
AC-30 was used for the conventional Type 5A base course mix and also as the base
asphalt cement blended to produce the rubber-modified asphalt. A “wet process™ asphalt
rubber binder was produced using a No. 80 mesh powdered rubber. The AC-30 met a PG
64-22 specification; the CRM/AC-30 blend met a PG 70-22 specification, as did the
PAC-40. Table 4.4 shows the properties of the various binders used in this study.

Mix Design —

The mixes were designed using the Marshall mix design procedure. The wearing
course mixtures had a nominal maximum aggregate size of 19 mm, the binder and the
base courses, 25mm. A similar aggregate structure was used for both the binder course
and base course mixtures. All the mixtures contained 20% RAP and the gradations were
on the “fine side” of the maximum density line. Table 4.5 shows the properties of the

mixes.
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Table 4.3 Consensus Aggregate Properties [4]

Aggregate FAA* | Sand | Flat& | CAA** | Friction | LA
Source Type | Method | Equiv. | Elong % | +two ! Rating | Abrasion
5:1 faces
Limestone | No.3 3 100 I 20.1%
Limestone | No.67 3 100 II 20.1%
Limestone | No.78 2 100 I 20.1%
Limestone | No.ll 47 44
. Coarse
Quick 43 61
sand -
Mamonth
RAP 100
Drive RAP
FAA: Fine Aggregate Angularity

CAA: Coarse Aggregate Angularity

ALF Loading History and Surface Data Collection

ALF Loading History

To simulate the highway traffic, the ALF loads were applied only in one direction
and were normally distributed about a 32-in wheel path. The magnitude of the ALF
loading varied with number of loading plates. At the beginning of the test. a 10kip load
was applied through dual-wheel tires with tire pressure maintained at 105 psi. The initial
10kip load was applied for a period of time and then the [oad is increased to 12.3kip, then
to 14.4kip at the same tire pressure until the test lanes failed. The loads applied to the
three lanes are shown in Table 4.6 with the load history shown in Figure 4.3. The loading
was applied alternatively between the test lanes at approximately 25,000 passes to

minimize the reiative environmentai effecis occurring during i€ 10ading pericd. Raiin

an
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of 0.30 inches or a decrease in PSI to 2.5 was considered to be the failure criteria for the

pavement.
Table 4.4 Binder Test Summary [4]
Description AC-30 | AC-30 w/ | PAC-40 | Specs. AASHTO
CRM Method
Original Binder
Rotational Viscosity; 0.463 3.10 1.05 3.0 TP48
Brookfield, Pas., 135°C
Force Ductility, ratio of Fail Fail Pass 0.3
final/max load
Dynamic Shear Rheometer, DSR, G*sind, kPa, @10rad/s

64 °C 1.7274 3.0639 1.0min TPS

67 °C 1.2146 2.7328 1.0min TPS

70 °C 0.8405 | 23991 1.8974 1.0min TP5

76 °C 0.8914 1.0156 1.0min TP5
RTFO (TFO for AC 30 w/ CRM) TP240
% Loss 0.1 0.187 1.0max TP240

64 °C 6.6001 ~ 2.2min TPS

67 °C 3.488 42759 2.2min PS5

70°C 22942 3.218 32058 | 2.2min TP5

76 °C 1.7412 1.8564 | 2.2min TPS

PAV
DSR, G*xsind, kPa, 3628.3 2122.6 3175.1 5000 TPS
@10rad/s (25°C) max
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Table 4.5 Marshall Properties of the Mixes [4]

TEST ASPHALT MIX DESCRIPTION
DESCRIPTION Type 8 Type 8 Type 5 Type 5 Base
Wearing P40 | Wearing CRM | Base AC30 CRM
Theoretical SG 2,531 2,531 2.533 2,531
Gmm 2.493 2.509 2.507 2.509
% AC By Weight 4.0 40 3.5 3.5
% AC By Volume 9.4 9.4 8.3 8.2
% Voids Total Mix 3.9 44 4.0 46
%VFA 70.8 68.2 67.5 64.0
%VMA 13.3 13.8 12.3 12.8
Unit Wt. Total Mix, 151.8 151.0 151.8 150.6
pef
Stability, Ibs 2430 1904 2711 2455
Flow, 0.001 in. 9 19 10 7

Table 4.6 ALF Passes Applied To Test Lanes

No. of Passes| Total Load, | ESAL Factor ESALs Cumalative | Date Load

(X1000) | Lbs.* (X 1000) ESALs | Applied
0-400 9,750 1377 550,80 350,800 | 3/5/99
200-500 | 12,050 3313 32130 §72.100 | 1074799
500-650 | 13,350 6463 96945 1841550 | 126/99
§50-750 | 16,650 1713 17130 | 3,002850 | /14700
750-800 | 18,930 19655 982.75 3,995,600 | 1079700
800-850 | 21230 31079 135305 | 549,550 | 12/18/00

'_Each addition load increment adds 2,300 lbs to the total load.

Surface Data Collection

Field measurements included the periodic collection of cracking, transverse and
longitudinal profile, deflection data, and temperatures. The ALF loading was stopped

periodically for maintenance, and surface measurements were made at those times.
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Figure 4.3 ALF Loading History

The transverse profile data were secured using the ALF profilograph, which

consists of a linear variable differential transformer (LVDT) mounted on a metal
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carriage. [t moves transversely across the pavement on a metal frame. The metal frame
can be positioned along the pavement section between two rails mounted on the
pavement surface, outside the trafficked area. Generally, the profile data were collected
approximately every 25,000 passes of ALF machine. For each test lane, measurements
were taken at eight stations, 48 inches apart. The average rut depth is calculated from the
transverse profile and slope variance is calculated from the longitudinal profile data.

Deflection testing was conducted on a periodic basis using the falling weight
deflectometer (FWD). The FWD data were used to backcalculate the moduli of each
layer of tt;e test sections. Applying an impulse force generated from two mas; assemblies
in which the falling weight is dropped onto a second weight/buffer combination created
the deflection measurement. The measurements were performed on the centerline of the
loading path of each pavement test section at 11 stations spaced at intervals of 5 ft. along
the centerline.

The ALF data acquisition system being used for this experiment is capable of
measuring 25,000 samples per second. It has up to 312 channels and 64 megabytes of
internal non-volatile onboard memory. All the functions are computer controlled [4].

A Campbell Scientific Weather Station was installed at the northeast corner of the
test bed to acquire weather data [4]. The weather station updafes itself every 10 seconds,
records the data every hour, and records: (1) temperature, (2) relative humidity, (3) wind
direction and speed, (4) solar radiation in watts per meter squared, (3) barometric

pressure, and (6) rainfall.
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CHAPTER 5

NUMERICAL SIMULATION OF ALF TEST LANES

Review of Numerical Simulation of Pavement Structures

Numerical simulations of flexible pavements are important for understanding and
extending the results of laboratory and field studies [29]. Structural analysis of pavements
is usually performed to calculate responses such as stresses, strains and deflections in a
layered pavement structure. The methodologies for calculating these pavement responses
can be categorized as: multilayered elastic methods, multilayered viscoelastic methods,
and the finite element methods.

The multilayered elastic method models a pavement as a series of layers, each of
them assumed to be horizontally continuous with materials which are isotropic,
homogen-ous, and elastic. Each layer has definite thickness except for the bottom layer,
which is assumed to be semi-infinite in depth. The surface loading is represented by
vertical contact pressure uniformly distributed around a circular area. Poisson's ratio and
elastic modulus are the two critical material parameters. A number of computer
programs, such as BISAR, CHEV and ELSYMS5, were designed to calculate stress and
strain distributions in the pavement system using this method.

Layered elastic analytical solutions over simplified the asphalt material behavior

by assuming linear elasticity. Multilayered viscoelastic methods are similar to the

29
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multlayered elastic method, but the material properties are time and temperature
dependent. Software such as VESYS includes viscoelastic models for the asphalt
concrete and linear elastic or nonlinear elastic models for the base course and subgrade
materials [30].

Finite element method (FEM) is another alternative technique in which the body
to be analyzed is divided into a set of finite elements connected at their nodal points. The
continuous variation of stresses and strains in the body is represented by an assumed
linear or quadratic displacement function over each finite element. For a given element
geometry and constitutive equation of material behavior, the element stiffness matrix is
then established using the principle of virtual work. The global structural stiffness can
then be formulated by integrating the individual element stiffness matrices. As a result, a
set of simultaneous equations, in terms of a relationship between unknown displacement
of nodes and loading force, is formed. Solving these equations using Gaussian
elimination produces all of the nodal displacements. With the displacement of all the
nodal points known, strains and stresses within each element can then be calculated.

FEM is most useful in calculating the response of pavement structure when
pavement material behavior is nonlinear elastic, viscoelastic, or elasto-plastic. Several
software programs can be used for the analysis. For example, ABAQUS is a general-
purpose finite-element program that can solve problems ranging from relatively simple
linear analyses to the most challenging nonlinear simulations. Zaghloul and White [31]
applied three dimensional finite element analyses to simulate dynamic traffic loads using
ABAQUS. Wathugala and Huang er al. [29] analyzed the behavior of geosynthetic-

reinforced flexible pavements in a finite element model by using ABAQUS.
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ILL-PAVE [532] and FLEXPASS [33] are two software programs which use finite
element method to predict pavement structural behavior. Lytton and Tseng calibrated the
rutting and fatigue models in FLEXPASS by comparing the actual measurements from 12
AASHO Road Test sections [42] to the predicted distress from FLEXPASS [34]. Hovt 2r
al., compared predicted performance of asphalt-rubber concrete to that of conventional
hot mix asphalt in airfield runways using FLEXPASS [8].

In this study, FLEXPASS is used for pavement performance prediction. It is the
only finite element program that has (1) the capabilities to include multiple tire — multiple
axle assemblies, (2) the ability to predict distress, and (3) the ability to represent actual
tire contact pressure distributions. FLEXPASS has the ability to include seasonal

variations of material properties.

Overview of FLEXPASS

FLEXPASS is a finite-clement program adapted by Lytton and Tseng of the
Texas Transportation [nstitute to accommodate multiple wheel loads and at the same ume
employ stress dependent material characterization models. It is an extension of ILLI-
PAVE, which was originally developed by Wilson and Duncan and further modified by
the Department of Civil Engineering, UTUC in 1982 [33

FLEXPAéS is a finite element program that can analyze flexible pavement
responses and predict pavement performance in terms of rutting, fatigue cracking, slope

variance and PSI loss. A simplified framework for FLEXPASS is given in Figure 3.1.

The advantages of FLEXPASS are as follows:

Tln Saion
peinit

s Ih tc clement methed permits pavement lavers ta he deseribed using non-

linear stress-strain relationships.
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o Interface slip elements are included to model slip between pavement layers.
¢ The pavement material properties can be varied seasonally.

¢ The loading configurations can vary from single or dual tires on single or

tandem axles.

¢ The prediction algorithms use calculated responses from the FEM to predict

fatigue cracking, rutting, and serviceability loss.

Description of Analytical Model

The development of a numerical simulation of flexible pavements involves many
idealizations of the problem, including geometry, loads, material property (constitutive)
models, and selection of the numerical technique. In this project, the pavement structure
will be modeled three dimensionally by using a 2-D half space of a finite solid of
revolution. The half-section structure to be analyzed is divided into a set of quadrilateral
finite elements, which are then divided into four triangles by the program to produce a set
of elements. The tire contact pressures are assumed to have a vertical uniform distribution
over a circular contact area. Material properties such as density, Poisson’s ratio, earth-
pressure coefficient at rest, and resilient modulus are required as inputs in the program.
Two significant material response capabilities, both linear and nonlinear stress-strain
relations, are taken into account. The failure criteria for granular and fine-grained soils
are considered.

The finite element model used in FLEXPASS is shown Figure 3.2.
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Four alternative models are available for describing the resilient modulus of the

pavement materials [36]:

1. Linear Resilient Modulus. This model assumes that the material has a linear

resilient modulus relationship with temperature. Hot mix asphalt and

rubberized HMA are characterized using this model.

2. Bulk Stress Dependent Modulus. This model describes granular materials in

which the resilient modulus is a function of bulk stress. The equation is:

M, =K (0, (5.1)

if (o, /0;) <K;ando; >K,

where

©, is the bulk stress

K, , K, are the material regression coefficients.
K, is the maximun allowable stress ratio, and

K, is the minimurmn §16tiZ00ia1 COMPIESSive SUTSS 1ato.

|
|
\
|
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3. Confining Pressure Dependent Modulus. This model describes the behavior of

a granular material in which the modulus is a function of the confining

pressure, o, and expressed as

E, =kt(°'3)k: (3.2)

where K, and K, are regression constants determined from triaxial

compression test results.

4. Deviator Stress Dependent Modulus. This model describes a soil material in

which the modulus is a function of the deviator stress, and is represented by

two intersecting, straight lines The resilient modulus is described by

E.=X +X,o,-X1if X, >(c,-0;) (5.3)
and
Er=‘YZ +;Y4[O'd—uY[],ile<(G'l—0’3) (5-4)

[n which
X, =Deviator stress (psi) at the break point
X, =Modulus value (psi) at the break point
X, =Slope of the left portion of the deviator stress-resilient
modulus relationship
X, =Slope of the right portion of the deviator stress-resilient

modulus relationship
Besides material modeling with nonlinear stress-dependent relations of pavement
materials, a failure criterion based on the Mohr-Coulomb theory for granular materials
and fine-grained soils is used to modify the calculated stresses so that they do not exceed

the strength of the material. This criterion is accomplished in the program by setting

the material layer. For the next iterative step, the modified stresses are then used in a
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stress-dependent resilient modulus relation, and then re-analyzed. A reasonable degree of

convergence usually occurs in several iterations.

2-D Finite Element Models by Using FLEXPASS

Geometric Models

Figure 5.3 shows the finite element mesh used in this analysis. A set of
quadrilateral finite elements has been used throughout the mesh. The total number of
elements is 720, the number of nodal points is 775, the number of columns in the mesh is
24 and the number of rows in the mesh is 30. There are five material layers, namely
surface layer, base layer, crushed stone subbase layer, soil cement layer, and
embankment/subgrade layer. The number of elements used to model the behavior of each
material layer is the surface course, 148; base course, 120; crushed lime stone layer, 120;
soil cement layer, 72; embankment layer, 264.

Loading Models

FLEXPASS has a capability of accommodating single, tandem, or triple axles
with single or dual tires. Since the ALF load is applied with a single dual-wheel, the tre
contact pressures are assumed to have a vertical uniform distribution over a circular
contact area. The uniform load is equal to the tire inflation pressure. The traffic
applications were input as average 9 kip passes per day (equivalent to one 18 kip single
axle load) according to the ALF loading daily report. For the analysis, the 12,050 ~

21,250 kip ALF wheel loads applied were converted to equivalent 9 kip passes.

Seasonal Pavement Temperatures

Ac material praperties often varvy with different seasonal air temperatures, the

number of seasons selected should reflect the effect of the environment on the properties
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Figure 5.3 The Finite Element Mesh for FLEXPASS

of various pavement materials included in the ALF testing lanes. Some of the procedures
available for calculating pavement temperature include Shell air-HMA temperature chart,
Asphalt Institute charts, and University of [llinois equations. The pavement temperatures
can be determined using any of the above procedures and then input to the program. The
program can accommodate up to 12 different seasonal periods.

Structural Material Properties

FLEXPASS requires the following material properties inputs: density, Poisson’s
ratio, earth-pressure coefficient at rest, and modulus of elasticity for linear or non-linear
stress-strain relationships of each pavement component material. In addition, the program

also requires shear-strength characteristies of the granular and fine-grained materials.
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o Density. The density of each layer is required to calculate the overburden
pressure, i.e., body forces due to gravity. Since the modulus of some materials is
stress dependent, the body force due to gravity cannot be neglected.

e Moisture content. Moisture-related pavement failures include excessive
deflection, reduced load-bearing capacity, raveling and disintegration. Therefore,
the moisture content for each season should be estimated and input for each
unbound layer.

e Poisson’s ratio. Poisson’s ratio is defined as the ratio of the lateral strain to axial
strain. [t has an influence on the relative strains of the material in t;le unstressed

and stressed state. In the present model, the value of Poisson’s ratio is assumed to

be constant for each layer of material.

¢ Earth-Pressure Coefficient at Rest. The earth-pressure coefficient at rest, K| is
the ratio of lateral pressure to the overburden pressure when there is no resulting
expansion or compression in the lateral direction. The use of K| in this analysis

model is to calculate the lateral pressures, which are the overburden pressures
multiplied by earth-pressure (either deviator stress or bulk stress) used to calculate

the resilient modulus for the first approximation when the material is stress

dependent. For soil material, a good approximation of K|, is given by

K,=1-sing (3.5)
where ¢ is the internal friction angle.

e Moduli of Asphalt Concrete and Asphalt-Rubber Concrete. As previously

mentioned, the modulus of asphalt concrete and asphalt rubber concrete changes
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with temperature and frequency of the load. Since the load frequency for the ALF
is constant, the resilient modulus is a function of temperature. The modulus-
temperature relationships can be developed from a series of repeated load tests or
static indirect tensile tests at different temperatures. Figure 5.4 shows typical plots
of modulus versus temperature from several asphalt concrete mixes.

¢ Modulus of Crushed Limestone Layer. In this analysis, the crushed limestone
layer is characterized by a bulk stress dependent modulus as described by
Equation (3.1). Two constants, K1 and Kz, are determined from a log-log plot of
resilient modulus vs. bulk stress or confining p;essure where K1 is the intercept
and Kz is the slope of the linear regression curve. A typical relationship is shown
in Figure 5.5.

¢ Modulus of the Embankment Subgrade. The modulus of the fine grained
materials is represented by a deviator stress dependent modulus. The relationship
was expressed by Equations (5.3) and (5.4). The laboratory tests on fine-grained
soils have demonstrated the highly significant effect of deviator stress upon the
resilient modulus as shown in Figure 5.6. As shown in Figure 5.6, the resilient
modulus decreases rapidly as the deviator stress increases up to the break point of
the bilinear curve, then the resilient modulus decreases slightly with a further
increase of the deviator stress.

e Modulus of Soil Cement. [n this analysis, the modulus of soil cement is constant

since soil cement has a fairly constant modulus with respect to confining stress.
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CHAPTER 6

SIGNIFICANT DISTRESSES FOR PAVEMENT PERFORMANCE

The structural deterioration of flexible pavement is usually related to two failure
criteria, the development of ruts in the wheel paths and the load-induced cracking of the
bituminous surface course. Rutting occurs in ali layers and results both from permanent
vertical strain and from lateral plastic flow in each layer. Fatigue cracking is considered
the result of repeated flexural stresses causing large tensile strains at the bottom of the

lowest asphalt bound course in the structure.

Rutting in Asphalt Pavements

Rutting is defined as the cumulative permanent deformation in the pavement
layers or subgrade caused by consolidation or lateral movement of the materials due to
traffic loads [37]. Pavement uplift may occur along the side of the rut. Rutting stems from
the permanent deformation in any of the pavement layers or subgrade, usually caused by
the consolidation or lateral movement of the materials due to traffic loads [38]. The
biggest problem produced by rutting is hydroplaning, a phenomenon in which water in
the wheel path causes fast moving vehicles to lose contact between the wheels and
pavement surface causing loss of control.

Types of Rutting [36]

Rutting has long been concidered ac a problem on highway pavements. Rutting

reduces road serviceability and causes serious traffic related safety problems. As wheel
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loads and tire pressures of truck traffic on highways have increased in recent years,
rutting has become more serious.

Rutting in asphalt pavement involves two different mechanisms and is a
combination of densification (volume change) and repetitive shear deformation (plastic
flow with no volume change). Densification can occur in any part of pavement structure
including the asphalt surface layer(s), the base course(s) and the subgrade.

There are four basic causes of rutting [36]. The first type is shear failure in the
base, subbase, or subbase layers. Based on experiments, Monismith reported that shear
d;formaﬁon is the primary cause of rutting {39]. The second type is consolidan;on rutting,
which can occur in any of the pavement layers and can be contributed to poor compaction
during construction, to an inadequate mix design. or to poor quality control. The third
type is called plastic flow rutting, caused by poorly designed mix material being squeezed
out from under the load. The fourth type is pavement surface wear, caused by abrasion of
the surface under repeated wheel loading.

With the advent of higher tire pressures and heavier wheel loads in recent years,
permanent deformation potential has increased. Many state DOTs pay special attention to
curb rutting when designing and constructing asphalt concrete pavements. The use of
asphalt rubber mixture appears to be one way to reduce the rut susceptibility of asphalt
concrete mixtures.

Rutting Prediction Approaches

A number of procedures are available to estimate the amount of rutting from

repeated traffic loading. They have been divided into three categories [35]:
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e The use of elastic theory to predict stresses coupled with permanent strains
determined by repeated load laboratory tests. In this approach, the permanent
strain is assumed to be functionally proportional to the stress and repeated
loadings. Rutting at the surface is calculated as the accumulation of the
permanent strain in each layer from the results of structural analysis.

e The use of linear viscoelastic theory together with creep and recovery tests. In
this approach, it is assumed that the increment of permanent strain with each
load application is approximately equal to a fractipn of the resilient strain. The
resilient strains are calculated from the viscoelastic analysis of the pavement
structure and the fraction of the resilient strain is determined from the creep
and recover tests.

¢ The use of statistical regression analysis. This model is based on the statistical
analyses that relate actual rutting which has occurred in a road test to elastic
material properties and elastic responses calculated from the multilayered
elastic program.

Both of the first two approaches mentioned above are based on the relationship

between permanent strain and numbers of load repetitions derived from repeated load
axial compression or creep and reco.very tests.

Rutting Prediction Model

In this project, non-linear elastic theory will be used to predict stresses coupled
with results from the lab repeated loading tests to predict the accumulated permanent
strains of the pavement. The model for permanent deformation is based on an evaluation

of the vertical resilient strain in each layer by the finite element method and on the
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fractional increase of total strains for each material layer of the pavement as determined
by the permanent deformation characterization. The finite element analysis is used to take
the nonlinear stress-strain behavior of the materials into account.

In general, the relationship between permanent strain and number of load
repetitions is represented by a straight-line on the log-log plot of permanent strain versus
numbers of load repetitions. Two parameters that characterize this relationship are
derived from the slope and the intercept of the straight line and used in the VESYS
program [30]. However, it has been shown by other studies [40] that a three-parameter,
nonlinear equation more accurately describes aspt;alt composite behavior ‘due to
permanent deformation. The equation relating the permanent strain to loading cycles is
given by [35]:

&, =g PV (6.1)

where

£, = permanent strain

N =number of load cycles

&,, P, [ =moadel parameters determined by regression from laboratory test data

These model parameters are used to define the permanent deformation properties
of each structural layer in th_e test lanes. They are determined by fitting a curve that
relates the cumulative permanent strain to the number of loading cycles from the data
obtained from either creep and recovery tests or repeated load triaxial laboratory tests.
Typical repeated load test results are shown as Figure 6.1.

According to Tseng [35], the physical meaning of this equation can be explained
by the graph in Figure 6.1. The parameter p is the scale factor on accumulated permanent

strain; a larger p means that it takes a large number of load applications to reach a given

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

level of permanent strain. The parameter § is a shape parameter for the permanent strain
curve; values of B greater than 0.5 give a characteristic s-shape while values of f less than

0.5 produce a curve that gradually becomes asymptotic with x-axis.

MAXIMUM OR
TOTAL STRAIN, €,
STRAIN
€ €(-RESILIENT
STRAIN
LOADING
€a
ACCUMULATED
STRAIN
e Ay -
UNLOADING TIME, t
Figure 6.1 Typical Repeated Load Test Results
All curves pass through a common point where N = p, or at

g, =&, e =0.368¢,. Using this equation, the relationship between strain and load
cycles becomes non-linear and therefore more accurately represents the material
behavior. According to the studies comparing measured deformations and predicted

values elsewhere, this model has been found to be applicable to all flexible pavement

materials, including asphalt concrete, granular bases, and subgrade soils [39].
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To calculate these three parameters for each ALF test material, in this study,
repeated load compression tests were performed using the VESYS procedures for direct
compression testing [35]. A plot of permanent strain versus loading cycles was made for
each mateial tested to determine the shape of the curve and non-linear regression was
used to calculate the three parameters. Details of the material permanent deformation

characterization testing will be described later.

Fatigue Cracking in Asphalit Pavements

Alligator or fatigue cracking is a series of interconnected cracks caused by fatigue
failure of HMA layers under repeated loading. The cracking generally initiates at the
bottom of the HMA layer (or stabilized base) where tensile stress and strain are the
highest under the wheel load. The cracks propagate to the surface initially as one or more
longitudinal parallel cracks. After repeated traffic loading the cracks develop a pattern
resembling chicken wire or alligator skin.

The presence of fatigue is an indication of the loss of structural (load-carrying)
capacity in the pavement. Once cracking occurs at the bottom of the layer, it develops at
an almost exponential rate.

| Two different approaches are used to describe the fatigue behavior of HMA using
[aboratory test results [35]:

¢ The mechanistic approach.

¢ The phenomenological approach.

The mechanistic approach is based on the theory of fracture mechanics to arrive at

the fatigue characterization. According to fracture mechanics theory. the stress intensity
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factor, K, controls the rate of crack propagation since K takes into account the effect of
external loads and geometry which, in turn, intensifies the stresses near the crack tip.
Also, fatigue life can be described as a process of crack initiation, propagation, and

ultimate fracture [35]:

da n
E-A(AK) (6.2)

where
A and n are the fracture parameters, and
AK is the difference of the stress intensity factor that occurs at the crack during one load pass

The number of load cycles to failure, Nt. is then expressed by[35]:

<,
N, = j da _ (6.3)
¢, A(AK)

where C,, is initial crack length, and C, is final crack length.

The phenomenological approach is an empirical approach in which the fatigue
characteristics of asphalt mixes are described by relationships between initial stress or
strain and the number of load repetitions to failure. The fatigue life is measured by
laboratory testing of a beam under controlled stress or controlled strain conditions, or by
testing of a cylindrical sample loaded repeatedly along its vertical diameter.

In this project, the phenomenological regression approach was used to describe
fatigue of the ALF test lane materials. This approach is the most common method for
analyzing highway materials [411. The fatigue cracking of a pavement layer is

characterized using [35]:
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N; =K, (i-) @ (64)

where

N =number of load applications to failure

& =tensile strain at the bottom of the asphalt [ayer
K,,K, =parameters of the fatigue model

This equation describes a straight line on a log-log plot of cycles to failure versus
bending strain, where log K1 is the intercept of the y-axis, and ~K2 is the slope of the
straight line. K1 and K2 are influenced by such factors as the type of load, dimensions of
the test specimen, loading fate, test type, temperature, and the properties of the mix,
including air voids, aggregate gradation and type, asphalt content and viscosity, etc. Ki
and K2 of each asphalt material is determined by the laboratory fatigue testing using the
indirect tensile fatigue test at constant strain conditions [41]. This approach provides a

reasonably simple procedure which has gained wide acceptance.

Slope Variance in Asphalt Pavements

Slope variance is defined as the variance of the slopes along the longitudinal
profile of the roadway. A method to calculate the slope variance is based on the
assumption that slope variance is a function of the spatial variations in the properties and
thickness of the layer materials [35]. From this assumption, an auto correlation function
of the permanent surface deformation is assumed. Kenis expressed the auto correlation
function in terms of pavement deflection response and material variability [30] and

showed that slope variance is equal to the negative second derivative of the auto
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correlation function. The expression for the slope variance in terms of the variation of the

load deflection response, rutting, and variance of rutting can be developed as [35]:

2B
CZ

Elsv]=

where

var(s, ] (6.5)

E[sv] = expected value of slope variance,
var(d, ] = variance of rut depth, and
B and C =roughness properties.

Present Serviceability Index

The‘present serviceability index, PSI, as an indicator of pavement performance,
was developed at the AASHO Road Test [42]. This index was predicted from
measurements taken on the pavement surface, including rutting, slope variance, and
cracking and patching. PSI was predicted from the following equation [33]:

PSI =5.03~1.91log(l +sv)-1.38(5,)* —0.01yc+p (6.6)
where p s the area of patching in square feet per 1000 square feet.
C is the cracked area in square feet per 1000 square feet.

svis the slope variance.
d, is the average rutdepth, in.
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CHAPTER 7

LABORATORY CHARACTERIZATION OF ALF TEST LANE
MATERIALS

This chapter presents the laboratory testing program conducted to determine the
material characteristics of conventional asphalt materials and rubber asphalt materials

used for ALF test lanes. These material properties are used as input in the performance

predictions of the ALF test lanes.

Overall Testing Objectives

As mentioned earlier, the material parameters must be defined for the rutting and
the fatigue prediction models used in the analysis. Tests performed to measure these
properties include:

o Repeated Load Compression Test (Permanent Deformation Prediction)

o Repeated Loading Indirect Tension Test (Fatigue Prediction)

Four materials were tested:

« T8WC (Conventional Type 8 Wearing Course)

o T8WC-CRM (AR-HMA Type 8 Wearing Course)
e T5A (Conventional Type 5A Base Course)

o T35A-CRM (AR-HMA Type 5A Base Course).

The tests on each of the four mixes were conducted to measure the properties of
the materials at a range of temperatures and typical loading rates in order to simulate the

seasonal temperature changes and different axle loads that occurred during the ALF

(9]
N
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testing. Each of the tests will be described followed by typical test results for each of the
four mixes tested. All of the specimen preparation and testing were conducted in the
Engineering Materials Characterization and Research Facility (EMCRF) at LTRC.

The specimen preparation and testing were performed to obtain the material
parameters needed in the performance prediction models so that a realistic comparison
could be made between the performance of the AR-HMA and that of the conventional

HMA and to evaluate the optimal position of AR-HMA in the pavement structure.

Specimen Preparation

Specimens were prepared using the Supexfave Gyratory Compactor (SGC) from
plant produced materials. All specimens of these four mixture materials prepared for
testing were compacted in accordance with the standard procedures followed in the
laboratories of LTRC. The specimen preparation facilities will be described in detail
below.

The Superpave gyratory compactor (SGC) is a laboratory compaction device used
in the Superpave mix design system. The SGC mold is 150-mm in diameter The SGC
consists of the following main components as shown in Figure 7.1: o
¢ Reaction frame, rotating base, and motof;

o Loading system, loading ram, and pressure gauge;
o Height measuring and recording system; and
o Mold and base plate.

In developing a mixture design, specimens are first mixed in a mixing bowl

(Figure 7.2), mixing bucket (Figure 7.3) or a mini-pugmill mixer (Figure 7.4). Two
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Superpave gyratory compactors (SGC), a Pine Instrument Model AFGC125X (Figure

7.3), and a Troxler Model 4140 (Figure 7.6) are available to compact the specimens.

height measurement

control and data

reaction acquisition panel

frame A loading

ram

Figure 7.1 Components of Superpave Gyratory Compactor
(Asphalt Institute, 1994)

Figure 7.2 Mixing Bowl
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Figure 7.4 PTI Double Pugmill Mixer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40

(94



Figure 7.6 Troxler Superpave Gyratory Compactor
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Figure 7.7 shows the configuration of a SGC mold, which has an inside diameter

of 150 mm and a nominal height of 250 mm. A base plate fits in the bottom of the mold

to coniine the specimen during compaction.

ram pressure

0.6 MPa

/ 150 mm mold

) 30 gyrations
per minute

Figure 7.7 SGC Mold Configuration and Compaction Parameters

For this experimental program, since the asphalt mixtures were plant produced,
laboratory mixing was not required. Mixtures were reheated in the oven and compacted

using the SGC.

Design of the Experiments

All specimens were cylindrical samples. There were two types of specimen sizes:
4 inches in diameter by 6 inches in height made for Repeated Load Compression (RLC)
Testing, as shown in Figure 7.8, and 4 inches in diameter by 2 Y inches in height made
for Indirect Tensile Fatigue (ITF) Testing, as shown in Figure 7.9.

The Repeated Load Compression (RLC) Test was conducted at three
temperatures: 40oF (40C), 77eF (25¢C), and 104<F (40C). Three replicates were tested

for each combination of material and temperature.

J}
|
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Indirect Tensile Fatigue (ITF) Tests were conducted at two temperatures: 77eF

(252C), and 104¢F (40<C). Three replicates were tested for each combination of material
and temperature.

Table 7.1 shows the tests performed for each mixture. A detailed description of

each test is presented below.

Table 7.1 Test Factorial

lests Sample Size lest Mixtures
(DxH.in) | Temperature —yWwr T TIWC- T T34 TS
(F) CRM CRM
ITF -~ | 3X2Z% | 40,77,108 | 3.3, 3% 33,3 33,37 3.3.3
RLC 7X6 30,77 3.3 3.3 3.3 3.3

+The number represents the replicas for each combination of temperature and mixture.

Repeated Load Compression (RLC) Test

Permanent deformation parameters are needed to characterize the rutting
susceptibility of each asphalt material. In this study, repeated load tests were performed
to provide data to calculate the three material parameters needed to predict rutting using

FLEXPASS.
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Figure 7.8 Specimen Prepared for the Repeated Load Compression (RLC) Test

Figure 7.9 Specimen Prepared for the Indirect Tensile Fatigue (ITF) Test
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Test Equipment

A Cox and Sons CS7500 Axial Testing and Environmental System was used for
the Repeated Load Compression (RLC) Test. It is a versatile, fully automated, single
axis, closed-loop hydraulic testing system specifically designed to perform tests on soils
and asphalt concrete mixtures over a wide range of stresses and frequencies. The
equipment has sufficient flexibility to perform special or standard tests under different
environmental temperatures. The system is rated for 55 kips. It has digital controller
operated under [BM 0S/2 and MTS testing software for data acquisition and equipment
control. Several user-friendly menu-driven software systems were developed to conduct
tests on asphalt concrete specimens.

The system software features custom test templates that automatically perform
SHRP and AASHTO tests, analyze the results and present the data in the report-ready
format. The system software incorporates standard test and data acquisition templates to
perform tests that may be required for various research projects including the following
tests:

o Dynamic Test (sine, square and triangular wave);

e Creep;

o Repetitive loading (haversine);

¢ Constant rate (ramp);

o Fatigue;

« Random loading;

e Custom software templates for other tests are made available for tests that fall

foleie oh 3 : tlity
wh the static md d:':pnmtt\ oa?nl\tllhnc thhp S‘jst“m
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The system consists of (a) the load frame, (b) an environmental chamber, (c)

hydraulic power supply, and (d) the micro console as shown in Figure 7.10.

Figure 7.10 Cox and Son CS7500 Axial Testing and Environmental System

The environmental chamber allows testing over a range of temperature
representing those experienced by in-service pavements. The chamber temperature is
controlled by a microprocessor based controller with an operating range of -100 oF (-73
aC) to 600 oF (356 oC). The micro console displays various information about the
system. Controlled stress tests were performed with programmed load control. The
system measures deformation via output from a linear voltage displacement transducer
(LVDT) located within the system actuator. The resulting deformation data were
recorded with a PC using a data acquisition software called Automated Testing System
software (ATS).

Designed by SHRP Equipment Corporation. ATS is a comprehensive computer

software package that automates material testing and facilitates data analysis. ATS can
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automatically control any testing process, be programmed for standard testing sequences,
or used to create special testing procedures. The ATS Report module allows viewing of
test results in spreadsheet format in a matter of seconds. ATS runs under Microsoft
Windows environment. The minimum system requirements for ATS operations includes
the following:

e Processor Based Computer (IBM_AT compatible with a Clock Speed higher

than 33 MHz)

¢ Microsoft Windows compatible mouse

¢ Microsoft Windows compatible monitor and video card

e 12Mb or above memory RAM

¢ Hard disk

Faster operations occur with a Pentium processor based computer with at least 99

MHz clock speed.

Figure 7.11 Loading Frame and Specimen of RLC Test
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Figure 7.12 Micro Console, and Personal Computer

Deformation Measurement

The direction, magnitude, duration, and frequency of loads were programmed at
the micro console. The starting position of the actuator was recorded for each test. During
the axial loading, the current position of actuator is constantly measured so that the
corresponding axial displacement can be calculated. The strains were calculated by
dividing the displacement by the original specimen height. Specimen height was input as
the average of four measurements made 900 apart.

The direction, magnitude, duration, and frequency of loads were programmed at
the micro console. Displacements of the actuator were transmitted to the computer so that

deformation measurement could be calculated at specified intervals.

Loading Procedure

The repeated compression tests were conducted following the VESYS procedures

for direct compression testing [30], but the minimum loading cycles were 10,000 rather

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

than 100,000 in the manual. One test was performed for each mixture material at every
temperature. Repeated haversine loads were applied with a 1.0 second axial load cycle
time (a load duration of a 0.1 second and a 0.9-second rest period). After applying a
minimum of 10,000 load applications, the accumulated deformation was measured at 1,
10, 100, 200, 1,000, and 10,000 load repetitions. The peak-to-peak strain was measured at
the 200® cycle. The load was released after 10,000 repetitions and the rebound was
measured after 15 minutes and the specimen removed.

Figure 7.13 shows the phase schematic of the test. Appendix | provides a detailed

description of the test procedure.

Loading Condition

Stress level, frequency, and temperature greatly affect the magnitude of the
permanent deformation parameters. The laboratory testing had to be performed with an
applied load much lower than that which occurs in the field. A 4-inch diameter
cylindrical laboratory tested specimen would fail at much lower stress level than field
material supported laterally by surrounding material. Since the top layers of the
pavement structure contribute the most to rutting, the influence of lateral support is often
neglected. Table 7.2 shows the stress levels applied at the different testing temperatures.

Specimen Temperature Control

The specimen temperature control was provided by an environmental chamber
previously described. Specimens were placed in the chamber for a minimum of 24 hours

before testing to stabilize temperature within the specimen.
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Figure 7.13 Repeated Compression Loading (RCL) Test Phase Schematic
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Table 7.2 Stress Level of RLC Test

Material Type | Temperature (°F) | Stress Level (psi)
40 20
T8WC 77 20
104 10
40 20
T8WC-CRM 77 20
104 10
40 20
T5A 77 20
104 10
40 20
T5A-CRM 77 20
104 10

Data Recording and Processing

As mentioned previously, repeated haversine loadings were applied with the same
1.0 second load cycle time (a load duration of a 0.1 second and a 0.9-second rest period).
The accumulated deformation was measured at 1, 10, 100, 200, 1.000, and 10,000 load
repetitions. The machine made 100 records of the deformation during the 1.0 second load
cycle time with 30% of them in the 0.1 second load period and 70% of them in the 0.9
second rest period. The records were not only made at the specified number of repetitions

but also one cycle ahead of and one cycle after the specific cycle. The records of these
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three cycles were averaged to minimize the influence of the noise in the data. Figure 7.14
shows the typical haversine loadings versus cycles, and Figure 7.15 shows the stroke
position of the actuator versus loading cycles. The permanent strains recorded from the
results of the test for each specimen of the four materials at the testing temperatures are
listed in Appendix 2.

Test Results and Analysis

A plot of permanent strain versus load cycles was made for each specimen tested
to determine the shape of the curve and if the three-parameter equation suitably describes
the material behavior. Figure 7.16 shows a typical plot.

Because the operator of the tests was inexperienced, many variation occurred in
the test data. To minimize this influence, some of the test results were eliminated by
considering the field data for exclusion of bad results. The remaining test data are
averaged for each test material at each of the three test temperatures, and these results are
listed in Appendix 3. Figures A3.l through A3.12 show an arithmetical plot of the
permanent strain versus load cycles for each material at each of the three test
temperatures, and Figures A3.13 through A3.24 show the log plot of the permanent strain
versus load cycles for each material at each of the three test temperatures.

A Non-Linear regression procedure (NLIN) from the S.A.S package was used to
analyze the sample averages for each material at each specific temperature. The NLIN
procedure produces the least square or weighted least-squares estimates of the parameters
of a nonlinear model. The procedure uses an iterative process in which the regression

expression must be declared, the derivatives of the model with respect to the parameters

St ot e . . S
&€ spocificd, and an mmital starting value for each parameter ic input Several iterative
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methods are available in this procedure. For this analysis, the modified Gauss-Newton
method was selected. In the Gauss-Newton method, the residuals were regressed onto the
partial derivatives of the model with respect to the parameters until the iterations
converged. The iterations are said to have converged if
(SSE,_, ~SSE,)/(SSE, +107°) <10 , where i is the number of iterations.

Tables 7.3 through 7.6 contain the predicted permanent deformation parameters for each
of the materials. Figures A4.1 to A4.12 of Appendix 4 show the plots of actual test data
(A) versus predicted results (P). The permanent deformation parameters versus
temperature relationships are included in Appendix 3.

Table 7.3 Predicted Permanent Deformation Parameters for TSWC
(Conventional AC Wearing Course)

Tem?:;)atul'e} als, | P P Log(s/s,)| Logp | Logs
™ 06 | 9963 1347 020066 | 1953507 | 0.129997
T L7 T W@ | 0525 | 0247975 | 2160168 | 028208
04 85 SSEA0 | 008 | 130T 074197 | L7109

Table 7.4 Predicted Permanent Deformation Parameters for TSWC-CRM

(AR-HMA Wearing Course)
| ‘ ! i i
Temff{.)m" ale, | P | B lLoglsls) Logp | Legp
40 | 066 | 3154 | 04165 | -0.18046 | 2498862 , -0.38038
77 18 | 4106 | 03284 | 0255273 | 2.613419 | -0.4836
104 | 2532 | LOLE+I7| 0.0583 | 2403464 | 17.00432 , -1.23433
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Table 7.5 Predicted Permanent Deformation Parameters for TSA

(Conventional Black Base Course)

Te“‘ffg‘“’“ s p g |Loa(s/z) Logp | Logp
40 1L | 1642 | 081 | 0045323 | 2215373 | -0.09151
77 1 38326 | 06116 0 | 1583493 | 021353
104 1965 | L49E+21 | 00467 | 2293363 | 2L17319 | -1.33068

Table 7.6 Predicted Permanent Deformation Parameters for TSA-CRM

(AR-HMA Base Course)
TmER als, |p 8 Log(a/z) Logp | Lo
490 | 1 3048 | 03513 | 0 g7484o 5 -045432
77 | L5 | 279573 | 03772 | 0.176091 | 1446495 | 04234
104 50 | L8E+17 | 00537 | 1.69897 | I7. 76482i -1.27003
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CHAPTER 8

FLEXPASS INPUTS FOR PERFORMANCE PREDICTION OF ALF
TEST LANE

Type and Volume of Traffic

Table 8.1 shows the ALF load history for the test lanes:

Table 8.1 ALF Passes Applied to Test Lanes

No. of Total Load, | ESAL Factor ESALs Cumulative | Date of
Passes Lbs. ** x 1000 ESALs First Load
x 1000 Application
0-400 9,750 1.377 550.80 550,800 3/5/99
400 - 500 12,050 3.213 321.30 872,100 10/4/99
500 - 650 14,350 6.463 969.45 1,841,550 12/6/99
650-730 16,650 11.713 1,171.30 3,012,850 4/14/00
750 - 800 18,950 19.655 982.75 3,995,600 10/9/00
*300 - 850 21,250 31.079 1,553.95 3.549,530 12/18/00

‘="['esting on Lane 2-2 only.
** Each increment represents an additional Load of 2,300 Lbs.

For the analysis, all of the ALF wheel load passes were converted to equivalent 9
kip wheel load passes or to 18 kip equivalent single-axle loads (ESALs). The number of
ALF passes applied for each lane and the ESAL conversion factors are shown in Table
8.1.

Since the ALF field testing lasted for almost two years and the average loading

days for each lane is 110 days per year, the average daily passes were calculated as the
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sum of equivalent 9 kip passes divided by 220, which was 13,100 passes. The tire contact
pressure was assumed to be uniform and applied at 105 psi on a circle area of 5.44- inch
radius. The load geometry input parameters are shown in Table 8.2.

Table 8.2 Load Geometry Parameters Input

Load Parameter Value
Number of Axles 1 (single)
Radius of the Load Area (inches) 544
Spacing between Tires (inches) 13.5
Tire Inflation Pressure (psi) 105

Seasonal Pavement Temperatures

Ullidtz and Larsen [1983] proposed the following equation for predicting the

asphalt pavement temperature using the air temperature:

T, =127, +32 8.1
T, = L+l +[T‘ +Tl]cos[U U ]7: (8.2)
e 2 2 26

Where:

T,,, =asphalt temperature, in °C

T,, = mean weekly air temperature, in °C

T, =maximum temperature during the year, in °C
T, = minimum temperature during the year, in °C
U =week number (counted from January)

U, = number of weeks from the beginning of the year to the week of maximum
temperature
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This method predicted the asphalt temperature at mid depth of the whole asphalt
bound layers for the ALF lanes. During the loading, the lane being tested was shaded and
the measurements by PRC staff showed that the pavement temperature for the lane being
tested was 20° F cooler than adjacent lanes subjected to solar radiation. Therefore the
shield temperature effect should be considered to adjust the temperature predictions for
the ALF test lanes. The whole year (1999) air temperature record was used. Table 8.3
provides the results of these calculations.

Table 8.3 Calculation Result of Asphalt Temperature of Test Lanes

#Week | T +T, U+U, L T, T, T, |T,,-Shield_Adj
COs

2 26 (°C) (°C) CF) | (T, -20)

o wp

(°C) C°F)
1] 17.7389 __ -0.99291] _ 0.126] __3.351 3803 18.03
2[ 17.7389 | 2.250] _ 3.200] __ 37.76] __17.76
3| _17.7389] _ -0.99252] _ 0.133] _ 3.350| _ 38.05| _ 18.05
4[ 17.7389] 097059 _ 0522]  3.826] __ 38.89 18.89
5| _17.7389| _ 0.93452|  1.162]  4.504|  40.27] __ 20.27
6| 17.7389] _ -0.88483 _ 2.043] 5652 4217 2217
7] 17.7389]  0.82225| _ 3.153| _ 6.984] _ 4457] 2457
8| 17.7389 -0.7477] __4.476] __ 8.571 4743 2743
O 17.7389] 066225 _ 5991] _ 10.380] _ 50.70] __ 30.70
10| 17.7389] _ -0.56716] __ 7.678] _ 12.414| _ 54.34] _ 34.34
11| _17.7389 -0.4638] _ 9.512] 14614 _ 58.31 38.31
12] 17.7389] _ -0.35369| 11.465 _ 16.958| _ 6252 4252
13| _17.7389] _ -0.23842] _13.510] 19411 6694 4694
14] 17.7389] _ -0.11969] _15.616| _ 21.939] _ 7149] 5149
15] 17.7389] _ 0.000796| 17.753] _ 24.504] __ 76.11 56.11
16| 17.7389] _ 0.121266] 19.890|  27.068] _ 80.72] _ 60.72
17| 17.7389 0.23997] 21.996] 29.595|  85.27] 6527
18] 17.7389] _ 0.355178] _24.040] _ 32.047| _ 8969] _ 69.69
19| 17.7380] _ 0.465211] 25091 _ 34.389]  93.90] _ 73.90
20| 17.7389] _ 0.568468| 27.823| _ 36.587| _ 97.86] __ 77.86
21| 17.7389] _ 0.663444] _29.508]  38.609] _ 101.50] _ 81.50
22| 17.7389] _ 0.748754] 31.021] 40425 _ 104.77] __ 84.77
23| 17.7380| _ 0.823158] _ 32.341] _ 420009  107.62] _ 87.62
24 _17.7389 0.88557| 33.448] _ 43.338] _ 110.01 90.01
25| 17.7389] _ 0.935081] 34.326] _ 44.391] _ 111.91 91.91
26| 17.7389] _ 0.970071] 34.963]  45.155|  113.28] __ 93.28
27| 17.7389| _ 0.992716] 35.349] _ 45.618] _ 114.11 g94.11
28] _17.7389 1| 35478] _ 45.173]  114.39] _ 94.39
2al 17 7380 09927161  35.349 45618 114.11 94.11
30] 17.7389] _ 0.970971| 34.963]  45.155|  113.28] _ 93.28
31| 17.7389] _ 0.935081] 34.326] 44391 _ 111.91 91.91
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Table 8.3 Continued

32| 17.7389 0.88557] 33.448 43.338 110.01 80.01
33| 17.7389 0.823158]  32.341 42.008 107.62 87.62
34| 17.7389 0.748754] 31.021 40.425 104.77 84.77
35| 17.7389 0.663444| 29.508 38.609 101.50 81.50
36] 17.7389 0.568468] 27.823 36.587 97.86 77.86
37| 17.7389 0.465211]  25.991 34.389 93.90 73.90
38| 17.7389 0.355178]  24.040 32.047 89.69 69.69
39| 17.7389 0.23997| 21.996 29.585 85.27 65.27
40 17.7389 0.121266]  19.890 27.068 80.72 60.72
41} 17.7389 0.000796| 17.753 24.504 76.11 56.11
42| 17.7389 -0.11969] 15.616 21.938 71.48 51.49
43| 17.7389 -0.23842] 13.510 19.41 66.94 46.94
44| 17.7389 -0.35369]  11.465 16.96 62.52 42.52
45| 17.7389 -0.4638 9.512 14.62 58.31 38.31
46f 17.7389 -0.56716 7.678 12.41 54.34 34.35
47| 17.7389 -0.66225 5.991 10.38 50.70 30.70

48| 17.7389 -0.7477 4.476 8.57 4743 27.43
491 17.7389 -0.82225 3.153 6.98 44.57 24.57
50 17.7389 -0.88483 2.043 5.65 42.17 22.13
51 17.7389 -0.93452 1.162 4.59 40.27 20.27
52| 17.7389 -0.97058 0.522 3.83 38.89 18.89

*T, =37.1222, T, =-2.2444
U =52,0,=12
The distribution of the adjusted asphalt temperature along the whole year is

shown in Figure 8.1. Because the number of seasons for material characterization was
limited to 6, the period from the beginning of the year to the time of the highest pavement
temperature was divided into three seasonal intervals using the following weekly average
temperatures: <= 40 °C, 40° ~ 70°C, and >= 70 °C. The period from the time with the
highest temperature to the end of the year was divided into another three seasonal
intervals according to the same standard mentioned above. The average temperature of
each interval was used as the input pavement temperature of that season. as shown in

Table 8.4.
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Table 8.4 Pavement Seasonal Temperature Selected

Num. Of Week | Time Interval |Temp. Interval | Average Temp.

(from New ( Months) °F) P
Year)

I~11 0.79 <=40 24.6

12~18 0.40 40~70 56.1

19~28 0.90 >=70 86.9

20-37 0.70 >=70 86.1

3844 0.30 70~40 56.1

44~52 0.61 <=40 27.1

;U -

eproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Number of Weeks (From New Year)
Figure 8.1 Distribution of Pavement Temperature along a Whole Year

1 3 5 7 9 11131517 1921232527 29 31 33 35 37 39 41 43 45 47 49 51

(=] Q Q o Q Q Q (=] Q (=} o
0 9 8 7 6 5 4. 3 2 1
1

(D a4mesadun [ 1egdsy paisnlpy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

73



79

Structural Material Properties
The cross-section of the three ALF test lanes used for FLEXPASS was given in
Figure 8.2. As the maximum number of pavement layers in FLEXPASS was limited to 3,
the wearing course and binding course of the test lanes had to be combined as one layer
for the performance predictions. According to construction report of the ALF test lanes
[4], the construction thickness along the test section was different, and therefore the

actual average thickness of each course for each test lane in this analysis, as shown in the

Figure 8.2.
Lane 2-1 Lane 2-2 Lane 2-3 (Control)
42" Type 8F Wet 4.6" Type 8F 4.0” Type 8F
Rouse Surface Course Course Course
2.6" Type 5A 3.37 Type 5A Wet 32" Type 5A
Base Course Rouse Base Course Base Course
8.5” Crushed 8.5” Crushed 8.5” Crushed
Stone Stone Stone
10.0” Soil 10.0” Soil 10.0” Soil
Cement Cement Cement
38.0" Select 38.0" Select 38.0™ Select
Soil Soil Soil

Figure 8.2 Layer Structures of ALF Test Lanes for FLEXPASS
The test lanes were modeled using a two-dimensional half space of a finite solid
of resolution. The half-section structure to be analyzed was divided into a set of
quadrilateral elements which were then divided into four triangles by the program to
produce a set of elements like those shown in Figure 5.2 of Chapter 5. The density of the

various layer materials used was determined from the laboratory moisture density
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relationships provided by Louisiana Transportation Research Center (LTRC). The
Poisson’s ratio is assumed equal to the typical value of the Poisson’s ratio of
corresponding materials for all layers. The earth pressure coefficient at rest was
calculated using equation (5.5). The moisture content for the base layer was assumed
equal to the optimum moisture content for all the seasons. For the sub-base and sub-grade
layers the approximate moisture content reported by the field engineers at the ALF site
was used. The moisture content was assumed constant for the test period selected. The
structural material properties used in the modeling are tabulated in Table 8.5.

Table 8.5 Material Characteristics for Various Materials Used in ALF Test Lanes

Layer Component Density (pef) Poisson’s Ratio M‘gt:; eé?(s&l;alt

T8F WC 141.80 0.35 4.0 (Asphalt Content)

T8F WC-CRM 141.80 0.30 4.0 (Asphalt Content)

T5A Base 140.00 0.35 3.5 (Asphalt Content)

T5A-CRM Base 140.00 0.30 3.5 (Asphalt Content)
Crushed Stone 129.37 0.35 6.0
Soil Cement 120.00 020 25.0
Select Soil 101.86 0.45 30.0

Resilient Modulus

Resilient Modulus of Asphalt Concrete

Indirect tensile resilient tests were performed on each asphalt mixture at 40 °F, 77
°F, and 104 °F in the LTRC laboratory [2]. Indirect tensile resilient modulus (M)

represents the elastic property of the asphalt mixture at the test temperature. Table 8.6
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presents the test results for mean indirect tensile resilient modulus (3, ) at 40, 77, and

104°F.

Table 8.6 Indirect Tensile Resilient Modulus (M , ) of Asphalt Mixtures

Temperature M, for Each Mixture, psi
TSF WC | TSF WC-CRM | T5A T5A-CRM
40 °F (4°C) | 6.34E+05 | 6.25E+05 6.28E+05 | 6.37E+05
77 °F (25 °C) | 4.64E+05 | 4.48E+05 5.53E+05 | 4.81E+05
104°F (40 °C) | 2.86E+05 | 2.45E+05 3.25E+05 | 3.25E+05

The temperature versus measured resilient modulus is plotted in Figures 8.3
through 8.6 respectively. The linear regression method was used to predict the
relationship between resilient modulus (M, ) and pavement temperatures. The resilient
modulus for the seasonal pavement temperatures were calculated using the regression
equations in Table 8.7 with the results tabulated in Tables 8.8 through 8.11.

Resilient Modulus of Crushed Stone Material

The modulus relationship for the crushed stone layer was modeled as bulk stress
dependent as given by equation (3.1). Resilient modulus tests were not performed on the
crushed stone material. Hence, the material parameters of a similar material were chosen
to model the resilient modulus for the crushed stone layer [43]. The material modulus
parameters selected for crushed stone layer are tabulated in Table 8.12.

Resilient Modulus of Soil Cement

The soil cement resilient modulus was assumed to remain constant during the

loading period at 450,000 psi.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwuad Inoyum payqiyosd uononpoidas Jayung “Jaumo ybLAdoo ayy Jo uoissiuad yum paonpoiday

Resilient Modulus, psi

700000
600000
500000
400000

300000

200000

100000

Temperature, F

Figure 8.3 Plot of Resilient Modulus versus Temperature for T8F Wearing Course
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Table 8.7 Regression Equations to Predict Resilient Modulus

T8F Wearing Course M,=158.3241-0.00018 T, (8.3)
T8F-CRM Wearing Course | Af,=147.3-0.00017 T (8.4)
T5A Black Base M,=168.846 - 0.00019 7, (8.3)
T5A-CRM Base M,=172.32-0.00021 T, (8.6)

Table 8.8 M, of T8F Wearing Course for Each Season

Season# | Average |Modulus (ksi)
Temp.
(°F)
1 246 { 743
2 56.1 568
3 | 86.9 397
4 | 86.1 : 401
| }
5 ; 56.1 ; 568
6 ; 271 ! 729

Table 8.9 M/, of T8F-CRM Wearing Course for Each Season

Season # | Average Modulus (ksi)
| Temp.
(R

1 246 | 722
2 86.1 536
3 | 86.9 355
& | 841 360
i
5 56.1 : 536
6 271 ‘ 707
|
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Table 8.10 M, of TSA Black Base Course for Each Season

Season # Average Temp. | Modulus(ksi)
1 is 753
2 56.1 593
3 86.9 431
4 86.1 | 435
5 56.1 593
6 271 746

Table 8.11 W, of TSA-CRM Base Course for Each Season

Season# | Average Modulus (ksi)

| Temp. |
| CF |

1 246 | 703

2 5 56.1 | 553

3 : 869 | 407

4 | 86.1 ! 411

5 . 561 | 553

6§ | 271 | 692

Table 8.12 Material Input Parameters for Crushed Stone Layer

Parameter Value
Modulus at Failure (psi) 65000
Coefficient K| 14030
Coefficient K, 037
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Resilient Modulus of Select Soil Embankment

The select soil embankment layers were modeled as a fine-grained soil where
resilient modulus is a function of deviator stress as given by Equations (5.4) and (5.5).
For the subgrade, the parameters were determined from the test data provided by LTRC.
The input parameters for the subgrade layer are given in Tables 8.13, and 8.14.

respectively.

Table 8.13 Resilient Modulus Test Results on Field Core Samples of Subgrade Soil

Confining pressure | Deviator stress | Resilient modulus
(psi) (psi) (psi)
6.05* 2.03* 4900*
6.05 . 0.99 ln 5700
6.05 ; 2.05 ' 5000
6.05 | 3.06 4300
297 0.99 5100
2.99 2.05 4400
299 3.06 3800
0.17 | 0.97 4100
019 Y 3500
0.19 : 5.05 3000
* pre loading

|
|
|
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Table 8.14 Input Parameters for the Subgrade Layer

Input Variables Subgrade
xl 2
x2 4896
x3 -650
x4 -630
Resilient modulus after failure, psi 4308
Deviator stress upper limit 3.00
Deviator stress lower limit 1.00

89

r—
o
o
o

0.986 2.0445

. _-at 0.189 psi CP

6000
5000
2
o 4000
E
=
< 3000 e
k> : —e—at 6.047 psi CP
52000 B s _g at2.987 psi CP
g

Deviator stress, psi

Figure 8.7 Deviator Stress vs. Resilient Modulus for Field Cores of Subgrade Soil
Tested at Different Confining Pressures
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Material Distress Characterization Parameters

Permanent Deformation Parameters

The three-parameter permanent deformation model of Equation (6.1) was the
basis for predicting the permanent deformation performance in this study. Repeated load
compression tests described in Chapter 7 were performed and the three parameters for
each of the four materials tested at three different temperatures were developed and
included in Tables 7.3 through 7.6.

In this study, the input parameters for the seasonal pavement temperatures were
interpolated from the test results and shown in Tables 8.15 through 8.18 for the four

surface and base materials.

Table 8.15 Permanent Deformation Parameters of T8F Wearing
Course for FLEXPASS Input

Tem?:;)ature Log ‘: Log 8

24.6 0.6300 i 89.64 l 1.3474 | -0.20066 | 1.952502% 0.129497
56.1 | 0.9882 | 1103878 | 0.891834 | -0.00532 E2.042921§ -0.04971
86.9 ‘ 4.4606 2071824 | 0.267756 | 0.649395 ;5.316353‘ -0.57226
86.1 4.1290 | 112860.7 | 0.283135 | 0.615842 15.052543 1 -0.54801
36.1 ' 0.9878 ¥ 110.3878 I 0.891854 | -0.00532 2.042921}: -0.04971
27.1 tl 0.6300 | 89.64 i 1.3474 | -0.20066 | 1.9525025 0.129497

ale, P B |Leg(s,/s,)
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Table 8.16 Permanent Deformation Parameters of TSF-CRM Wearing Course for

FLEXPASS Input
Temt):;)a fure &€, P | Jij Log(é:o/s,)‘ Log p : Log 8
24.6 0.6600 | 3154000 ; 04165 | -0.18046 | 2.498862 | -0.38038
56.1 1.0216 % 353.7859 | 0.375557 | 0.009263 | 2.548741 | -0.42532
86.9 11.1002 | 80551394 | 0.1739 | 1.045329 7.906073 i -0.7597
86.1 9.5344 | 29086138 | 0.183391 | 0.979293 | 7.463686 | -0.73662
56.1 1.0216 | 353.7859 | 0.375557 | 0.009263 ; 2.548741 -0.42532
27.1 0.6600 53154 | 0.4165 | -0.18046 ' 2.498862 | -0.38038

Table 8.17 Permanent Deformation Parameters of TSA Black Base Course for

FLEXPASS Input
Tem?oe;)atureg g, /¢ E p f B %Log(e‘o/s,)i Logp Log g
246 | L1100 | 1642 : 081 | 0.045323 | 2.215373  -0.09151
56.1 l 1.0607 ‘ 87.14638 : 0.716734 : 0.025589 [ 1.940249 -0.14464
86.9 | 6.9733 6.14E+08 E 0.237468 ! 0.843448 ’ 8.788147 . -0.6244
86.1 59285 I L.53E+08 | 0.257008 | 0.772948 ; 8.185946 -0.39003
56.1 . 1.0607 | 87.14638 | 0.716734 | 0.025589 | 1.940249 ' -0.14464
27.1 L1100 | 1642 0.81 | 0.045323 | 2215373 i -0.09151

Table 8.18 Permanent Deformation Parameters of TSA-CRM Base Course for

FLEXPASS Input
Temt)o%ature} &/¢, p l B %Log(sa/e:,)i Logp l Logp
246 | 10000 | 3048 | 03313 | 0 | 2484005  -0.45432
56.1 (193084 | 107.7143 , 0362351 T 0076671 2032273 044087
869 | 5.447186 ; 183705751; 0.184167 | 0.736172 7264123 0.73479
861 | 4890551 | 3995920 | 0195541 | 0689338 | 6.777856 | -0.70876
ST LI9308F | 1077143 | 0362351 | 007667 | 205273 | 044087
271 10000 % 3048 i 03513 i 0 2484005 045432
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Asphalt Concrete Fatigue Parameters

In this study, the model described by equation (6.2) was used for predicting the
occurrence of load-induced cracking. The parameters of K1 and K2 were developed from
beam fatigue results from a study conducted by Hoyt, Lytton, and Roberts [8] for the
Federal Aviation Administration (FAA) and shown in Table 8.19. The test followed the
procedures for fatigue testing described in the VESYS [IM User’s manual [30]. In the
test, a device was used to apply a repeated tension-compression load in the form of a
haversine wave for 0.1 second duration with 0.4 second rest periods. Tests were
performed at temperatures of 34 °F, 68 °F and 104 °F respectively. A regression method
was used to calculate parameters of Ki and K2 The parameters calculated from the
laboratory tests were summarized in Table 8.19. To use the laboratory results in a
comparative analysis which was sensitive to the difference due to both material and
temperature, a double regression procedure was applied to the lab data — Jlog K] versus
log T (where T is the temperature in Fahrenheit degrees) was plotted and a linear
regression was performed to produce a set of regression equations where temperature was
the independent variable and Ki was the dependent variable. Then K2 versus log K1 was
plotted and a linear regression performed for each material. which yielded a set of
equations with logKi as the independent variable and K2 as the dependent variable. Using
this equation, the fatigue parameters could be calculated for any temperature. The

equations thus derived are shown in Equations 8.7 through 8.10 in Table 8.20.

|
|
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Table 8.19 Fatigure Parameters Calculated from Laboratory Fatigue Tests

Performed in Reference (8]
Material | Temperature | Number of R K1 K2 log K1
°F Samples
104 8 -0.89 3.21E-3 2.35 -2.49
AC-10 68 8 -0.95 | 9.48E-12 4.69 -11.02
34 7 -0.63 1.43E-6 2.92 -5.85
104 10 -0.85 2.82E-6 3.47 -3.55
ARC- 68 9 -0.98 3.16E-5 2.82 -4.50
Medium 34 9 -0.86 | 9.91E-10 4.04 -9.00

Table 8.20 Regression Equations Generated from Laboratory Data in Reference (8]

and Used to Predict Fatigue Parameters for Any Temperature (°F)

|log Ki| versus logT( °F )

AC-10 Control |log K1} = 14.630 ~ 4.558 logT (8.7)

ARC-Medium [log K1]=20.483 - 7.879 logT (8.8)
K2 versus [log Ki|

AC-10 Control | K2l =1.512-0.28 log K1 (8.9)

ARC-Medium | K2} =1.900 - 7.879 log K1 (8.10)

For the ALF test lane pavement structures, fatigue cracking would start in the

base course. Therefore, the input fatigue parameters for FLEXPASS were those for the

base course materials. Using the equations mentioned above, the input fatigue parameters

for the base course materials were calculated and tabulated in Tables 8.21 and 8.22.

Table 8.21 Fatigue Parameters of TSA Black Base for

FLEXPASS Input
Material | Season # | Temperature| LOGK1 : K1 K2
| . °F §
! 1 | 2459 -9.52521 | 2.98E-10 | 4.17906
2 56.11 -6.70231 | 1.99E-07 | 3.388647
T5A 3 86.93 -5.20428 | 6.25E-06 | 2.969199
4 86.10 -5.23711 5.79E-06 | 2.978391
5 . 56.11  1-6.70231] 1.98E-07 | 3.388647
. 6 | 27.08 1-9.19516|6.38E-10 | 4.086645
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Table 8.22 Fatigue Parameters of TSA-CRM Base for

94

FLEXPASS Input
Material | Season # |Temperature| LOGK1 K1 K2
°F
1 24 59 -8.2909215.12E-09| 3.833458
T5A-CRM 2 56.11 -6.6578712.20E-07| 3.376205
3 86.93 -5.79126|1.62E-06| 3.133554
4 86.1 -5.81026 {1.55E-06| 3.138872
5 56.11 -6.6578712.20E-07| 3.376205
6 27.08 -8.099997.94E-09| 3.779996
Stochastic Coefficients

Coefficient of variation of K1, K2 and correlation between Kl and K2 are

selected as 0.2, 0.04 and -0.9 respectively, which are the typical values recommended in

the FLEXPASS manual.

Initial Serviceability Index

In this study, the initial serviceability index for all test lanes was assumed to be
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CHAPTERY

DISCUSSION OF RESULTS AND CONCLUSIONS

ALF Field Results

Observed Field Rutting

The transverse profile taken for each station was used to calculate rut depth of the
test lanes. For each test lane, transverse measurements were taken at eight stations over a
length of 30 ft. within the 38-ft. loading area. Table 9.1 shows the transverse profile of
the test lanes at the end of ALF loadings. Eight transverse profiles were measured after
every 25,000 ALF load applications. The average of rut depth from each of these 8
measurements is reported and used to compare with the FLEXPASS predictions. The
history of the average rut depths for the test lanes are included in Tables 9.2 through 9.4.
Figure 9.2 shows the average rut depths versus accumulated 18 kip ESALs for all three
test lanes. The results showed that rutting began very early for lane 2-3 (control lane)
with 0.12 inch rut depth at about 35,000 18-kip ESALS, while the other two lanes showed
very little rutting (around 0.03 inch) at this loading stage. The rutting developed at a
much faster rate in lanes 2-3 and 2-1 than in lane 2-2. All three lanes experienced a
uniform rate of rutting until around 500,000 ESALs when the rutting rate reduced
dramatically in all lanes. During the first half million ESALs, rutting development in lane

Z-3 was the fastest and the rut depinn was the largest, Wiieieas fuiliig GEVEIOPITSnt i 1anc
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2-2 was the slowest and the rut depth was about 35% lower than the other two lanes. All

three lanes showed little additional rut depth development between 300,000 and

2,100,000 ESALSs. During this loading period. the wheel load was increased from 9,750

Ibs. to 14,350 Ibs. After that, the rut development began to increase again until the end of

loading. The final measured rut depth for lane 2-1 and lane 2-3 were 0.56 inch and 0.55

inch respectively, both were about 35% higher than the rutting of lane 2-2 (0.36 inch).

Table 9.1 Transverse Profile of the Test Lanes at the end of ALF Loading

Transverse| ; .51 | Lane2-2 | Lane2-3 | "225Ve™| {anes 1 | Lane2-2 | Lane2-3
Dist. (in.) Dist. (in.)
0 0075 | 0| 005 78 T | 0415 | 085
2 0125 | 0| 003 50 1025 | 045 | 0375
4 -0.15 0 -0.05 32 -1.025 -0.475 -0.85
; 02 0] 005 5 | 0475 | 0875
3 035 | 0 0.1 56 095 | 0473 | 085
10 0275 | 005 | 01 5% 09 | 045 | 03
2 025 | 0075 | 0l 8 08| 0455 | 08
4| 0255 | 1| 0% 62 0725 | 0425 |08
16 0325 | 015 | 02 & 06 | 0313 | 00%
18 -0.325 -0.15 -0.2 66 -0.55 -0.3 -0.675
20 04 | 015 | 02 &8 0475 | 05 |06
2 045 [ 0075 | 035 [ 70 0425 | 02 [ 0575
2 05 | 02 | 025 7 0375 | 005 | 05
% 06 | 0225 | 035 7 0375 | 005 | 03
28 -0.7 -0.25 -04 76 -0.375 -0.125 -0.475
30 -0.75 -0.275 -0.45 78 -0.325 -0.1 -0.45
32 -0.8 -0.325 -0.525 30 -0.275 -0.1 -0.45
34 -0.9 -0.4 -0.6 82 -0.25 -0.1 -0.4
36 -0.975 | -0425 -0.675 84 -0.225 -0.1 -0.323
38 1 03| 0% 86 20165 | 0075 | 0275
40 -1 -0.5 -0.75 88 -0.2 -0.05 -0.25
2| 025 | 05 | 0775 50 05| 005 | 0253
Ex C[05 | 0475 | 085 |92 05 | 0| 025
46 -1.075 -0.5 -0.85 94 -0.115 0 -0.175
% 0.1 0| 0175
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Table 9.2 Average Rut Depth Measured for Lane 2-1
with Asphalt Rubber Wearing Course

DATE PASS NO. g“m“;“g& AVG RUT
373759 ) 0 0.00
3718799 35000 35 013
3759759 30000 68850 00
7’159 75000 103275 018
799 100000 137700 0.9
STT7799 156000 306330 037
S99 73000 330975 035
6710199 330000 775400 030
6772159 733000 309825 053
770799 773000 T78673 036
379799 300000 313100 037
3723159 333000 T 040
378759 350000 181930 041
CTRRTEE) 375000 316373 oAl
T074759 700000 350800 oAl
T0721/59 733000 531030 0T
1276799 300000 371800 04T
T2720799 525000 352050 XS
TT1700 330000 T194800 04
57700 500000 1377800 0
371700 §75000 3133630 04
1079700 750000 3012200 056
77700 500000 3994700 036
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Table 9.3 Average Rut Depth Measured for Lane2-2
with Asphalt Rubber Base Course

DATE PASS NO. C“;Z“S“'A‘}:i“ AVG RUT
212199 0 0 0.00
3/18/99 25000 34425 0.04
3129/99 50000 68850 0.10
4/8/99 75000 103275 0.10
4/22/99 100000 137700 0.10
5/17/99 150000 206350 0.13
5127199 175000 240975 0.14
6/10/99 200000 275400 0.18
6/22/99 225000 309825 0.19
7120199 275000 378675 022
8/9/99 300000 413100 022
8/23/99 325000 447525 024
9/8/99 350000 481950 025
9/22/99 375000 516375 0.26
10/4/99 400000 550800 026
10/721/99 425000 631050 0.26
12/6/199 500000 871800 0.26
12/20/99 525000 952050 0.26
U11/00 550000 1194800 0.26
27100 600000 1517800 026
5/1/00 675000 2133650 0.6
10/9/00 750000 3012200 036
11/27/00 800000 3994700 036
12/31/00 850000 4977200 036
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Table 9.4 Average Rut Depth Measured for Lane2-3 with Conventional HMA

99

DATE PASS NO. Cumuntive AVG RUT
212/99 0 0 0.00
3/18/99 25000 34425 0.03
3/20/99 50000 68850 0.07
4/8/99 75000 103275 0.10
4122199 100000 137700 0.12
5/17/99 150000 206550 0.19
5127199 175000 240975 0.22
6/10/99 200000 275400 0.23
6/22/99 225000 309825 0.27
7120199 275000 378675 0.32
8/2/99 300000 413100 0.35
8/23/99 325000 447525 0.35
9/8/99 350000 481950 0.38
0122199 375000 516375 0.39
10/4/99 400000 550800 0.39
10/20/99 425000 631050 0.39
12/20/99 525000 952050 0.39
1111/00 550000 1194800 0.39
217100 600000 1517800 0.40
5/1/00 675000 2133650 0.40
10//00 750000 3012200 0.55
11/27/00 800000 3994700 0.55
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Observed Fatigue Cracking

The pavement surface was examined every 25,000 passes for evidence of
cracking. There were no observed fatigue cracks in any of the lanes during the entire ALF

loading history. In fact, no cracks of any type occurred in any of the test lanes.

Performance Prediction of Actual Sections from FLEXPASS
Model

Rut Depth Predictions

Figure 9.3 shows the FLEXPASS rutting predictions using the constructed cross
sections for all 3 lanes as shown in Figure 8.2. The predicted rut depths for lanes 2-1 and
2-3 are similar. These results are consistent with the field observations and also with the
laboratory material characterization, which showed that the properties of the wearing
course with or without crumb rubber were similar [2]. Lanes 2-1 and 2-3 showed no
difference in the rut depth development up to 500.000 ESALs. After that. the rut depth
development rate slowed down for all three lanes for the load interval between 500.000
and 1,500,000 ESALs. The rate of rut depth development began even smaller after 1.5
million ESALs until the end of loading. The final predicted rut depth for lane 2-1 was
0.67 inch, for lane 2-2 was 0.31 inch, and for lane 2-3 was 0.64 inch. The trends for these
observations are consistent with the ALF field data while the FLEXPASS predictions
were about 20% higher than the field values for lane 2-1 and 2-3 and about 15% lower

than the field value for lane 2-2.
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Slope Variance

Figure 9.4 shows the FLEXPASS predicted roughness for all the test lanes. The
predicted slope variance developed at a rapid rate before 500,000 ESALs for all three
lanes; then the development slowed down for the balance of the loading. The slope
variance of lane 2-2 was the lowest, but the other two lanes showed similar slope
variance development curves.

Fatigue Cracking

FLEXPASS did not predict any fatigure cracking development for any of the test
lanes, a result consistent with the field observations.

Present Serviceability [ndex

Figure 9.5 shows the predicted PSI for all three test lanes. The initial PSI was
assumed to be 4.2. The comparison showed that the PSI of lane 2-3 decreased faster than
the other two lanes. Since no fatigue cracking occurred, the predicted PSI at the end of

loading for all three test lanes was higher than the terminal value of 2.3.
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Comparison between Predicted Distress and Observed Distress

Because the only observed distress was rutting, the only comparison will be that
between predicted and observed rutting. Figure 9.6 shows the rutting development for
FLEXPASS prediction as well as the measured observations for lane 2-1. Field rutting
began at 34,425 18-kip ESALs and increased rapidly to around 0.40 inch at about
500,000 18-kip ESALs. The rut depth remained relatively constant until at about 2
million 18-kip ESALs. After 2 million ESALS, the rut depth began to increase sharply as
the half axle load increased above 14.335 kips. The observed performance of lane 2-1
shows the three typical phases of rutting which are observed in HMA pavements. In
phase [, the initial rutting increases at a rapid rate early in the life of the pavement, in
Figure 9.6 from zero to about 500,000 ESALs. Phase II is the stable region of
performance where the slope of the rutting curve is fairly flat. The length of phase II
varies and in Figure 9.6 lasts from about 500,000 ESALs until about 2,200.000 ESALs
corresponding to wheel loads increasing from 9,750 Ibs to 14,350 Ibs on the half single
axle. [n phase III, there is a very rapid increase in the rate of rutting as the HMA material
experiences rapid shear flow typically associated with low air void contents. Figure 9.6
shows a rapid increase in rutting starting at about 2,200,000 ESALs and continuing as the
wheel load increases from 14.350 Ibs to 16,650 Ibs at 3 million ESALs. This trend
continued as the wheel load increased to 18,950 lbs until testing was terminated at 4
million ESALSs for lane 2-1. It should be noted that while the rate of rutting increased as
the wheel loads increased from 14.350 to 18,950 Ibs, there was no evidence of shear flow

adjacent to the wheel loaded area. As a result of this observation, the authors believe that

. At 1 . . . -
ACLUULL LTL paAvGiuLiite  vweis :;t‘;ﬁ uuha‘v"ﬂg i Ehe ?haQ“ .rl !",_mn“ Qf rnthng Tb.f.‘
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FLEXPASS prediction also showed that rutting increased rather rapidly at the early
loading stage until at about 450,000 18-kip ESALSs, where the rate of rutting development
decreased. The predicted rut depth was about 20% more than the measured field data.
The pattern of predicted behavior from FLEXPASS is typical of that obtained from
computer programs which include material characterizations using creep tests to model
the behavior of materials in phases I and II of rutting. The traffic loadings in FLEXPASS
are in terms of 18 kip ESALs so the effect of increasing the axle load is reflected by an
increased rate of ESALs per traffic period. Since this traffic is applied when the rutting
behavior is nearly flat, the effect of these loads is less in the predictions than is shown in
the field data.

Figure 9.7 show the comparison of rutting development for FLEXPASS
prediction and field measurements for test lane 2-2, which includes the AR Type 5A
base. The field results showed that rutting began at 34,425 18-kip ESALs and increased
rapidly to around 0.26 inch at about 500,000 18-kip ESALs. But then the rutting
remained constant until about 2,100,000 18-kip ESALs where the load was 14,350 [bs.
After that, the rut depth increased rapidly. The FLEXPASS prediction also showed that
rutting increased rather quickly at the early loading stage until 0.20 inch at about 550,000
18-kip ESALs. Then the rate of rutting development began decreasing. The FLEXPASS
prediction is less than the field result. but as the axle loads increased, the predicted and
observed rut depths were very similar.

Figure 9.8 shows the comparison of rutting development for FLEXPASS
prediction and field measurement of ALF test lane 2-3. the conventional HMA and

control section. The field results showed that rutting began at very early loading level and
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increased rapidly to around 0.41 inch at about 450,000 18-kip ESALs. The rut pattern for
the conventional materials showed a rapid rise in rutting with each increase in axle load,
but then rutting leveled off. The FLEXPASS prediction also showed that rutting
increased more steeply at the early loading stage until 0.40 inch at about 550,000 18-kip
ESALs. Then the rate of rutting development slowed down, but rutting developed
gradually as the wheel loads increased because the number of 18 kip ESALSs per axle pass
increased as the loads increased. The predicted rutting was less than the field rutting until
around 500,000 18 kip ESALs. After that loading level, the predicted rutting exceeded
the observed rutting. The predicted rut depth was about 15% larger than the observed

field rutting when testing terminated.

Discussion of Differences between Predicted and Observed Distresses

At the early loading level, both field measurement and predictions showed a
similar trend of rut development even though FLEXPASS tends to underestimate the rut
depth. After the early rut development, both the predicted and observed rate of rutting
began to slow down, and the observed rutting was lower than the predicted rutting. This
pattern can be attributed to several things. First, the FLEXPASS model is based on the
finite element method for a depth-limited multilayer system over a rigid base. The test
lane is considered to be a depth-limited continuum over a rigid layer, and the nodes at the
bottom of the model are considered to be fixed in both the horizontal and vertical
directions. As a result, the vertical deformation will be restrained during the early loading
stages when the materials still show elastic characteristics. Second, the FLEXPASS

model was calibrated to predict the normal service behavior of pavements and not those

——— -. - . S | § POugs ¢ . +
ExpeTiencing short wrm accoicrated loading. The magnitude of wheel loads on the ALF

e ~. PSSy
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test lanes was so large and applied so intensively that once distress occurred, there was no
chance for the pavement to experience the recovery and healing which occurs in normal
service. The net effect is that at the early loading stages, FLEXPASS predictions are less
severe than observations of field performance. Third, the ALF field test ESAL data were
recorded sequentially as the axle loads were applied. However, in the FLEXPASS model,
the load applications were grouped according to several temperatures. For example, all
the days when ALF loads were applied were assigned to one of six seasonal
temperatures. When all days had been assigned, the ESALs for each secason were
determined by adding up the daily values. Since only 6 seasonal temperatures could be
input into FLEXPASS and the testing period occurred over 2 years, it was not possible to
input the loading sequence as it occurred. The similarity of result for fatigue cracking
predictions of FLEXPASS with the field data indicates that the material modeling for
FLEXPASS is consistent with the field materials.

Overall the fact that the FLEXPASS model predictions compared favorably with
observed field data indicates that no further adjustments or modification are needed to
calibrate the model.

The following observations were made:

e The numerical simulation model created by FLEXPASS is sufficient and

adequate to predict the performance of the three test lanes under ALF loading.
¢ The rut depth of the lane with conventional materials was similar to that of the
lane with CRM-HMA Type 8F wearing course.

e The lane with CRM-HMA Type 5A base course had the lowest rut depth both

R
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e The lane with CRM-HMA Type 5A base course worked better in resisting
rutting development than the lane with all conventional materials. It shall be
noted that the conventional Type 5A base was constructed with an AC 30
asphalt cement while the asphalt rubber binder had similar characteristics to
that of the PAC 40 binder, see Table 4.4. One implication of this observation
is that improved performance occurs when more strain-tolerant materials are
included in the base.

¢ The lane with CRM-HMA Type 5A base course showed higher PSI than the
lanes with all conventional materials or with the CRM-HMA Type 8 wearing
course.

e No fatigue cracking occurred for all three test lanes in the ALF field test or in

the FLEXPASS prediction during the loading history.
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Conclusions

The purpose of this project was to test, evaluate, and compare the performance of

HMA and asphalt rubber materials used in the construction of three test lanes at the PRF.

Numerical simulations of the same three test lanes were also generated to determine if

computer models could be used to extend the application of the field studies. The

following conclusions were made after comparing the results from the ALF field

measurement with those from the FLEXPASS numerical predictions:

L.

!\)

[ 93]

Based on the results from this study, one may observe that there is good
agreement between FLEXPASS predictions and observed field performance
and conclude that FLEXPASS can be used to successfully model Louisiana
flexible pavements.

DOTD should consider extending the use of modified binders in all flexible
pavement layers in the light of the superior performance of the AR Type 5A

base section.

. DOTD should consider adding asphalt rubber materials to its list of available

base course materials.

§
|
\
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APPENDIX A

LOADING PROCEDURE FOR REPEATED LOAD COMPRESSION
(RLC) TEST

116
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1. Place test specimens in the controlled temperature cabinet and bring it to the specified
test temperature. Center the specimen under the loading apparatus in the controlled
temperature cabinets.

2. Extend the lower LVDT clamp and slide it carefully down over the specimen to
approximately the lower quarter point of the specimen. Repeat for the upper clamp,
placing it at the upper quarter point. Ensure that both clamps lie in horizontal planes
and that the holes in the clamps are properly aligned. Place the precalibraied LVDTs
into position in the clamps. Connect the LVDTs to the recording unit. Determine to
the nearest 0.01linch (0.25mm), the vertical spacing between the LVDT clamps and
record this value.

3. For conditioning, apply a 20 psi ramp load and hold for 10 minutes duration, and
unload. If deformation during the initial load exceeds 2,500 micro units of strain,
reduce stress by 5 psi and repeat until strain level remains below 2,500 micro units.
Unload and immediately apply a second conditioning load at the same level for 10
minutes. Release 2™ load and immediately apply a third conditioning load for 10
minutes. Followed by a 10-minute unload period; re-zero LVTDs.

4. [ncremental static loading.

a. At the test temperature, apply one ramp load at the level identified in step 3 to the
specimen as quickly as possible and hold loading for 0.1 second. Release the load
and measure total permanent deformation after 2 minutes of unload. See figure
5.4 for a description of the loading function. [Note: If at any time the deformation
under load starts to exceed 2,500 micro units of strain, immediately reduce the

maximum stress level by 3 psi. [f the deformation starts to exceed 2,500 micro
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strain, then reduce the stress level by another 5 psi. Wait 30 minutes and repeat
Step 4a. at this level.]

b. Apply a second ramp load to the specimen at the same stress level used above and
hold for I second. Release the load and measure the total permanent deformation
after 2 minutes of unload.

c. Apply a third ramp load to the specimen at the stress level used in step 4a and
hold for 10 seconds. Release the load and measure the total permanent
deformation after 2 minutes of unload or when rebound becomes negligible.

d. Apply a fourth ramp load to the specimen at the level used in step 4a above and
hold for 100 seconds. Release the load and measure the total permanent
deformation remaining after 4 minutes of unload or when rebound becomes
negligible.

e. Apply a fifth ramp load to the specimen at the level used in step 4a above and
hold for 1,000 seconds. Measure the magnitude of the creep deformation during
loading after 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0, and 1,000.0 seconds.
Release the load and measure the total permanent deformation after 8 minutes of
unload or when rebound becomes negligible.

f. Re-zero LVDTs.
5. Repeated dynamic loading.

Apply repeated haversine loading to the specimen at the test temperature such that

each load application has a magnitude equal to the stress level used in step 4a above

and each load application has a load duration of a 0.1 second. A 0.9-second rest

period follows each load application. Apply a minimum of 10,000 load applications
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and measure the accumulated deformation at 1, [0, 100, 200, 1,000, and 10,000
repetitions. Read the peak-to-peak strain at the 200" cycle.

6. Release the load after 10,000 repetitions, record the rebound for a period of 15
minutes and remove the specimen.

7. Using new specimens, repeat steps 1 through 8 for another specified temperature.
Note that the 104F level loads may have to be decreased in accordance with Table
5.2.

8. Repeat step 1 through 9 for at least two more replicates for each specified

temperature.
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RESULTS OF REPEATED COMPRESSION TESTS
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Table B.1 T8F Wearing Course at 40 °F

121

Specimen; Cycle Stroke Deformation Strain ! Log(Strain)
1 0.417893 0 o

10 0.417806 8.64E-05 145605 |  4.83805

100 0.41747 0.000423 7TAEQS | 4.14869

200 | 0417164 0.000729 0.000122 | 391197

e 1000 | 0417122 | 000077 | 0000129 | -3.88802

3000 | 0.417115 0.000778 0.000131 | -3.88382

6000 | 0.417105 0.000788 0.000132 '  -3.87827

10000 | 0.417092 0.0008 0000134 | 38714
L 0.415838 0 o

10 0.415804 I38E05 | 568E06 | 524553

100 | 0415643 0000195 | 328E05 |  4.48377

200 | 0415459 0000379 | 6.38E-05 |  -4.19545

2= | 1000 © 0415241 | 0000597 | 00001 | -3.99838

| 3000 | 0415128 | 000071 | 0000119 |  -3.92331

6000 | 0415102 0.000736 0.000124 |  -3.90752

| 10000 ' 0415098 |  0.00074 0.000124 |  -3.90531
.1 0479322 0 0o

10| 047302 20305 | 341606 | -5.46733

| 100 | 0478885 |  0.000437 73SE05 | -4.13382

| 200 | 0478783 0000538 | 9.0SE05 |  4.04323

= | 1000 | o478772 |  0.000S5 9.24E05 | 403423

" w00 | oereret | 0000561 943E05 | 402543

6000 | 0478744 0.000578 9O72E05 = 401254

| 10000 | 0.478699 0000623 | 0000105 | -3.97993

;U —
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Table B.2 T8F Wearing Course at 77 °F

Specimen i Cycle Stroke | Deformation Strain '} Log(strain)
1 0.41476 0 0 |

10 0414752 | 751E-06 | L26E-06 | -5.89948

s 100 0414704 | S563E-05 | 945E-06 | -5.02441

200 0.41464 000012 | 202E-05 | -4.69536

1000 0.414565 | 0.000195 | 3.28E-05 -4.4845

10000 0414437 | 0000323 | S542E-05 | 426601
g 1 0.412108 0 0 1

|10 | 0412012 | 9.58E-05 | L6IE-05 | 479251

» 100 0411331 | 0.000778 | 0.000131 | -3.88308

200 0410829 | 0.001279 | 0000215 | -3.66693

1000 | 041017 | 0.001938 - 0000326 | -3.4864

. 10000 | 0409742 | 0.002366 | 0.000398 | -3.3997
1 sz o . 0

i 10 | 0412022 & 0.00012 . 2.02E-05 -4.6939

o ‘ 100 5 0411852 | 000031 | 522E-05 | -428259

. 200 | 0411462 | 0.00068 | 0000114 | -3.94137

1000 | 0411177 | 0.000965 | 0.000163 - 3.78911

10000 | 0410737 , 0001405 | 0.000236 | -3.62617
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Table B.3 T8F Wearing Course at 104 °F

Specimen Cycle Stroke Deformation Strain , Log (strain)
1 0.405894 0 0
10 0.405888 5.63E-06 947E-07 | -6.02368
100 0.405802 9.2E-05 L55E-05 | -4.81061
-~ 200 0.405775 0.000118 | 1.99E-05 E 4.70147
1000 0.40564 0.000254 4.26E-05 | -4.37047
3000 0.40552 0.000374 | 6.28E-05 . -4.20195
6000 0.405347 0.000547 9.19E-05 = -4.03691
10000 0.405227 % 0.000667 : 0.000112 @ -3.95058
l 0402462 | 0 | 0 |
10 0.402417 } 4.51E-05 ‘ 7.58E-06 t -5.12059
100 0.40235 ; 0.000113 ! 1.89E-05 . -4.72265
. 200 0.402274 ' 0.000188 [ 3.16E-05 -4.50081
& n 1000 0.402143 % 0.000319 | 5.37E-05 -4.27036
3000 0.402057 ' 0.000406 ‘ 6.82E-05 -4.16635
6000 0.401921 : 0.000541 9.09E-05 @ -4.04141
10000 0.401891 : 0.000571 9.6E-05 -4.01793

i
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Table B.4 T8F-CRM Wearing Course at 40 °F

124

Specimen Cycle Stroke | Deformation: Strain Log (strain)
1 0.416086 0 0
10 0416052 | 3.38E-05 | 5.68E-06 | -5.24553
100 | 0415815 0.00027 | 4.55E-05 | -4.34244
200 | 0415549 | 0.000537 | 9.03E-05 | -4.04444
1o 1000 0415158 | 0.000928 | 0.000156 ; -3.80708
3000 | 0414978 | 0.001108 | 0.000186 | -3.72995
6000 | 0414873 | 0.001213 | 0000204 | -3.69057
10000 0414863 | 0.001223 | 0.000205 -3.68722
1 | 0415103 0 0
| 10 | 0415077 | 259E05 | 4.36E-06 | -5.36093
, 100 | 0414929 | 0000174 | 293E-05 ! -4.53326
v i 200 | 041482 0.000283 | 4.76E-05 -4.3224
1000 | 0414587 | 0000516 | 8.67E-05 | 406179
3000 | 0414516 | 0.000587 | 9.87E-05 | -4.00554
; 6000 | 0414508 | 0.000595 | 1E-04 ; -4.00002
| 10000 | 0414504 | 0.000599 . 0000101 ' -3.99729
L 0417576 o 0
10 0417547 | 29IE05 | 489E-06 : -531047
100 | 0417457 | 0000119 | 2E-05 | -4.69803
s ; 200 0417389 | 0.000187 3.14E-05 -4.50298
1000 0417209 | 0.000367 | 6.I7E-05 | -4.20966
3000 | 0417134 | 0.000442 | 743E-05 | -4.12882
| 6000 | 0416991 | 0.000585 | 9.83E-05 | -4.00735
10000 | 0416927 | 0.000649 0.000109 | -3.96236
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Table B.5 TSF-CRM Wearing Course at 77 °F

(¥}

Specimen Cycle Stroke | Deformation; Strain ELog (strain)
L 0.415034 0 0
10 0414993 | 4.13E-05 | 6.94E-06 | -5.15838
y 100 0414441 | 0000593 | 997E-05 | -4.00112
200 0413994 | 000104 . 0000175 | -3.7573
1000 | 0413445 | 0001589 | 0.000267 | -3.57344
10000 0412844 | 000219 | 0000368 | -3.43411
1| 0407127 0 o
B () 0407116 | LI3E0S | 19E06 | -5.72229
2 100 | 0406985 | 0000143 | 24E05 -4.61963
| 200 | 0406722 | 0000406 | 682E-05 | 416599
| 1000 | 0406324 | 0.000804 | 0000135 | -3.869
| 10000 0405933 | 0.001194 ; 0000201 | -3.69698
I 041382 0 | 0
10 | 0413885  75IE-06 & 126E-06 | -5.89875
s 100 | 0413825 | 676E-05 | LI4E-05 | 49445
200 | 0413761 | 0000131 | 221E-05 @ 465571
. 1000 0.413719 0.000173 | 29E-05 | -4.53702
- 10000 0413472 : 0.000421 | 7.07E-05 ; -4.15036
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Table B.6 T8F-CRM Wearing Course at 104 °F

Specimen Cycle i Stroke Deformationi Strain Log (Strain)
1 0.404606 0 0
10 0404577 | 291E-05 | 489E-06 | -531047
100 0404491 | 0.000116 | 1.94E-05 | -4.71193
» 200 0404446 | 0000161 | 27E-05 | -4.568%4
1000 0404314 | 0000292 | 491E-05 | ~4.30908
3000 0.404228 | 0.000378 | 6.36E-05 { -4.19653
6000 0404055 | 0.000551 | 926E-05 | -4.0332
10000 0403953 | 0.000653 | 000011 . -3.95985
1 0.403048 0 0 |
10 | 0403003 | 4SIE05 | 7.59E06 | -5.11986
100 | 0402988 | 6.01E-05 L.OIE-05 & -4.99493
o 200 { 0402081 | 6.76E-05 | LI4E-05 | ~4.94377
1000 | 0402951 | 977E-05 | L64E-05 , -478407
3000 0.402909 - 0.000139 t 2.34E-05 | -4.63084
6000 0402755 | 0000293 | 4.93E-05 & -4.30695
10000 0402601 | 0000447 | 752E-05 = -4.1235
T | 0.405749 o i 0
10 | 0405741 | T7.51E-06 126E-06 : -5.89875
100 0405629 | 000012 | 202E-05 | -4.69463
o ;L 200 0405621 | 0.000128 | 2.1SE-05 -4.6683
| 1000 | 0405572 | 0000177 | 297E05 | 452768
3000 0405452 | 0000297 | 4.99E-05 = -4.30215
| 6000 ' 0405283 | 0.000466 7.83E-05 = -4.10635
. 10000 0405073 | 0000676 | 0.000114 = -3.9445
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Table B.7 TSA Black Base Course at 40 °F

Specimen : Cycle Stroke | Deformation| Strain Log (strain)
[ 0.408967 0 0
10 0.408848 0.000119 2E-05 -4.69803
100 0.408483 0.000484 8.13E-05 -4.09003
Lk 200 0.408232 0.000735 0.000124 -3.90807
1000 0.407507 0.00146 0.000245 -3.61011
3000 0.407484 0.001483 0.000249 -3.60345
6000 0.407475 0.001492 0.000251 -3.60075
10000 0.407462 0.001505 0.000253 -3.5969
l 0.413573 0 0
10 0.413483 9.01E-05 1.52E-05 -4.81956
100 0.412949 0.000624 I 0.000105 -3.97967
- ! 200 0.412645 0.000928 | 0.000156 -3.80708
1000 0.412476 0.001097 | 0.000184 -3.73439
3000 0412311 ’ 0.001262 | 0.000212 -3.67344
E 6000 0412104 0.001469 | 0.000247 -3.6076
| 10000 0411894 | 0001679 | 0000282 | -3.34947
| 1 0.409297 | 0 | 0
10 040928 | L66E-05 | 279E-06 , -3.55464
100 0.409136 l 0.000161 2.7E-05 -4.5688
. 200 0.408975 ; 0.000321 5.4E-05 -4.26781
3k 1000 0.408615 ' 0.000682 ; 0.000115 -3.9409
l 3000 0408374 f 0.000922 § 0.000155 -3.80972
6000 0.408337 0.00096 0.000161 -3.79239
% 10000 0.408232 l 0.001065 | 0.000179 -3.74722
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Table B.8 T5A Black Base Course at 77 °F

Specimen Cycle Stroke |Deformation| Strain Log (strain)
l 0.40889 0 0
10 0.408825 6.46E-05 1.09E-05 -4.96388
- 100 0.408791 9.84E-05 1.66E-05 -4.78111
200 0408694 | 0.000196 | 3.3E-05 448174
1000 0.408682 | 0.000207 3.49E-05 -4.45747
10000 0.408352 0.000538 9.05E-05 | -4.04347
I 0.413261 o { 0o
10 0.413175 8.64E-05 : 1.46E-05 ‘ -4.8371
) 100 0.412544 0.000717 i 0.000121 ' -3.91779
* 200 0.412405 0.000856 ; 0.000144 -3.84089
1030 0.412356 0.000905 0.000152 : -3.81681
10000 0.412044 ] 0.001217 0.000205 @ -3.68828
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Table B.9 T5A Black Base Course at 104 °F

Specimen Cycle Stroke Deformation; Strain iLog (strain)
1 0.399882 0 0
10 0399837 | 451E-05 | 7.58E-06 | -5.12059
100 0399795 | B8.64E-05 | L45E-05 | -4.83805
. 200 0399728 | 0.000154 | 2.59E-05 438699
1000 0399641 | 0.00024 | 404E-05 | 43936
3000 0399424 | 0.000458 7.7E-05 4.11342
| 6000 0399343 | 0000539 | 9.06E-05 | -4.04305
10000 0399213 | 0.000669 | 0.000112 | -3.94919
L 0399021 o | 0 n
.10 039901 | LOSE05 | L77E-06 - 575262
100 | 0398924 | 9.69E05 | L63E-05 | 478816
w | 200 | 0398804 | 0000217 | 3.65E-05 - 443785
| 1000 | 0398759 | 0000262 @ 441E-05 . 435592
3000 | 0398699 | 0000322 | 542E-05 | -4.26629
6000 | 0398627 | 0000394 | 662E-05 | 417941
10000 : 0398518 | 0.000503 | 8.45E-05 | -4.07332
I [ 040794 | 0o 1 0
10 0407578 | L.S8E-05 | 265E-06 | -5.57633
100 | 0407522 | 72IE05 | L2IE05 491647
o 200 | 0407484 | 000011 | 184E-05 = 473439
1000 | 040746 | 0000134 | 225E-05 46471
3000 | 040739 | 0000204 | 342E05 . 446578
6000 | 0407326 | 0000267  449E-05 = 43473
| 10000 | 0407225 | 0000369 | 62E-05 | 420766
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Table B.10 TSA-CRM Base Course at 40 °F

Specimen i Cycle Stroke | Deformation Strain gLog (strain)
1 0.414801 0 0
10 0.414707 | 939E-05 | 1.58E-05 | -4.80184
100 0414471 | 0000331 | S536E-05 | -4.25529
vt 200 0.414411 | 0.000391 | 6.57E-05 1 -4.18274
1000 041417 | 0000631 | 0.000106 | -3.97447
3000 0.41405 | 0.000751 ; 0.000126 | -3.89875
| 6000 | 0413964 | 0000838 | 0.000141 ‘ -3.85147
10000 | 0413907 | 0000894 | 000015 | -3.8232
| | 0412112 | 0 0 |
10| 0412048 | 639E-05 | LOTE-05 | -4.96933
100 0411945 | 0000167 | 281E05 | 455142
s 200 0411762 | 0000349 | S587E-05 = 423129
1000 | 0411485 | 0000627 | 0.000105 = -3.97706
- 3000 - 0411289 0.000823 | 0.000138 | -3.85933
6000 . 0411263 | 0000849 | 0000143 ' -3.84567
| 10000 | 0411255 | 0000856 | 0.000144 = -3.84184
j 1 0411714 0 ; 0 .
10 @ 041152 | 0000192 322E05 | 449221
100 | 0411045 | 0.000669 | 0.000112 | -3.94936
L 200 041073 | 0.000984 i 0.000165 -3.78147
ot 1000 1 0410407 | 0001307 | 000022 | -3.6582
3000 | 041026 | 0001454 | 0000244 | -3.61207
6000 | 041023 | 0001484 | 0000249 : -3.60318
| 10000 | 0410106 | 0001608 | 000027 | -3.56833
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Table B.11 TS5A-CRM Base Course at 77 °F
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Specimen Cycle Stroke | Deformation; Strain Log (strain)
1 0.455801 0 0
10 0455799 | 1.88E-06 | 3.14E-07 | -6.50263
» 100 045512 | 0.000682 | 0000114 | -3.94272
200 045486 | 0.000941 | 0.000157 | -3.80279
1000 0454857 | 0.000945 | 0.000158 | -3.80106
10000 | 0454714 | 0.001087 | 0.000182 | -3.73995
L | 0460298 0 0|
10 | 0458928 | 000137 | 000023 ' -3.63896
) 100 | 0458496 | 0001802 | 0.000302 | -3.51995
* 200 | 0457959 : 0.002339 | 0000392 @ -3.40667
1000 0457309 | 0.002989 | 0.000501 | -3.30021
| 10000 | 0456911 | 0.003387 | 0.000568 32459
1 , 0447094 @ 0 , 0
10 0447089 | 4.7E-06 7.86E-07 | -6.10447
z 100 | 0446961 | 0000132 @ 222E-05 | -4.65422
* 200 | 044689 - 0.000204 : 341E-05 | 446698
| 1000 | 0446871 @ 0000223 | 3.73E-05 | -4.42869
© 10000 | 0446781 | 0000313 | S524E-05 | -4.28099
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Table B.12 T5A-CRM Base Course at 104 °F

Specimen Cycle Stroke | Deformation Strain Log (strain)
1 0.447091 0 0
10 0447074 | 1.69E-05 | 2.83E-06 | -5.54788
100 0.446984 | 0.000107 | L79E-05 | -4.74624
y 200 044697 | 0.000121 | 2.02E-05 | -4.69375
" 1000 0446954 | 0000137 | 23E05 | 463879
3000 0446933 | 0.000158 | 2.64E-05 | -4.57784
6000 044686 | 0000231 | 3.87E05 | 441221
10000 044683 | 0.000261 | 437E-05 | 43591
| 1 | 0441356 0 l 0
10 | 0441301 | 556E05 | 934E-06 | -5.02951
100 ‘ 0441299 | S575E-05 | 9.66E-06 | -5.01508
) 200 0441256 | 0.00010L | L69E-05 | 477164
ST 0441147 000021 | 352E-05 | 445314
3000 | 044106 | 0000296 | 497E05 | 430325
6000 | 0440974 | 0000382 | 643E05 | -4.19203
10000 | 0440933 . 0.000424 T.A2E05 414747
L | 0445787 | 0 i 0
10 | 0445786 | LSE-06 - 2.53E-07 639772
100 | 044562 | 0000167 | 28E-05 | -4.55239
| 200 | 044547 | 0000317 | 533E-05 | 427343
o 1000 | 0445256 | 0000531 | 8.93E05 | -4.04933
| 3000 | 0445049 | 0000738 | 0.000124 | -3.90663
6000 | 0444929 | 0.000858 | 0000144 | -3.84108
| 10000 | 0444779 | 0.001008 | 0.000169 | -3.77099
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APPENDIX C

PLOTS OF PERMANENT STRAIN VS. LOADING CYCLES FOR
TEST SPECIMENS
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THE PERMANENT DEFORMATION PARAMETERS OF TEST
MATERIALS VERSUS TEMPERATURE RELATIONSHIPS
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