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ABSTRACT

The Minnesota Road Research Project (Mn/ROAD) is an advanced outdoor road
research facility, which was constructed in Ostego, Minnesota in 1993. The facility, which is
equipped with nearly 6,000 pavement sensors, was developed to explore mechanistic-empirical
design concepts for flexible and rigid pavements.

Significant thermal cracking has developed at the facility. Due to the controlled design,
construction, and monitoring of the pavements at Mn/ROAD, the facility provides an excellent
opportunity to evaluate the Superpave thermal cracking prediction system. The main objective
of this study was to evaluate the predictive accuracy of the Superpave Indirect Tensile Test
(IDT) and thermal cracking model (TCMODEL) in the northern, Midwest United States.

Five of the eight mixtures used in the construction of Mn/ROAD were tested using the
Superpave IDT. TCMODEL was utilized to analyze the data obtained from the testing and
acquire thermal crack predictions for the sections. The predictions obtained from TCMODEL
were in excellent agreement with observed cracking at Mn/ROAD. The model was then
applied to other sections at Mn/ROAD that has similar mix deigns to the five tested sections,
but different pavement structures. This analysis clearly indicated the strong effect of traffic
level on thermal crack frequency, which is not directly accounted for in TCMODEL at the
present time.

The results of the study suggest that traffic effects should be considered in future
versions of Superpave TCMODEL. In the meanwhile, recommendations are given for the

conservative use of existing TCMODEL software.
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Chapter 1. INTRODUCTION
1.1 Overview

All of the estimated 2.2 million miles of asphalt concrete pavements throughout the
United States are subjected to heating and cooling cycles daily [1]. Many of these temperature
cycles are either insignificant to the ultimate expansion or contraction of the pavement or occur
at temperatures that are not critical to the performance of the asphalt concrete. Nevertheless
when rapid cooling occurs at a low temperature, the pavement will try to contract. Since
asphalt concrete roadways are constructed without contraction joints, thermal stresses will
develop within the pavement structure if the material is not sufficiently compliant (flexible) to
relax the developing stresses. If the pavement is not designed appropriately and thermal
stresses are greater than the fracture resistance of the pavement, the asphalt concrete will
develop thermal cracking (2, 3].

Thermal cracking is typically oriented transversely across the roadway surface,
occurring at regularly spaced intervals, sometimes extending into the shoulder area. When
thermal cracking first appears, serviceability loss is minimal. However, thermal cracks provide
locations in the pavement where air and water can penetrate the roadway surface. Such
penetration will expedite the dilapidation of the pavement. Furthermore, thermal cracks pose
further problems such as cupping, faulting, accelerated fatigue cracking, and spalling of cracks,
resulting in loss of smoothness, potholes, etc. Therefore if the cracks occur early in pavement
life and are left untreated, the life of the pavement can be greatly diminished.

1.2 Early Thermal Cracking Studies
The significance of thermal cracking as a prominent flexible pavement distress was

realized in the 1960s. In 1967, the first extensive thermal cracking study, the Ste. Anne Test



Road, was constructed [4]. The purpose of the study, which was co-sponsored by the Manitoba
Highways Department and Shell Canada Limited, was to determine and evaluate the factors
responsible for thermal cracking of flexible pavements. Various parameters (asphalt stiffness,
pavement thickness, subgrade type and traffic loading) were all determined to have an effect on
thermal crack initiation and/or thermal crack frequency. In addition to these findings, the
results of the study produced a nomograph that provided asphalt selection criteria based upon
initial binder properties.

Numerous researchers developed recommendations to minimize thermal cracking
during the 1970s and the early 1980s [5, 6, 7, 8]. These approaches typically involved limiting
the stiffness of the asphalt cement or the asphalt mixture for a particular temperature range, and
in many cases, were based upon data from the Ste. Anne’s Test Road. Unfortunately, the
information did not lead to a standard test method or universal specification for the control of
thermal cracking.

1.3 Strategic Highway Research Program

In 1988, the Strategic Highway Research Program (SHRP) was initiated. The primary
goal of the SHRP asphalt research effort was to develop needed performance-based
specifications for asphalt binders and mixtures through the use of fundamental testing methods
and mechanics-based performance prediction models. The performance-based asphalt mixture
design system was named SUPERPAVE, which refers to SUperior PERforming asphalt
PAVEments [9]. The mixture design system was developed to target three common asphalt
distresses: rutting, fatigue cracking, and thermal cracking. In terms of thermal cracking,

SUPERPAVE included three testing methods: the bending beam rheometer (BBR) and direct



tension test (DTT) for asphalt binders and the indirect tensile creep and failure test (IDT) at low
temperatures for asphalt mixtures [10].
The IDT was initially developed to aid the design of asphalt mixtures that are resistant
“to thermal cracking. However, it can also be utilized to conduct forensic evaluations of
thermally cracked pavements. One such study investigated various pavements from the
Canadian SHRP field experiment to validate the SUPERPAVE IDT and thermal cracking
model under Canadian conditions [11]. Accurate predictions of thermal cracking levels were
obtained for eleven of the fourteen tested sections [12]. A second study focused upon a portion
of I-155 in central Illinois that had exhibited varying levels of both thermal and block cracking
[13]. The SUPERPAVE IDT and thermal cracking model were used successfully in
characterizing cracking trends along with providing further insight into the relationship of
certain properties (i.e. tensile strength) to thermal cracking.
1.4 Minnesota Road Research Project (Mn/ROAD)

The Minnesota Road Research Project (Mn/ROAD) is an advanced outdoor road
research facility, which was constructed in Ostego, Minnesota in 1993. The facility, which is
pictured in Figure 1.1, consists of 4.8-km (3-mile) section of 1-94 westbound and a 4.0-km (2.5-
mile) low-volume closed loop test track. Mn/ROAD consists of forty, 150-meter (500-foot)
long test cells, including both flexible and rigid pavement sections, which are subjected to both
high and low volume traffic loadings. Twenty-two flexible pavement designs are represented
at Mn/ROAD, covering a broad range of structural and material characteristics. These
characteristics include: asphalt grade, mix design method, layer thicknesses, and base, subbase,
and subgrade type. Cross sections of all of the asphalt test cells are detailed in Figures 1.2.a,

1.2b,and 1.2.c.



1.4.1 Thermal Cracking at Mn/ROAD

Extensive thermal cracking has developed in a number of the test cells at Mn/ROAD,
but in some cases the relative cracking levels did not follow expected trends. Therefore, the
Mn/ROAD project provides an excellent opportunity to investigate thermal cracking in the
context of a carefully designed and monitored field experiment. These results will provide a
basis for evaluating the SUPERPAVE thermal cracking performance tests and models under
midwestern conditions. In addition, the effects of factors such as asphalt type, mix design, and
traffic on thermal crack development can be studied.
1.5 Research Objectives

The main objective of the study was to evaluate the predictive accuracy of the
SUPERPAVE Thermal Cracking Model (TCMODEL) in the northern, midwest United States.
A related objective was to attempt to explain the relative thermal cracking frequencies at
Mn/ROAD that did not follow expected trends on the basis of mix design method employed.
These objectives were obtainable through the use of the extensive materials, construction,
instrumentation, and performance records that are available from the Mn/ROAD project. All
asphalt pavement aspects of the project from laboratory material characterization to field
construction documentation were carefully controlled, recorded, and complied into a
comprehensive report [14]. The baseline information from this documentation was used in the
evaluation of the SUPERPAVE thermal cracking predictions.
1.6 Research Approach

First, analyses were conducted to determine if any obvious trends existed between
mixture parameters and observed thermal cracking. Figure 1.3 displays the relationship

between observed cracking and mix design method. With the data divided into five categories



that held all factors but mix design nearly constant, three of the five categories displayed an
unexpected rend; that is, that thermal cracking increased in the order of the following mix
design ranking: 75-blow Marshall, 50-blow Marshall, 35-blow Marshall, and Gyratory. The 35-
Blow Marshall mixture had a higher design asphalt content (6.4%) than the 75-Blow Marshall
Mixture (5.9%). On the basis of asphalt content alone, this ranking is counter-intuitive, since
the higher asphalt content mix was expected to be more flexible and hence more resistant to
thermal cracking. The expected ranking of increasing thermal cracking was the following: 35-
blow Marshall, 50-blow Marshall, 75-blow Marshall, and Gyratory. Clearly, thermal cracking
at MnyROAD was influenced by other factors, which potentially included: traffic, pavement
structure (lift thicknesses and composition), and other as-built mixture characteristics (air
voids).

Considering the possible effect of these various factors, a forensic investigation
involving the following five test cells: 16, 17, 26, 27, and 30, was developed. These sections
were selected to provide comparison of the various material and structural parameters including
asphalt type, mix design, and structural thickness. In addition, the effects of differing
trafficking levels could also be evaluated.

With the desired sections for testing identified, coring was conducted to acquire the
150-mm (6-inch) cores for testing. Once cores were obtained, specimens were prepared for
testing, as described in Chapter 3. Three specimens for each of the five sections were required
for creep and strength testing with the SUPERPAVE IDT. Based upon climatic data and IDT
test results, the SUPERPAVE TCMODEL program was used to predict thermal cracking
versus time for the five test cells. The model predictions were then compared to the observed

cracking levels. Also, the obtained fundamental material characteristics acquired from the



testing of all five mixtures were evaluated for their effect on cracking trends. These five tested
mixtures were used in a total of fifteen of the twenty-two Mn/ROAD asphalt test cells.
Therefore after TCMODEL was applied to the five tested sections, the model was then utilized
to predict thermal cracking for the other ten sections at Mn/ROAD that had similar mix designs
to the five tested sections, but different pavement structures. The results of the TCMODEL
predictions were compared to observed in-field thermal cracking development data to
determine the accuracy of the models and explain the counter-intuitive cracking trends. These

findings are discussed in detail in Chapters 4 and 5.



Chapter 2. BACKGROUND
2.1 Ste. Anne’s Road Study

The Ste. Anne Road Study, which was constructed in 1967 in Manitoba, Canada, was a
comprehensive field investigation into the causes of transverse cracking. The project included
29 test sections, each 120 meters (394 feet) long, having differing material and pavement
structures. The characteristics of all sections were carefully selected to provide a comparison
of various pavement variables on thermal crack performance.

Performance of the test pavements varied, as some sections developed thermal cracking
in the first winter, while other sections resisted cracking for over eight years. Based upon close
monitoring of these pavements, the study concluded that thermal cracking initiates when mix
and binder stiffnesses exceed critical limiting values during a cooling cycle. The critical
stiffness values were defined as 1.8%10'N/m? and 1*10° N/m? for the asphalt mixture and
asphalt binder, respectively, when evaluated at a loading time of 0.5-hour. The study also
determined that the stiffness of the asphalt binder is the most critical factor in controlling crack
initiation, while other factors such as pavement thickness, subgrade type, and trafficking affect
the overall frequency of transverse crack formation [4].

The final conclusion of the study was that long-term transverse cracking could not be
prevented in cold climate regions such as Manitoba. Nevertheless, the study concluded that if
stiffness remained below the recommended critical values, the time of first occurrence of
thermal cracking in the asphalt pavements would be prolonged.

The final results from the Ste. Anne study provided a means of suppressing thermal

crack initiation. However, the recommendations were never directly incorporated into mix



design methods in order to provide increased thermal cracking protection in initial mixture
design.
2.2 SUPERPAYVE Indirect Tensile Tester (IDT) and TCMODEL

Thermal cracking is acknowledged as a common asphalt pavément distress. Therefore,
thermal cracking was selected as one of the three target distresses in the SHRP asphalt research
projects. In terms of designing asphalt pavements to control thermal cracking, the SHRP
asphalt program resulted in the development of the Bending Beam Rheometer and Direct
Tension Test (DTT) to measure fundamental, low temperature properties for the performance-
graded (PG) binder specification; while the SUPERPAVE Indirect Tension Tester (IDT) was
created to measure fundamental, low temperature mixture properties.

The binder tests were developed to aid in the determination of acceptable asphalt
cements for a given environment. The binder tests restrict the stiffness of a binder in order to
limit tensile stress development during thermal contraction. In addition, a minimum m-value
(slope of the log stiffness-log time curve at t = 60 seconds) is specified to ensure that the
asphalt material has an appropriate rate of stress relaxation. However, the binder tests alone do
not provide enough information to predict or control the amount of thermal cracking that will
occur in a pavement, especially for higher levels of design reliability [3,11]. Therefore, a
mixture test that would take into consideration the factors of pavement structure, pavement
temperature with depth, and coefficient of thermal contraction of the mixture was needed.

With the fundamental material properties obtained with the IDT, thermal cracking
versus pavement age can be predicted using a mechanistic-based thermal cracking model called
TCMODEL. The IDT test apparatus is shown in Figure 2.1, while the surface-mounted sensor

arrangement is displayed in Figure 2.2.



SUPERPAVE Level I mixture design method attempts to screen binders with
propensity to thermal cracking through BBR and DTT testing of the asphalt binder. However,
in Level II and 11T mixture design, the IDT testing is performed on the mixture, and test results
are used in TCMODEL to predict thermal cracking versus time. The main difference between
a Level IT and a Level III SUPERPAVE asphalt mixture design is the use of only three
specimens at the Level II design; whereas, nine specimens are used in Level 111 for increased
accuracy and reliability.

TCMODEL requires material, climatic, and structural information in order to obtain
final thermal cracking predictions. First, the pavement structure characteristics (layer types and
thicknesses) must be identified. These parameters are used along with minimum and maximum
air temperatures for each day of the analysis period in addition to the latitude of the pavement
site as inputs into an environmental effects model. The environmental effects model is used to
predict pavement temperatures as a function of time and depth. Using the fundamental low
temperature mixture properties from the IDT test in conjunction with the environmental
predictions, TCMODEL is executed and provides both master creep compliance curves and
tensile strength of the mixture besides predicting the amount of thermal cracking as a function
of time.

2.3 Canadian Strategic Highway Research Program (C-SHRP) Thermal Cracking Study

The Canadian Strategic Highway Research Program (C-SHRP) developed a field
experiment to investigate methods of controlling thermal cracking. A total of fourteen
pavement sections were constructed at three different sites in the Canadian provinces of
Alberta, Ontario, and Quebec. All mixtures used in the study were designed and constructed

with the same general characteristics that are outlined below:
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e Asphalt mixture composed of aggregate with a maximum size between 12.5 and
20mm with 60% crushed faces
e Mixture design used: 50 or 75 Blow Marshall with 3 to 5% design air voids
e Mixture compaction at 92 to 95% maximum theoretical density
e Constructed on uniform granular base of 2 minimum of 150mm with a consistent
subgrade type
With most design considerations held relatively constant, the variables that were altered for the
fourteen sections were thickness and asphalt cement grade.

The study was conducted to determine which test methods and performance prediction
models worked best in Canada to control thermal cracking. Therefore, as part of the C-SHRP
research, the thermal cracking prediction capability of the IDT and TCMODEL for Canadian
conditions was evaluated. In addition to evaluating the mixture characteristics, the study also
investigated the asphalt binder characteristics of the fourteen mixtures using the BBR. The
pavements in the study were carefully monitored including visual distress surveys. The use of
the IDT and thermal cracking prediction model accurately predicted the cracking levels in
eleven of the fourteen CSHRP sections; while the binder specification had predicted cracking
in all sections after three winters of service.

2.4 Illinois 1-155 Thermal Cracking Study

A section of I-155 (over thirty miles long) located in central Illinois, between Lincoln
and Peoria exhibited both block and thermal cracking early in the life of the pavement.
Construction of various portions of this pavement segment occurred over a period of four years,

starting in 1989. However, by 1993 certain sections had already developed block cracking and
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soon after thermal cracking also developed. Throughout this 375 mm (14.75 inch) full-depth
asphalt pavement project, a variety of combinations of the block and thermal cracking exist.

Field cores were obtained from selected sections to evaluate the range of observed
cracking levels. IDT testing was conducted along with thermal crack predictions to evaluate
the predictive reliability of the thermal cracking model (TCMODEL). In addition, material
characterization from the testing sequence was used to aid in the explanation of the differences
in crack formation throughout the project. Of the sections that had experienced some form of
cracking, test results showed that the low tensile strength pavements exhibited more block
cracking; whereas, the higher tensile strength pavements developed higher amounts of thermal
cracking.

In general, observed thermal cracking levels at I-155 were higher than those predicted
by TCMODEL. Two factors were identified as possible causes for these discrepancies: 1) Full-
depth asphalt pavement sections were not included as part of the original TCMODEL
calibration, and; 2) traffic loadings during critical cooling events might played a role in the
development of thermal cracking. Currently, TCMODEL considers only the temperature-
associated thermal cracking. A more comprehensive study of the effects of traffic loadings on
thermal crack development is needed.

2.5 Minnesota Road Research Project Research Project (Mn/ROAD)

With current empirical pavement design equations based upon AASHO data from
Ottawa, Illinois in the late 1950’s and early 1960°s, there was a definite need for large-scale test
pavements that could provide a vast amount of information to aid in the development of
mechanistic-empirical design procedures. To assist in this endeavor, the Mn/ROAD facility

was developed by the Minnesota Department of Transportation (MnDOT) in conjunction with



12

the University of Minnesota, the Federal Highway Administration (FHWA), the U.S. Army
Corps of Engineers/Cold Regions Research Engineering Laboratory (CRREL), the Minnesota
Local Road Research Board (LRRB), and representatives from the local paving industry.
2.5.1 Background

The Minnesota Road Research Project, which was completed in the summer of 1993, is
located approximately forty miles northwest of Minneapolis-St. Paul in Ostego, Minnesota.
The facility consists of a 3-mile section of I-94 westbound and a 2.5-mile low-volume closed-
loop test track. Throughout the pavement, approximately 4,500 electronic sensors were
installed that measure various responses to load and environment including: pressure, strain,
deflection, temperature, and moisture. Additional pavement performance data is collected
manually including: biannual distress surveys, annual friction testing, and bi-monthly structural
testing using a Falling Weight Deflectometer (FWD).

The Mn/ROAD pavement facility consists of forty, 150-meter (500-feet) long test cells
of varying material and structural characteristics with twenty-three sections located on the high
volume facility (I-94) and seventeen sections on the low volume loop. On 1-94, the average
daily traffic (ADT) is estimated to be 14,000 with the traffic stream consisting of 15% truck
traffic. Traffic flow patterns on the high-volume roadway are not controlled. Therefore, the
pavement is expected to receive considerably higher traffic in the driving lane (right lane) as
compared to the passing lane (left lane). As for the two-lane low volume loop, the test cells are
subjected to controlled loading by a single vehicle. The truck travels the inside lane four days a
week at a load level of 80,000 pounds and the outside lane one day a week load to 102,000

pounds. It is important to note that trafficking on the low-volume loop occurs during the
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standard workday hours, while the high-volume section (I-94) receives continuous traffic (e.g.,
day and night).
2.5.2 Asphalt Test Cells and Materials

Of the forty test cells in the facility, twenty-two cells represent flexible pavement
designs. These cells, which are detailed in Table 2.1 and Table 2.2 have varying asphalt
cements, asphalt mix designs, asphalt thickness, base types, base thickness, and subgrade types
and compaction levels. Table 2.1 displays the characteristics of the asphalt sections that are
located on the high volume roadway; whereas, Table 2.2 displays the details of the low volume
sections. In addition to the material and structural characteristics detailed in the tables, the
observed cracking levels are summarized for the two lanes of travel of each cell. For twelve of
the fourteen high volume sections, the driving lane, which receives the higher traffic on I-94,
displayed higher thermal cracking than the passing lanes of each respective cell. For the low
volume roadway, the cells showed no significant correlation between cracking and traffic. In
fact, four of the eight sections displayed higher thermal cracking on the 102k lane and the other
four had higher cracking on the 80k lane.

Throughout the twenty-two asphalt sections, a total of eight mix designs were used. A
combination of two asphalt cements (120/150 Pen and AC-20) and four mixture design
methods (35-Blow Marshall, 50-Blow Marshall, 75- Blow Marshall, and SHRP Level 1) were
used. The 120/150 PEN and AC-20 asphalts were graded according to SUPERPAVE
standards by MnDOT as PG 58-28 and PG 58-22, respectively. The two asphalts were chosen
to provide a comparison of pavement performance based upon asphalt cement type. However,
the selected asphalt grades, especially the AC-20, proved to be too viscous for the cold

Minnesota winters, as evidenced by the high severity of thermal cracks that has developed. An
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example of typical low severity thermal cracks at Mn/ROAD is shown in Figure 2.3. At this
location in Cell 30, the two thermal cracks were spaced approximately one and a half meters
(five feet) apart, which represents one of the areas of highest crack frequency at Mn/ROAD.
The average transverse crack spacing at Mn/ROAD was approximately six meters (twenty
feet).

Using the same aggregate gradation for each mix design, Mn/ROAD researchers
determined the optimum asphalt content for each mixture based upon the 120/150 Pen asphalt.
The asphalt contents for the 35-Blow Marshall, 50-Blow Marshall, 75- Blow Marshall, and
SHRP Level 1 mix designs were 6.4, 6.1, 5.9, and 5.6 percent, respectively. To facilitate
comparisons between asphalt types, these same asphalt contents were used for the AC-20
binder in lieu of conducting separate mix designs using the AC-20 binder. Further asphalt
material characterization of the hot-mix asphalts of the Mn/ROAD facility has been well
documented by Stroup-Gardiner and Newcomb [14]. In addition to the various mixture
designs, different base materials were also used in the test cells. The base material(s) used in
each cell is detailed in the cross-sections shown in Figure 1.2.a, 1.2.b, and 1.2.c.
Specifications for base materials that were utilized in the asphalt cells are summarized in
Table 2.3.

2.5.3 Thermal Crack Development

As previously reported [15], the test cells containing the AC-20 binder began to exhibit
thermal cracking after the first winter (1993-1994) and then showed no additional cracking the
second winter (1994-1995). However, the Pen 120/150 sections did not exhibit any cracking
over the first two winters. The winter of 1993-1994 was colder than an average Minnesota

winter with record low temperatures of -35 C in early January. The next winter (1994-1995),
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temperatures were more representative of a typical Minnesota winter. However in the winter of
1995-1996, temperatures again reached all-time lows. Temperatures fell to -40 C in early
February of 1996. It was during this exceptionally cold winter that the majority of cracking
throughout both the AC-20 and PEN 120/150 pavement sections occurred. In the winters that
have followed, thermal cracking levels have increased only slightly.

A summary of thermal cracking over six years of the facilities operation is shown in
Table 2.1 and Table 2.2. Clearly, a significant amount of thermal cracking at an early age in
the majority of test cells. As shown in Figure 2.4, a review of all the sections illustrates that the
most significant cracking can be found on the AC-20 sections. All AC-20 sections displayed
more cracking than the Pen 120/150 section, except for the cracking that developed in cell 27.
The data was used to assess the accuracy of the SUPERPAVE thermal cracking model and to
address the unexpected thermal cracking trends experienced at Mn/ROAD. In addition,
because the Mn/ROAD project contains both high and low volume facilities, it was also

possible to study the effect of traffic level on thermal crack formation.
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Chapter 3. MATERIALS SAMPLING AND TESTING
3.1 Coring, Sampling, and Preparation
A total of thirty-four, 150-mm (6-inch) diameter cores were taken from the center of the
driving (80k) lane of the five selected test cells. Cores were taken from the specified coring
areas for each cell. These designated areas are labeled on the maps included in Appendix A.
Using the specified areas, a coring scheme for each of the five-selected test sections was

developed. A detailed listing of the coring scheme and location of each core is shown in
Table 3.1.

Two of the six cores from cell 16, 17, 26 and 30 and three of the ten cores from cell 27
were randomly selected to produce the three needed IDT specimens for each cell. The cores
that were selected are highlighted with an asterisk in Table 3.1. Using a water-cooled masonry
saw, the cores were cut into 2-inch specimens for cell 16, 17, 26, and 27 and 1.75-inch
specimens for cell 30. The core-cutting plan/labeling scheme is detailed in Figure 3.1.

When preparing IDT specimens, it was necessary to provide a smooth surface for
mounting gage points. Therefore, as shown in Figure 3.1, the top 0.5-inch surface was
removed from the cores in cells 26, 27, and 30. However, to allow cuts along the visible lift
interfaces in the cores of cell 16 and 17, the top 0.75-inch surface was removed. The top
portion of the specimen is typically not tested in forensic studies, since it is not desirable to
characterize the highly oxidized “crust”, which forms on the pavement surface. While this
layer plays a role in crack initiation, it is most desirable to characterize the representative

properties of mixture just below the surface for an accurate prediction of stable crack
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propagation. Furthermore, TCMODEL has been calibrated to field cores where the top
0.5-inch was removed for the reasons just described.

3.2 IDT Testing Program

Using the SUPERPAVE Indirect Tensile Tester (IDT), constant load creep tests were
performed on the three prepared specimens for each of the five test cells. One-thousand second
creep tests were conducted at each of the following three test temperatures: 0, -10, and -20C.
During the creep test, a specimen is subjected to a constant vertical compressive load along the
diametrical axis. This loading produces tension perpendicular to the loaded direction. The
deflections on both sides of the specimen in both the horizontal and vertical directions are
measured using Linear Variable Differential Transformers (LVDTs). The measurements
obtained from the testing are then used to determine various material parameters including
Poisson’s ratio.

A sample of creep test data obtained from the Mn/ROAD test cells is shown in Figure
3.2. The plot displays 1000-second test data for cell 26 at 0C. The measured horizontal and
vertical deflections for the both faces of the tested specimen are displayed. After creep tests
were concluded, each specimen was subjected to a strength test at -10C, which was conducted
by applying a constant rate of ram displacement until failure. A sample strength data file is
displayed in Figure 3.3. Each strength test is carried out for twenty seconds. However, in
Figure 3.3, only the data up until time of failure is displayed in order provide increased
resolution. The data from the strength test is used to determine the instant of failure and the
tensile strength of the mixture. Testing and analysis procedures for the IDT have been
documented extensively [16, 17, 18], and the interested reader should consult these references

for additional details.
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Chapter 4. RESULTS
4.1 Thermal Cracking Predictions

The input requirements for the model are outlined in Figure 4.1 [10]. The three main
categories of required data are material properties, pavement étructure, and environment.
Material properties are acquired through mixture testing with the IDT, as explained earlier.
Raw data from the IDT are then used to generate the mixture viscoelastic and fracture
properties.

Pavement structure data is also needed to obtain thermal crack predictions. The
required structural data includes all layer types and thicknesses. Pavement type is utilized in
the environmental effects model (EEM) to assign the appropriate thermal properties to each
material layer. In addition to the assigned thermal properties and thicknesses for each
material, the EEM also requires environmental data. The required environmental data includes
maximum and minimum daily air temperatures along with site latitude. Air temperatures are
needed to model the daily temperature fluctuations; whereas, the latitude is required to
determine the amount of solar radiation at the pavement site.

With the structural and environmental data characterized, the EEM is able to model
pavement temperatures with time and depth. The results are presented for each hour in the
analysis period at the pavement surface and for additional nodal points spaced at 50-mm (2
inch) intervals with depth. A graphical example of output from the model is displayed in
Figure 4.2. This specific data plot displays the pavement behavior for sections 16 and 17
during temperatures of -40 C, which was recorded in February of 1996. In addition to the
EEM outputs for sections 16 and 17, Figures 4.3, 4.4, and 4.5 display the behavior of cells 26,

27, and 30 during the -40C during this cooling cycle. A comparison of these figures displays
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that during the cooling cycle, the surface of the thinnest section (cell 27) had dropped to the
lowest temperature, while the thickest sections (cell 16 and 17) had the highest temperatures
during the cooling cycle.

‘Thermal cracking evaluation is conducted using the following steps: 1) Input data is
entered into the SUPERPAVE system, 2) Environmental effects model] is executed and
pavement temperatures with time and depth are obtained, 3) TCMODEL is executed and the
master creep compliance curve and tensile strength of the mixture is determined along with
predicted amounts of thermal cracking as a function of time [10]. With the outputs from
TCMODEL, material characteristics and cracking predictions for each mixture can be
evaluated.

The thermal cracking predictions from TCMODEL for the five tested sections at
Mn/ROAD are displayed in Table 4.1. It should be noted that the cracking amounts were
capped at values of 58.1m (190.7 ft) of thermal cracking per 150-meter (500-ft) lane section in
the table, to coincide with the terminal thermal crack level used in TCMODEL. At this level of
cracking, there are full-width transverse cracks occurring at an interval of one at approximately
every 9.5 meters (30 feet). Since the model was developed for design purposes of reducing
thermal cracking, it was not practical to devise the system to predict thermal cracking at higher
levels, which would require modeling of pavement-to-base friction characteristics.

Table 4.2 through Table 4.6 displays crack predictions and observed cracking for the
five tested sections. Each table also displays predictions and observations for the additional
sections in the study that used a corresponding mixture design to the mixture tested. Again it
should be noted that the cracking values were contained to 58.1m (190.7 ft) based upon the

terminal cracking level used in TCMODEL.



4.2 Material Characterization

As previously mentioned, the SUPERPAVE IDT tests were conducted to obtain both
creep compliance, tensile strength, and other various fundamental material properties, which
are utilized to characterize the material behavior of the mixture and also predict thermal
cracking as a function of time. Material characterization results from the IDT testing of the
five mixtures (Cell 16, 17, 26, 27, and 30) are detailed in Table 4.7.

Included in the summarized table are the values for each tested mixture of tensile
strength, creep compliance at 0C, -10C, and -20C, shift factor relationships (log (1/ay)) at 0C
and -10C, and m-value from the master creep curve. The tensile strengths were determined
directly from the IDT strength tests. The Voight-Kelvin model was used to determine creep
compliance and shift factors of an asphalt mixture based upon material characterization from
the IDT creep testing. The following is the general Voight-Kelvin Model.

D) =D(0)+2D;(1-e %)+ (E/n\)
Where:
D(€) = creep compliance at reduced time, &
£ =reduced time = t/a,
a; = temperature shift factor
D(0), Dj, i, nv = Prony series parameters

The creep compliance curves at 0C, -10C, and -20C for cells 16, 17, 26, 27, and 30 are
shown in Figures 4.6 through Figure 4.10. With the creep compliance from the IDT testing,
master curves were created by determining parameters of the Prony series that would create a
best fit of this creep compliance estimate to the known data. The generated creep compliance

master curves for cells 16, 17, 26, 27, and 30 are shown in Figure 4.11 through Figure 4.15,

respectively. From the created creep curves, the m-value was determined for each mixture.

20
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4.3 Documentation of Results

In the execution of TCMODEL, data summaries in the form of text files are created.
These summaries include information that was input into TCMODEL to obtain the thermal
crack predictions. In addition, material properties that were determined by the model are also
summarized. Appendix B includes summaries of creep compliance data, Poison’s ratio, tensile
strength, specimen dimensions, and applied testing loads for the five tested mixtures.
Appendix C includes summaries of the following material characteristics: shift factors, Prony

series parameters, and m-values.
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Chapter 5. RELATIONSHIP BETWEEN MIXTURE PARAMETERS AND THERMAL

CRACK DEVELOPMENT

An analysis of the relationship between mixture parameters (i.e. mixture quality

characteristics, traffic levels, and fundamental mixture properties) and thermal crack

development was conducted, as described in this chapter. The analysis provided the following

main conclusians:

Thermal cracking is a complex phenomenon and cannot be characterized by a
single quality characteristic or fundamental mixture property. Instead, a
mechanics-based thermal crack model that incorporates fundamental mixture
properties along with other important factors (i.e. cooling rates, layer thickness
and type, etc.) is required for accurate thermal crack predictions. Binder testing
and specifications are useful for screening binders with a high likelihood of
achieving adequate performance, but accurate mixture predictions require
mixture testing.

Higher thermal cracking was observed on the higher volume roadway versus the
low volume loop. Based upon trafficking information, it seems apparent that
increased cracking on high volume roadway is due to combined thermal and

load-associated stresses, particularly during critical cooling events.

Tables 2.1 and 2.2 summarize the characteristics of all the high and low volume asphalt

cells, respectively. Clearly, a number of different factors contribute to thermal cracking in each

cell. This chapter details the effect of standard material quality characteristics, traffic, and

fundamental properties on the occurrence of thermal cracking, while Chapter 6 will present the

results of thermal crack predictions obtained using TCMODEL.
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5.1 Quality Characteristics
5.1.1 Effect of Binder Grade on Thermal Cracking

Figure 5.1 displays the role of binder type (AC-20 versus PEN 120/150) in the
development of thermal cracking. As shown in Figure 2.4, the AC-20 mixtures developed
significantly higher levels of cracking than the PEN 120/150 mixtures. This trend was, of
course, expected because the AC-20 is the more viscous asphalt cement as evidenced by its PG-
grading of 58-22 versus the PG grading 58-28 for the PEN 120/150. Based upon the
SUPERPAVE criteria for asphalt binder grades and reliability for selected cities [18], for the
Minneapolis-St. Paul area, which is approximately four miles southwest of the Mn/ROAD
facility, the 50% reliability grade is a PG 58-28, which corresponds to the PEN 120/150;
whereas, the 99% reliability grade is specified as a PG 58-34. Therefore, the SUPERPAVE
binder criteria would have projected the high occurrence of cracking on the AC-20 mixtures.
5.1.2 Effect of Mixture Design on Thermal Cracking

Figure 5.2 displays the effect of mixture design on the occurrence of thermal cracking.
Clearly, mixture design differences were not a significant factor in thermal crack occurrence at
Mn/ROAD. However, when other factors (asphalt type and thickness) were held nearly
constant, mixture design was shown to have a non-intuitive effect on thermal crack ranking, as
shown in Figure 1.3. One characteristic that typically changes with mixture design is asphalt
content. The differing asphalt contents can be linked to the fact that mixture designs are
selected based upon traffic levels, which in turn affects the amount of compactive effort used.
As traffic levels increase, the compactive effort used in the laboratory is also increased. This
increased compactive effort leads to reduced asphalt content in order to achieve the desired

design air void content. Therefore, as compactive effort increases for the mixture designs in
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the following order: 35-Blow Marshall, 50-Blow Marshall, 75-Blow Marshall, and
SUPERPAVE Level I; the asphalt content decreases because less asphalt is needed to provide
the desired air voids. Based upon these correlations, asphalt content is expected to have some
effect on thermal cracking occurrence.

However, as evidenced by the regression line and the extremely low R” value of 0.0209
in Figure 5.3, which displays asphalt content versus thermal cracking, there is not a good
correlation between cracking and asphalt content. Intuitively, it was expected that increased
asphalt content would result in increased flexibility of the mixture and therefore reduced
cracking. However based upon the poor correlation between asphalt content and thermal crack
occurrence, it seems that additional factors are clouding the effect of mix design/asphalt
content. Also, the use of asphalt cements that were rather viscous for the region may have also
muted the effect of asphalt content on the occurrence of thermal cracking.

5.1.3 Effect of Air Void Level on Thermal Cracking

Air void level was also examined for its effect on the development of thermal cracking.
The overall trend is shown in Figure 5.4. This figure displays that increased air voids are
associated with a slight decrease in thermal cracking. The relationship between air voids and
thermal cracking is quite complex. As air voids increase, the strength of the mixture will
decrease. This decrease in strength is expected to cause increased cracking potential. Also, air
voids will increase aging of the mixture, which is also known to increase cracking. However,
increased voids also cause increased compliance, which is associated with decreased thermal
cracking. The effect of increased compliance seems to have a more prominent effect on the
thermal crack development than the first two factors. Although air voids exhibit some

correlation to cracking levels, it should be noted that the coefficient of determination (R* value)
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between air voids and thermal cracking is quite low (0.1459). Therefore, this quality
characteristic does not aid in explaining thermal crack occurrence at Mn/ROAD.
5.1.4 Effect of Base Type on Thermal Cracking

The effect of base type of the asphalt pavement was also examined to determine if it had
any significance on the occurrence of thermal cracking. Many believe that thermal cracking is
accelerated when there is increased friction between pavement layers. However, no trend of
this type was found in a comparison of base type and thermal cracking as shown in Figure 5.5.
5.1.5 Effect of Pavement Thickness on Thermal Cracking

The effect of pavement thickness on extent of thermal crack development was also
examined. Figure 5.6.a displays that there was a slight increase in thermal cracking with
increased pavement thickness for all asphalt pavements in the study. Although there was a
slight increase, the correlation between cracking and a thickness was determined to be very
small (R” = 0.1279). This same trend was shown when examining the relationship between
thermal cracking and thickness for the high volume roadways (R” = 0.0698) as shown in Figure
5.6.b. Although these trends proved to be insignificant, there was a correlation between the
development of cracking and asphalt thickness for the low volume sections in the study.
Thermal cracking was shown to decrease with increased thickness in Figure 5.6.c. This
correlation had an R” value of 0.4713. There was an expected relationship between thermal
cracking and thickness of the low volume sections due to the effect of cooling and stress
development in the pavements with smaller thicknesses.

Figure 5.7 provides a schematic of a typical stress gradient due to contraction during the
cooling cycles that occurred February 2 and 3 in 1996 for cells 16 and 17. The figure displays

the temperature distribution throughout the pavement thickness at four-time steps during the



26

cooling cycle. At 12:00 pm on February 2, 1996, the pavement surface was at its warmest
temperature. Then the cooling cycle began and the pavement surface reached its lowest
temperature at 3:00 am on February 3. This figure displays the fact that at a certain depth in the
pavement the cooling rate is significantly reduced even though the rate may be quite high at the
surface. Therefore, it will take an extremely cold or prolonged cooling cycle to lead to
significant tensile stresses at the bottom of a thick pavement that are high enough to induce
thermal cracking. Consequently, less critical cooling cycles would lead to higher thermal
cracking in thin pavements relative to thick pavements. Below approximately 6 to 8 inches of
depth in the pavement, temperature gradients are greatly reduced. Therefore, pavements that
are thinner than this critical depth (e.g., the low volume roads at Mn/ROAD) should be
expected to have a more noticeable correlation between pavement thickness and thermal
cracking.

It should be noted that the temperatures shown in Figure 5.7 were obtained through
modeling with the environmental effects model. In addition, the modeled temperatures were
shown to converge and remain relatively constant at a depth of 160mm (6 inches) for the four
displayed times. However, a constant temperature at the 200 mm (8 inch) depth for time 2 and
4 was not observed, due to the required time shift to allow temperature to reach its equilibrium
at that depth.

5.2 Traffic Loadings
5.2.1 Effect of Traffic Loads on Thermal Cracking

Figure 5.8.a and Figure 5.8.b display the effect of traffic volume on cracking levels.

Figure 5.8.a depicts cracking values on the passing and driving lanes of the high volume

roadway; while, Figure 5.8.b displays the amount of measured cracking found on the 80k and
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102k lanes of the low volume loop. A comparison of the two graphs displays that higher levels
of cracking were observed on the high volume roadway sections as compared to the low
volume sections. Five of the eight low volume sections displayed cracking levels below the
cracking levels of all the high volume sections. There was, however, one section (cell 27) on
the low volume roadway that incurred substantial thermal cracking. Nevertheless, the level of
cracking on cell 27 was surpassed by the amount of cracking on several of the high volume
sections. Overall, there was a significant trend of higher cracking on the high volume sections.

This trend is intuitive when specific traffic-loading conditions at Mn/ROAD are taken
into consideration. As mentioned in Section 2.5.1 of this report, trafficking occurs on the high-
volume roadway twenty-four hours a day. However, the low volume facility only receives
loadings during normal workday hours. Even then, the 80k lane is trafficked four of the five
days in the wquweek, while traffic is found on the 102k lane only once a week. Based upon
the trafficking information, it seems apparent that increased cracking on the high volume
roadway is due to combined thermal and load-associated stresses, particularly during critical
cooling events.

The Ste. Anne study concluded that thermal cracking initiates when mix and binder
stiffnesses exceed critical limiting values during a Cooling cycle. This is the mechanism that
occurs each time thermal cracking initiates. In the case of Mn/ROAD, it is not only critical
stiffness values but it is also varied trafficking that has lead to differentiated cracking levels. It
is a known fact that critical cooling cycles, which increase the stiffness of an asphalt binder and
mixture, normally occur during the nighttime hours. Also during the nighttime hours, truck
traffic (the critical loadings) continues to load the pavement on the high volume facility;

whereas, the low volume facility at Mi/ROAD does not undergo trafficking during critical
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temperature events. The combination of the critical cooling cycles and traffic loadings has
clearly lead to higher thermal cracking levels on the high volume facility.

Figure 5.9.a displays a comparison of thermal cracking levels for the driving and
passing lanes of the high volume facility. Twelve of the fourteen high volume sections fall to
the left of the unity line, indicating that more cracking occurs in the driving lane than in the
passing lane of the high volume facility. This observance can also be explained by the theory
of increased cracking due to critical loading at critical cooling cycles. It is expected that the
truck traffic on 1-94 during nighttime hours will primarily travel in the driving lane. Therefore
with more critical loadings in the driving lane, cracking is expected to be more prominent in
this lane.

This theory is also reinforced when examining Figure 5.9.b. Figure 5.9.b displays a
comparison of cracking in the driving lane versus the passing lane for the low volume loop.
The plot shows no clear trend of higher cracking on either the 80k or the 102k lane. In fact, the
data is divided evenly on each side of the unity line. This trend was expected because critical
loadings at critical temperatures do not occur, due to the daytime only trafficking.

3.3 Correlation of Fundamental Mixture Properties to Thermal Cracking

In addition to the examination of the quality characteristics and traffic effects, a
investigation into the correlation of between the material characteristics obtained through IDT
testing and thermal cracking is of interest. Figure 5.10 displays the relationship between creep
compliance and thermal crack development for all three IDT test temperatures. As expected, as
creep compliance increases the thermal cracking decreases. The increase in compliance or
flexibility results in a mixture that is more resistant to thermal cracking. The R? values for

these relationships are 0.394, 0.131, and 0.558 for creep tests conducted at 0C, -10C, and -20C,



29

respectively. These correlations are fairly weak, however, they are more significant that the
relationships found for most of the asphalt quality characteristics. On the other hand, these
lower- than-expected correlation factors further illustrate the complexity of the thermal
cracking phenomenon. Accurate performance prediction requires not only fundamental
mixture characterization, but also the incorporation of these ﬁmdamenta] properties into a
mechanics-based prediction model. The prediction model accounts for other important factors,
such as temperature magnitudes and cooling rates, mixture tensile strength, and mixture
relaxation modulus and shift factors, layer thickness, and layer types.

In addition to creep compliance, the IDT testing and analysis using TCMODEL also
provides values of tensile strength. The relationship between thermal cracking and tensile
strength is shown in Figure 5.11. It was expected that there would be a strong correlation
between increased tensile strength and increased thermal cracking. However, this expectation
did not hold true. From this observation, it appears that there is possibly a tensile strength level
above which other factors (fundamental material properties and/or environmental loadings) will
dominate the propensity of the mixture to cracking.

Mixture properties of shift factors are also determined during thermal crack analysis
using SUPERPAVE. Shift factors are values that are utilized when creating the basic creep
compliance curves to form the master creep curves for a mixture. The relationship between
shift factors and thermal cracking is displayed in Figure 5.12. As shown by this figure, there is
a fairly strong correlation between the shift factors and the thermal cracking (R* = 0.952 at 0C).
Shift factors, however, do not have a true intrinsic consequence on the formation of thermal
cracking. Based upon all the comparisons of asphalt quality characteristics, traffic effects, and

fundamental mixture properties, no single parameter was found to adequately explain thermal
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cracking at Mn/ROAD. Nevertheless, considering that both creep compliance and shift factors
from IDT testing have good correlation to the occurrence of thermal cracking, it was expected
that the predictions obtained from TCMODEL would match well to the observed cracking at

Mn/ROAD. This was indeed the case, as discussed in the following chapter.
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CHAPTER 6. THERMAL CRACK PREDICTIONS
TCMODEL was utilized to obtained thermal crack prediction for the five tested cells
(cells 16, 17, 26, 27, and 30). Additional thermal crack predictions were also acquired for the
remaining asphalt cells that had mixture designs corresponding to the tested sections. The
obtained predictions were then compared against observed performance. The main conclusion
from this analysis are the following:
e Predicted cracking levels for the tested cells are in excellent agreement with the
observed cracking in the cells.
e However, the results suggested that traffic level has a strong effect on thermal crack
occurrence (i.e. higher traffic at critical low temperatures or cooling cycles cause
increased thermal cracking).
6.1 Thermal Crack Predictions of Tested Cells

TCMODEL predicts actual lengths of cracking for a 150-meter pavement section.
Figures 5.13 and 5.14 and Table 5.1 clearly illustrate that TCMODEL closely predicted thermal
crack development at the Mn/ROAD facility for the five mixtures tested. For design purposes,
numeric prediction of amount of thermal cracking versus time is not necessary. Instead, it is
more effective to group prediction values intb thermal cracking level categories. These severity
levels are explained in the footnote of Table 5.1.

Based upon these results, TCMODEL accurately predicted thermal cracking in a typical
asphalt mixture for the Minnesota region (the PEN 120/150 sections). The model was also able
to capture accurate predictions for the AC-20 mixtures, which are stiffer than what is typically

used in the region.
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6.2 Thermal Crack Predictions of Additional Cells

An attempt was made to apply TCMODEL to other flexible pavement sections at
Mn/ROAD, that utilized similar mixture composition as the five cells directly tested in this
study (16, 17, 26, 27, and 30). Using the material properties determined from IDT testing on
the five tested cells, predictions were made for other cells that possessed similar mixture
designs, but differing pavement cross-sections. The results of actual versus predicted cracking
values for the tested mixture and untested mixture cells are reported in Tables 4.2 through 4.6.

Table 4.2 displays thermal cracking comparisons for the test cells in which the asphalt
surface was composed of a PEN 120/150, 35-Blow Marshall mix design. Cell 27 was the only
cell directly sampled and tested in this group and the TCMODEL results were in excellent
agreement with observed cracking for this low volume section. The cracking trend of other low
volume section in this group, Cell 24, was also well characterized. As for the high volume
sections, Cell 2 and 20, TCMODEL did a reasonable job of predicting long-term cracking, but
underestimated the time required to reach failure (i.e. to reach a cracking level above 58.1m /
150m section).

The cracking levels for the PEN 120/150, 50-Blow Marshall mix design are displayed
in Table 4.3. The low-volume, tested section, cell 26, had excellent correlation between the
predicted and observed cracking levels. All the high volume cells, Cell 3, 21, and 23, had fair
predictions. In general, TCMODEL significantly underestimated the rate of thermal crack
progression to failure.

For the PEN 120/150, 75-Blow Marshall mix designs shown in Table 4.4, the cracking
predictions for cell 30, the tested low volume cell, were excellent. The results did slightly over

predict the rate of crack development. A comparison of the results for cells 1, 14, and 22, the
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high volume sections, reveals that TCMODEL gave good results, but again, under-predicted
the cracking rate. For all of the PEN 120/150 sections, the model under-predicted the cracking
rate by a significant amount. However, from a design standpoint the model still succeeds in
identifying the mixes that will fail in service, despite the under-prediction of cracking rate.

Table 4.5 and Table 4.6 display the results of TCMODEL predictions for AC-20 cells.
The thermal crack behavior of cell 16 and cell 17 were predicted with excellent accuracy. The
correlation of actual and predicted thermal cracking for cell 15 was also very good.
TCMODEL over-predicted cracking in the first two years for all three of these high volume
cells. This occurrence may be attributed to the fact that TCMODEL was never calibrated to
AC-20 mixes under Minnesotan conditions, because AC-20 is not normally used in this area.
6.3 Effects of Traffic on TCMODEL Predictions

Overall, the predicted levels of cracking from the model were in excellent agreement to
observed cracking for the tested cells, and in good to fair agreement with observed cracking for
the untested cells. More importantly, this analysis gave a clear indication of the strong effect of
traffic level on thermal cracking frequency. Currently, TCMODEL does not include traffic
loadings as a model input, although the model indirectly accounts for average traffic effects
through calibration to field performance data. Therefore, on the Mn/ROAD mainline sections,
where critical combinations of load- and environmentally-induced stresses occurred frequently,
TCMODEL was found to generally under-predict the rate of thermal crack development that
was observed. This Figure 5.15 displays the predicted behavior of cell 1, a high volume
section, versus the actual cracking observed in both lanes of the section. As shown by this

figure, the predicted cracking was less than that observed on the driving and passing lanes.
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This under- prediction was expected for cell 1 and other high volume sections because of the
use of the averaged traffic effect in TCMODEL.

Conversely, on the low-volume loop, where traffic loads were generally not present
when environmentally-induced stresses were highest, TCMODEL was found to generally over-
predict the rate of thermal crack development. Figure 5.16 displays the comparison between
predicted and actual cracking for cell 30. The predicted cracking on Cell 30, which is a low
volume section, was over estimated by TCMODEL. In fact, the cracking prediction values
were larger than the values observed in either the 80k or 102k lane. Again, this over-prediction
was expected due to the calibration of TCMODEL to average traffic conditions.

6.4 Conservative Use of TCMODEL to Account for Traffic Level

The results of this study suggest that traffic effects should be considered in future
versions of the SUPERPAVE TCMODEL. For the time being, it is necessary to utilize the
current guidelines in a manner to control thermal cracking especially for high design reliability
sections. The current distress levels are the following:

o Zero: 0to 8 m cracking / 150 m section

e Low: 8 to 23 m cracking / 150 m section

e Medium: 23 to 46 m cracking / 150 m section
e High: > 46 m cracking / 150 m section

It is suggested that mixtures used in pavement sections that warrant high design
reliability (i.e. high-volume facilities) be designed to a “zero” level of thermal cracking at a
design life of fifteen years. This strict guideline is necessary to account for the current under-

prediction of crack development by TCMODEL for high-volume facilities. Applying this



35

design strategy to Mn/ROAD cells 16, 17, 26, 27, and 30, none of these sections would have
judged as having a suitable mix deéign.

While it is suggested to allow only a “zero” level of thermal cracking on the high
volume facilities, the recommendation for low volume roads is to allow either “zero” or “low”
levels of thermal cracking at the fifteen-year design life. This less stringent recommendation
for the low volume roadways is based upon the fact that cell 26 is performing very well while
displaying a “low” thermal crack prediction level at a fifteen year design life.

Utilization of these recommendations, will help contain thermal cracking to acceptable
levels until load-associate response and distress models can be developed and added to
TCMODEL. Further validation of these recommendations are needed to assure the accuracy of

these suggested practices prior to the inclusion of load-related distresses in TCMODEL.



36

Chapter 7. CONCLUSIONS AND RECOMMENDATIONS

As shown throughout this report, thermal cracking is a complicated distress that is

cannot be explained by a single parameter. The key findings and recommendations of this

investigation are summarized as follows:

TCMODEL was found to accurately predict thermal cracking levels in Midwestern
conditions for all five of the Mn/ROAD cells that were tested in this study.

e As expected, asphalt type played a major role in thermal crack development.
TCMODEL predicted these trends very accurately.

e Of the other factors investigated at Mn/ROAD (i.e. mixture design method,
asphalt content, air voids, layer thickness, layer type, and traffic), traffic level
played the most significant role in the development of thermal cracking.

Binder testing and specifications provide a means of screening out binders that will not
perform adequately for the given condition. However, accurate mixture performance
predictions can only be acquired through mixture testing.

None of the fundamental mixture properties determined through IDT testing provided a
unique means for predicting thermal crack occurrence, which is consistent with
previous studies. However, both creep compliance at 1000-seconds and temperature
shift factors showed relatively strong correlation to thermal crack development for the
five Mn/ROAD cells tested.

Correlation between individual mixture parameters and thermal cracking were fairly
weak, due to the many factors involved in thermal crack development (i.e. interaction
between asphalt content, air voids, thicknesses, base types, traffic, etc.). These

complicated interactions provide a rational explanation for the counter-intuitive thermal
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cracking trends, observed at Mn/ROAD, particularly with respect to mixture design
method.

During the design stages of Mn/ROAD, the SUPERPAVE mixture design system was
still evolving. However, based upon the current SUPERPAVE asphalt binder
specification, the AC-20 (PG 58-22) binder, which exhibited the most significant
amount of cracking at Mn/ROAD, would not have been selected. In addition, the PEN
120/150 (PG 58-28) grade, which has a design reliability of 50% for the region, would
have not have been recommended for use on the high volume facility (I-94).

The results of this study suggest that traffic can play a significant role in thermal crack
development, and the addition of a load-associated response and distress model should
be developed as a future enhancement to TCMODEL.

Until TCMODEL is modified to include traffic effects, one can conservatively apply
TCMODEL using modified criteria. For high volume facilities, it is recommended to
design mixtures that result in predicted thermal cracking levels in the “zero” cracking
category; while for low volume facilities, it is recommended to limit thermal cracking to

the “zero” or “low” level.
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Table 2.2 Summary of Material and Structural Characteristics of Low Volume Sections at Mn/ROAD Facility

cell wx | - AC 355 | i | (inarfosyof | (inearfoct o
Numbers AC Grade Design Thickn.ess, Base Type Thickngss, Value Crackingin | Cracking in 80k
mm (in) mm (in) a a
102k Lane Lane
24 120/150 | 35-Blow | 75 (3.0) Class 6sp 100 (4.0) 70 60 (198) 79 (259)
25 120/150 | 50-Blow | 125 (5.0) None 0 70 19 (61) 20 (67)
26 120/150 | 50-Blow | 150 (6.0) None 0 12 12 (40) 0 (0)
27 120/150 | 35-Blow | 75 (3.0) Class 6sp | 280 (11.0) 12 126 (415) 144 (473)
28 120/150 | 50-Blow | 75 (3.0) Class 5sp | 330 (13.0) 12 86 (281) 59 (195)
29 120/150 | 50-Blow | 125 (5.0) | Class4sp | 255 (15.0) 12 27 (89) 8 (25)
30 120/150 | 75-Blow | 125 (5.0) | Class 3sp | 305 (12.0) 12 32 (104) 33 (108)
31 120/150 | 75-Blow | 75 (3.0) Class 5sp | 405 (12.0) 12 22 (72) 15 (48)

2 These measurements are based upon total length of thermal cracking in the 150 m (500 ft) section from the spring of 1999

6t



Table 2.3 Summary of Aggregate Specifications

Aggregate Percent Passing Sieve Size Plastic index

Class 1-1/2" 1" 3/4" (1/2" 3/8" No.4 | No.10 | No.40 | No.200 | Liquid Limit | Max. | Min.
CL-3 Sp - - - 100 | 100-95 | 100-85 | 90-65 | 50-30 15-8 35 max. 12 0
CL-4 Sp 100 | 100-95 | 100-90 | - | 95-85 | 85-70 | 70-55 | 30-15 10-5 35 max. 12 0
CL-5 Sp - 100 | 100-90 | -- | 85-70 | 70-55 | 55-35 | 30-15 8-3 25 max. 6 0
CL-6 Sp - 100 | 100-85 | -- | 70-50 | 50-30 | 30-15 | 15-5 5-0 25max. | 6 0

oy



Table 3.1 Coring Summary

Coring Section Core Approximate

Sequence Number Stationing
1 179+10

2 178+75

3* 178+25

4> 177+76

5 177+44

1 27 6 176+57
7 176+22

8 175+88

9 175+52

10” 175+16

1 169+83

2* 169+69

3 169+54

2 26 4> 174+89
5 174+80

6 174+72

1* 197+64

2 197+55

3 197+48

3 30 4 192+35
5* 192+27

6 192+19

1 1211+36

2" 1211+28

3 1211+18

4 17 4 1206+14
5* 1206+05

6 1205+96

1 1205+88

2 1205+83

5 16 3* 1205+68
4> 1200+59

5 1200+52

6 1200+47

*Cores randomly selected for use as IDT specimens
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Table 4.1 Summary of Cracking Predictions of Tested Cells

42

Traffic Actual Predicted

Section Volume AC Mix Thermal Thermal

Catedo Grade Design Cracking Cracking

gory (m/150m) | (m/150m)
Cell 16 High AC 20 Gyratory > 58.1 > 58.1
Cell 17 High AC 20 75-Blow > 58.1 > 58.1

Cell 26 Low 120/150 50-Blow 0.0 24

Cell 27 Low 120/150 35-Blow > 58.1 > 58.1
Cell 30 Low 120/150 75-Blow 32.9 41.2
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Table 4.2 Thermal Cracking Results for PEN 120/150, 35-Blow Mixture

Mix PEN 120/150 - 35 Blow
Cell 278 2° 20° 24°
Thickness
(mm) 75 145 v 195 75
Volume Low High High Low
Lane 80k Driving Driving 80k
Cracking . . . .
(m/150m) Actual |Predicted| Actual |Predicted| Actual | Predicted | Actual |Predicted
Sept. 1993 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sept. 1994 0.0 2.6 0.0 0.3 0.0 0.0 0.0 2.4
Sept. 1995 0.0 4.5 0.0 0.6 0.0 0.0 0.0 4.6
Sept. 1996 > 58.1 456 > 58.1 14.3 > 58.1 9.1 > 58.1 45.4

Sept. 1997 | > 58.1 54.9 > 58.1 19.9 > 58.1 12.2 > 58.1 54.6
Sept. 1998 > 58.1 57.1 > 58.1 20.6 > 58.1 13.1 > 58.1 56.7
Sept. 1999 | >58.1 | >568.1 | > 58.1 23.8 > 58.1 15.3 >58.1 [ >58.1

Sept. 2000 41.0 26.1
Sept. 2001 42.8 27.4
Sept. 2002 > 58.1 41.2
Sept. 2003 42.3
Sept. 2004 42.6
Sept. 2005 43.2
Sept. 2006 47.5
Sept. 2007 47.9

? Mixture tested
® Mixture properties were obtained from testing of Cell 27
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Table 4.3 Thermal Cracking Results for PEN 120/150, 50-Blow Mixture

Mix Pen 120/150 - 50 Blow
Cell 26° 3P 21° 23°
Thickness (mm) - 150 145 195 | 220
Volume Low High High High
Lane 80k Driving Driving Driving
Cracking Actual | Predicted| Actual |Predicted| Actual |Predicted| Actual |Predicted
(m/150m)
Sept. 1993 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sept. 1994 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sept. 1995 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sept. 1996 0.0 1.3 > 58.1 1.2 > 58.1 0.6 > 58.1 0.0
Sept. 1997 0.0 1.8 > 58.1 1.5 > 58.1 0.6 > 58.1 0.3
Sept. 1998 0.0 2.0 > 58.1 1.8 > 58.1 0.9 > 58.1 0.3
Sept. 1999 0.0 24 > 58.1 2.1 > 58.1 1.8 > 58.1 0.3
Sept. 2000 5.0 4.6 1.8 0.6
Sept. 2001 5.6 5.2 5.2 0.6
Sept. 2002 13.8 12.8 6.1 2.1
Sept. 2003 15.2 14.0 6.4 2.4
Sept. 2004 15.6 14.6 7.0 2.7
Sept. 2005 16.6 15.5 9.4 3.0
Sept. 2006 21.4 20.4 10.1 4.3
Sept. 2007 22.2 21.0 15.8 . 4.6

¥ Mixture tested
® Mixture properties were obtained from testing of Cell 26




Table 4.4 Thermal Cracking Results for PEN 120/150, 75-Blow Mixture

45

Mix Pen 120/150 - 75 Blow
Cell 30° 1° 14° 22°
Thickness (mm) 125.0 145 275 195
Volume Low High High High
Lane 80k Driving Driving Driving
(fnrfg(')’r‘g) Actual |Predicted| Actual |Predicted | Actual |Predicted| Actual |Predicted
Sept. 1993 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sept. 1994 0.0 1.2 0.0 0.6 0.0 0.0 0.0 0.3
Sept. 1995 0.0 2.2 0.0 0.9 0.0 0.3 0.0 0.3
Sept. 1996 27.1 326 | >58.1 28.0 | >58.1 6.7 | >58.1 8.5
Sept. 1997 27.1 37.1 | >58.1 31.7 | >58.1 88 |>581] 11.0
Sept. 1998 27.1 38.3 | >58.1 326 | >58.1 94 |>581]| 116
Sept. 1999 32.9 411 | >58.1 35.1 >581| 113 |>58.1| 137
Sept. 2000 54.7 44.2 18.3 20.7
Sept. 2001 56.1 45.7 19.5 21.9
Sept. 2002 > 58.1 > 58.1 30.2 34.1
Sept. 2003 31.1 35.1
Sept. 2004 314 354
Sept. 2005 32.0 36.3
Sept. 2006 35.1 30.6
Sept. 2007 35.4 39.9

@ Mixture tested
® Mixture properties were obtained from testing of Cell 30




Table 4.5 Thermal Cracking Results for AC 20, Gyratory Mixture

Mix

AC 20 - Gyratory

Cell

Thickness (in)

Volume
Lane

16°

7.75

High
Driving

Cracking
(m/150m)

Actual [Predicted

Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.
Sept.

1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

0.0 0.0

3.7 32.9

3.7 36.0
> 58.1 97.3
> 58.1 >58.1
> 58.1 > 58.1
> 58.1 > 58.1

& Mixture tested
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Table 4.6 Thermal Cracking Results for AC 20, 75-Blow Mixture

Mix AC 20 - 75 Blow
Cell 17° 15°
Thickness (mm) 195 275
Volume High High
Lane Driving Driving
gﬂ%k(')’r‘% Actual | Predicted | Actual | Predicted
Sept. 1993 0.0 0.0 0.0 0.0
Sept. 1994 7.3 30.2 0.0 16.8
Sept. 1995 7.3 33.8 0.0 20.1

Sept. 1996 > 58.1 > 58.1 > 58.1 43.3
Sept. 1997 > 58.1 > 58.1 > 58.1 442
Sept. 1998 | > 58.1 > 58.1 > 58.1 44.5
Sept. 1999 | > 58.1 > 58.1 > 58.1 451

Sept. 2000 49.1
Sept. 2001 49.4
Sept. 2002 54.9
Sept. 2003 55.2
Sept. 2004 55.5
Sept. 2005 55.5
Sept. 2006 57.3
Sept. 2007 57.3

& Mixture tested
P Mixture properties were obtained from testing of Cell 17
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Table 5.1 Comparison of Predicted and Observed Distress Levels

Cell Predicted Distress Level* Observed Distress Level*
16 High High

17 High High

26 Zero Zero

27 High High

30 Medium Medium

* Distress Levels

Zero: 0 to 8 m cracking / 150 m section

Low: 8 to 23 m cracking / 150 m section
Medium: 23 to 46 m cracking / 150 m section
High: > 46 m cracking / 150 m section
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Figure 1.1 Aerial Photo of Mn/ROAD Facility
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5-Year Mainline Bituminous Tesl Sections
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Figure 1.1.a Cross-Sections of Mn/ROAD Bituminous Pavement Cells [19]
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Low Volume Road Bituminous Test Sections
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Figure 1.2.b Cross-Sections of Mn/ROAD Bituminous Pavement Cells [19]
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Low Volume Hoad Bituminous Tesl Sections
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Figure 1.2.c Cross-Sections of Mn/ROAD Bituminous Pavement Cells [19]
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Figure 2.2 Instrumented IDT Specimen
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Figure 2.3 Thermal Cracking in Cell 30 at Mn/ROAD Facility
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Unused

.................

PEEENY

Cell | Unused A B C
(inch) (inch) (inch) (inch)

16 & 17 0.75 2.0* 2.0* 3.0

=

26 0.5 2.0% 2.0* 1.5
27 0.5 2.0% 0.5 N/A
30 0.5 1.75% | 1.75*{ 1.0

>

<

* Approximate thickness of retrieved specimens

Figure 3.1 Sample Preparation and Labeling Scheme
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Material : Pavement
Properties Environment Structure
IDT Specimen IDT Test Data Minimum and Latitude of Layer Layer Material
Data (Creep and Maximum Daily Pavement Site Thickness Type
Strength) Temperatures

Mixture
Visco-Elastic
and Fracture
Model

Environmental

Effects Model

Mixture Master Curve and Fracture Parameters Hourly Pavement Temperature Versus Depth

Thermal
Cracking
Model

Amount of Thermal Cracking Versus Time

Figure 4.1 Data Requirements for Thermal Cracking Evaluation
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Temperature (C)

2/122/1 996 2/3/1996 2/3/1996
pm 4 pm 8 pm 12 am 4 am Sam 2pm
-20.0 ‘ | | |
-22.0
-24.0
-26.0 / /
-28.0 ' ’
\\\ I'
R A
-30.0 . NN“T y ‘ff/.
‘ >
L}
\ \ .
-32.0 )y
-34.0
36.0 . = = 2inches
-00. "-4' ~~~~~~~~~~ +—4 inches
L —s— B inches
-38.0

Figure 4.3 Modeled Temperatures for Cell 26 during Low Temperature Day of -40 C
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Temperature (C)

2/2/1996 2/3/1996 2/3/1996
12 pm 4 pm 8 pm 12 am 4 am 8 am 12 pm
'20.0 T T ¥
-22.0

-28.0

-30.0

-32.0 -

-34.0

-36.0 -

______I_;j

\ D S ——
— Surface

= 2inches \
= 4 inChes g

—e— 6 inches

-38.0

Figure 4.5 Modeled Temperatures for Cell 30 during Low Temperature Day of -40 C
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Compliance (1/GPa)
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x0C
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1E+00 |~
X ]
X X D
X 0
B g o °
1E-01 & L
+ +
{ + + + +
1E-02 | :
1E+00 1E+01 1E+02
Time (sec)
Figure 4.6 Creep Compliance Versus Loading Time at 0, -10, and -20C, Cell 16
1E+01 -
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Figure 4.7 Creep Compliance Versus Loading Time at 0, -10, and -20C, Cell 17
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Figure 4.8 Creep Compliance Versus Loading Time at 0, -10, and -20C, Cell 26
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Figure 4.9 Creep Compliance Versus Loading Time at 0, -10, and -20C, Cell 27
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Figure 4.10 Creep Compliance Versus Loading Time at 0, -10, and -20C, Cell 30

1E+01
x 0C
o -10C
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e Fitted Voight-Kelvin Model X
1E+00 | x7
¥y 0
xa""ﬁ)b
e
=R
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i g ++
High Volume
Gyratory Mix
AC-20
1E-02 } : : : ; | f
1E4+00 1E+01 1E+02 1E+03 1E+04 1E+05 ‘E+06 1E+07

Reduced Time (sec)

1E+08

Figure 4.11 Creep Compliance Master Curve from SUPERPAVE IDT, Cell 16

68



Compliance (1/GPa)

Compliance (1/GPa)
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x 0C
o -10C
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Figure 4.12 Creep Compliance Master Curve from SUPERPAVE IDT, Cell 17
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Figure 4.13 Creep Compliance Master Curve from SUPERPAVE IDT, Cell 26
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Figure 4.14 Creep Compliance Master Curve from SUPERPAVE IDT, Cell 27
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Figure 4.15 Creep Compliance Master Curve from SUPERPAVE IDT, Cell 30
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Figure 5.1 Amount of Thermal Cracking versus Asphalt Type
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Figure 5.2 Amount of Thermal Cracking versus Mixture Design
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Figure 5.3 Amount of Thermal Cracking versus Asphalt Content
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Figure 5.4 Amount of Thermal Cracking versus Air Voids
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Linear meters of cracking per 2-lane,
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150 m section
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Figure 5.5 Amount of Thermal Cracking versus Base Type
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Figure 5.6.a Amount of Thermal Cracking versus Asphalt Thickness for all Cells
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Figure 5.6.b Amount of Thermal Cracking versus Asphalt Thickness for High Volume Cells
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Figure 5.6.c Amount of Thermal Cracking versus Asphalt Thickness for Low Volume Cells



40

60

Pavement Depth Below Surface (mm)

200

Figure 5.7 Stress Gradient in Cells 16 and 17 Due to Cooling Cycle on February 2 and 3, 1996

Temperature (C)

80 |

100 -

120

140 |

160 -

180 -

B

N X\ﬁ\

75



Linear meters of cracking per 150 m section

Linear meters of cracking per 150 m section

250

¢ Passing Lane
200 f——— - * & Driving Lane -
" s
150 4- o - S
.
a
100 b . e - @ ]
] a ¢ ]
a
’ n g
. T e o . N
501 e ® - S S
o o
0 . . , ; . : ; . . . . . . .
1 2 3 4 14 15 16 17 18 19 20 21 22 23
Cell Number
Figure 5.8.a Observed Cracking on High Volume Cells
250
A 80k Lane
200 - e e —ememd 102k Lane |
150 I S .
A
100 — S - — -
N A
A X
50— - SR - S -
X
A
X Q
A X
0 . T 3 . T T . r
23 24 25 26 27 28 29 30 31 32
Cell Number

Figure 5.8.b Observed Cracking on Low Volume Cells
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Linear Meters of Cracking per 150 m Section
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MIXTURE # 1: MNROAD-16

IR EZ XXX REL S SR EEEE R AR R R SR 2222 2 2222 22222 22 2 s d s d sttty

CREEP COMPLIANCE (1/GPa)

TIME (SEC) Tl = -20.0C T2 = -10.0C T3 = .0C

1 .049 .112 .109

2 .053 .125 .133

5 .057 .138 .168

10 .062 .152 .206
20 .067 .170 .249
50 .075 .207 .330
100 .083 .240 .438
200 .089 .295 .645
500 .094 .370 .940
1000 .095 .444 1.317

POISSONS RATIO: FROM CREEP DATA

Tl = -20.0C T2 = -10.0C T3 = .0C
CALCULATED: .14 .18 .25
USED: ** 20 .18 .25

(**) - Used Poissons Ratio was manually inputed

khkhkhkhkrkhkhkhkhkhkhhkhdkhhhdrhkdddhkdbhkddhdhdddkdkdkhkhdhkodhdkhdhkdhdkdkodkkkk ok dodddddir

INDIRECT TENSILE STRENGTH (MPa)

Tl = -20.0C T2 = -10.0C T3 = .0C
2.19 2.19 2.19
2.34 2.34 2.34
2.16 2.16 2.16
AVERAGE STRENGTHS (MPa)
2.23 2.23 2.23
SPECIMEN THICKNESSES (INCHES)

T1 = -20.0C T2 = -10.0C T3 = .0C
1.90 1.90 1.90
1.98 1.98 1.98
1.93 1.93 1.93

SPECIMEN DIAMETERS (INCHES)

T1 = -20.0C T2 = -10.0C T3 = .0C
6.00 6.00 6.00
6.00 6.00 6.00
6.00 6.00 6.00

AVERAGE CREEP LOADS (LRBS)

T1 = -20.0C T2 = -10.0C T3 = .0C
2483.9 1044.7 498.5
2481.8 1051.9 443.2
2481.6 1171.7 503.7

Figure B.1 Summary of material properties of Cell 16
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LA R AR AR R R R RR S SRR RRRARERLRR R R R R RRERRRR R R R AR RRRRRRRRREREREEEREEREEEEEERS

MIXTURE # 1: MNROAD-17
R T T ey

CREEP COMPLIANCE (1/GPa)

TIME (SEC) Tl = -20.0C T2 = -10.0C T3 = .oC

1 .035 .056 .086

2 .039 .077 .103

5 .044 .091 ' .133

10 .050 .105 .166
20 .054 .120 .208
50 .060 .159 .288
100 .065 .199 .367
200 .079 .227 .482
500 .087 .287 .743
1000 .098 .354 1.072

POISSONS RATIO: FROM CREEP DATA

Tl = -20.0C T2 = -10.0C T3 = .0C
CALCULATED: .07 .27 .34
USED: ** .20 .28 .35

{(**) - Used Poissons Ratio was manually inputed

LA SR R R R R SRR RS R RS R RS RS R R R R R R SRR R R R R R R SRR R R AR R R R AR R R R R RS

INDIRECT TENSILE STRENGTH (MPa)

Tl = -20.0C T2 = -10.0C T3 = .0C
3.01 3.01 3.01
2.09 2.09 2.09
2.21 2.21 2.21
AVERAGE STRENGTHS (MPa)
2.44 2.44 2.44
SPECIMEN THICKNESSES (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .0C
2.03 2.03 2.03
1.98 1.98 1.98
1.93 1.93 1.93

SPECIMEN DIAMETERS {INCHES)

Tl = -20.0C T2 = -10.0C T3 = .ocC
6.00 6.00 6.00
6.00 6.00 6.00
6.00 6.00 6.00

AVERAGE CREEP LOADS (LBS)

Tl = -20.0C T2 = -10.0C T3 = .o0C
2258.9 1243.4 504.6
2481.3 1070.7 563.8
2478.8 1010.3 505.4

Figure B.2 Summary of material properties of Cell 17
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Fokkdk ok hkkokdkk ko ko k ko k ok ko ko ks ko kb ko k ko Kk b ke ko ok ko ko ok
MIXTURE # 1: MNROAD-26

KA A A A A A A AT AR A A A A AT A AN A AT AR AT A I A I AN AA AT A A AR AN A ATk k&

CREEP COMPLIANCE (1/GPa)

TIME (SEC) Tl = -20.0C T2 = -10.0C T3 = .0C

1 .059 .110 .112

2 .066 .123 .142

5 .077 .144 .220

10 .088 .165 .310
20 .101 .191 .414
50 .119 .233 .619
100 .136 .267 .B59
200 .158 .347 1.260
500 .183 .473 1.879
1000 .210 .603 2.694

POISSONS RATIO: FROM CREEP DATA

Tl = -20.0C T2 = -10.0C T3 = .0C
CALCULATED: .24 .22 .14
USED: .25 .23 .14

(**) - Used Poissons Ratio was manually inputed

(22 S SRS SRS SRR AR AR RS XLt ARt s R RS2ttt R R R R R R RS S

INDIRECT TENSILE STRENGTH (MPa)

Tl = -20.0C T2 = -10.0C T3 = .0C
2.52 2.52 2.52
1.97 1.97 1.97
2.30 2.30 2.30

AVERAGE STRENGTHS (MPa)
2.26 2.26 2.26
SPECIMEN THICKNESSES (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .ocC
1.93 1.93 1.93
2.00 2.00 2.00
1.98 1.98 1.98

SPECIMEN DIAMETERS (INCHES)

Tl = -20.0C T2 = ~10.0C T3 = .oc
6.00 6.00 6.00
6.00 6.00 6.00
6.00 6.00 6.00

AVERAGE CREEP LOADS (LBS)

Tl = -20.0C T2 = -10.0C T3 = .oC
2033.9 1364.9 335.5
2027.5 1033.6 386.2
2037.1 1359.4 394.0

Figure B.3 Summary of material properties of Cell 26
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[ ZE X2 EEEEEEE RS AR SRR R R SRR XE SRR RER RS SRRt R Rl a s E Rl At SRS SRR R

MIXTURE # 1: MNROAD-27

hhkhkkkkkkkhkhkkhdhrAhkrkhkhkkkhkhkdbhkhkhAdhAddhhhkhhdhhhhdhkhhkdhhhdhhhkhhkkkhkkkk

CREEP COMPLIANCE (1/GPa)

TIME (SEC) Tl = -20.0C T2 = -10.0C T3 = .0C

1 .078 .094 . 127

2 .081 .107 .173

5 .084 .126 ' .218

10 .087 . 141 .266
20 .092 .164 .325
50 .098 .206 .438
100 .108 .251 .643
200 .116 .285 .818
500 .125 .392 1.192
1000 .122 .502 1.663

POISSONS RATIO: FROM CREEP DATA

Tl = -20.0C T2 = -10.0C T3 = .0C
CALCULATED: .10 .17 .21
USED: ** .20 .17 .22

(**) - Used Poissons Ratio was manually inputed

(A2 S AR SRR R SRR SRR RS AR Rt iRtttk AR SRRt X R R R

INDIRECT TENSILE STRENGTH (MPa)

Tl = -20.0C T2 = -10.0C T3 = .oC
2.96 2.96 2.96
2.97 2.97 2.97
2.78 2.78 2.78
AVERAGE STRENGTHS (MPa)
2.90 2.90 2.90
SPECIMEN THICKNESSES (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .0C
1.82 1.82 1.82
1.89 1.89 1.89
1.97 1.97 1.97

SPECIMEN DIAMETERS (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .0C
6.00 6.00 6.00
6.00 6.00 6.00
6.00 6.00 6.00

AVERAGE CREEP LOADS (LBS)

Tl = -20.0C T2 = -10.0C T3 = .0C
1991.1 1474.1 394.1
2267.9 1264 .4 402.7
2186.6 1153.6 392.1

Figure B.4 Summary of material properties of Cell 27
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[ E X XSRS SR LSS R R R R R RS ssRRARsRss RRaRii  a RaR Rt E R SRS S

MIXTURE # 1: MNROAD-30

IR R R R R R R RS R RS R R AR SRS R R SRS E R SRS R R st R RS R RN

CREEP COMPLIANCE (1/GPa)

TIME (SEC) Tl = -20.0C T2 = -10.0C T3 = .0C

1 .020 .077 .101

2 - .034 .091 . 119

5 .048 .105 .163

10 .056 .118 .205
20 .065 .135 .257
50 .081 .171 .345
100 .090 .208 .421
200 .099 .244 .585
500 .110 .318 .954
1000 .110 .399 1.362

POISSONS RATIO: FROM CREEP DATA
Tl = -20.0C T2 = -10.0C T3 = .0C
CALCULATED: .21 .25 .22
USED: .21 .25 .23

(**) - Used Poissons Ratio was manually inputed
IZZEE SRS RS AR R AL R SRR R RS R RS sR AR RRR R R ii i i a2 i s s R At sttt RS R LR

INDIRECT TENSILE STRENGTH (MPa)

Tl = -20.0C T2 = -10.0C T3 = .0C
2.93 2.93 2.93
2.48 2.48 2.48
2.53 2.53 2.53

AVERAGE STRENGTHS (MPa)
2.65 2.65 2.65
SPECIMEN THICKNESSES (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .0C
1.78 1.78 1.78
1.68 1.68 1.68
1.78 1.78 1.78

SPECIMEN DIAMETERS (INCHES)

Tl = -20.0C T2 = -10.0C T3 = .0C
6.00 6.00 6.00
6.00 6.00 6.00
6.00 6.00 6.00

AVERAGE CREEP LOADS (LBS)

Tl = -20.0C T2 = -10.0C T3 = .0C
2033.3 1034.9 398.0
2003.0 1166.4 393.8
2034.2 1470.9 396.0

Figure B.5 Summary of material properties of Cell 30
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4 3 [No. of Maxwell Elements, No. of Test Tempsl]
-20.0 1.000 [Temp (C), 1/(Shift Factor)]
-10.0 316.228 [Temp (C), 1/(Shift Factor)]
.0 1258.925 [Temp (C), 1/(Shift Factor)]
3.6343E-07 [DO (1/psi}]
1.2014E-06 [D1 (1/psi))
5.100000 [Taul (sec))
5.6737E-07 [D2 (1/psi)]
3.825000 [Tau2 (sec)]
1.6127E-07 [D3 (1/psi)]
2.958000 [Tau3 (sec)]
2.1489E-07 [D4 (1/psi)]
1.683000 [Taud (sec)]
11.271000 [Log{EtaV]} (psi-sec)]

POWER MODEL PARAMETERS
[DO (1/psi)]
[D1 (1/psi)]

.580 [m]

A AR LSRR LR R RRRS R AR SRR R RS R 2SRiARR ARl Rl AR s R AR R XX
Thermal Cracking Study of MNRoad
Total Number of Mixtures in Experiment = 5
Creep Test Duration = 1000 seconds
Test Data Path = D:\IDT\OUT\

LA AR R R LSS R R R RS Rl E R R RS SRR RS S R RRR RARRR R R AR R R EEE

MIXTURE # 1: MNROAD-16

LA AR AR SR EERE R R RS R R R XX R RS2SRRSR R RRR RS R RE SRR 2]

Figure C.1 Summary of material characteristics of Cell 16



4 3 [No. of Maxwell Elements, No. of Test Temps
-20.0 1.000 [Temp (C), 1/(Shift Factor)]
-10.0 89.125 [Temp (C), 1/(Shift Factor)]

.0 707.946 [Temp (C), 1/(Shift Factor)]
2.520250E-07 [DO (1/psi)]
1.197005E-07 [D1 (1/psi)]

1.170000 [Taul (sec)]

1.840369E-07 [D2 (1/psi)]

2.340000 [Tau2 (sec)]

3.763434E-07 [D3 (1/psi)]

3.510000 [Tau3 (sec)]

1.469590E-06 [D4 (1/psi)]

4.680000 [Tau4 (sec)]

11.157870 [Log{EtaV} (psi-sec)]

POWER MODEL PARAMETERS
3.813734E-07
8.894833E-09

.4922

[DO (1/psi)]
[D1 (1/psi}]
[m]

[ EEE 2L S22 SRR SR RS XERE LR AR R RRR R RES Rl Rt Rd NS
Thermal Cracking Study of MNRoad
Total Number of Mixtures in Experiment = 1
Creep Test Duration = 1000 seconds
Test Data Path = D:\IDT\OUT\

(AR EE S E AR SRS SRR SR AR SRS d iSRS RE R LRl AR AR LSRR R RS R RN X,

MIXTURE # 1: MNROAD-17

(AR R R R R AR AR RS SR A AR EEE RS AR SRR LSRR E SR 24242 XX EREREE R AR RN

]

Figure C.2 Summary of material characteristics of Cell 17
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4 3 [No. of Maxwell Elements, No. of Test Temps]
-20.0 1.000 [Temp (C), 1/(Shift Factor)]
-10.0 28.184 [Temp (C), 1/(Sshift Factor)]

.0 251.189 [Temp (C), 1/(Shift Factor)]
4.003457E-07 [DO (1/psi)]
3.088091E-07 [D1 (1/psi)]

1.080000 [Taul (sec)]
3.308602E-07 [D2 (1/psi)]
2.160000 [Tau2 (sec)]
2.037468E-07 [D3 (1/psi)]
3.240000 [Tau3 (sec)]
4.293983E-06 [D4 (1/psi)]
4.320000 [Taud (sec)]
10.273050 [Log{EtaV} (psi-sec)]
POWER MODEL PARAMETERS
6.285121E-07 [DO (1/psi)]
1.365154E-08 [D1 (1/psi)]
.5783 [m]

khkhkhkhkhkhkhkdhhhdhdhkhkhhhhhhhhhhhkhhhkhkhkhkhhhhhhkhhhkhhkhkhkhkhkhhhkhhkhkhbhbhkhkhkhkhhkhhhhkd
Thermal Cracking Study of MNRoad
Total Number of Mixtures in Experiment = 1
Creep Test Duration = 1000 seconds
Test Data Path = D:\IDT\OUT\

hhkhkhkkkhkhkhkhhhhkhkhkhhkhkhhkhkhhkhkhkhkhkhkhkhhkhkhbhkhkhkhhkhkhkhkhkhhkhkhkhkhkkhkddkkhdkdhkhkhkdthkdkd

MIXTURE # 1: MNROAD-26

khkhkkhkhkhhkhhhrhhhdhkhkhhhkhhkhhhkhhbhhhhkhhbhkhhkhkkhkbhdhbdhkkdkhkkdhhkhhhkkhdkdkhdhdkhkik

Figure C.3 Summary of material characteristics of Cell 26

96



4 3 [No. of Maxwell Elements, No. of Test Temps]
-20.0 1.000 [Temp (C), 1/(Shift Factor)]
-10.0 70.795 [Temp (C), 1/(Shift Factor)]

.0 891.251 [Temp (C), 1/(shift Factor)]
5.450244E-07 [DO (1/psi)]
8.801529E-08 [D1 (1/psi)]

1.190000 [Taul (sec)]
1.830003E-07 (D2 (1/psi)]
2.380000 [Tau2 (sec)]
5.211485E-07 [D3 (1/psi)]
3.570000 [Tau3 (sec)]
2.782659E-06 [D4 (1/psi)]
4.760000 [Taud (sec)]
11.076350 [Log{EtaVv]} (psi-sec)]
POWER MODEL PARAMETERS
5.779465E-07 [DO (1/psi)]
1.465903E-08 [D1 (1/psi)]
.4819 [m]

khkhkhkkhkhkhkkhkhkkkkdkdkhkkhkkkkhkhkhkhkhkhkhkhkhhkhhkhkhkkhkhkhkhrhkhkkhkkhkkkthkhkhhkkhkhkkkkkkkk
Thermal Cracking Study of MNRoad
Total Number of Mixtures in Experiment = 1
Creep Test Duration = 1000 seconds

Test Data Path = D:\IDT\OUT\
[ T R R A E R R R R T R R E X R R R E R R R R I R R R I S R R R I R TR R

MIXTURE # 1: MNROAD-27

hkkhkhkhkkhkhkkkhhkkhkhkkhkkhkhhhkhkhhhkhhhhhkhhkhkhkhkhkkkdhkhkhkrhkhhkhhkkdkhkhrhdkkrkhkkkkk

Figure C.4 Summary of material characteristics of Cell 27
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4 3 [No. of Maxwell Elements, No. of Test Temps
-20.0 1.000 [Temp (C), 1/(Shift Factor)]
-10.0 50.119 [Temp (C), 1/(Shift Factor)]

.0 398.1073 [Temp (C), 1/(Shift Factor)]
2.9481E-07 [DO (1/psi)]
1.5213E-06 [D1 (1/psi)]

4.60000 [Taul (sec)]
5.9265E-07 [D2 (1/psi)]

3.450000 [Tau2 (sec)]
7.2601E-08 [D3 (1/psi)]

2.6680000 [Tau3 (sec)]
3.0241E-07 [D4 (1/psi)]

1.5180000 [Taud (sec)]

10.7690 [Log{EtaV} (psi-sec)]

POWER MODEL PARAMETERS
3.963525E-07
4.243087E-09

.565

[DO (1/psi)]
[D1 (1/psi)]
[m]

KA ARKAA Ak kT hhkkhkhkhkkkkkhkhkhkkhkhkhkkkkkkhkhkhkhkhkhhkkttxrxrxhkhkkkkkkkkkkkkkk
Thermal Cracking Study of MNRoad
Total Number of Mixtures in Experiment = 5
Creep Test Duration = 1000 seconds

Test Data Path = D:\IDT\OUT\
kkkkkkkkkhkhkhkhkhkhkhkkkkhhkkhkkkkkhkkkhkhkhkhkhkhhkhhhhkhkkkkhkkhkkhkkkkkkkkkkkkkkkkk

MIXTURE # 5: MNROAD-30

I IEE IR IKR AT AR ARk TRk AR A Ak hkhkhkhkhkhkkkkhkkhkkhhkkhkkkhkkkkkkkxk

Figure C.5 Summary of material characteristics of Cell 30
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