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ABSTRACT

Quantitative performance of lane test sections at the accelerated loading facility (ALF)
facility has been successfully established in terms of evolution of rutting and cracking with
the number of repetitions. In addition, instruments’ responses were used to provide an
indication of the performance of the different test sections and to validate developed
theoretical models. However, seasonal variation of measured pavement responses with
temperature and its relationship to the predicted performance has not been thoroughly
evaluated for ALF Experiments Il and I1l. Such information may be used to improve
instrumentation strategies in future ALF experiments. Results of past ALF experiments may
also be used to link laboratory measured properties of asphalt binders to the mixture
performance. Such a link may be used to update current binder standards by specifying
measurements of properties that are indicative of pavement performance. Such properties
may be obtained by complementing or modifying current specifications with the direct
tensile test (DTT) or a newly-developed dynamic shear rheometer (DSR) test (i.e., the
multiple stress creep recovery test) instead of the current ductility test.

Instrument responses in past ALF experiments were analyzed to quantify the impacts of
seasonal variation of pavement responses with temperature and its relationship to pavement
performance. In addition, nine straight asphalt binders obtained from two asphalt suppliers
were tested to link laboratory measured properties to mix performance. Based on the results
of this analysis, it is concluded that survivability and repeatability of the gages were
acceptable in past experiments. However, installed pressure cells in the granular layers
appeared to tilt during construction or after the loading started possibly due to poor
compaction of the supportive layer. In addition, strain gages were not a reliable indicator of
damage development in hot-mix asphalt (HMA). It appears that with the increase in number
of passes, strain gages disperse the material around them resulting in less contact with the
surrounding medium and therefore, a smaller strain was measured. Measured vertical stress
remained fairly constant with the increase in number of passes. This observation indicates
that the stress applied on the material mainly depends on the magnitude of the external load
and not on the level of damage in the material.

Laboratory test results showed that a binder that provides high ductility at intermediate
temperature would be characterized by poor elongation properties at low temperature. This
trend was related to the binder fractional compositions as an increase in the binder content of
low molecular weight (LMW) results in an increase in its ductility at intermediate
temperature. However, an increase in paraffinic maltene content results in the binder tending
to crystallize at higher temperature as it approaches the glassy region. Based on the results



of laboratory testing conducted in this study, it is recommended that the ductility test be kept
in the state binder’s specifications as it correlates well with mix performance at intermediate

temperature. This test may not be substituted with the direct tensile test or the multiple stress
creep recovery test.
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IMPLEMENTATION STATEMENT

A detailed instrumentation plan for future ALF experiments is provided as a result of this
research project. This plan calls for a number of modifications to past instrumentation
strategies. This includes intensifying measurements in the early stage of the experiment,
using temperature sensors such as thermocouples, increasing the distance between the
sensors in the longitudinal direction, and improving the compaction of pressure gages. In
addition, the use of cement-stabilized materials at the ALF facility needs to be investigated
since it extends the experiment over a long period of time that may not be necessary. The
benefits of this layer are well established for the state of Louisiana. However, since most of
the research conducted at the ALF facility is related to the upper HMA layers, avoiding
cement-treated materials in future ALF experiments may permit the assessment of the
relative performance of different pavement technologies in a cost and time-effective manner.

Measurement of binder ductility is beneficial to the state and correlates well with mix
performance at intermediate temperatures. This test may not be substituted with the direct
tensile test or the multiple stress creep recovery test. It is recommended that the ductility test
be kept in the state binder’s specifications.
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INTRODUCTION

Since 1996, the LADOTD has utilized LTRC’s ALF at the Pavement Research Facility to
determine the effectiveness of innovative pavement technologies in an environment that
closely resembles actual in-service field conditions. In Experiment I, conventional and
alternative base materials were evaluated. In Experiment Il, benefits of using powdered
rubber in HMA surfaces and base course mixes were quantified and validated. In
Experiment I11, the use of reclaimed asphalt pavement (RAP) base layers was investigated
instead of conventional base course asphalt mixes. In Experiment 1V, the use of blended
calcium sulfate base and foamed asphalt recycled base was evaluated as compared to
conventional base course asphalt mixes.

In these past experiments, quantitative performance of the test lanes was established in terms
of evolution of rutting and cracking with the number of repetitions. In addition, instrument
responses were used to provide an indication of the performance of the different test sections
and to validate developed theoretical models. In these experiments, a wide array of sensors
was used, including H-type strain gage and earth pressure cells. However, the seasonal
variation of measured pavement responses with temperature and its relationship to the
predicted performance has not been thoroughly evaluated for ALF experiments. Such
information may be used to improve instrumentation strategies in future ALF experiments
and to determine the evolution of damage with the increase in the number of repetitions.

Results of past ALF experiments may also be used to link laboratory measured properties of
asphalt binders to the measured performance of hot-mix asphalt. Such a link may be used to
update current binder standards by specifying measurements of properties that are indicative
of pavement performance. Such properties may be obtained by complementing or modifying
current specifications with the direct tensile test (DTT) or a newly-developed dynamic shear
rheometer (DSR) test (i.e., multiple stress recovery creep test) instead of the current ductility
test. This test has been used in Louisiana as a specification for straight asphalt binder, but a
number of asphalt suppliers from out of state indicated that their products only comply with
the Superpave binder specification system as it is required by many states without
considering conventional tests, such as the ductility test.



Literature Review

Accelerated-Pavement Testing

Accelerated-pavement testing (APT) provides an economical and beneficial solution to
assess the validity of mechanistic-empirical pavement design methods in an environment that
closely resembles actual in-service field conditions. Such facilities provide an accurate
measure of pavement performance under controlled loading conditions at a relatively
moderate cost. Construction practices are the same in real field conditions, and the level of
confinement is similar to pavement operating conditions. In addition, incorporation of
pavement instrumentation with APT allows the validation of analytical models as well as the
calibration of model response variables based on actual field data [1]. Pavement
instrumentation also helps researchers develop a better understanding of pavement responses,
which is essential if accurate design routines are to be suggested. It also contributes to the
understanding of the effects of different control variables, such as temperature, moisture, and
tire configurations, which are often approximated in current design methods.

Since their introduction in the early 1900s, pavement sensors have evolved considerably and
are now capable of providing stable and durable measurements of pavement responses if
installed and calibrated properly. Different types of sensors are now available to measure
strain, stress, deflection, temperature, frost depth, and moisture. Despite their wide use in
accelerated pavement facilities and in full-scale instrumented test sections, only a limited
number of studies have been conducted to assess the accuracy, repeatability, and precision of
pavement sensors. In addition, long-term accuracy of sensor measurements has not been
thoroughly evaluated. This is an important issue in order to quantify pavement performance,
given that evolution of damage is the primary indicator of failure progresses in pavement
systems. To date, only a few attempts were made to tackle these problems as the scarcity of
experimental measurements did not allow for setting a valid ground for assessment.

When instrumenting a pavement structure, response parameters such as vertical stress,
horizontal and vertical strains, and deflections are of primary interest. However,
environmental parameters such as temperature, frost depth, and moisture content are also
needed if pavement response data are to be thoroughly interpreted. For a successful
instrumentation strategy, at least two types of response (stress, strain, or deflection) should be
compared simultaneously [2]. However, earlier research has emphasized the importance of
stress and strain measurements to predict pavement performance, given that a direct
correlation does not exist between these responses and pavement deflection [3].
Unfortunately, accurate measurement of these quantities is a difficult task and requires



adequate selection, calibration, and installation of pavement instrumentation. The following
sections provide an overview of pavement stress and strain sensors technology.

Strain Gages. To measure strain in flexible pavements, two types of sensors are used
depending on the measurement location [4]. If measurements are made in bonded layers,
electrical resistance strain gages are used; if measurements are conducted in unbonded
(granular) layers, linear variable differential transformers (LVDTs) and special strain gages
(e.g., vibrating wire strain gage) are typically used. The most important property of a strain
gage is its stiffness and variation with temperature [5]. An ideal strain gage would have
stiffness equal to the stiffness of the surrounding material at all temperatures. In this case,
the measured strain will be the true strain in the material. However, since this is never the
case, the selected strain gage should have a stiffness that is as close as possible to the ideal
case. If the stiffness of the gage is much higher than that of the surrounding material, the
sensor will act as reinforcement to the pavement system, and the recorded strain will be much
lower than the actual strain in the material.

Strain responses in bituminous layers are usually measured using electrical resistance strain
gages. This gage theory of operation is based on the fact that when a thin wire is stretched,
its electrical resistance changes. The major problem with this type of gage is its durability.
If the high strains that the gage is subjected to during construction exceed its range of
operation, it will be damaged or completely destroyed. Therefore, major improvements have
been introduced to increase the fatigue and moisture resistance of these gages. The most
common types of electrical resistance strain gauge used in bituminous materials are the
Kyowa strain gauge, the Dynatest® H-type strain gage, and foil strain gage.

The responses of strain gages installed in bonded materials are very valuable to pavement
engineers. Their dynamic responses help engineers gain a better understanding of different
control variables, such as vehicle speed, tire pressure, temperature, and so forth. During the
last two decades, the qualitative analysis of strain signals in the transverse and longitudinal
directions have significantly contributed to the current state of knowledge in pavement
engineering [6]. Moreover, if quantitative analysis becomes more feasible, the verification
of response and performance models would be possible through effective instrumentation.

Pressure Cell Gages. Earth pressure cells (also called soil stress gages) consist of a
pressure sensor with a transducer to convert the pressure into a measurable signal [7]. The
most common type of pressure cells is the diaphragm cell. The principle of these transducers
is that a pressure acting on the diaphragm of the cell will cause a deflection that can be
transformed into an electrical signal by strain gages attached to the inside of the diaphragm



[3]. This type of pressure cell has been proven to give a linear response to the applied stress,
regardless of the surrounding stiffness.

Two factors affect pressure cell performance: the ratio of the gage thickness to its diameter
(aspect ratio) and the ratio of the gage stiffness to that of the surrounding material. Ullidtz
found that the recorded and correct stresses will be close if the aspect ratio is very small and
the ratio of stiffness very high, which means that the cell should be very stiff compared to the
surrounding material [8]. Based on Torry et al., the errors in cell measurement will be
negligible if the aspect ratio is less than 0.2 [9]. Pressure cell installation is the key to good
gage performance. However, the accuracy of pressure cells is not well-documented, and a
large variability exists among different investigators. The expected accuracy with liquid-
filled diaphragm pressure cells is around 25 percent or less [7].

Evolution of Pavement Damage. Pavement distresses may be related to a number of
factors including traffic, environment, and construction and material deficiencies. Three
main HMA distresses are directly related to traffic loading (other factors such as construction
deficiencies may contribute to the acceleration of the deterioration): fatigue, rutting, and top-
down surface-initiated cracking. While the progress of rutting and top-down cracking
damages may be evaluated directly by the increase in damage at the pavement surface,
fatigue cracking can only be assessed after failure had occurred and propagated to the
surface. Therefore, the use of instrumentation would be mainly beneficial to monitor the
progress of fatigue damage prior to its propagation to the surface.

Fatigue cracking is due to the cyclic application of traffic loading. This failure mechanism is
usually related to the tensile strain at the bottom of HMA, which can be measured using
strain sensors. Under constant wheel loading such as in the case of accelerated loading
facility, the progress of pavement damage consists of three main stages [10]: (1) initial
reorientation of the material, (2) steady state fatigue crack growth in which the evolution of
fatigue damage is fairly constant, and (3) unstable crack growth in which the rate of damage
increases rapidly as failure is imminent. Under constant stress amplitude such as in APT,
tensile strain in the material is expected to gradually increase while stiffness would gradually
decrease as cyclic softening of HMA is observed. It is worth noting that fatigue damage may
result without any visible sign of cracking as the result of the growth of micro-cracks and the
gradual loss of cohesion of the mix under repeated loads [11].



Laboratory Test Methods

A number of laboratory tests were conducted in this study to establish the relationship
between asphalt deformation properties at low and intermediate temperatures and mix
performance. The following sections provide an overview of these test methods.

Asphalt Ductility Test. The ductility test, which was introduced in 1903, is
conducted by stretching a dog-bone shaped asphalt sample at a constant elongation rate of 5
cm/min. until failure. A number of researchers have established the relationship between
asphalt ductility and pavement performance. Halstead found that binders with low ductility
are more likely to show poor pavement performance [12]. Kandhal and Koehler also found
that high asphalt ductility, measured at 15.6°C after six years in service, is associated with
adequate performance against load-associated longitudinal cracking [13]. Despite these past
findings, asphalt ductility has been dropped by most state agencies in the U.S., while still
being widely used in Europe.

Direct Tensile Test. The DTT is used to measure the tensile failure properties of
asphalt binder at low temperatures. When introduced in 1992, this test system was
expensive, required a nitrogen-based cooling system, and was beset with mechanical
problems, which affected the repeatability of the results. After several modifications, a new
Superpave DTT was introduced in 1995. The new system, which is very compact compared
to the original system, utilizes a fluid-based temperature control system and was reported to
produce accurate results [14]. This test is currently used as a referee test if the binder
stiffness from the bending beam rheometer (BBR) results is between 300 and 600 MPa. If
the failure strain is greater than 1 percent, the binder is still accepted even though it may not
pass the BBR stiffness criterion since it would be expected to provide sufficient elongation at
low temperature. Dongre and co-workers evaluated the relationship between results of DTT
and pavement performance at low temperatures [15]. Results showed that failure strain data
are the best predictors of field performance at low temperatures. While measured BBR
stiffness adequately predicted good performers, it failed to identify poor performers in the
field.

High Pressure Gel Permeation Chromatography (HP-GPC). HP-GPC separates
the components of asphaltic materials based on their differences in molecular weights and,
therefore, determines the fractions of polymers if present (high molecular weight, HMW),
asphaltenes (medium molecular weight, MMW), maltenes (low molecular weight, LMW),
and very light oils (very low molecular weight, VLMW) in the binder [16]. This process is
conducted by introducing a solvent (Tetrahydrofuran) flowing at high pressure through a
column of highly porous materials. The liquid transfers the asphalt sample through the



column allowing low molecular weight components to penetrate the pores while heavy
components travel more rapidly through the column. A detector determines the fraction of
components appearing at a given elution time. As demonstrated in this study, HP-GPC
results may be used to relate the fractional compositions of the binder to its physical
properties and to determine the impact of the aging process on the rheological behavior of the
binder. Past research using HP-GPC of recycled crumb rubber-modified binders has shown
that the aging process causes an increase in heavy molecular weight components and a
decrease in low molecular weight components [17].

Differential Scanning Calorimetry (DSC). The DSC method is widely used for
determination of thermal transitions brought about by the first order transitions, such as
melting and the crystallization of crystallizable species. The glass transition temperature, Ty,
credited as a second order phenomenon taking place in the amorphous region of the sample,
can be also defined by DSC, but it depends largely on the nature of the material and its
content of crystallizable fractions. By allowing the temperature to oscillate in a sinusoidal
fashion, a clear distinction can be made on the short time scale of the transition between non-
reversible phenomena, such as the first order transitions and reversible glass transition [18].

Dynamic Mechanical Analysis (DMA). The DMA technique allows one to
characterize the variation of the dynamic complex modulus (E*) and its components (E’, E”,
and tangd) with temperature. In this test, a beam sample is subject to a cyclic, torsional strain-
controlled loading while the temperature is linearly decreased until failure occurs. The glass
transition can be detected using DMA by identifying the temperature at which E” peaks at a
given frequency. While DSC can be used to measure the glass transition temperature, DMA
is more sensitive to thermal changes for amorphous materials such as asphalt binder where
the content of crystallizable fraction is not significant. While the use of DMA in asphalt
rheology has been limited, Lytton and co-workers evaluated the rate of damage accumulation
in asphalt binder and mastic using DMA. Results of this test were found to correlate
relatively well with mix performance against moisture damage in the field [19].

Dynamic Shear Rheometer Test. The DSR test is typically used to measure the
linear viscoelastic moduli of asphalt binders in a sinusoidal loading mode [20]. However,
the DSR was used in this study to conduct the multiple stress creep recovery (MSCR) test. In
this test, a creep shear stress is applied for 1sec followed by a 9-sec rest period. During each
cycle, the asphalt binder reaches a peak strain and then recovers before the shear stress is
applied again. The DSR operation is simple: the asphalt binder is sandwiched between two
parallel plates, one that is fixed and one that oscillates; as the plate oscillates, the sample is



subjected to a defined strain or stress that is resisted by the material through its shear
strength.

Dynamic shear rheometer test may be conducted in two ways: controlled-stress and
controlled-strain. A controlled-stress test applies a sinusoidally varying stress and measures
the magnitude and phase of the resulting strain. A controlled-strain test applies a
sinusoidally varying strain to the sample and measures the magnitude and phase of the
resulting stress. Two sample sizes are used depending on the testing temperature: a sample
with a 25-mm diameter and a thickness of 1 mm is used for high temperatures (46 to 82°C)
and a sample with an 8-mm diameter and a thickness of 2 mm is used for intermediate
temperatures (4 to 40°C).

The Indirect Tensile Strength (ITS) Test. The ITS test (AASHTO T245) is one of
the most popular test methods used to characterize asphalt mixtures in the laboratory. It
consists of loading a cylindrical specimen with a gradually increasing compressive load until
failure. While the specimen is loaded in compression, the loading configuration results in
tensile failure in a plane perpendicular to the direction of the load. This test setup allows
measuring the tensile strength of the mixture, which is accepted as an indicator against
cracking. The tensile strain at failure is also useful in assessing the mixture resistance against
cracking. Asphalt mixtures with high strain at failure were found to resist cracking better
than mixtures that are more brittle with low tensile strain at failure [21]. The tensile stress
and strain at failure are calculated as follows:

_ 2Pf
& = 0.0205x, 2

where,

or = horizontal tensile strength at failure (psi),

Pr = load at failure (Ib.),

& = horizontal strain at failure (in/in),

t = thickness of specimen (in.),

d = diameter of specimen (in.), and

Xt = horizontal deformation across specimen (in.).






OBJECTIVES

The objectives of this study were two fold. First, instrument responses in past ALF
experiments were analyzed to quantify variation of pavement responses with temperature and
its relationship to pavement performance. Measurements were also used to determine the
repeatability of stress and strain measurements in past experiments and the use of sensors
technology to assess the evolution of pavement damage. Results of this analysis were used to
suggest possible modifications to the instrumentation strategy in future ALF experiments and
to develop a successful instrumentation plan for these experiments. This strategy would
attempt to ensure repeatable and accurate measurements of pavement responses.

Second, the relationship between the binder deformation properties at intermediate and low
temperature and mix performance was established. If asphalt binder performance prediction
from the ductility and the direct tensile tests are equivalent, current binder specifications may
be modified to require testing using the Superpave DTT instead of relying on the ductility
test. This would ensure consistent binder specifications with neighboring states, where
straight binder is often obtained.






SCOPE

The first objective of this study was achieved by reviewing and analyzing collected
instrument responses from several prior ALF experiments and quantifying the impacts of
temperature variations on instrument responses and on the measured pavement performance.
The second objective of this study was achieved by testing nine straight binders obtained
from two asphalt suppliers using the ductility test at intermediate temperature, the direct
tensile test at low temperature, and the multiple stress creep recovery using the dynamic
shear rheometer. To assess the results of these tests, selected asphalt binders were also
evaluated using High Pressure Gel Permeation Chromatography (HP-GPC), Dynamic
Mechanical Analysis (DMA), and Differential Scanning Calorimetry (DSC). To relate
binder properties to mix performance, three of the nine binders with contrasting levels of
ductility were used to prepare hot-mix asphalt specimens, which were tested using the
indirect tensile strength test.
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METHODOLOGY

Accelerated Loading Facility Experiments

The Louisiana Accelerated Loading Facility

The Louisiana ALF is a full-scale transportable pavement test device that simulates the effect
of traffic loading on full-scale pavement by applying controlled wheel loading in a repetitive
manner [22]. This setup has the same design as the ones located at the Turner-Fairbanks
Highway Research Center; however, temperature at the ALF is not controlled during testing.
This loading system applies a constant truck wheel load at a speed ranging from 8 to 12 mph.
The loading length of the ALF is 85 ft. with approximately 33 ft. of constant velocity loading
of the wheel. The load applied on the pavement can be varied from a dead weight of 10 kip
to 25 kip by adding static load plates.

Figure 1
The Louisiana accelerated loading facility

Test Sections

This research project dealt with the results of Experiments Il and 111. Experiment Il was
designed and constructed to evaluate the performance of asphalt rubber (AR) as compared to
conventional HMA and to determine the optimum location of the asphalt rubber layer within
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the pavement structure [22]. Three test lanes, each 215 ft. x 13 ft., were constructed for this
experiment. In the first lane, asphalt rubber was used in the surface layer, while asphalt
rubber was used in the base mixture layer in the second lane, and lane 3 was the control
section consisting of conventional asphalt mixes throughout the layers. Figure 2 illustrates
the pavement design and instrumentation strategies in these test lanes.

= B Subgrade pressure cell — Rt
@ A A . ________ '2 | W Subbase pressure cell - Lt
___________ ) .. ...
- v v . _____________ IE A. Subbase strain gage — Lt
™~ Base pressure cell — Lt

W Base strain gage — Rt

! A\ Base strain gage — Lt

15in. 15in. 15 in.

Plan view Legend
88.9mm AR" 88.9mm HMAC# 88.9mm HMAC#
A A A A A A
88.9mm HMAB 88.9mm AR 88.9mm HMAB
y '\ ‘ A
L] L]
216mm Stone 216mm Stone 216mm Stone
iG] B i
Lane 2-1 Lane 2-2 Lane 2-3

A = surface layer consists of 1.5 in. AR-HMA wearing course on top of 2 in. conventional binder course. *=
surface layer consists of 1.5 in. conventional wearing course on top of 2 in. conventional binder course.

Figure 2
Pavement design and instrumentation plan in Experiment 11

Experiment I11 was designed and constructed to evaluate the feasibility of using reclaimed
asphalt pavement (RAP) materials as an aggregate interlayer [23]. Three test lanes, each 215
ft. x 13 ft., were constructed for this experiment. In the first lane, a RAP interlayer was used
in the base layer on top of a 10-in. subgrade layer stabilized with 5 percent cement; in the
second lane, a RAP interlayer was installed on top of a 6-in. subgrade layer stabilized with 10
percent cement; in the third lane (control section), a conventional stone base layer was placed
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on top of a 10-in. subgrade layer stabilized with 10 percent cement. Results of the evaluation
of the effectiveness of the RAP interlayer as a stress-relieving layer between a cement-treated
base and HMA,, in lieu of crushed stone, have been presented elsewhere [24]. Figure 3
illustrates the pavement design and instrumentation strategies in these test lanes.
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Figure 3
Pavement design and instrumentation plan in Experiment 111

Instruments Description

Load-associated instruments included pressure cells and strain gages, which were installed at
the bottom of the different pavement layers. Pressure cells, manufactured by Geokon, were
used to measure vertical stress in the pavement system in Experiments Il and 111 (Figure 4).
This sensor consists of two circular steel plates welded together around their rims to create a
cell approximately 9 in. in diameter and 0.25-in. thick, which results in an aspect ratio well
below the threshold recommended by Torry et al. [9]. External pressure acting on the cell is
balanced by an equal pressure induced in an internal fluid placed inside the gage. This
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sensor has a pressure range of up to 100 psi. The responses of Tokyo Sokki Kenkyujo Co.
(TML) model KM-100-HAS strain gages were used in Experiments Il and I11 to measure the
longitudinal strain in the pavement structure (Figure 4). This model is a full bridge, with a
350 Q resistance and a strain capacity of + 5,000 pstrain. These gages were reported to
provide excellent durability and robustness with a survivability rate of 96 percent during the
paving process [25].

Figure 4
Pressure cells and strain gages used to measure pavement responses

Instrument Installation

All instruments were embedded in the pavement sections during construction. Instruments
were placed 15 in. apart in the longitudinal direction and 7.5 in. from the centerline of the
lane in the transverse direction. Pressure cells were installed so that the bottom side was
leveled with the top of the layer where stress measurements were to be made during the
experiment (Figure 5). A hole was dug to accommodate the fluid-housing unit of the
pressure cell, and the gage was then leveled in its position. Any angular aggregates were
manually removed to protect the sensitive side of the gage. A thin layer of sand was then
placed beneath the sensitive side to avoid tilting of the gage during construction.
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Figure 5
Installation of pressure cells at the ALF facility

Installation of the H-type strain gages was a delicate operation, Figure 6. When gages are
installed in a HMA layer, as in these experiments, they can be subjected to very large strains
during compaction of the pavement layer. After installation, the major problem involves
damage caused by moisture. The gages may also suffer from fatigue before the HMA does.
During installation, correct alignment and leveling of the gage was first checked. A small
quantity of binder was then poured around the gage to ensure correct alignment and that the
gage would not move during construction. Loose mixture was then placed on top of the gage
and manually compacted to provide a protective layer against direct contact with the paver
and excessive compaction effort. Vibration was not allowed within approximately 5 ft. from
the gage location.

Figure 6
Installation of the strain gages at the ALF facility (Experiment I11)
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Testing Process

A dual 11R22.5 radial ply truck tire that was maintained at a pressure of 105 psi was used to
load the test lanes at a constant speed of 10 mph with a wander distribution of £ 15 in. around
the lane centerline, Figure 1. On average, 35,000 repetitions were applied per week. The
loading schemes adopted in Experiments Il and 111 are presented in Table 1. It was estimated
that approximately 5.5 x 10° Equivalent Single Axle Loads (ESALSs) were applied over the
course of Experiment 11 and 2.3 x 10° ESALSs in Experiment I11. As shown in Table 1, the
loading process took place from March 1999 to December 2000 (one year and nine months)
in Experiment Il and from April 2001 to January 2004 (two years and eight months) in
Experiment I11. Loading was applied alternatively between the test lanes in 25,000 pass
increments in an attempt to minimize environmental effects and seasonal variation between
the test lanes. Rutting measurements were conducted after each increment of 25,000 load
applications using the ALF profilograph. A rutting ranging between 0.5 and 0.75 in. was
defined as the failure criterion for the pavement structure.

Table 1
Loading process in Experiments Il and 111 [24], [26]
Experiment Load Number of Cumulative Date Load
(Ibs) Passes (x1000) ESALs First Applied
9,750 0-400 550,800 03/99
12,050 400 — 500 872,100 10/99
- 14,340 500 - 650 1,841,550 12/99
L% 16,630 650 — 750 3,012,850 04/00
19,000 750 — 800 3,995,600 10/00
21,220 800 — 850 5,549,550 12/00
— 9,750 0-200 275,473 04/01
;.'_ 12,050 200 — 525 1,319,794 05/02
w 14,340 525 - 675 2,289,252 01/04
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Laboratory Testing

A number of laboratory tests were conducted to establish the relationship between asphalt
deformation properties at low and intermediate temperatures and mix performance. The
following sections describe the test procedures and the sampled asphalt materials.

Test Materials
Asphalt Binder. The experimental program was designed to evaluate a wide range
of asphalt binders with contrasting levels of ductility. Nine unmodified binders from two
major asphalt suppliers (seven from one supplier and two from a second supplier) that are
classified as PG 64-22 according to the Superpave specifications were selected (Table 2).
These binders were labeled A, B, and so on until I. As shown in Table 2, it is noted that all
binders satisfied the Superpave binder specification requirements for PG 64-22. Samples
were obtained from the asphalt suppliers in the virgin state and were then processed for
short-term and long-term aging (i.e., rolling-thin film oven [RTFO], and pressure-aging
vessel [PAV]).

Table 2
Asphalt binder characteristics

Binder | G*/sind (64°C) | G*/sind (64°C) | G*sind (25°C) | BBR Stiffness | m- | Brookfield
ID Original — kPa | RTFO — kPa PAV — kPa (MPa) value | @135°C
A 1.74 4.66 2430 113 0.350 0.550
B 1.73 5.22 2120 87 0.355 0.560
C 1.67 4.31 2460 107 0.334 0.530
D 1.77 5.79 1793 127 0.332 0.530
E 1.55 4.60 2520 94 0.351 0.520
F 1.57 4.29 3000 108 0.333 0.530
G 2.09 4.81 4855 229 0.311 0.545
H 2.03 4.67 4550 218 0.313 0.563

| 1.89 3.90 4804 231 0.312 0.588

Asphalt Mixture. To determine the impacts of the binders’ elongation properties on
the mix performance at intermediate temperature, a limited number of mix samples were
prepared and tested using the Indirect Tensile Strength test. Using this test setup, the mixture
tensile strength and the horizontal strain at failure were measured. The adopted mix design
followed the guidelines developed by Mohammad et al. to prepare a low-cost asphalt-treated
base mixture [27]. This mixture consists of 25 percent coarse sand, 75 percent coarse
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aggregate (Martin Marietta Limestone), 3 percent binder, and is compacted at 30 gyrations.
Three binder types were used in the preparation of 18 cores (3 binders x 2 aging conditions x
3 replicates). The selected binders were binders B, F, and G (Table 2). Binder G had the
highest ductility, Binder B had the lowest ductility, and Binder F had an intermediate level of
ductility. Mixtures were tested in the unaged and aged conditions. Long-term aging of the
mixture was simulated by placing the compacted cores in the oven at 85 £ 3°C for 120 hours.

Ductility Test

The ductility test was conducted according to AASHTO Specification T 51-06 by stretching
a dog-bone shaped asphalt sample at a constant elongation rate of 5 cm/min. until failure
(Figure 7). This test was conducted in a water bath maintained at a standard temperature of
25°C. Results of this test were used to assess the ability of straight asphalt binder to stretch
without breaking. This is an important property sought in asphalt binder at low and
intermediate temperatures to avoid premature initiation of micro-cracks in the asphalt film
due to repetitive thermal and vehicular loading. Louisiana asphalt binder specifications
require that Rolling-Thin Film Oven (RTFO) PG 64-22 binder residue used in the state
provides a minimum elongation of 100 cm as measured by the ductility test. Three replicates
were concurrently tested, and the average elongation at failure was reported.

Figure 7
Ilustration of the ductility test
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Direct Tensile Test

The DTT was used to measure the tensile failure properties of asphalt binder at a low
temperature (-12°C). This test was conducted by pulling a dog-bone shaped asphalt sample
at an elongation rate of 1 mm/min. until breakage, Figure 8. The load developed during the
test is measured, and the tensile strain and stress in the specimen at failure are reported. This
test is currently not used in Louisiana for specification purposes. However, other states used
it as a referee test if the binder stiffness from BBR results is between 300 and 600 MPa. If
the failure strain is greater than 1 percent, the binder is still accepted even though it may not
pass the BBR stiffness criterion since it would be expected to provide sufficient elongation at
low temperatures. AASHTO specification (T 314-02) requires to test six replicates of
Pressure Aging Vessel (PAV) aged asphalt binder residue and to calculate the failure strain
based on the results of the four specimens with the highest failure strain [28].
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Figure 8
Illustration of the direct tensile test and typical results from the test
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High Pressure Gel Permeation Chromatography

HP-GPC was conducted for the selected binders in all aging conditions. A gel permeation
chromatograph Agilent 1100 equipped with an auto injector and a Hitachi differential
refractive index detector was used. The separation of the asphalt components was performed
with three columns connected in series with pore sizes of 500 A (1-15 K), 10-4 A (5-500 K)
and mix bids (100-10,000 K). The column set was calibrated with narrow molecular weight
polystyrene (PS) standards using 3 percent weight concentration of tetrahydrofuran (THF).
The molecular weight elution volume for polystyrene standards was used to build a linear
calibration curve. All asphalt samples for GPC were prepared at a concentration of 3 percent
in THF, injected through a 0.45p filter into 150 pL vials, and inserted in an automatic
injector. Samples were eluted with THF at 1 ml/min. at room temperature, and the species
concentration in the eluent was recorded using a differential refractometer. The GPC curves
were integrated, and the areas were normalized over the total area of the chromatogram. The
expected error in the measured molecular fractions is around 0.2 percent or less.

Differential Scanning Calorimetry

The presence of crystallizable species was determined using DSC for the selected asphalt
binders (considered mostly as paraffinic maltenes). These measurements were conducted
using a TA 2920 MDSC V2.6A module with the following testing parameters: 5-10 mg
sample and a heating rate of 2°C/min. with a modulation program of 0.5°C at each 0.4 min.

Dynamic Mechanical Analysis

An ARES rheometer was used for dynamic mechanical analyses of the selected asphalt
binders in order to determine the glass transition temperature. The following test parameters
were used: torsion (twisting) in a cooling mode; sample dimensions: 3 mm x 13 mm x 15
mm); cooling rate: 1°C/min.; frequency: 1 Hz; sinusoidal cyclic strain with an amplitude of 1
percent.

Multiple Stress Creep Recovery Test

The multiple stress creep recovery (MSCR) test was conducted in this study to determine
whether it may be used as a predictor of binder ductility. As it was previously noted, DSR is
already used in the current Superpave binder specification in Louisiana, and the validity of
this relationship would allow substituting the ductility conventional test with a Superpave-
related test. In this test, the dynamic shear rheometer is used to apply a constant shear stress
for 1 sec. followed by a 9-sec. rest period. This test was recently introduced to characterize
the binder rutting resistance at high temperatures. It was reported to correlate well with the
mixture rutting performance as measured by accelerated pavement testing [29]. It can also
be used to determine the stress dependency of polymer modified binders. Two performance
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parameters have been suggested to evaluate the binder performance at high temperature. The
non-recoverable creep compliance (J,r) normalizes the strain response of the binder to stress
as follows:
Jor = 2 (3)
where,
J.r = non-recoverable creep compliance (1/kPa),
€,r = Non-recoverable strain at the end of the rest period, and
o = constant stress applied in the creep phase of the test (kPa).

The percentage recovery at the end of the recovery period is also determined as follows:
g, = 2=12%100 (4)

€1
where,
€.= percentage recovery,
g, = strain at the end of the creep phase (after 1 sec.), and
€19 = Strain at the end of the recovery period (after 10 sec.).

The test is conducted for 10 consecutive load cycles, and the average non-recoverable creep
compliance and percentage recovery is calculated over these 10 cycles. For acceptable
performance, it is desirable to use a binder with a low, non-recoverable creep compliance and
high percentage recovery. At high temperature, two standard stress levels are typically used
(100 Pa and 3200 Pa) to determine the stress dependency of the binder. The stress
dependency is predicted by calculating the percentage difference in the binder response at the
two stress levels as follows:

_ €r100—£r3200
€r—difference — £1100 x100 (5)
r

where,

€r_difference = Percentage difference in recovery between 100 Pa and 3200 Pa,
€100 = percentage recovery at 100 Pa, and

€r3200 = percentage recovery at 3200 Pa.

Since the MSCR test was performed in this study to establish its relationship to the ductility
test, it was conducted at 25°C on RTFO-residues. Therefore, linearity tests were conducted
to determine suitable stress levels at this temperature. Linearity and MSCR tests were
conducted using an AR2000 rheometer that was set up to work in the Dynamic Shear Mode.
Figure 9 presents the main components of this rheometer. Linearity sweep tests were
conducted by gradually increasing the stress level and measuring the strain response of the
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binder to each stress level. The linear region was defined at the stress level at which a 5
percent reduction in the complex shear modulus (G*) occurred. Figure 10 (a and b) present
typical test results obtained from the linearity test and the MSCR test, respectively.
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AR 2000 instrument in dynamic shear mode
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Typical test results obtained from (a) the linearity test and (b) the multiple stress creep
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DISCUSSION OF RESULTS

Analysis of Instrument Responses from Experiments 11 and 111

Field measurements were used to assess survivability and repeatability of stress and strain
measurements, seasonal variations, and the use of sensor technology to monitor pavement
damage.

Instrument Responses to Vehicular Loading

Figure 11 (a and b) present typical strain signals measured after 150,224 and 50,921 passes in
Experiments Il (Lane 2-1) and 111 (Lane 3-1), respectively. These measurements were made
at the bottom of the surface layers in the longitudinal direction at a depth of 3.5 in. as
multiple passes were applied directly on top of the sensors. Signals shown in Figure 11 agree
with the characteristics of these measurements as reported by past investigators [30], [31].
The longitudinal strain response first shows compression, then tension, and finally
compression again. The second compression peak is always lower than that of the first, and
it was sometimes non-existent in the measurements. The longitudinal strain measurements at
the bottom of the surface layers were consistent until approximately 435,000 passes in
Experiment Il and 350,000 passes in Experiment I11; after that, the signals appeared noisier
but the peak response could still easily be extracted; see Figure 12.
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Typical measured longitudinal strain at the bottom of the surface layers (88.9mm) after
(a) 150,224 passes (Experiment I1) and (b) 50,921 passes (Experiment I11)
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Measured longitudinal strain at the bottom of the surface layers (88.9mm) after (a)
435,000 passes (Experiment I1) and (b) 350,000 passes (Experiment 111)
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Figure 13(a) presents a typical stress signal measured in Experiment 111 (Lane 3-1) at a depth
of 17.0 in. as multiple passes were applied directly on top of the pressure cell. As expected,

mostly compressive stress was measured in the vertical direction. However, one may notice
slight vertical shifting in the pressure cell signal as the signal did not originate from zero. A
small tension at the beginning and the end of the vertical stress pulse was also observed in
some of the responses as the number of passes increased; see Figure 13(b). This may be due

to slight tilting or failure of the cell as the number of passes increased or as the load level was
raised. Pressure cell data after 225,000 passes in Experiment 111 were not used in the

conducted analysis as they appeared to be doubtful.
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Measured vertical stress in Experiment 111 (a) on top of the subgrade layer (225,000
passes); (b) at the bottom of the surface layers (200,000 passes)
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In Experiment 11, pressure cell responses at the bottom of the surface layers were acceptable
until the end of the test program. However, a small jump was observed in the measured
signals after 435,000 passes possibly due to tilting of the sensor as the number of passes was
increased; see Figure 14.
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Measured vertical stress in Experiment Il at the bottom of the surface layers
(565,000 passes)

Sensors Survivability

Table 3 illustrates the survivability ratings of the different sensors in Experiment Il and I1I.
It is noted that although some of the gages did not explicitly fail in the experiment, their
readings seemed particularly unreliable and did not agree with the characteristics of these
signals as reported in the literature. For instance, the base strain gage (Lt) in Lane 2-2
consistently showed a higher level of compressive strain than tensile strain, which was not
expected as the reverse trend has been reported [5], [30]. Tilting of the pressure sensors
indicates that tensile reading or jumps similar to the ones shown in Figure 13(b) and Figure
14 were observed in the measured signals. In general, instrument responses in Lane 1 of
Experiments Il and 111 were better quality than the other two lanes in each of the two
experiments. Therefore, more emphasis is given to these two lanes in the presented analysis.
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Table 3
General survivability performance of pavement sensors in Experiments Il and 111

(a) Experiment |1

Lane | Sensor Depth  Service Life Notes
(in.)
2-1 Base Strain Gage Lt 3.5 Didnotfail Readings failed a couple of times
Base Strain Gage Rt 3.5 Didnotfail Readings failed a couple of times
Base Pressure Cell Lt 3.5 Didnotfail Jump in the signals after 435 k
Subbase Strain Gage Lt 7.0 Didnotfail Good responses
Subbase Strain Gage Rt 7.0 Didnotfail Gage stopped working between
150 and 200 k and 200 and 350 k
Subbase Pressure Cell 7.0 Did not fail ~ Started tilting after 501 k
Embankment Pressure Cell ~ 15.5  Did not fail ~ Started tilting from the beginning
of the experiment
Lane | Sensor Depth  Service Life Notes
(in)

2-2 Base Strain Gage Lt 35 Did not fail  Readings were noisy and
unreliable from the beginning of
the experiment

Base Strain Gage Rt 3.5  Failed after

150 k

Base Pressure Cell Lt 3.5 Didnotfail Good responses

Subbase Strain Gage Lt 7.0  Did not fail

Subbase Strain Gage Rt 7.0  Did not fail

Subbase Pressure Cell 7.0 Didnotfail Started tilting from the beginning

of the experiment
Embankment Pressure Cell 155 Did not fail ~ Started tilting from the beginning

of the experiment
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Lane | Sensor Depth  Service Life Notes
(in.)
2-3 Base Strain Gage Lt 3.5  Did not fail
Base Strain Gage Rt 3.5  Did not fail
Base Pressure Cell Lt 3.5  Failed after  Sporadic responses
350 k
Subbase Strain Gage Lt 7.0  Did not fail
Subbase Strain Gage Rt 7.0 Didnotfail Signals became noisy after 375 k
Subbase Pressure Cell 7.0 Didnotfail Signals became noisy after 375 k
Embankment Pressure Cell ~ 15.5  Failed from  Sensor was lost from the
the start beginning of the experiment
(b) Experiment 11 (Depth in inches)
Lane | Sensor Depth  Service Life Notes
3-1 Base Strain Gage Lt 35 Did not fail
Base Strain Gage Rt 35 Did not fail
Base Pressure Cell Lt 35 Did not fail  Readings seem unreliable after
225k
Subbase Strain Gage Lt 7.0 Failed from
the start
Subbase Strain Gage Rt 7.0 Did not fail  Readings were unreliable from
the beginning of the experiment
Subbase Pressure Cell 7.0 Failed after ~ Sensor seemed tilted from the
50 k beginning of the experiment
Embankment Pressure Cell ~ 17.0  Failed after ~ Readings were shifted from the
225 k beginning of the experiment
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Lane | Sensor Depth  Service Life Notes
3-2 Base Strain Gage Lt 3.5  Failed from
the start
Base Strain Gage Rt 3.5  Failed from
the start
Base Pressure Cell Lt 3.5 Did not fail
Subbase Strain Gage Lt 7.0  Failed after
40 k
Subbase Strain Gage Rt 7.0  Failed from
the start
Subbase Pressure Cell 7.0  Did not fail
Embankment Pressure 17.0  Did not fail
Cell
Lane | Sensor Depth  Service Life Notes
3-3 | Base Strain Gage Lt 3.5 Didnotfail Readings were only available for a
few numbers of passes
Base Strain Gage Rt 3.5 Didnotfail Readings are only available for a few
numbers of passes
Base Pressure Cell Lt 3.5 Didnotfail Started tilting from the beginning of
the experiment
Subbase Strain Gage Lt 7.0 Didnotfail Readings were unreliable and were
only available for a few passes
Subbase Strain Gage Rt 7.0 Didnot fail Readings were only available for a
few numbers of passes
Subbase Pressure Cell 7.0 Didnotfail Started tilting from the beginning of
the experiment
Embankment Pressure 17.0  Failed from
Cell the start

Strain Measurements Repeatability
Figure 15 (a and b) presents the measured longitudinal strain throughout Experiments |1
(Lane 2-1) and Il (Lane 3-1), respectively. The two strain gages presented in each of these
figures are at the same depth of 3.5 in. (at the bottom of HMA layers). However, one of the
strain gages (Base Strain Lt) was placed underneath the left wheel of the dual tire while the
second strain gage (Base Strain Rt) was placed underneath the right wheel. As shown in
these figures, these sensors provided the same trend of measurements in which considerable
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variation is noticed due to seasonal variations (i.e., increase in strain during the summer
seasons) and increase in number of passes (i.e., overall decrease in the strain measurements).

The average coefficient of variation between the two sets of measurements shown in Figure
15(b) was 7.5 percent. However, variation in Experiment Il was much higher with an
average coefficient of variation of 26.4 percent. Review of the individual responses in
Experiment Il did not indicate a clear explanation for this difference; however, strain
measurements in Experiment 11 were somewhat lower in magnitude than in Experiment 111,
which may have resulted in greater variability in the responses. A statistical analysis of
variance was conducted between the two sets of measurements from Experiment 111 and
revealed that the two data groups are not statistically different (Number of observations = 21,
F= 0.62, Feritica = 4.1, and P = 0.43).

As expected, this analysis also revealed that the two sets of measurements from Experiment
Il presented in Figure 15(a) are statistically different (Number of observations = 26, F = 8.51,
Fcritica| = 4.03, and P = 0.005).
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Figure 15
Longitudinal strain measurements at the bottom of the HMA layers (3.5 in.)

Seasonal and Thermal Variations

Due to the viscoelastic nature of HMA, significant variation in the response is expected with
the change in temperature. While other seasonal factors such as moisture may have an
impact on the measured response, it is assumed that adequate drainage conditions were
predominant at the site. Temperature measurements were not conducted in the pavement
structure during the testing process. However, ambient air temperatures for the exact date
and time reported in the instrumentation files were obtained for the Port Allen weather
station from the National Climatic Data Center through the following website:
http://lwf.ncdc.noaa.gov/oa/ncdc.html. Figure 16(a) illustrates the change in the measured
strain in Experiment Il at the bottom of the surface layers (3.5 in.) with the change in
temperature for the first load level (i.e., up to 400,000 passes). Similarly, Figure 16(b)
illustrates the change in the measured strain in Experiment 111 at the bottom of the HMA
layers (3.5 in.) with the change in temperature for the first load level (i.e., up to 200,000
passes).

As shown in Figure 16 (a and b), one may assume that pavement strain varies exponentially
with temperature, which would be in agreement with the findings of previous research
studies [5], [30]. While the measured strain was influenced by the change in temperature, it
expected that other factors such as change in measurement conditions and materials’ damage
need to be considered to thoroughly explain change in strain throughout the experiment.
These factors are discussed further in the subsequent sections of this report.

33



Figure 17(a) illustrates the variation of the measured strain in the early stage of Experiment
111 (up to 50,000 passes). In this stage, minimal change is expected in the pavement and
measurement conditions. As shown in this figure, an exponential regression line similar to
the one shown in Figure 16(a) may be used to fit the data. To level the effect of temperature
from the measurements, this regression model was used to determine the response at a
reference temperature of 25°C using correction factors determined from the following model:

CF — e0.0669(T—25) R2 - 0.86 (6)

where,
CF = correction factor to shift measured strain from a temperature T to a reference

temperature of 25°C.

Similarly, the following model was used to shift the strain measurements to a reference
temperature of 25°C in Experiment I1, Figure 17(b):

CF = g0.053(7-25) R®>=0.92 (7)

where,
CF = correction factor to shift measured strain from a temperature T to a reference
temperature of 25°C.
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Variation of the longitudinal strain (depth = 3.5 in.) with ambient air temperature in (a)
Experiment 11 and (b) Experiment 111

Figure 18(a) presents the change in the measured vertical stress at the bottom of the HMA
layers as a function of temperature (Experiment I11). As shown in this figure, measured
stress was also found to vary exponentially with the change in temperature. However, this
trend was not validated in Experiment Il, which seemed to indicate that the measured stress
was independent from the change in temperature, Figure 18(b). Based on the results shown
in Figure 18(a), a regression model was developed to shift the measured stress to a reference
temperature of 25°C in Experiment I11:

CF = g0 0344(F2%) R?=0.99 (8)
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Variation of the longitudinal strain with temperature in the early loading stage in (a)
Experiment 111 and (b) Experiment 11
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Figure 18
Variation of vertical stress with ambient temperature in (a) Experiment 111 and
(b) Experiment Il

Evolution of Pavement Damage

Based on equations (6) and (7), measured strain responses were shifted to a reference
temperature of 25°C. Shifting of the measurements allowed characterizing the effect of
pavement damage without confounding it with the effect of temperature. Figure 19(a)
illustrates the variation of the temperature-corrected strain at the bottom of the HMA layers
in Experiment 111 with the number of passes. Similarly, Figure 19(b) presents the variation
of the temperature-corrected strain at the bottom of the HMA layers in Experiment Il with
the number of passes. As shown in Figure 19(a), the measured strain increased slightly at the
beginning of the experiment but then decreased progressively with the increase in number of
passes. After the second load level was applied, an increase in strain was noted followed by
a gradual decrease in the response. A similar trend was noted in Experiment Il as shown in
Figure 19(b). As shown in this figure, an increase in strain was noted after the increase in
load followed by a gradual decrease in the response.
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Variation of the temperature-corrected longitudinal strain with number of passes in
(a) Experiment 111 and (b) Experiment 11

Although it is expected that with the increase in pavement damage, the measured strain
should gradually increase, an indication of material weakening; however, a reversed trend
was observed. This hypothesis is supported by the results presented in Figure 20, which
shows that the backcalculated HMA moduli from falling weight deflectometer (FWD) testing
decreased continuously throughout Experiment I11 indicating progressive damage of the
material. These FWD tests were conducted at a relatively uniform temperature ranging from
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38 to 45°C; therefore, no temperature correction was applied on the backcalculated moduli.

It is worth noting that a recent research study concluded that strain measurements taken at the
surface were also not a good indicator of damage development [32]. It appears that with the
increase in number of passes, the strain gages dispersed the material around them resulting in
less contact with the surrounding medium and, therefore, a smaller strain was measured.
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Figure 20
Variation of backcalculated HMA moduli with the increase in number of passes in
Experiment 111

Figure 21 presents the variation of the temperature-shifted vertical stress with the number of
passes in Experiment I11. As shown in this figure, measured vertical stress remained fairly
constant with the increase in number of passes during the first load level. After the second
load level was applied, an increase in vertical stress occurred, followed by a fairly constant
response. As it was previously noted, responses of the gage after 250,000 passes were not
used in the analysis. This behavior was expected since the stress applied on the material
mainly depends on the magnitude of the external load and not on the level of damage in the
material.
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Variation of the vertical stress at the bottom of the HMA layers with the number of
passes in Experiment 111

Recommended Modifications to the Instrumentation Strategy in Future Experiments

Based on the analysis conducted in this study, a number of modifications to past
instrumentation strategies are recommended. Specifically, the following course of actions is
recommended:

(1) Measurements should be intensified in the early stage of the experiment as these
responses are usually very valuable to compare different pavement technologies and for
validation of theoretical models. It is recommended that continuous measurements be
conducted for the first 100,000 passes (e.g., every 1,000 passes).

(2) Temperature sensors such as thermocouples should be installed in future experiments.
These sensors are relatively inexpensive and their readings are critical in order to assess
seasonal and thermal variations in the pavement system.

(3) Adopted gages in past experiments seem to provide acceptable durability as compared to
other pavement gages. However, long-term monitoring of pavement damage does not
seem possible with current sensor technologies. A new class of fiber optic strain gages
has been recently introduced to monitor strain responses in HMA and may be tested in
future experiments [33]. These sensors permit measurement of static and dynamic
pavement responses and were reported to provide reliable measurements with little or no
noise and to allow for long-lasting strain monitoring [34].

(4) Since pressure cells in granular layers seem to tilt during construction or just after the
loading starts, compaction of the supportive layer for these cells needs to be improved in
future experiments.
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(5) Distance between the sensors needs to be increased in the longitudinal direction from 1.2

ft. to at least 1.6 ft. This will prevent interference between the different gages as they
tend to act as reinforcement to the pavement system; see Figure 22. As shown in this
figure, instruments located at the same depth are staggered to increase the distance
between them.
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Figure 22
Proposed instrumentation strategy for one of the six test lanes
proposed in Future ALF Experiment V

(6) The use of linear-variable differential transducers (LVDT) in the granular layers is
recommended to allow for measuring vertical deflection in unbounded materials. In
addition, monitoring strain in the HMA layers may be beneficial in both the longitudinal
and transverse directions.

(7) While the use of cement-treated base and subgrade materials has been beneficial to
Louisiana, the use of cement-stabilized materials at the ALF facility does not seem
beneficial or cost-effective. The use of this pavement material extends the experiment
over a long period of time that may not be necessary. Instead, it is recommended to
avoid this layer in future designs at the ALF facility as most of the research is focused on
upper HMA layers. Avoiding cement-treated materials will allow determining the
relative performance of different pavement technologies in a cost- and time-effective
manner.
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Analysis of Laboratory Test Results

Figure 23 shows the relationship between the measured ductility and the failure strain
measured using the direct tensile test (DTT). Each binder was tested in four replicates using
the ductility test and six replicates using the DTT. The average coefficient of variation for
DTT measurements (PAV-residues) was 19 percent while it was 4 percent for the ductility
test (RTFO and PAV-residues). As shown in this figure, there was an inverse correlation
between binder ductility at 25°C and the measured failure strain at -12°C. In other words, a
binder that provides high ductility at 25°C would be characterized by poor elongation
properties at low temperature (-12°C). It also appears that while three binders would pass
the ductility criterion specified by Louisiana (binders G, H, and 1), these binders will not pass
or barely pass the Superpave DTT criterion of a minimum of 1 percent failure strain.
However, since the DTT is only used as a referee test, these binders would still be classified
as PG 64-22 since they satisfy the BBR stiffness criterion (Table 2).

These results indicate that the current Superpave specifications fail to differentiate between
these binders in terms of performance since they may all be used as PG 64-22 binders and are
expected to exhibit similar pavement performance. Since past research has widely
established the relation between asphalt ductility and pavement performance, it would be
expected that these binders would not exhibit the same performance in the field [12], [13].

To explain the results presented in Figure 23, this study laid out two hypotheses that may be
used to rationalize the observed rheological behavior and to provide insight into the
relationship between molecular compositions of the binder and its physical properties:

(1) Effect of aging: while the ductility test is performed on RTFO-binder residue, the direct
tensile test uses PAV-binder residue. High-ductility binders may experience greater loss
of light components than low-ductility binders during the aging process, and therefore,
exhibit a brittle behavior at low temperatures.

(2) Effect of temperature: while ductile binders may perform satisfactorily at intermediate
temperature, some of the tested binders may experience a greater rate of crystallization at
low temperatures, and therefore, exhibit a brittle behavior during the DTT.
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Relationship between measured binder ductility (RTFO-aged)
and failure strain from DTT (PAV-aged)

Effect of Aging

While the ductility test is conducted on RTFO-aged binders for specification purposes, the
same test was performed on PAV-aged binders. This allowed comparing results of the direct
tensile test to the ductility test under the same aging conditions. Figure 24 presents the
relationship between the measured binder ductility and the failure strain from the direct
tensile test for PAV-aged binder residues. As shown in this figure, an inverse correlation
between the binder ductility and the measured failure strain was still observed indicating that
the aging process is not the main factor causing this reverse trend.

These findings were supported by the results of HP-GPC tests. Figure 25 (a and b) present
the fractional compositions of the tested binders in the original and PAV-aged conditions,
respectively. The composition of the binders are divided into three main categories: medium
molecular weight (MMW), which represents the percentage of asphaltenes in the binder; low
molecular weight (LMW), which represents the percentage of paraffinic maltenes in the
binder; and others, which represent the percentage of very light oils in the binder. While the

asphaltenes component is generally hard, brittle and, non-elastic, the maltenes component is
soft, flexible, and elastic.
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Figure 24
Relationship between measured binder ductility (PAV-aged)
and failure strain from DTT (PAV-aged)

The relationship between binder molecular compositions and its rheological behavior is
evident by comparing the molecular compositions of binders G and I (the most ductile
binders) to binders D and E (the least ductile binders). As shown in Figure 25 (a and b),
binders G and | had a high percentage of maltenes (82.9 and 84.1% in the original state and
80.7 and 79.4% after PAV aging) while binders D and E had a low percentage of maltenes
(78.8 and 77.4% in the original state and 76.5 and 75.6% after PAV aging). This implies that
at the same temperature, a straight binder that is characterized with high ductility before
aging would also be characterized by good extensibility properties after aging. This explains
why a similar trend was observed in Figures 23 and 24 and confirms that aging is not the
controlling factor for this reverse trend. It is also interesting to notice that the first seven
binders, which originated from the same crude oil source, seem to lose about 2 percent of low
molecular weight components in the aging process.
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Molecular fractional distributions for (a) original binders and (b) PAV-aged binders

46




Effect of Temperature

Three asphalt binders were selected for laboratory characterization using differential
scanning calorimetry and dynamic mechanical analysis. The selected asphalt binders
exhibited contrasting rheological behaviors: low ductility (25°C) and low stiffness (-12°C)
(asphalt binder D) and high ductility at intermediate temperature and high stiffness at low
temperature (asphalt binders G and I). A typical modulated DSC curve is shown in Figure 26
for binder G (original). This curve can be used to calculate enthalpies of transitions by
integrating the peak corresponding to a given transition and to determine crystallization
events at a given temperature. This information is very valuable since the percentage of
crystallizable species is an indicator of brittle behavior at a given temperature. The DSC
content of crystallizable species was determined below and above 25°C by referring the
enthalpy of sample melting (determined as an endothermic transition on the heat flow plot) to
the melting enthalpy of 100% crystalline polyethylene (293 J/g) and the content of LMW
fractions (maltenes) previously determined from GPC.
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Figure 26
Modulated DSC analysis of asphalt binder G (original)

The glass transition temperature of the selected binders was determined using DMA. The
glass transition temperature is identified by the temperature at which E” peaks when plotted
against the test temperature. A typical example of this plot is presented Figures 27 and 28 for
binders G (RTFO-residue) and | (PAV-residue), respectively. In all tested cases, the sample
broke right after passing the glass transition temperature confirming that the material is
behaving similar to a crystalline-brittle solid.
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Figure 27
DMA of asphalt G (RTFO-residue) showing the sample breaking just below the glass
transition temperature (E’ is the storage modulus, and E” is the loss modulus)
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Figure 28
Glass transition temperature (DMA) of binder I (PAV-residue)

The content of crystallizable species of selected asphalt binders determined by DSC is
presented with the glass transition temperature determined by DMA in Table 4. The
crystalline fractions melting above 25°C presented in this table have an adverse effect on the
sample ductility at intermediate temperature since these fractions act as brittle components.
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The ductility of asphalt binder D, lower than that of binders G and I, may be explained by its
higher content of crystalline fractions melting above 25°C (Table 4). On the other hand, the
crystalline fractions melting below 25°C may have a negative effect on the sample stiffness
at low temperature. This is the case of asphalt binder G (PAV-residue) with 0.86% LMW
crystalline fractions melting below 25°C, which was higher than for asphalt binder D in
which no melting of crystalline species has been detected in the same temperature range.
However, the stiffening of asphalt binders at low temperatures is a complex phenomenon in
which paraffinic (maltene) crystallization might only have a reduced role. This is evident by
the results of DSC analysis for binder I, which had a very small content of LMW crystalline
fractions but still showed poor elongation properties at low temperature.

Table 4
Glass transition (DMA) and the content of crystallizable
species (DSC) of asphalt binders

Asphalt Binder Glass Transition Crystallizable Crystallizable
Tg (°C) Species Species
Below 25°C (%)* Above 25°C (%)*
D original -4.5 Not detected 0.18
D RTFO -3.3 Not detected 0.41
D PAV 3.5 Not detected 0.37
G original -7.5" 0.48 0.12
G RTFO 0.2 0.41 0.33
G PAV 7.4 0.86 Not detected
I original 5.0 0.03 0.12
| PAV 8.3 Not detected 0.10

* As a percentage of maltene fractions; ~ determined from DSC

In the glassy state, amorphous components will act as rigid, stiff, and brittle molecular
fractions and may cause the binder to exhibit poor extensibility and high stiffness. Results of
DMA showed that asphalt binders characterized by high stiffness and poor extensibility at
low temperature have a higher T than that of low stiffness binders. As shown in Table 4, the
glass transition temperatures for asphalt binders G-PAV and I-PAV (7.4 and 8.3°C,
respectively) were higher than that of low stiffness asphalt binder D (3.5°C). The glass
transition temperature of binder G in the RTFO state was also higher than the one for binder
D in the same aging state.

Relationship between Molecular Compositions and Binder Physical Properties

While molecular composition of asphalt binder is not specified by state highway agencies, it
would be beneficial to determine whether performance of the binder can be correlated to its
chemical constituents. Figure 29 shows the relationship between the percentage of low
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molecular weight in the binder and the rutting criterion currently used in the Superpave
specification system (G*/sind). As shown in this figure, a positive correlation exists between
the percentage of LMW in the binder and its rutting resistance as predicted by the criterion of
G*/sind for the original binder. Such correlation has also been reported for crumb rubber—
modified binders and is supported by the results presented in this figure for unmodified
straight binders [35]. This referred study also found that adding a rejuvenating agent to the
binder decreases the content of LMW in the binder and, therefore, results in a decrease in the
binder rutting resistance.
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Figure 29
Relationship between percentage of low molecular weight
and binder resistanceto rutting

As previously noted, the binder content of low molecular weight was also found to correlate
positively with its ductility at intermediate temperature. In other words, an increase in the
binder content of LMW results in an increase in its ductility at intermediate temperature.
Results presented in Figure 30 also indicate that the increase in LMW results in an increase
in the binder stiffness at low temperature as measured by the Bending Beam Rheometer
(BBR) at -12°C. As it was previously noted, an increase in paraffinic maltene content results
in some of the light components to crystallize at higher temperatures as it approaches the
glassy region. Therefore, an increase in LMW indicates that the binder would behave as a
brittle material at low temperatures and would be more susceptible to thermal cracking.
However, one should acknowledge that this correlation may not hold true for all crude oil
sources and some amorphous maltene components may not crystallize at low temperatures
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providing the user with optimum behavior (high elongation) at both intermediate and low
temperatures.
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Figure 30
Relationship between percentage of low molecular weight
and binder stiffness at low temperature

Relationship between Binder Ductility and Mixture Performance

The previous results clearly established the differences between the tested binders in terms of
ductility, tensile strain at failure, and molecular compositions. However, one may not
conclude whether the noted differences would have an impact on the mixture performance
and whether the measured binder rheological properties have a significant effect on the mix
performance. It is noted that all binders were classified as PG 64-22 binders and are,
therefore, expected to exhibit similar mix performance according to the Superpave binder
specification system. However, past research has shown that asphalt ductility has a
significant effect on mix performance [12], [13]. To answer this critical question, three
binders (B, F, and G) with contrasting levels of ductility were selected and were used to
prepare asphalt mixes according to the mix design developed by Mohammad et al. [27].
These samples were then tested using the ITS Test.

Figure 31 (a and b) presents the variation of the ITS with the binder ductility in the unaged
and aged conditions. The values shown in these figures are the averages of three samples
with a coefficient of variation ranging from 6 to 9 percent. As shown in these figures, there
was a clear relationship between the binder ductility and the measured tensile strength of the
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mixture. In other words, using a binder with a high ductility resulted in a mixture with
greater indirect tensile strength.
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Relationship between the mixture indirect tensile strength and the binder ductility

Figure 32 (a and b) presents the variation of the tensile strain at failure with the binder
ductility in the unaged and aged conditions. As shown in these figures, a binder with high
ductility was associated with high tensile strain at failure. As it was previously noted, asphalt
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mixtures with high strain at failure were found to resist cracking better than mixtures that
were more brittle with low tensile strain at failure [21].
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Relationship between Binder Ductility and the Multiple Stress Creep Recovery Test
Linearity tests were conducted on the selected binders in order to determine suitable stress
levels that would lie in the linear viscoelastic region at 25°C. The linear region was defined
as the region starting from the beginning of the test until the complex shear modulus falls to
95% of its original value. Based on this definition, two stress levels of 20 kPa and 40 kPa
were selected to be in the linear viscoelastic region at 25°C. Three binders (B, F, and G)
with contrasting levels of ductility were then evaluated using the MSCR test. Figure 33 (a
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and b) presents the relationship between the binder ductility and the percentage recovery and
the non-recoverable creep compliance, respectively. The recovery and non-recoverable creep
compliance shown in this figure is the average of six samples conducted at two stress levels.
The average coefficient of variation between three samples conducted at the same stress level
was 1 percent for the percentage recovery and 10 percent for the non-recoverable creep
compliance.

As shown in this figure, there was an inverse relationship between binder ductility and
percentage recovery in the MSCR test. Moreover, a binder with high ductility would be
characterized by high non-recoverable creep compliance. This means that a binder
characterized with a high level of ductility would exhibit poor performance in the MSCR
test. It is not clear why an inverse relationship was found between these tests parameters,
and an in-depth evaluation of these findings should be conducted in the future. However,
one may hypothesize that this difference is related to the fact that the ductility test is
conducted to failure while the MSCR test is conducted at a low level of stress in the linear
viscoelastic region. It is recommended that future research conduct the MSCR test at a high
stress level that would induce damaging non-recoverable deformation in the binder.
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SUMMARY AND CONCLUSIONS

Instrument responses in past ALF experiments were analyzed to quantify the variation of
pavement responses with temperature and its relationship to pavement performance.
Measurements were also used to determine the effectiveness of stress and strain measurements in
past experiments and the use of sensor technology to monitor pavement damage. Results of this
analysis were used to suggest possible modifications to the instrumentation strategy in the
upcoming ALF Experiment V.

Analysis conducted in this study established the relationship between the binder deformation
properties at intermediate and low temperature and mix performance. Nine straight binders
obtained from two major asphalt suppliers were tested using the ductility test, the direct tensile
test, and the multiple stress creep recovery test. All selected binders were classified as PG 64-22
according to the Superpave binder specification system. To assess the results of these tests,
selected asphalt binders were evaluated using high pressure gel permeation chromatography,
differential scanning calorimetry, and dynamic mechanical analysis. In addition, three binders
with contrasting levels of ductility were used to prepare asphalt mixes, which were evaluated
using the ITS test.

Analysis of ALF Instrument Responses

Based on the results of this analysis, the following conclusions may be drawn:

e Repeatability of stress and strain measurements was acceptable in most cases. Repeatability
of pavement responses was better in Experiment I11 than Experiment I1. Responses in
Experiment Il were somewhat lower in magnitude than in Experiment I11, which may have
resulted in greater variability in the responses.

e Survivability of the gages was deemed acceptable. However, installed pressure cells in the
granular layers appeared to tilt during construction or after the loading started possibly due to
poor compaction of the supportive layer. With the increase in the number of passes, signals
became noisier, but the peak response could still easily be extracted.

e Pavement responses were strongly influenced by the temperature during testing. An
exponential model provided acceptable description of this variation.

e Strain gages were not a reliable indicator of damage development in HMA. It appears that
with the increase in the number of passes, the strain gages disperse the material around them
resulting in less contact with the surrounding medium and therefore, a smaller strain was
measured.
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e Measured vertical stress remained fairly constant with the increase in the number of passes.
This observation indicates that the stress applied on the material mainly depends on the
magnitude of the external load and not on the level of damage in the material.

e Based on the analysis conducted in this study, a number of modifications to past
instrumentation strategies are recommended and were discussed in the analysis section.

Evaluation of Ductility Specifications

Based on the results of laboratory testing conducted in this study, it can be concluded that the
measurement of binder ductility is beneficial to the state and correlates well with mix
performance at intermediate temperature. This test may not be substituted with the direct tensile
test or the multiple stress creep recovery test. In addition, the following conclusions may be
drawn:

e Aninverse correlation was found between binder ductility at 25°C and the measured failure
strain at -12°C. In other words, a binder that provides high ductility at intermediate
temperature would be characterized by poor elongation properties at low temperature. This
behavior was linked to the binder chemical compositions, which revealed the following:

o An increase in the binder content of LMW results in an increase in its ductility at
intermediate temperature.

o An increase in the binder content of crystallizable LMW results in crystallization of these
molecular fractions at low temperature. Due to their crystalline nature, these components
are characterized by brittle and stiff physical behavior at low temperatures. In addition,
an increase in maltene content results in some of the light components to crystallize at
higher temperature as it approaches the glassy region.

e All tested binders lost part of their low molecular weight content during aging resulting in an
increase in the asphaltene content in the aged binder. Binders with the same crude oil source
lost about 2% of their low molecular weight components in the aging process.

e Performance of the binder can be strongly linked to its chemical constituents. A positive
correlation exists between the percentage of LMW in the binder and its rutting resistance as
predicted by the criterion of G*/sind for the original binder. In contrast, the increase in
LMW results in an increase in the binder stiffness at low temperatures.

e Current Superpave specifications failed to differentiate between these binders in terms of
performance since they may all be used as PG 64-22 binders and are expected to exhibit
similar pavement performance. Since past research has widely established the relationship
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between asphalt ductility and pavement performance, it would be expected that these binders
would not exhibit the same performance in the field.

There was a positive correlation between the binder ductility and the measured tensile
strength of the mixture as well as its strain at failure. Using a binder with a high ductility
resulted in a mixture with greater indirect tensile strength and a stronger ability to resist
cracking at intermediate temperatures.

An inverse correlation was found between binder ductility and percentage recovery in the
MSCR test. Moreover, a binder with high ductility would be characterized by high non-
recoverable creep compliance. This means that a binder characterized with a high level of
ductility would exhibit poor performance in the MSCR test.
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RECOMMENDATIONS

As a result of the analysis conducted in this study, the following recommendations are
offered to the Louisiana Department of Transportation and Development:

Proposed modifications to the instrumentation strategy in Experiment V should be
implemented. In addition, the use of cement-stabilized materials at the ALF facility
needs to be investigated as the use of this pavement material extends the experiment over
a long period of time that may not be necessary.

Evaluation of fiber-optic strain gages in future experiments at the ALF facility should be
conducted.

The ductility test should be kept in the state binder’s specifications as it correlates well
with mix performance at intermediate temperatures. This test may not be substituted with
the direct tensile test or the multiple stress creep recovery test.

Additional laboratory testing should be conducted to relate the rheological properties of
the binder at low temperatures with the mixture performance at low temperatures.
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ALF
APT
AR
BBR
DMA
DTT
DSR
DSC
ESAL
FHWA
ft.
FWD
HMA
HP-GPC
in.

ITS
LADOTD
Ib.
LMW
LTRC
LVDT
min.
MMW
MSCR
Pa
PAV
PG

psi
RAP
RTFO
Sl

sec
VLMW

ACRONYMS, ABBREVIATIONS, AND SYMBOLS

accelerated loading facility
accelerated pavement testing

asphalt rubber

bending beam rheometer

dynamic mechanical analysis

direct tensile test

dynamic shear rheometer

differential scanning calorimetry
equivalent single axle load

Federal Highway Administration

foot

falling weight deflectometer

hot-mix asphalt

high pressure gel permeation chromatography
inch

indirect tensile strength

Louisiana Department of Transportation and Development
pound

light molecular weight

Louisiana Transportation Research Center
linear variable deformation transducer
minute

medium molecular weight
multiple-stress creep recovery

Pascal

pressure aging vessel

performance grade

pound per square inch

reclaimed asphalt pavement

rolling thin film oven

International System of Units

second

very low molecular weight
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