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1. EXECUTIVE SUMMARY

One of the goals of the mechanistic design of asphalt pavements is to address their long term
performance. The stiffness of the pavement is a key factor in the design as it directly impacts
the load bearing capability of the road. Further, early deterioration of pavements due to rutting
or fatigue cracking can be traced to inadequate stiffness. While the dependence of pavement
performance on stiffness is well known, this parameter is rarely measured during construction of
pavements. Instead, current quality control in the field during construction of asphalt pavements
focuses on the measurement of density of the finished pavement at specific locations. Intelligent
Compaction techniques in the future will have to have the ability to estimate the modulus of the
pavement continuously during its construction. The goal of this project is to extend OU’s

Intelligent Asphalt Compaction Analyzer (IACA) to determine the modulus of the entire

pavement in real-time during its construction.

The IACA is a roller mountable device that can sense the vibrations of the roller during
the compaction of a pavement and using the knowledge of the asphalt mix and the pavement
design, can estimate the achieved level of compaction of the asphalt mix. The IACA technology
was developed during 2003-2006 with support from the Oklahoma Center for the Advancement
of Science and Technology (OCAST). During 2006-2009", the use of the IACA to determine the
density of asphalt pavements was demonstrated during the construction of asphalt pavements
across the United States. The results of these tests showed that the IACA was able to estimate
the density of the pavement during its construction to within £1.5% of the actual density. This
accuracy is comparable to the measurement accuracy of spot density measurement tools
currently being used by the paving industry and by the transportation agencies such as
Oklahoma Department of Transportation (ODOT). However, the IACA additionally provides
instantaneous complete coverage of the pavement which can help in the elimination of over/

under compaction of the pavement.

In order to extend the capability of the IACA to measure stiffness of hot mix asphalt

during its compaction, properties of different asphalt mixes were first studied in the laboratory.

TDevelopment of IACA Prototype, Assistance Grant # DTFH61-08-G-0002, Highways for LIFE

Technology Partnerships Program, Federal Highway Administration, US Department of Transportation,
Washington, DC, 2008-10. Also, Grant # OU 105-070800 and OU 105-127800 from Volvo Construction
Equipment (VCE), Shippensburg, PA.
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The variation of dynamic modulus of compacted mixes was studied as a function of the degree
of compaction, temperature, loading frequency, and mix parameters. The dynamic modulus
master curves that were developed were then used to calibrate the IACA. The performance of
the calibrated IACA was tested during construction of Interstate 1-35 in Norman, OK. The
estimated modulus over the entire pavement section was recorded during each roller pass. This
data was then used to generate the modulus of the completed pavement. After the construction,
the pavement was allowed to cool down to ambient temperature and Falling Weight
Deflectometer (FWD) tests were conducted at 25 locations approximately 5 meters apart on the
center of the compacted lane. The results obtained during field compaction were found to be in

good agreement with FWD measurements from the completed pavement.

The laboratory studies that were conducted as part of this research indicate that
modulus values determined through laboratory testing of compacted specimen are significantly
higher than the modulus values observed during field compaction. While these empirical models
can be used to estimate the stiffness of different asphalt mixes with reasonable accuracy, their
performance depends on the design of the mix and correction factors have to be determined
prior to their use. Validated empirical models can then be used to predict the performance of the
asphalt mixes and minimize the need for conducting costly dynamic modulus tests in the

laboratory.

The results of this project also demonstrate that the IACA can estimate the stiffness of
the pavement during its construction and can serve as a quality control tool. Identification of
under-compacted areas while the asphalt mix is hot and pliable will enable the paving crew to
perform additional compaction at these locations. The real-time measurement of stiffness will
also help avoid over-compaction of a pavement. The estimated stiffness can be verified through
non destructive tests after the construction of the pavement. Such testing will help reduce the

need for destructive testing like coring during the quality assurance process.

Research is underway to test the functioning of the IACA at several construction sites across
Oklahoma. The effect of the subgrade, asphalt mix, thickness of the pavement layer on the
accuracy of the stiffness estimates is being investigated under a research grant from our
industry sponsor, VCE. An application for a patent has been filed with the United States Patent
and Trademark Office to protect the technology developed in this project. This technology has

been licensed to VCE and is likely to be commercially available in late 2013.
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2. PROBLEM STATEMENT

Stiffness is a key design factor that directly impacts the load bearing capacity of roadway
pavements. Early deterioration of pavements due to rutting, fatigue cracking, and other types of
distresses may be attributed to inadequate stiffness achieved during the compaction process
(Pellinen and Witczak, 2002). The stiffness of the pavement is typically expressed in terms of its
modulus, i.e., the relationship between the applied stress and the resulting deformation. While
there are several ways to define stiffness of a HMA layer, dynamic modulus of hot-mix asphalt
(HMA) is selected as one of the fundamental inputs in the mechanistic-empirical pavement
design guide (MEPDG) (NCHRP, 2004). The National Cooperative Highway Research Program
(NCHRP) Project I-37A recommends the use of dynamic modulus to characterize the HMA
mixes (AASHTO, 2002).

Failure to achieve the desired stiffness during the construction of the pavement is a leading
cause for early degradation of asphalt pavements. Excessive rutting, cracking, potholes etc.,
that are signs of failure of asphalt pavements can be avoided by using good quality control tools
during the compaction process and through the adoption of better construction practices.
Unfortunately, the stiffness of a pavement is seldom measured during its construction. Instead,
the current quality control (QC) methods focus on the measurement of density of the finished
pavement at specific locations. The most reliable method of measuring pavement density is the
extraction of cores at several locations on the finished pavement and conducting air voids tests
in the laboratory as specified in AASHTO T166 (AASHTO, 2006). This method of testing,
however, is time consuming, costly, and destructive. Alternative methods for in-place
measurement of density of hot mix asphalt (HMA) layers include the use of both nuclear density
gauges and non-nuclear density gauges. The nuclear-based devices tend to have problems
associated with licensing, equipment handling, and storage. In addition, both of these
technologies allow only point-wise measurements of density during the construction of an
asphalt pavement. These manual processes of measurement are time consuming and result in

avoidable delays in the construction while not reflecting the overall quality of the pavement.

2.1 IMPORTANCE OF THE PROBLEM

There are over 4 million miles of pavements in the United States (FHWA, 2005). Almost 2.2
million miles (55%) of these pavements are paved with asphalt. In the United States, over 550
million tons of hot mix asphalt (HMA) are produced and placed each year. The total

expenditures for asphalt pavement surfaces are in excess of $25 billion annually and over
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300,000 men and women are employed in the asphalt industry (FHWA, 2007).

While the level of government spending on road construction and repair has increased
steadily in recent years, deterioration of existing roadways has also been increasing at an
alarming rate. At present, twenty-six percent of the nation’s major metropolitan roads —
interstates, freeways and other critical local routes — have pavements in poor condition,
resulting in rough rides and costing the average urban motorist $383 annually in additional
vehicle operating costs due to accelerated vehicle deterioration, additional maintenance needs
and increased fuel consumption (Moretti, 2005). Some of this can be directly attributed to the
increase in vehicular traffic nationwide. For example, during 1991 to 2001, vehicle travel on
Oklahoma highways increased by 27%, while state’s population grew by only 10% during the
same period (FHWA, 2005). Conservative estimates indicate a 33% increase in cars on
highways and 70% increase in trucks over the next 20 year (FHWA, 2006; OAPA, 2003).Trucks
would also be carrying about 50 percent more weight in the next decade, according to the
American Trucking Association. A 1979 federal study estimates that the damage done by one
truck is equivalent to the damage caused by 9,600 cars. With increased axle loads in trucks, the
damage is expected to be much worse today. These statistics are representative of the problem
nation-wide (FHWA, 2006).

According Oklahoma Asphalt Pavement Association, there are between 110 and 120 active
asphalt contractors in the state. Of those, about 20 companies undertake about 80% of all the
work. Some contractors work on subdivisions, while others work on major projects involving
highways, Interstates, turnpikes, county roads, etc., consisting of multiple miles at a time. Cost
of each of these projects can range anywhere from $500,000 to millions of dollars. While the
large construction projects typically require the paving of as many as 15-20 miles at a time, they
also carry some of the stiffest penalties if smoothness and compaction levels are not met.
These penalties can range from 5% to 50% of the contract. This puts a strain on contractors to

do the best work possible and causes reduction in productivity.

Therefore, there is an immediate need to develop cost-effective technique that will provide a
clear and complete account of the quality of the pavement being constructed. Rapid in situ
stiffness testing will enable the development of reliable and verifiable quality assurance
programs. In addition to lowering the cost of construction and maintenance of the asphalt roads,
these programs will result in longer lasting roads and will help relate test results to design

practice.
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2.2 STATE-OF-THE-ART

In-situ testing of mechanical properties of pavements and underlying subgrade soils is a widely
researched area. Several test devices such as the Benkelman Beam, Lacroix Deflectograph,
static plate loading test, and Falling Weight Deflectometer (FWD) are available for
nondestructive evaluation of asphalt pavements (Newcomb and Birgisson, 1999; Tayabiji and
Lukanen, 2000). More recently, the rolling weight deflectometer, spectral analysis of surface
waves, and the Humboldt stiffness gauge have also been used to measure in-situ stiffness of
pavement layers including subgrade (Newcomb and Birgisson, 1999; Navaratnarajah, 2006).
However, these test devices are applicable only after the compaction process is complete and
pavement has cooled down to the ambient temperature. Therefore, although these tools can be
used to identify deficiencies in compaction, they are not suitable for use during the construction

of the pavement.

With increased emphasis on the new mechanistic-empirical (M-E)-based design procedures,
predictive equations have been developed to estimate dynamic modulus of HMA layers as a
function of such properties as mix type, aggregate structure, binder specifications, volumetric
properties of compacted specimens, and mix temperature (Andrei et al., 2002; Ayres et al.,
1998; Crovetti et al., 2005; Katicha, 2003; Tarefder, 2003). While these tests are adequate to
study the properties of the asphalt mix in the laboratory, they too are not suitable for determining

the stiffness of the pavement during its construction.

The need to measure the stiffness of a pavement during construction has motivated the
industry and equipment manufacturers to develop technologies that can ensure consistent and
optimal compaction of HMA pavements (Camargo et al. 2006; Landers, 2006; Moore 2006;
Peterson 2005). Uniform compaction of both soil and aggregate bases is achieved through the
variation of machine parameters such as amplitude and frequency of vibrations, and vectoring
of the thrust. Dynamic control of machine parameters allows for the application of vibratory
energy only to under-compacted areas and thereby preventing over-compaction and ensuring
uniform compaction of subgrade soils and/or aggregate bases. While these intelligent
compaction (IC) technigues hold promise, their performance is still being evaluated by several
Departments of Transportations (DOTs) and the Federal Highway Administration (FHWA)
(FHWA, 2011).

In contrast to the aforementioned intelligent compaction (IC) technologies (Ammann,

Asphalt Manager, Caterpillar, Asphalt Compaction, Sakai), the Intelligent Asphalt Compaction
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Analyzer (IACA) (Commuri et al. 2008; Commuri et al. 2009a; Commuri et al. 2009b, Commuri
and Zaman, 2010) is a measurement tool that analyzes, in real time, the vibrations of a vibratory
compactor to estimate the level of compaction of a HMA mat or layer during construction. Use of
IACA to estimate the density of asphalt pavements during construction was demonstrated

during actual construction of asphalt pavements (Commuri, 2011).

2.3 PROJECT GOALS, TASKS, AND ANTICIPATED OUTCOMES

The primary goal of this project is the extension of the IACA for continuous measurement of the
stiffness (dynamic modulus) of an asphalt pavement during its construction. The technology
represents a fundamental shift from the density measurement as a Quality Assurance/Quality
Control (QA/QC) method to QA/QC methods based on mechanistic properties. The following

steps are designed in order to meet this objective.

Step 1. Investigate the dependence of the dynamic modulus of compacted asphalt specimen

on the various parameters in the asphalt mix.

Step 2. Develop dynamic modulus master curves as a function of temperature, loading

frequency, and air voids in the compacted specimen.

Step 3. Determine the target dynamic modulus values for a given pavement layer. Develop
calibration techniques for the IACA to estimate the modulus of the pavement at 21°C

and 5 Hertz loading frequency.

Step 4. Verify the estimated stiffness of each pavement layer by conducting Falling Weight

Deflectometer (FWD) tests on the completed pavement.

Deliverables include (a) procedures for measuring the modulus of asphalt pavement layers;
(b) procedure for preparing test specimen and determining the master curves for the dynamic
modulus; (c) calibration procedure for the IACA; and (d) final report including field validation
data demonstrating the ability of the IACA to continuously measure the stiffness of the

compacted pavement.

It is anticipated that the IACA will provide continuous, instantaneous measurement of the
stiffness of each layer of the pavement during the construction process. As built maps
generated by the IACA after the completion of the construction will provide a clear and complete

account of the quality of the pavement. The proposed innovation will lead to lower cost and
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better quality evaluations of pavement characteristics and result in quality control programs that

relate test results to design practice.

2.4 ORGANIZATION OF THE REPORT

The rest of this report is organized as follows. The measurement of the dynamic modulus in the
laboratory is discussed in Section 3. Since the measurement of the dynamic modulus is time
consuming and requires the use of specialized equipment, MEPDG allows for the estimation of
the dynamic modulus using empirical models. In Section 4, four different empirical models that
are commonly used in Level 2 and Level 3 of MEPDG are evaluated. The performance of these
empirical models in predicting the behavior of asphalt mixes that are commonly used in
Oklahoma is also presented. The background on the IACA and the calibration procedure to
estimate the stiffness in discussed in Section 5. The use of the calibrated IACA during the
construction of asphalt pavements is then demonstrated. The report concludes with a summary

of the results, and a discussion on technology transfer and direction of future research.
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3. MEASUREMENT OF STIFFNESS OF ASPHALT MIXES IN THE
LABORATORY

The long term performance of a pavement depends to a large extent on the properties of the
materials constituting the asphalt mix. Several researchers have reported that the dynamic
modulus (|[E*|) of a HMA mix is highly correlated to pavement distresses (i.e., rutting, fatigue,
and low temperature cracking) over a wide range of traffic and climatic conditions (Goh et al.,
2011; Loulizi et al., 2006; Bonaquist, 2003; Pellinen et al., 2002; Shenoy et al., 2002; Witczak et
al., 2002; Cominsky et al., 1998). A high |E*| (high stiffness) improves the load carrying ability of
asphalt layers and reduces the stress-strain on the underlying layers. However, excessive
stiffness can reduce the durability of the pavement and increase the possibility of thermal
cracking in surface layers. On the other hand, low |E*| (low stiffness) decreases the load bearing
capacity and could possibly result in the rutting failure of the pavement. Therefore, an accurate
estimation of |E*| is important for designing a structurally sound pavement. In this section, the

measurement of the dynamic modulus in the laboratory is presented.

3.1 DETERMINATION OF THE DYNAMIC MODULUS IN THE LABORATORY

A dynamic modulus master curve for asphalt concrete is a critical input in the design of flexible
pavements. The recommended testing to develop the modulus master curve is presented in
AASHTO Provisional Standard TP62-03, Standard Method of Test for Determining Dynamic
Modulus of Hot-Mix Asphalt Concrete Mixtures. Selection of asphalt mix, preparation of test
specimens, and determination of dynamic modulus of compacted specimens are discussed

below. The test data is then used to generate dynamic modulus master curves.

3.2 MATERIAL SELECTION

Five different types of loose hot mix asphalt (HMA) that are commonly used in Oklahoma were
collected from Haskell Lemon Plant in Norman. The mixes varied from 19 mm nominal
maximum aggregate size to 12.5 mm nominal maximum aggregate size and included three
different types of binders (PG 64-22, PG70-28, and PG 76-28). Three of the five mixes also
contained recycled asphalt pavement (RAP). These asphalt mixes are representative of the
mixes typically used in Oklahoma. The description of the mixes is given below. Table 3.1 shows

the gradation of the all five mixes.

Page | 8



Mix-1: The nominal maximum aggregate size was 19 mm. The mix contained approximately 20
percent 1” #67 rock, 44 percent manufactured sand, 11 percent sand, and 25 RAP, with 4.1
percent PG 64-22 OK binder.

Mix-2: The nominal maximum aggregate size was 19 mm. The mix contained approximately 22
percent 17 #67 rock, 50 percent manufactured sand, 13 percent sand, and 15 percent RAP, with
4.1 percent PG 76-28 OK binder.

Mix-3: The nominal maximum aggregate size was 12.5 mm. The mix contained approximately
38 percent 5/8” chips, 27 percent manufactured sand, 24 percent C-33 screening, and 11
percents sand, with 4.5 percent PG 70-28 OK binder.

Mix-4: The nominal maximum aggregate size was 12.5 mm. The mix contained approximately
25 percent 5/8” chips, 38 percent manufactured sand, 22 percent screening, and 15 percents
sand, with 5.1 percent PG 64-22 OK binder.

Mix-5: The nominal maximum aggregate size was 12.5 mm. The mix contained approximately
22 percent 5/8” chips, 23 percent manufactured sand, 20 percent C-33 screening, 10 percent

screening, 10 percents sand, and 15 percent RAP with 4.2 percent PG 76-28 OK binder.

Table 3.1 Aggregate Gradation of all Five Mixes

Gradation Mix Type

(%Passing) Mix-1 Mix-2 Mix-3 Mix-4 Mix-5
Sieve size (mm)

25 100 100

19 98 98 100 100 100
12.5 87 87 97 98 98
9.5 80 80 89 87 87
4.75 58 62 69 62 62
2.36 37 40 49 40 40
1.18 25 27 35 28 28
0.6 19 20 25 21 21
0.3 12 12 15 13 13
0.15 4 5 7 5 5
0.075 2.9 2.8 25 3.2 3.2
Aggregate Type Limestone Limestone Granite Rhyolite Limestone
Mix Type Recycled  Recycled Virgin Virgin Recycled

3.3 PREPARATION OF TEST SPECIMEN

Specimens were compacted using a Superpave® Gyratory Compactor (SGC) at 6, 8, 10, and

12% target air voids (£ 0.5%). These air voids were selected as they are representative of the
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practical range of compaction density (i.e., 94% to 88% of the theoretical maximum density)
encountered during the construction of a flexible pavement. Three replicate of specimens were
compacted at each level of air void. First, specimens having 150 mm diameter by 167.5 mm
height were prepared. Then, the test specimens of size 100 mm in diameter and 150 mm height
were cored and sawed from the center of the gyratory compacted specimens (Figure 3.1).
These specimens have the most consistent air voids distribution in both vertical and radial
directions (Chehab et al., 2000). Moreover, these are the specimen geometries currently
recommended for the simple performance test and used in constitutive modeling of asphalt
concrete in tension and compression (Chehab et al., 2002; Schwartz et al., 2002; Witczak et al.,
2002; Daniel, 2001). Volumetric analyses were conducted to obtain effective binder content
(Vvetr), VOids in mineral aggregates (VMA), voids filled with asphalt (VFA), and air voids (V,) for
both the mixes (Table 3.2).

3.4 TEST PROCEDURE

Dynamic modulus values were measured in the laboratory in accordance with AASHTO TP62-
03 specification (AASHTO, 2006). All tests were performed using a MTS servo-hydraulic testing
system. Each mix was tested for different levels of air voids, as mentioned above. The test was
conducted on each test specimen at four different temperatures: 4, 21, 40, and 55°C, and six
different frequencies: 25, 10, 5, 1, 0.5, and 0.1 Hz. The test specimen was placed in an
environmental chamber and allowed to reach equilibrium within £0.5°C of the specified test
temperature. The temperature of the specimen was monitored using a dummy specimen with a
thermocouple mounted at the center. The deformation of the specimen was measured using two
linear variable differential transducers (LVDTs) mounted on the specimen. The LVDTs were
adjusted to operate to near the end of their linear range to allow the full range to be available for
the accumulation of compressive permanent deformation. To reduce the friction, teflon papers
were placed between the specimen ends and loading plates. Prior to testing, the specimen was
conditioned by applying 200 cycles of load at a frequency of 25 Hz. The load magnitude was
adjusted based on the material stiffness, air void content, temperature, and frequency to keep
the strain response within 50-150 micro-strains (Tran et al., 2006). Figure 3.2 shows dynamic

modulus testing in progress.
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Figure 3.2 Dynamic Modulus Test in Progress
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Table 3.2 Volumetric Properties of Mixes

Mix-1 Mix-2 Mix-3 Mix-4 Mix-5

Gmm 2.505 2.523 2.463 2.477 2.508
Gee 2.671 2.677 2.658 2.681 2.688
Gqp 2.645 2.657 2.634 2.669 2.652
Gy 1.01 1.01 1.01 1.02 1.01
Binder Type PG 64-22 PG 76-28 PG 70-28 PG 64-22 PG 76-28
Py (%) 4.1 4.1 4.5 5.1 4.2
VMA (%) Min. 14.11 14.81 16.23 16.6 14.95

Max. 20.42 20.11 21.55 22.12 20.59
VFA (%) Min. 39.88 42.86 41.37 47.71 39.24

Max. 62.21 62.04 58.77 68.09 57.87
Gmnm = Maximum Theoretical Specific
Gravity Mixture Gee = Effective Sp.Gr. of Aggregate
Gsp = Bulk Specific Gravity of Aggregate Gy = Specific Gravity of Binder
Va = Air Voids VMA = Voids in Mineral Aggregates
VFA = Voids Filled with Asphalt T (C) = Temperature

P, = Binder Content

3.5 CONSTRUCTION OF THE MASTER CURVES

Master curves were generated at a reference temperature of 21°C using the procedure outlined
in Bonaquist et al., (2005). This procedure eliminates the lower temperature requirement, so
that time required in conducting |E*| testing and master curve construction can be reduced. The
limiting maximum modulus is estimated based on binder stiffness and mix volumetric data using
the Hirsch model (Christensen et al., 2003). Equations (3.1) and (3.2) show the sigmoidal
function and shift factor used for fitting the master curve. The default value of ‘A’ and ‘VTS’ for
the different binder was taken from AASHTO. A nonlinear optimization program was used for

simultaneously solving these unknown parameters.

log|E”| (Max — 8)
o+ 1 + oP+v [108(D+c(10ATVTSOETR) _[ogn, )]

(3.1)

_ £
“D =7 (3.2)

where, Max is the maximum E* for a particular mix, f, is the reduced frequency at reference

temperature, f is the frequency at a particular temperature, 77,_, is the viscosity of binder at

reference temperature, A is the regression intercept of viscosity-temperature curve, VTS is the

regression slope of viscosity-temperature susceptibility, a(T) is the shift factor as a function of
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temperature and age, and & ,B, vy, ¢ are fitting parameters. Figures 3.3 through 3.7 shows the
typical master curve constructed for all five mixes, and Tables 3.3 - 3.7 list the master curves
parameters for these mixes.
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Figure 3.3 Master Curves for Mix-1 (S3 64-22)
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Figure 3.4 Master Curves for Mix-2 (S3 76-28)
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Figure 3.5 Master Curves for Mix-3 (S4 70-28)
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Figure 3.6 Master Curves for Mix-4 (S4 64-22)
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Figure 3.7 Master Curves for Mix-5 (S4 76-28)

107

Table 3.3 Master Curve and Shift Factor Parameter for Mix-1 (S3 64-22)

Mix-1 (S3 64-22)

Air Voids (%) Max E* (MPa) [ B y c R® S./S, Fit
6 23084 1.81 -1.02 -043 120 0.99 0.07 Excellent
8 22256 1.54 -0.98 -0.39 1.20 0.99 0.05 Excellent
10 21232 1.23 -0.86 -0.37 1.04 0.99 0.06 Excellent
12 19942 1.72 -0.41 -040 1.05 0.99 0.08 Excellent

Shift Factors log(aT)
Air Mix-1 (S3 64-22)
Voids (%) 4°C 21°C 40°C 55°C
6 2.66 0.00 -2.23 -3.60
8 265 0.00 -2.22 -3.58
10 230 000 -193 -311
12 232 000 -195 -3.14
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Table 3.4 Master Curve and Shift Factor Parameter for Mix-2 (S3 76-28)

Mix-2 (S3 76-28)

Air Voids (%) Max E* (MPa) 5 B Y c R® S./S, Fit
6 22826 2.10 -0.25 -045 124 099 0.04 Excellent
8 22027 1.99 -0.24 -0.42 1.18 0.99 0.05 Excellent
10 21157 1.98 -0.17 -0.42 1.12 0.99 0.04 Excellent
12 20182 1.71 -0.12 -0.37 1.13 0.99 0.05 Excellent
Shift Factors log(aT)
Air Mix-2 (S3 76-28)
Voids (%) 4°C 21°C 40°C 55°C
6 224 0.00 -196 -3.20
8 213 0.00 -1.86 -3.04
10 202 0.00 -1.77 -2.89
12 204 0.00 -1.78 -2.91
Table 3.5 Master Curve and Shift Factor Parameter for Mix-3 (S4 70-28)
Mix-3 (S4 70-28)
Air Voids (%) Max E* (MPa) 5 B Y c R® S./S, Fit
6 22224 2.12 -0.43 -041 1.17 1.00 0.07 Excellent
8 21401 2.19 0.28 -047 112 0.99 0.09 Excellent
10 20367 2.15 049 -046 105 1.00 0.05 Excellent
12 19562 2.07 0.63 -049 104 0.99 0.06 Excellent
Shift Factors log(aT)
Air Mix-3 (S4 70-28)
Voids (%) 4°C 21°C 40°C 55°C
6 221 0.00 -191 -3.10
8 212 0.00 -1.83 -2.98
10 199 0.00 -1.72 -2.80
12 196 0.00 -1.70 -2.76
Table 3.6 Master Curve and Shift Factor Parameter for Mix-4 (S4 64-22)
Mix-4 (S4 64-22)
Air Voids (%) Max E* (MPa) [ B y c R® S./S, Fit
6 22367 1.45 -1.09 -0.36 1.29 1.00 0.05 Excellent
8 21481 1.90 -0.55 -045 1.15 1.00 0.04 Excellent
10 20715 1.46 -0.69 -0.37 120 1.00 0.04 Excellent
12 19851 1.12 -0.70 -0.32 1.15 0.99 0.07 Excellent
Shift Factors log(aT)
Air Mix-4 (S4 64-22)
Voids (%) 4°C 21°C 40°C 55°C
6 286 0.00 -2.41 -3.87
8 254 0.00 -2.13 -3.44
10 265 0.00 -2.23 -3.59
12 255 0.00 -2.14 -3.45
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Table 3.7 Master Curve and Shift Factor Parameter for Mix-5 (S4 76-28)
Mix-5 (S4 76-28)

Air Voids (%) Max E* (MPa) 5 B Y c R® S./S, Fit
6 22632 226  -0.30 -0.47 1.05 0.99 0.05 Excellent
8 21675 2.49 0.28 -0.53 1.07 1.00 0.04 Excellent
10 21020 2.20 0.10 -045 096 1.00 0.06 Excellent
12 19842 2.09 0.16 -0.39 0.96 1.00 0.08 Excellent

Shift Factors log(aT)
Air Mix-5 (S4 76-28)
Voids (%) 4°C 21°C 40°C 55°C

6 191 0.00 -1.67 -2.73
8 193 0.00 -1.69 -2.76
10 1.74 0.00 -1.53 -2.49
12 174 0.00 -152 -2.49

3.6 EXPERIMENTAL RESULTS AND OBSERVATIONS

3.6.1 Effects of Air Voids on Dynamic Modulus

It was seen that as the air voids in the compacted specimen increased, the dynamic modulus of
HMA mixes decreased for all combinations of test frequency and temperature. The maximum
dynamic modulus was observed at 6% air voids, and it decreased by a factor of 2-4 at 12% air
voids depending upon the type of mix.

3.6.2 Effects of Temperature on Dynamic Modulus
The dynamic modulus decreases exponentially with increase in temperature. This exponential

relationship between temperature and dynamic modulus was observed for all types of mixes
considered in this study.

3.6.3. Effects of Gradation on Dynamic Modulus
Mix-2 (S3 mix with maximum size of particle 19 mm) and Mix-5 (S4 mix with maximum size of

particle as 12.5 mm) were compared to quantify the effects of gradation on dynamic modulus.
These two mixes were compared because they have similar binder content but different mix
gradations. The comparison was made at 6% air voids which represents the typical target
compaction of an asphalt pavement. It was observed that larger size of aggregates produces
larger dynamic modulus compared to smaller size of particles. Both mixes showed similar
dynamic modulus values at lower temperatures, while they differed significantly at higher
temperature.

3.6.4 Effect of Binder Types on Dynamic Modulus
Mix-1 and Mix-2 were compared to examine the effects of the binder type on dynamic modulus.

These two mixes were compared because both types of has similar aggregate gradation but
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different binder types. The comparison was made at 6% air voids. It was observed that Mix-1
with PG 64-22 produced larger dynamic modulus compared to Mix-2 with PG 76-28 binder. It

was concluded that a higher percentage of RAP resulted Mix-1 stiffer compared to Mix-2.
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4. EVALUATION OF PREDICTIVE MODELS FOR ESTIMATING
DYNAMIC MODULUS OF HMA MIXES USED IN OKLAHOMA

As discussed in the previous section, the dynamic modulus of hot mix asphalt (HMA) mixes is
an important input parameter for the design of asphalt pavements (Fat et al., 2009; Bari and
Witczak, 2006; Obulareddy, 2002; Birgisson et al., 2005; Dongre et al., 2005; Tran and Hall,
2005; NCHRP, 2004; Loulizi et al., 2007; Singh et al., 2011).The Mechanistic-Empirical
Pavement Design Guide (MEPDG) recommends the use of dynamic modulus at all three levels
(i.e., Level 1, Level 2, and Level 3) of analysis for predicting the performance of flexible
pavements. The use of a particular hierarchal input level of analysis depends on the amount of
information available to the designer and the criticality of the project. For example, at Level 1,
the asphalt binder and the HMA mix are tested in the laboratory to measure dynamic modulus.
However, the measurement of dynamic modulus in the laboratory is not always feasible, as it is
a tedious experiment, and may take several days to develop a single master curve (Obulareddy,
2002; Birgisson et al., 2005; Azari et al., 2007). Moreover, it requires costly equipment and
trained personnel for specimen preparation, testing and data analysis (Azari et al., 2007). To
overcome these difficulties, the MEPDG recommends the Level 2 and Level 3 designs to
estimate dynamic modulus without conducting actual modulus tests in the laboratory. Several
predictive models are available in the literature for estimation of dynamic modulus of a HMA
mix. These models utilize the volumetric properties of a mix, aggregate gradation, loading
frequency, and viscosity of an asphalt binder to predict dynamic modulus (Tran and Hall, 2005;
Al-Khateeb et al., 2006; Christensen et al., 2003; Andrei et al., 1999).

In recent years, the Witczak 1999 (Andrei et al., 1999), Witczak 2006 (Bari and Witczak,
2006), Hirsch (Christensen et al., 2003), and Al-Khateeb (Al-Khateeb et al., 2006) models have
been increasing used to estimate dynamic modulus of asphalt mixes. While predictive models
are convenient, their performance varies with the type of mixes and volumetric properties (Bari
and Witczak, 2006; Obulareddy, 2002; Birgisson et al., 2005; Dongre et al., 2005; Tran and Hall,
2005; Azari et al.,, 2007; Kim et al., 2005; Schwartz, 2005; Pellinen and Witczak, 2002).
Obulareddy, (2003), Birgisson et al., (2005), Tran (2006), and Kim et al., (2005) evaluated the
performance of the Witczak 1999 model for mixes that are commonly used in Louisiana, Florida,
Arkansas, and North Carolina, respectively. Their research revealed that the Witczak 1999
model over-predicted dynamic modulus. The performance of this model was also found to be
inconsistent across different types of asphalt mixes (Bari and Witczak, 2006; Dongre et al.,
2005; Azari et al., 2007; Schwartz, 2005; Pellinen and Witczak, 2002). The revised Witczak
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2006 model was introduced to improve the prediction accuracy of the Witczak 1999 model. The
revised Witczak 2006 model has been the subject of many recent studies (Fat et al., 2009; Azari
et al., 2007; Abdo et al., 2009; Ceylan et al., 2009). It was observed that this model also over-
predicts dynamic modulus, and exhibits increased error at extremely high and low temperature
conditions. Bari et al., (2006), Obulareddy (2006), Kim et al., (2005), and Ceylan et al., (2008)
conducted studies to check the performance of the Hirsch model. It was reported that this model
under-predicted dynamic modulus compared to the measured values. The Al-Khateeb model,
on the other hand, showed substantial bias at low temperature and a reduced sensitivity at high

temperature (Far et al., 2009).

Use of these predictive models in the mechanistic-empirical design of asphalt pavements
will be error prone, if the performance of these models is not accounted for in the design
process. Therefore, it is important to evaluate the performance of each model for a wide range

of asphalt mixes at different air voids and test conditions.

In this section, the performance of four predictive models, namely, Witczak 1999, Witczak
2006, Hirsch, and Al-Khateeb in estimation of dynamic modulus of selected HMA mixes that are
commonly used in Oklahoma evaluated. Based on these, calibration factors are developed for
each of these models to improve the prediction accuracy for Level 2 and Level 3 designs of the
MEPDG.

4.1 DYNAMIC MODULUS PREDICTIVE MODELS

4.1.1 Witczak 1999 Model

Andre et al., (1999) developed the Witczak 1999 model using 2750 test data points from 205
HMA mixes. This model is currently used in the Level 2 and Level 3 designs of the MEDPG. The
model is given by Equation (1).

—1.249937 + 0.029232 P,00 \7 0.001767 (p200 )2 — 0.002841p4
beff
Log E* —0.058097V, —0.8022 ——M—
8 : (Vbest + Va ) 4.1)
N 3.87197 — 0.0021p4 + 0.003958 Pig — 0.000017(p38 )2 + 0.00547 Psy
1 + e(-0.603313-0.31335log()-0.393532 log(n))
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where,

E* = Asphalt mix dynamic modulus (10° psi),

n = Viscosity of binder (10° poise),
f = Loading frequency (Hz),
Va = Air voids in the mix (% by volume),

Viett = Effective binder content (% by volume),

P200 = % Passing # 200 (0.075 mm) sieve,

p, = Cumulative % retained on # 4 (4.75 mm) sieve,

psg = Cumulative % retained on 3/8 inch (9.5 mm) sieve, and

p34 = Cumulative % retained on 3/4 inch (19 mm) sieve.

4.1.2 Witczak 2006 Model
Bari et al., (2006) revised the Witczak 1999 model, using 7400 data points from 346 HMA
mixes. The Witczak 2006 model uses dynamic shear modulus ( |G,"| ) and phase angle (5}, ) of

binder as input parameters. The revised model can be expressed as:

—0.349

6.65 - 0.032p200 + 0.0027 (pzoo )2 + 0.011 p4 - 0.0001 p4_ 2
Lo e 07540167 00052 ) 5¢ ; Viers
0] — — — _
Loguo +0.006 psg — 0.00014 (psg)2 — 0.08 V, — 1.06 U 3)) @2
Voers 2
2.56 4+ 0.03V, +0.71 —2L__ 1 0.012 psg — 0.0001(psg)* — 0.01 ps,
(Vers +Va )

+ 1 + ¢(-0.7814-0.5785 log(|Gp*[)+0.8834 log (&p))

where,

E* = Dynamic modulus (psi),

P200 P4 P38 » P34 Va, Voerr as defined previously in Equation (1),
IGy*] = Dynamic shear modulus of asphalt binder (psi), and

8y, = Phase angle of asphalt binder (degree).
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4.1.3 Hirsch Model
Christensen et al., (2003) modified Hirsch model for estimating dynamic modulus of HMA mixes.

Their model is given in Equations (4.3) and (4.4).

P, [4,200,000 (1 = %) +31G°], (W)l

100 10,000
. 1-P.
|E"|m = VMA (4.3)
(1-To0) L __vmaA
4,200,000 " 3G*[, (VFA)
* 0.58
(20+3 [ (VFA))
VMA
P. = = (4.4)
650 + (3 1G* [, (VFA)) '
VMA
where,

|E*|,, = Absolute value of asphalt mixture dynamic modulus, (psi),
|G*|, = Absolute value of asphalt binder complex shear modulus (psi),
VMA = Voids in mineral aggregates in compacted mixture (%), and
VFA = Voids filled with asphalt in compacted mixture (%).

4.1.4 Al-Khateeb Model

Al-Khateeb et al., (2006) developed a model based on law of mixtures. The model is shown in
Equation (4.5).

90 + 14516 1)
100 — VMA T LAoyya G
g

E*|,. = 3( = (4.5)

1100 + (0131671
\ Byyval )

where,

|E*|,, = Absolute value of dynamic modulus, (Pa),

VMA = Voids in mineral aggregate in compacted mixture (%),
|G*|, = Complex shear modulus of asphalt binder (Pa), and

|G*]g; = Complex shear modulus of asphalt binder in glassy state (Pa).
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4.2 MATERIAL AND SAMPLE PREPARATION

A total of five different loose HMA mixes (henceforth referred to as Mix-1, Mix-2, Mix-3, Mix-4,
and Mix-5) were collected from the production plant. Three of these are surface mixes with a
nominal maximum aggregate size (NMAS) of 12.5 mm, and two are base mixes with a NMAS of
19 mm. The mixes contained three types of aggregates: limestone, granite, and rhyolite, and
three different types of performance grade (PG) asphalt binders: PG 64-22, PG 70-28, and PG

76-28. These mixes are commonly used in the construction of asphalt pavements in Oklahoma.

Table 4.1 Mix Gradation and Volumetric Properties

Gradation Mix Type
(%Passing) Mix-1 Mix-2 Mix-3 Mix-4 Mix-5
Sieve size (mm)
25 100 100
19 98 98 100 100 100
12.5 87 87 97 98 98
9.5 80 80 89 87 87
4.75 58 62 69 62 62
2.36 37 40 49 40 40
1.18 25 27 35 28 28
0.6 19 20 25 21 21
0.3 12 12 15 13 13
0.15 4 5 7 5 5
0.075 2.9 2.8 25 3.2 3.2
Volumetric Properties and Test Conditions
Gmm 2.505 2.523 2.463 2.477 2.508
Gee 2.671 2.677 2.658 2.681 2.688
Gqp 2.645 2.657 2.634 2.669 2.652
Gy 1.01 1.01 1.01 1.02 1.01
Binder Type PG 64-22 PG 76-28 PG 70-28 PG 64-22 PG 76-28
Py (%) 4.1 4.1 4.5 5.1 4.2
VMA (%) Min. 14.11 14.81 16.23 16.6 14.95
Max. 20.42 20.11 21.55 22.12 20.59
VFA (%) Min. 39.88 42.86 41.37 47.71 39.24
Max. 62.21 62.04 58.77 68.09 57.87
Va (%) 6, 8, 10, 12
T(C) 4, 21, 40, 55
Frequency (Hz) 25,10,5,1,05,0.1
Aggregate Type Limestone Limestone  Granite Rhyolite  Limestone
Mix Type Recycled  Recycled Virgin Virgin Recycled
Gmnm = Max. Theoretical Sp. Gr. Mix Gee = Effective Sp. Gr. of Agg.
Gspb = Bulk Sp. Gr.of Agg. G, = Specific Gravity of Binder
V, = Air Voids VMA = Voids in Mineral Agg.
VFA = Voids Filled with Asphalt T (C) = Temperature
Py = Binder Content
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Each mix was preheated in an oven, and samples were compacted using a Superpave Gyratory
Compactor (SGC) at four levels of air voids: 6%, 8%, 10%, and 12%. Three identical specimens
were compacted at each air void level. A total of 60 samples were compacted (3 samples each
of 5 mixes at 4 different air voids). The gradation and volumetric properties of the mixes used in

the tests are given in Table 4.1.

4.3 DYNAMIC MODULUS TESTING

Dynamic modulus tests were performed in accordance with the AASHTO TP62-03 (AASHTO,
2006). All tests were performed using a material testing system (MTS) machine equipped with a
servo-hydraulic testing system. The compacted specimens were placed in an environmental
chamber, and they were allowed to reach equilibrium for a specified test temperature. Dynamic
modulus of each specimen was measured at four different temperatures: 4, 21, 40, and 55°C,
and at six different frequencies: 25, 10, 5, 1, 0.5, and 0.1 Hz. Thus, a total of 1440 dynamic
modulus values (5 mixes x 4 air voids x 3 samples x 4 temperatures x 6 frequencies) were

measured in the laboratory.

4.4 ESTIMATION OF DYNAMIC MODULUS

The Witczak 1999, Witczak 2006, Hirsch, and Al-Khateeb models (Equation (4.1) through
Equation (4.5)) were used for estimating dynamic modulus of all the five mixes. The viscosity of
each asphalt binder used for the Witczak 1999 model was calculated using the viscosity—

temperature relationship (ASTM, 2009) shown in Equation (4.6).

loglog(n) = A + VTS logTg (4.6)
where,
n = Viscosity of binder (cP),
Tr = Temperature (Rankine),
A = Regression intercept, and

VTS = Regression slope of viscosity temperature graph.

The regression parameters in the above equation, namely, the intercept (A) and the slope
(VTS), pertaining to the temperature-viscosity relationship for three asphalt binders (i.e., PG 64-
22, PG 70-28, and PG 76-28) were taken from the MEPDG guide (NCHRP, 2004). The |G*|,
and 0 required for the Witczak 2006, Hirsch, and Al-Khateeb models were calculated using the
model developed by Bari and Witczak,( 2007). A total of 1440 dynamic modulus values were

estimated using each predictive model.
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4.5 EVALUATION OF THE PERFORMANCE OF THE PREDICTIVE MODELS

The performance of each predictive model was evaluated using three different criteria:
goodness-of-fit statistics, comparison of the measured and the predicted values with the line of

equality (LOE), and the use of local bias statistics (slope, intercept, and average error).

The goodness-of-fit statistics includes the ratio of the standard error of estimate (Se) to the
standard deviation (S,), and the coefficient of determination (R?). S, Sy, and R? for each of the
models were calculated according to Equations (4.7) - (4.9). In the analysis of the data, Se
represents the likely error in the prediction. The ratio S¢/S, can, therefore, be used to assess the
accuracy of the predictive model. While S¢/S, is a measure of the accuracy of the estimates, R?
represents the accuracy of the model. Together, these two measures can be used to
standardize the results in a "subjective goodness" classification (Witczak et al., 2002). The

criteria used in the classification are shown in Table 4.2.

_ ’Z(y_j})z 4.7
S, = /—(n_l) (4.8)

(n—1) \Sy

where,
S, = Standard error of estimate,

S, = Standard deviation,

R? = Correlation coefficient,

y = Measured dynamic modulus,

¥ = Predicted dynamic modulus,

Yy = Mean value of measured dynamic modulus,

n = Sample size, and

k = Number of independent variables in the model.

The measured and the predicted dynamic modulus values were also compared by plotting

them on the LOE plot. If the matching points are clustered along the LOE line, then this would
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indicate that the predictive model has a good correlation to the measured data. It is to be noted
that the goodness-of-fit statistics and matching the predicted and the measured dynamic
modulus values on the LOE line do not conclusively address the model accuracy (Ceylan et al.,
2009). Under certain conditions, systemic or local bias in the models can cause significant
reduction in the accuracy of the predicted modulus. Therefore, the local bias statistics (slope,
intercept) and the average error for each of the predictive models were used to determine the
existence of bias. The intercept and slope were calculated by fitting an unconstrained linear
trend line that does not pass through the origin (Ceylan et al., 2009). A non-zero slope and
average error indicate a consistent over-prediction or under-prediction by the model
(Obulareddy, 2006; Tran and Hall, 2005, Ceylan et al., 2009).

Table 4.2 Criteria for Subjective Classification of Goodness-of-fit

Criteria R? Se/S,

Excellent >0.90 <0.35
Good 0.70-0.89 0.36 - 0.55
Fair 0.40-0.69 0.56 - 0.75
Poor 0.20-0.39 0.76 - 0.90

Very Poor <0.19 >0.90

4.6 RESULTS AND OBSERVATIONS

4.6.1 Overall Performance Evaluation

4.6.1.1 Goodness-of-Fit Criterion

To assess the overall performance of these models (i.e., Witczak 1999, Witczak 2006, Hirsch,
and Al-Khateeb), the goodness-of-fit statistics (Se/Sy, R? were calculated for a combined
dataset of the five mixes used in the present study. A total of 1440 laboratory measured
dynamic modulus values were used to check the strengths and weaknesses of each model. The
Se/Sy and R? values were calculated at logarithmic and arithmetic scales using Equation (4.7)
through Equation (4.9).

Table 4.3 summarizes the goodness-of-fit statistics calculated at logarithmic and arithmetic
scales. It can be seen that the performance of the Witczak 1999 and Hirsch models was rated
as 'good’' both in the logarithmic and the arithmetic scales (Figure 4.1(a), Table 4.3). These
results are consistent with those reported by Bari et al., (2006) and Tran et al., (2005). In
comparison, the performance of both the Witczak 2006 and the Al Khateeb models were seen

to be inferior to the performance of the Witczak 1999 and Hirsch models.
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4.6.1.2 LOE Criterion

The predicted and the measured dynamic modulus values were plotted on the LOE plot.
Figure 4.2(a) shows that the predictions obtained using the Witczak 1999 model are tightly
clustered around the LOE. This indicates that dynamic modulus values predicted by the Witczak
1999 model are in 'good' match with the measured dynamic modulus. The modulus values
predicted by the Witczak 2006 model match well at values corresponding to low stiffness;
however, there is a significant mismatch between the measured and the predicted values at
higher stiffness (Figure 4.2 (b)). Similarly, the modulus values predicted by the Hirsch model are
dispersed around the LOE line, indicating this model exhibits significant error (Figure 4.2 (c)).
The Al-Khateeb model exhibits large deviations at low stiffness, indicating that this model is not

sensitive at low values of modulus (Figure 4.2 (d)).

Table 4.3 Overall Performance Evaluation on Combined Dataset: Goodness-of-fit

Statistics

Logarithmic Scale Arithmetic Scale

Model > : > -
SJ/Sy, R Rating SISy R Rating
Witczak 1999 0.39 0.85 Good 053 0.72 Good

Witczak 2006 0.62 0.61 Fair 1.57 <0.19 Very Poor

Hirsch 0.52 0.73 Good 0.41 0.83 Good
Al-Khateeb 0.82 0.33 Poor 051 0.74 Good
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4.6.1.3 Local Bias Statistics Criterion

The relationship between the predicted and the measured values was investigated to determine
the intercept, slope, and average error for each of the four models (Figure 4.1 (b)). The Witczak
1999 model shows a low intercept (0.40 GPa) and a slope close to 1 (1.2). The average error
for this model was calculated as 0.87 GPa, indicating that it over-estimates dynamic modulus.
Similar observations were also reported by other researchers (Obulareddy, 2006; Tran and Hall,
2005; Abdo et al., 2009). The Witczak 2006 model demonstrated the highest average error (3.1
GPa) and maximum slope (1.97 GPa) in comparison with the corresponding values for the other
models. Thus, this model over-estimates dynamic modulus of the mix significantly. The Hirsch
model exhibits the lowest intercept (0.14 GPa) and the lowest average error (-0.16 GPa),
indicating that a low bias exists for this model. The Al-Khateeb model shows the highest

intercept (0.47 GPa), indicating that a significant bias exists in this model.

Based on the discussion above, it can be concluded that the performance of the Witczak
1999, and the Hirsch model is ‘good’, while the Witczak 2006 and the Al-Khateeb model

produce relatively ‘poor’ estimates of dynamic modulus.

4.6.2 Performance Evaluation at Individual Level of Air Voids

4.6.2.1 Goodness-of-Fit Criterion

Strengths and weaknesses of each predictive model were checked at four levels of air voids
(i.e., 6%, 8%, 10%, and 12%). The Witczak 1999 model shows an 'excellent’ goodness-of-fit
statistics at 6% air voids (Figure 4.3, Table 4.4). In addition, the performance of this model was
rated 'good' at three other levels of air voids (i.e., 8%, 10%, and 12%) (Table 4.4). It is important
to note that with increasing air voids (i.e., 6% to 12%), S./S, ratio increases and R? value

decreases, indicating that the model results in significant errors at higher air voids.

The performance of the Witczak 2006 model deteriorates rapidly with increasing air voids.
The performance of the model is 'good' at 6% air voids, while the accuracy deteriorates at
higher levels of air voids (Figure 4.3, Table 4.4). The Hirsch model was rated 'fair' at 6% air
voids, and it was rated 'good' at higher air voids (Figure 4.3, Table 4.4). The performance of the

Al-Khateeb model was found to be 'poor' at all four levels of air voids (Figure 4.3, Table 4.4).
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Table 4.4 Goodness-of-Fit Statistics at Individual Level of Air Voids

Witczak 1999

Air Voids Logarithmic Scale Arithmetic Scale
(%) SJ/S, R’ Rating SJ/S, R? Rating
6 0.33 0.91 Excellent 0.31 0.91 Excellent
8 0.37 0.86 Good 0.52 0.73 Good
10 04 0.82 Good 0.74 0.46 Fair
12 0.5 0.75 Good 0.89 0.20 Poor

Witczak 2006

Air Voids Logarithmic Scale Arithmetic Scale
(%) SJ/S, R? Rating SJ/S, R? Rating
6 0.47 0.78 Fair/Good 1.16 <0.19 Very Poor
8 0.58 0.66 Fair 151 <0.19 Very Poor
10 0.7 054 Fair 2.02 <0.19 Very Poor
12 0.8 0.38 Poor 245 <0.19 Very Poor
Hirsch
Air Voids Logarithmic Scale Arithmetic Scale
(%) SJ/S, R? Rating SJ/S, R? Rating
6 0.66 0.56 Fair 0.39 0.85 Good
8 0.51 0.74 Good 0.37 0.86 Good
10 05 0.77 Good 0.45 0.80 Good
12 05 0.79 Good 0.63 0.60 Fair
Al-Khateeb
Air Voids Logarithmic Scale Arithmetic Scale
(%) SJ/S, R? Rating SJ/S, R’ Rating
6 0.98 0.05 Very Poor 0.45 0.80 Good
8 0.81 0.34 Poor 043 0.82 Good
10 0.8 0.36 Poor 0.56 0.68 Fair
12 0.8 0.36 Poor 0.90 0.19 Very Poor
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Figure 4.4 LOE Plot at Each Level of Air Voids (a) The Witczak 1999, (b) The Witczak
2006, (c) The Hirsch, and (d) The Al-Khateeb models
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4.6.2.3 Local Bias
The slope, intercept,

Statistics Criterion

and average error for all the models calculated at four different levels of air

voids are presented in Figure 4.5.
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Figure 4.5 Local Bias Statistics at Each Level of Air Voids (a) Intercept, (b) Slope,
and (c) Average Error

The intercept for the Witczak 1999 model was observed to be less than 0.5 GPa. The slope
increases with increasing air voids, indicating that this model over-predicts dynamic modulus at
higher air voids. Similarly, the Witczak 2006 model yields the highest slope, indicating over-
estimation of modulus. The slope calculated for the Hirsch and the Al-Khateeb models was
observed close to 1. The average error was found to be maximum for the Witczak 2006 model,

while it was less than 1 GPa for other models.

It can be concluded that the performance of the Witczak 1999 model can be rated as
‘excellent' at lower levels of air voids. However, the accuracy of the predicted dynamic modulus
values reduces as the air voids increase. The performance of the Hirsch model is rated 'good' at
higher levels of air voids. The Witczak 2006 and the Al-Khateeb models perform poorly at all

levels of air voids.
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4.6.3 Performance Evaluation with Temperature

The performance of each predictive model was evaluated at four temperatures: 4, 21, 40, and
55°C. Figure 4.6 presents the plot of average error calculated for different levels of air voids,
and temperatures. The negative and positive errors indicate under-prediction and over-

prediction, respectively.

At 4°C, the Hirsch and the Al-Khateeb models show the lowest average error for all levels of
compaction (Figure 4.6 (a)). The Witczak 2006 model, on the other hand, had the largest error
for all levels of compaction. The Witczak 1999 model performed well at lower air voids,
however, it over-predicts dynamic modulus at higher air voids (Figure 4.6 (a)). These findings
are consistent with the results reported in the literature (Far et al., 2009; Birgisson et al., 2005;
Dongre et al., 2005; Ceylan et al., 2008, 2009).

The accuracy of the Hirsch and the Al-Khateeb models is poor at 21°C. The Hirsch model
under-predicts dynamic modulus for all levels of air voids, while, the Al-Khateeb model over-
predicts the modulus at higher air voids. The Witczak 1999 model shows excellent accuracy at
6% air voids, however, it shows poor accuracy at higher air voids. Both the Witczak 1999 and

the Witczak 2006 models over-estimate dynamic modulus at higher air voids (Figure 4.6 (b)).

The Witczak 1999 and the Witczak 2006 models show small average errors (< 0.30 GPa) at
high temperatures (40°C, 55°C) for all levels of air voids. At higher test temperatures (40°C,
55°C), both the Hirsch and the Al-Khateeb models under-predict dynamic modulus for all levels
of air voids (Figure 4.6 (c), (d)).

It can be concluded that the Witczak 1999 model performs reasonably well at intermediate
and high temperatures, however, it over-estimates modulus at lower temperatures. The
Witczak 2006 model over-predicts dynamic modulus at low and intermediate temperatures,
while its performance is excellent at high temperatures. The Hirsch and the Al-Khateeb models

under-predict dynamic modulus at higher temperatures.
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4.6.4 Development of Calibration Factors

From the discussion in the previous section, dynamic modulus estimated by the Witczak 1999,
Witczak 2006, Hirsch, and Al-Khateeb models depends on the temperature, as well as the level
of compaction of a specimen. This error has to be corrected before the model can be used in
Level 2 and Level 3 designs of the MEPDG. In this study, a linear regression model is used to
determine the calibration factor, i.e. the slope, required for such a correction. It can be seen
from Figure 4.7(a) that the slope (correction factor) of the linear regression line decreases with
increasing air voids for each of the prediction models considered in this study. Therefore, the
accuracy of the estimated modulus can be improved by considering the calibration factor at the
corresponding air voids rather than using the average calibration factor determined across all
the air voids. Failure to account for the variation in the estimated modulus due to air voids can
result in significant errors. Figure 4.7 (b) shows the percent error in the predicted modulus when
an average calibration factor is used instead of a calibration factor determined at the appropriate
air voids. This error in estimation of dynamic modulus might impact the performance of flexible
pavements (i.e., rutting, fatigue cracking, and thermal cracking). The relationship between the

air voids and the calibration factor for all four predictive models is shown in Figure 4.7 (c).

It is anticipated that use of calibration factors would be helpful in estimating dynamic
modulus without conducting actual modulus tests. Moreover, calibration factors are important for
the Level 2 and Level 3 designs of the MEPDG.
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4.7 OBSERVATIONS FROM THE STUDY

In this section, the performance of four predictive models (i.e., Witczak 1999, Witczak 2006,
Hirsch, and Al-Khateeb) was evaluated for asphalt mixes that are commonly used in Oklahoma.
The study shows that the performance of each predictive model varies with the air voids and
temperature of the test specimen. The Hirsch and the Al-Khateeb models were seen to perform
with good accuracy at low temperatures. The Witczak 1999 and the Witczak 2006 models
performed with good accuracy at high temperatures. None of the models performed well at low
temperatures and high air voids. Calibration factors were developed at individual air voids levels
to account for the inaccuracies in the model. It is anticipated that the use of calibration factors
would be helpful in estimating dynamic modulus without conducting actual modulus tests in the
laboratory. Moreover, the relationship between air voids and calibration factor is important to
assist state agencies and pavement designers for Level 2 and Level 3 designs of the MEPDG

for HMA mixes commonly used in Oklahoma.

Page | 43



5. A PROCEDURE TO ESTIMATE THE STIFFNESS OF AN ASPHALT
PAVEMENT DURING CONSTRUCTION

5.1 INTRODUCTION

Verification of the quality of construction is as essential component of Quality Assurance (QA)
function during the construction of Hot Mix Asphalt (HMA) pavements (Von Quintus et al., 2009;
White and Thompson, 2008; Maupin, 2007; Akkinepally, 2006; Briaud and Seo, 2003). The
accurate determination of the thickness and density of pavement, the mix parameters, and the
comparison of these values with the design parameters are necessary in order to ensure the
longevity of pavement. Quality Assurance (QA) and Quality Control (QC) programs provide the
owner and contractor a means to ensure that the desired results are obtained to produce high-
quality, long-life pavements. Desired results are those that meet or exceed the specifications
and design requirements. Traditional pavement construction QA/QC procedures include a
variety of laboratory and field test methods that measure volumetric and surface properties of
pavement materials (Von Quintus et al., 2009).

QA procedures that are commonly used during the construction of asphalt pavements
require the extraction of roadway cores from the finished pavement and may additionally require
several measurements using a point-wise density measurement tool similar to a Nuclear
Density Gauge (Zambrano et al., 2006). While the density measured from the cores provide an
accurate indication of the quality, these tests are destructive in nature and are the source of
some of the performance issues, such as potholes, that reduce the useful life of pavement
(Maupin, 2007; Briaud and Seo, 2003). In addition, any quality issues that are identified during
this process cannot be easily rectified after pavement has cooled down. Spot tests using
nuclear or non-nuclear density gauges provide a quick measurement of the level of compaction,
but have inherent limitations that reduce their effectiveness as QC methods. Furthermore, the
above QC methods are time consuming to perform and are only helpful in determining the

density of pavement layer at discrete number of points (Maupin, 2007; Briaud and Seo, 2003).

While the measurement of pavement density is a widely accepted method for acceptance
testing for the finished pavement, such measurements are only an indirect measurement of the
desired pavement property, namely pavement stiffness. Since pavement is designed to have
adequate strength and stiffness to withstand the traffic load, the quantity of interest is stiffness

of the finished pavement layers and not the density of pavement. As a result, there is an
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emerging consensus that the stiffness of the asphalt pavement is a better indicator of the
performance (Von Quintus et al., 2009; NCHRP, 2004).

The complexity of asphalt pavement compaction and the limitations of the spot tests have
led researchers to develop advanced compaction technologies for improving the as-built quality
of the pavements (Zambrano et al., 2006). Intelligent Compaction (IC) is a promising technology
that can improve the quality of the road being constructed while reducing the associated cost
and adverse environmental impacts. It provides a real-time complete coverage of the
compaction area, and also reduces compaction costs resulting in significant overall construction
cost saving (White et al. 2008; Maupin, 2007; Briaud and Seo, 2003; Zambrano et al., 2006;
CTC, 2006; Singh et al., 2011; Commuri et al., 2009a, 2009b; Camargo et al., 2006; Peterson
and Peterson, 2006; Petersen, 2005). As a result, several agencies in the United States have
launched programs to evaluate the technology and determine the maturity of the technology for
implementation (CTC, 2006).

Current research in Intelligent Compaction of HMA pavements demonstrates the application
of continuous compaction control in order to achieve uniform compaction (FHWA, 2010). The
development of techniques to measure dynamic modulus of asphalt mixtures over a wide range
of temperatures and frequencies would be helpful in determining the quality of asphalt
pavements during their construction. The estimation of stiffness in real-time will alleviate the
quality control issues during the construction of HMA pavements. Further, mapping of the
stiffness of the finished pavement will facilitate the acceptance testing of the constructed

roadway.

The IACA functions on the hypothesis that the vibratory roller and the underlying pavement
layers form a coupled system (Singh et al., 2011; Commuiri et al., 2009a, 2009b). The response
of the roller is determined by the frequency of its vibratory motors and the natural vibratory
modes of the coupled system. Compaction of pavement increases its stiffness and as a
consequence, the vibrations of the compactor are altered. The knowledge of the properties of
the mat and the vibration spectra of the compactor can, therefore, be used to estimate

compacted density or stiffness of the mat.

In this section, a procedure to estimate effective modulus of the pavement layer during
construction is demonstrated. Given a location on the pavement, the estimated modulus of each

of layer at this location is used to determine the effective modulus of the pavement layer. The
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estimated modulus at this location can then be verified through Falling Weight Deflectometer
(FWD) test. The FWD is currently the most common structural evaluation tool for the deflection-
based NDT method (Abdallah et al., 2001). The method is non-destructive in nature and will
help prevent under/over compaction of the asphalt pavement and achieve uniform compaction

of the pavement.

5.2 BACKGROUND ON IACA

The functional modules in the IACA are schematically shown in Figure 5.1. The sensor module
(SM) in the IACA consists of accelerometers for measuring the vibrations of the compactor
during operation, infrared temperature sensors for measuring the surface temperature of the
asphalt mat being compacted, and an user interface for specifying the amplitude and frequency
of the vibration motors and for recording the mix type and lift thickness. The feature extraction
(FE) module computes the Fast Fourier Transform (FFT) of the input signal and extracts the
features corresponding to vibrations at different salient frequencies. The Neural Network (NN)
Classifier is a multi-layer NN that is trained to classify the extracted features into different
classes where each class represents a vibration pattern specific to a pre-specified level of
compaction. The compaction analyzer (CA) then post-processes the output of the NN and
estimates the degree of compaction in real time.

The first step in the use of the IACA during compaction in the field is the determination of the
vibration features of the roller and their correlation with the compaction levels achieved. In order
to accomplish this goal, a 30-meter long control strip is constructed first. The vibrations of the
roller are measured using an accelerometer mounted on the axle of the drum. The power
content in the vibration signals during each roller pass is then calculated, and the lowest and the

highest power levels are determined (Singh et al., 2011; Commuri et al., 2009a, 2009b).

Sensor Feature Neural Compaction
Roller Module Extractor Network
Vibrations -
Collect Extract salient Use training data Map the neural Measure of
vibration features from the » to classify the | network output to | .
> data vibrations features density Compa_ctlon
> (density)
Mat ¥
Properties

Figure 5.1 Functional schematic of the IACA

Five equally spaced power levels between the lowest and the highest power levels are

identified and the features corresponding to these five power levels are used to train the NN.
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During compaction, the NN observes the features of the roller vibration and classifies them into
one of these five levels based on the levels of compaction that it is trained to recognize. Figure
5.2 shows typical features corresponding to the five different compaction levels extracted from
the spectrogram of the vibration signals. In this figure, the lowest level corresponds to the case
where the roller is operating with the vibration motors turned off, and the highest level
corresponds to the case where the maximum vibrations are observed. It is assumed that the
characteristics of the underlying pavement layers do not vary extensively over the project
extent. That is, any changes in the spectra of the vibrations are a result of the compaction
achieved in the topmost asphalt layer. In case the properties of the underlying layers are not
constant, then the IACA will have to be periodically recalibrated. As a practical matter, large
variations in the properties of the underlying pavement layers are usually a result of pavement
failure or insufficient site preparation. Even if the IACA is not recalibrated, these effects result in

low compaction even after several roller passes and can easily be detected.

After the IACA is trained to classify the vibrations into estimated levels of compaction, it is
calibrated to reflect the modulus of pavement layer after construction. In order to accomplish
this, dynamic modulus tests for the mix used in the construction of the asphalt mat are
performed according to the AASHTO TP 62-03 test method (AASHTO, 2006). From the master
curves, the modulus value (M) at the target density of the compacted mix (from the mix design
sheet) is noted at selected temperature and frequency. This modulus value is assumed to be

the highest modulus that can be achieved during the compaction of pavement. Likewise, the

lowest modulus value observed, ('vIId ), is assumed to correspond to the lay down density of the
asphalt mat at same temperature and frequency. The modulus estimated by the NN model, (

P (i=1..n)

MiNN), at location , iIs then approximated as a linear relationship between stiffness of

pavement and the observed levels of vibration.

M, =M, +kxl, +off. (5.1)

where, My = modulus estimated by the neural network, k = slope, off = offset, and I =
compaction level estimated by the neural network. The initial slope is assumed to be equal to

(M; —=M,, )/ (number of compaction levels), and the initial offset is set to zero.

The modulus estimated by the IACA after the initial calibration is based on the assumption
that the target stiffness for the specified mix is indeed achieved during the compaction in the

field. However, several factors such as the compaction equipment, rolling pattern, lay-down
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temperature of the mix, lift thickness, etc., influence the actual modulus of pavement at any

given location. In order to account for these deviations, measurements are taken using a FWD

on the compacted pavement and the slope and offset in Eqg. (5.1) are recalculated to minimize

the error between the estimated and measured values. If the modulus measured at location P; is

represented by M, , then the measurement error is given by €, and can be calculated as

e=M

w—MbLo =M, +kxli,, +of f—ML,-

Minimizing the mean square error (MSE), one obtains the desired slope ‘K’.

. iznl:[(MiFWD ~M,, —off )Xlli\JN]

n

> (M f

i=1

The new offset is calculated as the mean error between the estimated and the measured

stiffness, that is
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Figure 5.2 Spectral features corresponding to five levels of compaction

5.3 PROJECT DESCRIPTION

(5. 2)

(5.3)

The use of the IACA in estimating the stiffness of a multi layer HMA pavement was investigated

during the construction of Interstate 1-35 in Norman, OK. This project involved the expansion of
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the existing highway, stabilizing the subgrade to a depth of 200 mm using 10% cement kiln dust
(CKD), followed by 200 mm thick aggregate base. The base layer was consisted of 100 mm
thick asphalt layers of 19 mm Nominal Maximum Aggregate Size (NMAS) S3 (64-22 OK), while
2" and 3" layer were constructed with 19 mm NMAS S3 (76-28 OK) consisted of 100 mm and
75 mm thickness, respectively.

5.4 MEASUREMENT OF DENSITY USING THE IACA

The use of the IACA in estimating the stiffness of a three layers HMA pavement was
investigated during the construction of Interstate [-35 in Norman, OK. A test section
approximately 150 meters in length was selected and seven test locations, approximately 20
meters apart, were marked on the center line of the lane for verification analysis. The IACA was
used to estimate the density of each of the layers during the construction. The IACA records the
GPS coordinates of the roller in real time and the density estimated at this location during each

roller pass.

The IACA was used to collect the GPS data and the density readings during the compaction
of the all three layers (base, 2", and 3™ layers). First, the test points were marked on base
layer, and the IACA data was collected. The GPS location of these points was recorded to
locate these test locations on each pavement layer. Similar points were marked on 2™ and 3™
layers and the IACA data was collected during the compaction of each of these layers. The
IACA data was analyzed to get the density estimate of each layers at all selected points.
Previous research by authors concluded that The IACA measurements are typically within 1%
of the density measured from pavement cores (Commuri et al., 2009a, 2009b). The measured
density of each layer is given in Table 5.1. The density for base layer varies from 89.4% to
93.3%, similarly the density of 2" and 3™ layers vary from 89.5% to 88.9%, and 91.8% to
93.3%, respectively. It can be seen that the density at each location changes with the layer type,
with most consisent density being observed on the top layer. The density readings were
converetd into air voids (% air voids = 100 -% density) and used to estimate dynamic modulus
of each layer at the specified location. For example, if density of any spot is calculated as 96%,
then the air voids of that particular location would be 4%. Now the dynamic modulus of this
selected location was estimated from the master curves constructed for the given mix at a
calculated air void levels (4 % air voids). The master curves are constructed at a wide range of

the air voids to cover the air voids encountered in the field.
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Table 5.1 IACA Measured Density of Each Layer

Test IACA Estimated Density (%)
Point Base Layer 2" Layer 3" Layer
T8 92.5 88.9 91.8
T1N 91.9 90.6 92.9
T2N 91.6 92.3 93.2
T3N 93.3 90.9 92.3
T4N 91.7 92.1 92.1
T5N 90.9 92.3 92.2
M6 89.4 89.5 93.3

5.5 MATERIAL AND SPECIMEN PREPARATION

A loose HMA mixes of type S3 (PG 64-22 OK) and S3 (PG76-28) were collected from the
construction site during the time of pavement construction. The S3 (PG 64-22) type of mix was
used in base layer, while, S3 (PG 76-28) mix was used in 2" and 3" layers of pavement. The
nominal maximum aggregate (primarily limestone) size for all mixes was 19 mm. The base mix
contained approximately 20 percent 1” rock, 44 percent manufactured sand, 11 percent sand,
and 25 percent recycled asphalt pavement (RAP), and 4.1 percent PG 64-22 OK binder. The 2™
and 3" layer mixes contained approximately 22 percent 1” rock, 50 percent manufactured sand,
13 percent sand, and 15 percent recycled asphalt pavement (RAP), and 4.1 percent PG 76-28
OK binder. The gradations and other volumetric properties of all HMA mixes are given in Table
5.2 and Table 5.3, respectively. Loose HMA mixes were preheated in an oven, and specimens
were compacted using a Superpave Gyratory Compactor (SGC). Three replicates of specimens
were compacted at 6, 8, 10, and 12 % + 1% target air voids levels. Initially, samples having 150
mm in diameter by 167.5 mm in height were prepared. Then, the test specimens of 100 mm in
diameter were cored from the center of the gyratory compacted specimens, and sawed from
each end of the specimen to get final sample of size 100 mm in diameter by 150 mm in height.
The volumetric analysis was conducted to obtain effective binder content (Vper), the voids in
mineral aggregates (VMA), the voids filled with asphalt (VFA), and the air voids (V,) for all the
mixes (Table 5.4).
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Table 5.2 Gradation of HMA Mixes

Material (%) Base Layer 2™ and 3" Layer
1" Rock 20 22
Manufactured Sand 44 50
Sand 11 13
RAP 25 15
Sieve Size (mm) Gradation ( % Passing)
25 100 100
19 98 98
12.5 87 87
9.5 80 80
4.75 58 62
2.36 37 40
1.18 25 27
0.6 19 20
0.3 12 12
0.15 4 5
0.075 2.9 2.8

RAP = Reclaimed Asphalt Pavement
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Table 5.3 Materials Volumetric Properties

Base Layer 2" and 3" Layer

Volumetrics Properties

Gmm 2.505 2.523
Gse 2.671 2.677
Gsb 2.645 2.657
Go 1.01 1.01
Binder Type PG 64-22 PG 76-28
Py, (%) 4.1 4.1
VMA (%) Min. 14.1 14.81
Max. 204 20
VFA (%) Min. 39.9 41.9
Max. 62.2 60.8
Va (%) 6, 8, 10, 12
Aggregate Type Limestone Limestone
Mix Type Recycled Recycled
Gmnm = Maximum Theoretical Specific Gravity Mixture

Gs = Bulk Specific Gravity of Aggregate
Gee = Effective Specific Gravity of Aggregate
Gp = Specific Gravity of Binder

Py = Asphalt Content
VMA = Voids in Mineral Aggregates
VFA = Voids Filled with Asphalt

Va = Air Voids
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Table 5.4 Specimens Volumetric Properties for HMA Mixes

Base Layer (Mix- S3 64-22) 2"and 3" Layer (Mix S3 76-28)
Target Air Sample Sample
Voids (%) (%) 1 2 3 1 2 3

V, 5.4 5.6 5.6 6.5 6.4 6.4

6 VMA 14.1 14.3 14.3 14.9 14.8 14.7
VFA 62.2 61.4 61.5 60.1 60.4 60.8

Vet 8.8 8.8 8.8 8.9 8.9 9.0

Vq 7.3 7.2 7.2 8.3 8.1 7.9

8 VMA 15.8 15.7 15.7 16.5 16.3 16.1
VFA 54.5 54.7 54.9 53.3 53.9 54.6

Vet 8.6 8.6 8.6 8.8 8.8 8.8

Va 9.3 9.6 9.1 9.6 10.2 9.8

10 VMA 17.7 17.9 17.5 17.7 18.3 17.9
VFA 47.7 46.9 48.3 48.9 47.0 48.3

Vet 8.4 8.4 8.4 8.6 8.6 8.6

Va 11.5 12.4 12.4 12.2 11.7 12.0

12 VMA  19.7 20.4 20.4 20.0 19.6 19.9
VFA 4138 39.9 39.9 41.9 43.2 42.3

Vet 8.2 8.1 8.1 8.4 8.4 8.4

Va = Air Voids VMA = Voids in Mineral Aggregates
VFA = Voids Filled with Asphalt Vbeff = Effective asphalt content by volume

5.6 DYNAMIC MODULUS TESTING

Dynamic modulus was measured for all collected mixes at four different air voids: 6%, 8 %,
10%, and 12%. Dynamic modulus tests were performed using a MTS servo-hydraulic testing
system. The test specimen was placed in an environmental chamber and allowed to equilibrium
to the specified testing temperature +0.5°C. The specimen temperature was monitored using a
dummy specimen with a thermocouple mounted at the center. Two linear variable differential
transducer (LVDTs) were mounted on the specimen. Two friction reducing end treatment or
teflon papers were placed between the specimen ends and loading plates. To begin testing, a
minimal contact load was applied to the specimen. A sinusoidal axial compressive load was
applied to the specimen without impact in a cyclic manner. The test was run on each test
specimen at four different temperatures, namely, 4, 21, 40, and 55°C, starting from the lowest
temperature to the highest temperature. For each temperature level, the test was run at
different frequencies from the highest to the lowest, namely, 25 , 10, 5, 1, 0.5, 0.1 Hz. Prior to
testing, the sample was conditioned by applying 200 cycles of load at a frequency of 25 Hz. The
load magnitude was adjusted based on the material stiffness, air void content, temperature, and
frequency to keep the strain response within 50-150 micro-strains. The data was recorded for
the last 5 cycles of each sequence. Dynamic modulus tests were performed according to the
AASHTO TP62-03 (2006).
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5.6.1 Development of Master Curves

Dynamic modulus of asphalt mixtures can be shifted along the frequency axis to form single
characteristic master curves at a desired reference temperature or frequency. The master curve
is generated at a reference temperature of 21°C using the procedure outlined in Bonaquist et
al., (2005). Equations (5.1) and (5.2) show the sigmoidal function and shift factor used for fitting
the master curve. A nonlinear optimization program was used for simultaneously solving these

unknown parameters.

Max-96)
log|E*| =6 + ( 5.1
gIE"] 1 4+oB+Y [logD+c(10(A+VTSIOBTR) _logn )] (1)
The shift factor used here was of the following form:

a(T) = Ir (5.2)

f

where, Max is the maximum |E*| for a particular mix, f, is the reduced frequency at reference

temperature, f is the frequency at a particular temperature, 7,_, is the viscosity of binder at
reference temperature, A is the regression intercept of viscosity-temperature curve, VTS is the
regression slope of viscosity-temperature susceptibility, a(T)is the shift factor as a function of

temperature and age, and 9, B, y, ¢ are fitting parameters.

The A and VTS parameters for PG 64-22 (10.98, -3.680), and PG 76-28 (9.2, -3.024) were
taken from the MEPDG guide (NCHRP, 2004). The constructed master curves for base, 2nd
and 3" layers mixes are shown in Figure 5.3 and Figure 5.4, respectively. It can be seen from
Figure 5.3, and Figure 5.4 that dynamic modulus value decreases as air voids increases.
Developed master curves were then used to estimate dynamic modulus of each layers at given
air voids, temperature, and frequency. The ‘goodness-of-fit’ statistic, S¢/S, (standard error of
the estimated/standard deviation), and correlation coefficient, (R?), were used to assess the
validity of the correlation between laboratory measured modulus and master curve fit equation
(Odemark, 1949). Based on these criteria, the developed master curve equations in this study
were found to be in excellent correlation with laboratory measured data. The coefficients and

the fitting statistics of the master curves are summarized in Table 5.5.
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Figure 5.3 Master Curves for Base Layer Mixture (S3 64-22)
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Figure 5.4 Master Curves for 2" and 3" Layers Mixtures (S3 76-28)
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Table 5.5 Master Curves Parameters

Base Layer (Mix- S3 64-22)

Air Voids (%) Max E* (MPa) & B y c R>  S.JS, Fit
6 23084 1.81 -1.02 -0.43 1.20 099 0.07 Excellent
8 22256 154 -098 -0.39 1.20 099 0.05 Excellent
10 21232 1.23 -0.86 -0.37 1.04 099 0.06 Excellent
12 19942 1.72 -041 -0.40 1.05 099 0.08 Excellent

2" and 3" Layer (Mix- S3 76-28)

6 22826 210 -0.25 -045 124 0.99 0.04  Excellent
8 22027 199 -0.24 -042 1.18 0.99 0.05 Excellent
10 21157 198 -0.17v -042 112 0.99 0.04  Excellent
12 20182 1.71 -0.12 -0.37 1.13 0.99 0.05  Excellent

Shift Factors log(aT)

i i Base Layer (Mix-S3 64-22) 2nd and 3rd Layer (Mix-S3 76-28)
Air Voids (%)
4°C 21°C 40°C 55°C | 4°C 21°C 40°C 55°C
6 2.66 0.00 -2.23 -3.60 224 0.00 -1.96 -3.20
8 2.65 0.00 -2.22 -358 213 0.00 -1.86 -3.04
10 2.30 0.00 -193 -3.11 202 0.00 -1.77 -2.89
12 2.32 000 -195 -314 204 0.00 -1.78 -2.91

5.7 ESTIMATING EFFECTIVE MODULUS OF PAVEMENT LAYERS

The FWD measured modulus is compared with the actual effective modulus of the layers using
the Odemark method (Odemark, 1949) of equivalent thickness. The Odemark method is used to
transform a system consisting of layers with different moduli into an equivalent system where
the thickness of the layers are altered but all layers have the same modulus. The transformation
assumes that the stiffness of the layer remains the same, i.e. | x E / (1 — y?) remains constant
where | = moment of inertia; E = layer modulus; and p = Poisson ratio (Odemark, 1949; Huang,
2004; Ullidtz, 1998; Lytton, 1989).

This approach is used in the present study to calculate the effective modulus of the three
layers that constitute the pavement on 1-35. The IACA data collected during the compaction of
each of the pavement layers was first used to determine density at selected locations. The
estimated density (air voids) was then used to determine dynamic modulus at each of the each

test locations. The effective modulus (Eefeciive) Of three layers of pavement was calculated using
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Equation 5.7. The effective moduli were calculated at 21°C and 5 Hz (Table 5.6).The similar
approach was used by several other researchers to find the effective modulus for layered

system of pavement (Lu et al., 2009; Loulizi et al., 2007; Shalaby et al., 2004).

[Ca(Cahy 3By + hy /) + hyi/Es]

E L=
effective hl +h2 +h3 (5.7)

Ei, E; and E; are dynamic modulus of 31 (top layer), 2" and base layer, and hy, hy, and hs are
the thickness of respective layers. C; and C, are the correction factors to obtain better
agreement with exact theory of elasticity, (Ullidtz, 1998; Ullidtz and Peattie, 1980). The value of
correction factors depend on the layer thicknesses, modular ratios, Poisson ratios and the
number of layers in pavement structure. In the present study correction factors were taken as C;
= 1.0 while C,=0.8.

5.8 VERIFICATION OF EFFECTIVE MODULUS

The verification of the IACA measured modulus was done by conducting FWD testing on seven
test locations that were marked before for estimating density using the IACA. The FWD is a
non-destructive test device used to characterize the in-situ pavement moduli (Abdallah et al.,
2001; Scullion, 2007). It drops a transient load from a specified height on a 300 mm diameter
circular plate with a thin rubber pad mounted underneath. The load and deflection is measured
using load cell and sensors set on the ground. Seven sensors were placed at 0, 200, 300, 450,
600, 900, and 1500 mm away from the center of the loading plate. In the present study the FWD
test was conducted on 3™ layer of pavement using a Dynatest FWD test system. Numerical
back-calculation software, MODULUS 6.0, was used to process the FWD raw data so as to
determine the modulus value (Scullion and Liu, 2003). The backcalculated modulus is often
called the effective modulus because the value represents the effect of the layer within the
whole pavement structure. The effective modulus was calculated at 21°C to compare this
modulus with laboratory measured effective dynamic modulus. Since, the FWD loading induces
a pulse of duration of 0.03 s (Loulizi et al., 2002), which is equivalent to a test frequency of 5.3
Hz (1/0.03/21), hence, the comparisons in this paper are performed using modulus values

calculated at 21°C and 5 Hz frequency. Table 5.6 shows the results of the FWD test.
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Table 5.6 Effective Modulus and FWD Modulus of Three Layers of Pavement

Measured Dynamic Modulus (MPa) Effective FWD

Point Base Layer 2™ Layer 3™ Layer Modulus (MPa) Modulus (MPa)
T8 5406 2190 3049 2365 3062
TIN 5070 2659 3456 2502 2482
T2N 4910 3227 3576 2637 2353
T3N 5889 2751 3227 2667 2696
T4N 4963 3155 3155 2554 2878
T5N 4556 3227 3191 2482 2657
M6 3880 2345 3617 2161 2760

5.9 RESULTS AND DISCUSSION

It is evident from Figure 5.5 that modulus estimated by the proposed method is in good
agreement with the FWD measurements. However, the FWD readings show about 30%
variation in the measured modulus for locations with identical density. Such reduction in the
modulus values at certain locations might be due to variation in the subgrade, thickness of each

layer, and inconsistency in the mix.

The ratio of FWD to effective modulus is shown in Figure 5.5. It can be seen that the ratio
between the estimated modulus and the FWD measured modulus is close to 1. It is known from
literature that 5% variation in FWD measured modulus is normally observed when repeated
tests are performed at a given location (Gedafa et al., 2010; Hossain et al., 1992). Therefore,
the error between the measured and estimated modulus is within the range of the measurement

accuracy of the FWD device.
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Figure 5.5 Comparison of Effective Modulus and FWD Modulus
5.10 OBSERVATIONS FROM THE STUDY

A neural network based Intelligent Asphalt Compaction Analyzer (IACA) to determine the
stiffness of a pavement layer during it construction was demonstrated in this research project.
The vibrations measured from the accelerometer equipped on the roller drum are used to
determine the level of compaction that is achieved. These levels of compaction are then
converted into a modulus value. The IACA provides the stiffness values over the entire

pavement in a non-destructive manner.

Analyses of the results show that the proposed technique can accurately estimate the
effective modulus of the pavement layers in real time during the construction process. Further,
the accuracy of the measurements can be independently verified using a Falling Weight
Deflectometer. The method is non-destructive in nature and will help prevent under/over
compaction of the asphalt pavement and achieve uniform compaction of the pavement.
Research is currently underway to validate the performance of the IACA during the compaction

of Warm Mix Asphalt pavements and during the compaction of stabilized soil subgrades.
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6. CONCLUSIONS AND DIRECTION OF FUTURE RESEARCH

6.1 CONCLUSIONS

The extension of the Intelligent Asphalt Compaction Analyzer technology for the estimation of

the stiffness of asphalt pavements during their construction was addressed in this study. The

dependence of the dynamic modulus of compacted asphalt specimens on mix properties,

temperature, loading frequency etc., was first studied in the laboratory. The results of the

laboratory study were used to specify the target modulus value for each pavement layer during

the construction. These values were then used to develop automated procedures for the

calibration of the IACA during the construction of asphalt pavements. The accuracy and

repeatability of the IACA in estimating the pavement modulus were demonstrated during the

construction of multi-layered asphalt pavement. The following are the results of the research

study.

The Dynamic Modulus of the asphalt mix is a viable candidate for specifying the stiffness of
asphalt pavements. Further, the modulus measured in the laboratory for a given asphalt mix
can be easily correlated with the modulus measured in the field through Falling Weight
Deflectometer (FWD) tests.

Empirical models can be used to determine the stiffness of a compacted asphalt specimen.
However, correction factors for the empirical models have to be developed prior to their use

in order to avoid over/under prediction of the modulus.

The IACA can be used to obtain estimates of the stiffness of the pavement during the
compaction. The estimates are obtained in real-time and are indicative of the properties of
the overall pavement. Such estimates can be used to detect under compacted areas and
well compacted areas on the pavement. Such information can be used by the roller operator
to address under compaction while the asphalt mix is still hot and pliable while avoiding over

compaction of the mix.

The as-built maps generated by the IACA include the estimated stiffness over the entire

pavement along with the GPS coordinates of each location. These maps will help in the
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quality assurance / acceptance testing of the completed pavement and could also serve as

a vital record of the quality of the construction.

e The IACA prototype is rugged, easy to use, and of the accuracy necessary for its use as a
QC tool in the compaction of asphalt pavements. The IACA can also be used as a drop-in
replacement for retrofitting existing vibratory compactors.

e Several utilities for analyzing the quality of the compaction were implemented in the IACA
software. These utilities directly aid the contractor in obtaining uniformity in compaction and
increasing the productivity. Specifically, the built-in features allow the operator to check
coverage and rolling patterns; investigate pass-by-pass variations in stiffness of the
pavement; monitor the temperature profile of the surface of the asphalt mat; and generate

as-built maps and statistical estimates of the overall compaction.
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6.2 COLLABORATIVE PARTNERSHIPS AND TECHNOLOGY TRANSFER

The extension of the Intelligent Asphalt Compaction Analyzer (IACA) to the estimation of the
stiffness of asphalt pavements during their construction was undertaken between June 2009
and October 2010 through the financial support of the Oklahoma Transportation Center and
Volvo Construction Equipment, Shippensburg, PA. The IACA technology is licensed to Volvo
Construction Equipment Company (VCE) which is not only manufacturing the IACA but is also
partnering with OU to extend this technology to the compaction of soil subgrades. VCE is
excited at this technology and has structured their high-end compaction technologies around the
IACA. VCE has entered into exclusive licensing agreement with OU for the IACA technology
and is committed to sponsoring this research. This collaboration has resulted in additional

leveraged funding of $831,119 over this same period.

The results achieved in this project demonstrate the importance of teamwork and successful
collaborations in developing innovative solutions to mitigate long-standing quality issues during
the construction of asphalt pavements. The project team benefited from its close technical
cooperation with the Oklahoma Department of Transportation (ODOT), asphalt contractors
(Haskell Lemon Construction Company, Oklahoma City), Equipment Manufacturer (Volvo
Construction Equipment, Shippensburg, PA), and test companies (Burgess Engineering, Moore,
OK). Having access to the technical expertise at Volvo Construction Equipment Company
enabled the team to put together reliable, production-ready solutions in a cost-effective manner.
Having ready access to construction sites (Haskell Lemon Construction Company) and material
testing facilities (Burgess Engineering) has enabled the rigorous testing of the IACA and

contributed to the development of a “fail safe” and rugged IACA prototype.
6.3 FUTURE OPPORTUNITIES AND CHALLENGES

The results of this study and the ongoing demonstration clearly show that the IC technology is
mature and can address several of the quality issues faced by the contractor during the
construction of asphalt pavements. Several of these quality issues can be traced back to the
lack of adequate tools for QC during the construction process. The IACA technology can not
only rectify this problem, but can also provide complete documentation of the quality of the
constructed pavement. Improved QC will have the immediate effect of increasing the longevity
of pavements and reducing the cost of their construction and maintenance. While competing

technologies require the purchase of a new vibratory compactor equipped with IC technology,
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the IACA can be retrofitted on any vibratory compactor.

The extension of IACA to compaction of stabilized soils is currently underway under support
from Oklahoma Transportation Center (OTCREOS 10.1-11) and Volvo Construction Equipment,
Shippensburg, PA. Rigorous field testing of the stiffness measurements for asphalt pavements
is being carried out at multiple locations in Oklahoma during 2011-2012 with support from VCE.
The research team is also actively pursuing closed-loop continuous compaction control to
guarantee adequate compaction of soil subgrades and pavement layers. The research team
has put in place a multi-year research program with the assistance of VCE to meet these long

term objectives.

While the market has been ready for IC technology for several years, several challenges
need to be met before the technology can be successfully integrated into the workspace. The
primary challenges that the research team encountered during the course of this study are listed

below:

» Lack of clear acceptance specifications. Current acceptance specifications require the
extraction of roadway cores as a part of the acceptance testing. The pay factors are also
calculated based on the density measured from the extracted cores. Thus, the asphalt
contractor is still bound by existing specifications and does not perceive the need for IC-

based quality testing.

» Lack of incentives for the use of IC technology. While the use of IACA to determine the
uniformity of compaction and prevent over- and under-compaction of asphalt mats has
been demonstrated, the cost savings and the increase in productivity that can be
obtained have not been adequately recognized by the user community. The primary
reason is that roller operators and their supervisors are entirely focused on the traditional
methods of construction, and there is a noticeable averseness to risks associated with
newer technologies. This can be a significant impediment to the integration of IC
technologies into construction practices unless the contractors are incentivized to use IC

technologies.

* Need for outreach and education. The research team routinely encountered reluctance
on the part of the user community due to the perception that (a) new technology is risky;

(b) new technologies require exceptional literacy and computer skills and in the long
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term cause job attritions. While the IC demonstrations address this aspect to some
extent, there is still a need for significant outreach and training, from the construction
crew all the way up to the State and Federal agencies that oversee the construction of
this critical infrastructure.
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