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ABSTRACT

DESIGN AND EVALUATION OF CHIP SEALS THROUGH IMAGE-BASED
MICROSTRUCTURAL PARAMETERS AND PERFORMANCE TESTS

By
Yogesh Shamsunder Kumbargeri

Chip seal is one of the most popularly adopted pavement preservation strategies. A chip
seal treatment is constructed by adding hot asphalt or emulsion on the surface of an existing
pavement, spraying aggregates on the top, followed by roller compaction. Extensive research has
led to the formulation of various chip seal analysis and design methodologies. These methods are
mostly empirical in nature and depend on numerous assumptions related to chip seal
microstructure and their expected behavior after compaction in field. Hence, there is a need for in-
depth analysis of chip seals to develop performance-based design methods addressing the primary
distresses as well as the microstructural parameters such as percent embedment and aggregate
orientation. The objective of this research study was to evaluate chip seals through image-based
microstructural parameters and performance tests. The results of a comprehensive experimental
program lead to development of a holistic approach to chip seal design, encompassing various
aspects of chip seal performance through aggregate-binder microstructural perspective. New
image processing techniques were developed to understand the percent embedment and aggregate
orientation behavior. Additionally, finite element analyses were performed using actual chip seal
images to evaluate mechanistic characteristics (e.g., magnitudes of strains at the aggregate/binder
interface) responsible for chip seal performance. Further, extensive performance tests were run in
laboratory to evaluate the effect of design parameters (e.g. percent embedment, aggregate
orientation) on chip seal performance distresses (aggregate loss and bleeding). The results were

combined and analyzed to yield new insights into effect of microstructural parameters on chip seal



performance. Furthermore, a performance-based design procedure was developed for design of

chip seals. This procedure integrates the chip seal microstructural behavior and its performance.
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1. INTRODUCTION

Chip seals are one of the main pavement preservation treatments. They are used to improve
the functional properties of the existing pavements, and often preferred to address pavements
exhibiting surface integrity and texture problems (D. Gransberg & James 2005; Abedini et al.
2017; Gransberg & Zaman 2005a; Pratico et al. 2016; Guirguis & Buss 2017). They are also
beneficial in extending the service life of the existing pavements by slowing down the oxidation
and preventing water to infiltrate into the pavements. The popularity of this treatment stems from
their cost-effectiveness and ease of construction. Over the past few years, there has been an
increased focus on pavement preservation treatments (Serigos et al. 2017; Johannes et al. 2011,
Lee & Kim 2008a; Pierce & Kebede 2015; D. D. Gransberg & James 2005; Haider et al. 2019).
Chip seal performance primarily depends on the interaction between its two main constituents:
aggregate and binder. An optimal aggregate-binder interaction provides efficient and long-lasting
performance. There have been numerous studies to develop design methodologies for chip seals
(Epps, C.W. Chaffin, et al. 1980; F. M. Hanson 1934; Kearby 1953; Mcleod et al. 1969; Roberts
& Nicholls 2008; Epps & Gallaway 1972; AASHTO-PP82 2016; TNZ-report 2005). These studies
focused on the binder and aggregate application rates and included certain assumptions on
aggregate-binder interactions. For example, it is assumed that voids in chip seal aggregates get
filled with binder at a specific percent embedment level at different stages of construction and
service life. These calculations are based on another assumption that all the aggregates lie on a

plane parallel to their flattest sides, perpendicular to the average least dimension (ALD).



Kearby’s design (Kearby 1953) methodology introduced application rates and percent
embedment for designing chip seals. A nomograph was developed for calculating binder and
aggregate application rates from percent embedment and voids between aggregates. McLeod
design methodology uses empirical equations to estimate binder and aggregate application rates.
Percent embedment criteria was indirectly used in the form of traffic correction factor, for
computing binder application rates. Based on similar concepts, there have been other chip seal
design methodologies (TNZ-report 2005; South-african-national-road-agency-report 2007;
AASHTO-PP82 2016; Roberts & Nicholls 2008). Effect of chip seal microstructure on its
performance has been acknowledged by all of the above design methodologies, however, the
parameters representing the chip seal microstructure have been very simplistic (e.g., average least
dimension) and computed indirectly. Aggregate size and orientation distribution were not
considered. Percent embedment calculations were based on sand patch test results, which includes
assumptions that do not necessarily represent the real chip seal microstructure in the field. Overall,
these methods have not been successful in integrating the effect of chip seal microstructure and its
performance. Therefore, there is a need for an in-depth evaluation of the relationship between the
performance and chip seal microstructural characteristics such as percent embedment and
orientation distribution of individual aggregates. This requires development of new image
processing techniques to directly measure the percent embedment and orientations of the
aggregates as well as conducting extensive performance tests on various chip seal microstructures.
This can help develop comprehensive chip seal design and evaluation guidelines encompassing
fundamental parameters, performance indicators (distresses) and low-cost innovative

methodologies.



This research study is a holistic investigation of factors affecting hot and emulsion-based
chip seal performance. Various aspects of chip seal characteristics are presented individually in
separate chapters. Chapter 2 includes a comprehensive literature review on various methods of
chip seal evaluation and design. The objectives of this research study and a research plan is
summarized in Chapter 3. The experimental program and materials and methods used in this study
are presented in Chapter 4. New image-based parameters that were developed in this study have
been explained in Chapter 5. Chapters 6 and 7 include results of analyses of chip seal aggregate
loss and bleeding behavior respectively, achieved through image analysis and performance tests.
The new performance-based design procedure that has been developed in this study has been
presented in chapter 8. Chapter 9 includes chip seal evaluation through finite element approach.

Chapter 10 includes summary and conclusions of this study.



2. LITERATURE REVIEW

This section includes the literature review on chip seal design methods and evaluation of
performance distresses. Also, previous efforts on evaluation of chip seals through mechanistic
approaches have also been discussed.

In the United States, chip seal design has been reported to be somewhat of an art rather
than a science (D. D. Gransberg & James 2005). Initial efforts to design chip seals were based on
a purely empirical approach(F. M. Hanson 1934; Mcleod 1969; Kearby 1953). With further
research, this approach was slightly modified with inclusion of aggregate shape and other
morphological characteristics(Johannes et al. 2011; Epps, C W Chaffin, et al. 1980; Epps &
Gallaway 1972). McLeod and Kearby design procedures are some of the popular examples of this
approach. Geographical differences, variable nature of materials as well as surface conditions were
some of the challenges in establishing a nationwide design method. Empirical approaches are used
by many road agencies, based on their experience with the local materials. A research study by
Gransberg et al. showed that less than one third of total number of states in the US use a formal
method to design chip seals. Less than twelve states don’t use any formal method and remaining
states design chip seals based on their own experience as explained above (D. D. Gransberg &
James 2005).

State road agencies often utilize warranty specifications for chip seals (MDOT-
warrantyguidelines 2017). In general, short-term performance warranties are in place for
approximately 5-10 years period. Some specifications exist a shorter period of around 12 months
in case of chip seals or general pavement preservation treatments. Different states have different

performance requirements based on the critical conditions faced by the road agencies and historic



performance data (IDOT-guide 2017; NCDOT-manual 2016). As more states move towards
performance warranties, it will become imperative for the road agencies as well as contractors to
adopt performance-based design approaches for pavement preservation in general and chip seals

in particular.

2.1  Chip seal design procedures

2.1.1 Hanson design Method

This method was the first attempt at formal design of chip seal treatments (F. Hanson
1934). The main assumption of this method was that the voids in chip seal aggregates after
spreading over the pavement, rolling and traffic condition becomes nearly 50%, 30% and 20%,
respectively. Another assumption of this method was that after opening to traffic, aggregates lie
on their flattest side and therefore, average least dimension (ALD) is nearly equal to the average
thickness of the aggregates after the construction. The concept of ALD was introduced for the very
first time by this method. The other design methods developed later are more or less improvements
of this method. The improvements mostly relate to correction factors with respect to aggregate

types, emulsion residues, amount of traffic, etc.

2.1.2 Kearby and Modified Kearby Design Method

In the United States, one of the first efforts for chip seal design was made by Jerome Kearby
in 1953 (Kearby 1953). This method resulted in development of nomograph to obtain binder
application rates based on input data of average mat thickness, percent embedment and voids
percentage. Aggregate application rate (AAR) is calculated based on results from test board
method (AASHTO-PP82 2016). In this method, aggregates are applied on a board with an area of
one square yard, such that it achieves single aggregate (one stone thick) layer. This method applies

mostly to the uniformly graded aggregates. Also, the range of percent embedment and voids



percentage used for mat thickness calculation is very limited. This method doesn’t consider the
effect of traffic for adjustment of mat thickness calculations.

Further research by Epps et al. in 1980 lead to a modified nomograph for incorporating
synthetic aggregates that are generally porous and lightweight (Epps, C.W. Chaffin, et al. 1980).
The revised nomograph also allowed broader range for percent embedment. Correction factors
were developed to help account the effects of traffic on mat thickness (Epps & Gallaway 1972).
Also test board procedure with AAR was slightly modified by recommending the aggregates to be
spread on an area of half square yard instead of one square yard as in Kearby Method. These
modifications were incorporated and named as “Modified Kearby Design methodology”(Epps, C

W Chaffin, et al. 1980).

2.1.3 McLeod Design Method

This method was developed by Norman McLeod in 1969 (McLeod 1969) and was later
adapted by the Asphalt Institute. This method is based on two basic principles:

e Computation of aggregate application rate is based on assumption that the resulting layer
would be one-stone thick. Further, all the aggregates are assumed to lie on their flattest
sides. In this method, a term called aggregate least dimension (ALD) is used to represent
the height of the chip seal, which is equivalent to the average of the shortest dimension of
the aggregates used in the chip seal.

e The volume of air voids between the aggregates is assumed to be 50% of the total volume,
immediately after the aggregate application, before compaction. This volume reduces to
30% after compaction and eventually to 20% after sufficient trafficking. The
binder/emulsion to be applied should fill 65% to 70% of the final 20% of the voids to

prevent aggregate loss due to insufficient binder/emulsion application rate.



In this method, the aggregate application rate depends on the aggregate gradation, shape,
and specific gravity. The binder application rate depends on the aggregate gradation, absorption
and shape, traffic volume, existing pavement condition, and the residual asphalt content of the

binder.

2.1.4 Modified McLeod Design Method

The underlying assumption of McLeod design method that the final volume of air voids
being 20% was critically investigated by other research studies. It was reported that final volume
of air voids in chip seals was higher than 20%, and a value of 40% was recommended (Potter &
Church 1969). Research studies have explained that the 20% final void content assumption was
only applicable for materials and construction procedures during olden days. Aggregates used were
relatively soft and it was hypothesized that steel rollers could have crushed the aggregate particles
during compaction. A value of 20% was used to derive the McLeod’s design equations for
aggregate and binder application (Johannes et al. 2011). Using a smaller value for the final void
content in the McLeod’s design equations results in a higher aggregate application rate and a lower
binder application rate than the actual optimal values. The design equations for this method can be

found in (Johannes et al. 2011).

2.1.5 Austroads method

In this method (Austroads 2018), some of the earlier general assumptions from Hanson
method (F. M. Hanson 1934) are used but with slight modifications. The concepts of ALD and one
stone thick layer of aggregates are used in this method as well. Furthermore, only single sized
aggregates are used in this method. The basic binder application rate is calculated by percentage
of void between aggregates filled with asphalt (VFA), void content between aggregates (VMA),

traffic volume and type. The major modification in assumption is that percent embedment during



rolling and initial traffic is 35-40% which increases to 50-65% after two years of construction.
Additional correction factors have also been recommended for inculcating the effect of traffic

volume.

2.1.6 South Africa design method

This method (South african national road agency report 2007) is based on combination of
Hanson and modified Kearby design methods. The principle of binder filling certain assumed
percentage of voids and leading to aggregates lying on ALDs is valid for this method as well.
Approximately 40% of voids between the aggregates are assumed to be filled. Nomograph for
aggregate application rates determination as well as use of residual binder content (in case of

emulsions) have been adopted from modified Kearby method.

2.1.7 The United Kingdom design method (road note 39)

The design procedure for United Kingdom is called as Road note 39 (Roberts & Nicholls
2008). In this method, surface hardness of existing pavement is measured using a hardness probe
and road hardness (RH) is characterized based on those results. The binder application rates are
recommended based on temperature (climate) and traffic with its effect on the hardness of the
surface. Apart from the basic assumptions related to chip seals as discussed before, this method

also specifies macrotexture and noise related requirements for a safe and quiet chip seal pavement.

2.1.8 New Zealand method

This method (TNZ-report 2005) is a slightly modified version of Hanson’s method. At least
35% of the total voids are assumed to be filled until the first winter. Bleeding is the major distress
that has been addressed in this method. Hence the assumptions related to amount of filling of voids
by the binder are on the lower threshold than that of the other popular international design methods.

High binder application rates are strictly discouraged.



2.1.9 NCSU Performance-based design method

This is the most recent chip seal design methodology that considers chip-seal
microstructure, in addition to several other tests (Kim et al. 2012). It involves aggregate analysis
(specific gravity), volumetric calculations and results from 3D laser profile scanning tests in order
to determine the binder and aggregate application rates for chip seals.

In the first step, aggregate application rate is determined using board test. The main
objective in this step is to ensure that, at selected aggregate application rate, only a single layer of
aggregates is formed without overlapping. In the next step, 3D laser profile tests are run on the
aggregate mat to find total volume of the aggregates lying on the surface. Also, aggregate density
is measured in accordance with the ASTM C-29 method (ASTM-C29 2009). Using density results,
volume of aggregates is calculated. From total volume and aggregate volume results, volume of
air is calculated. This is further used in the next step to evaluate the optimum binder application
rate.

Main drawbacks of this method are:

e The effect of binder and aggregate application rates on aggregate orientation is ignored.
Use of board test to compute aggregate application rates fails to consider the combined
effect of aggregate interaction on overall aggregate-binder arrangement after compaction
in the field. In the absence of binder and compaction, most of the aggregates align in a
plane perpendicular to their shortest dimension. However, aggregate orientation strongly
depends on the presence of binder and also on the aggregate-binder interaction during
compaction. Over application of aggregates lead to the ‘lever and wedge’ effect, where
excessive aggregates push the other aggregates sideways and upwards, causing them to

misalign (see Figure 2.1). It has been proved from previous research, that orientation of



aggregates is an important parameter affecting chip seal performance (Y. S. Kumbargeri,
Kutay, et al. 2018; Y. Kumbargeri et al. 2018; Y. S. Kumbargeri, Boz, et al. 2018). Hence,
aggregate orientation needs to be considered while designing chip seals. This is especially
important while determining the aggregate application rates with the objective to ensure
that most of the aggregates align to their flattest sides when constructing chip seals.

e This method requires the use of a laser scanning equipment. Most of the road agencies,
especially county road departments, do not have access to a laser scanning equipment.
Hence, it is important to develop a design methodology that doesn’t require use of

expensive equipment.

Proper aggregate alignment

(a)

Extra aggregates pushing the

other aigregates

Figure 2.1 lllustration of lever and wedge effect

!
N
(b)

2.2 Aggregate loss tests for chip seals

Aggregate loss occurs because of weak binder-aggregate bond. This is generally caused by
insufficient embedment of aggregates into the binder. Low binder application rates or high
aggregate application rates generally lead to occurrence of this distress. The other factors affecting
chip loss can be listed as follows:

e High traffic stress: This can happen due to high volumes of activity, excessive weights of

vehicles, braking and acceleration.
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e Environmental conditions: Precipitation immediately after chip seal construction can have

an adverse effect on development of the bonding of aggregates and binder, leading to high
susceptibility to aggregate loss.

e High dust content: If the aggregates used for chip seal applications have a high dust content,

it adversely affects the bonding of the aggregate and binder. This results in higher
susceptibility to aggregate loss.
Several methods have been developed to characterize aggregate loss in chip seals. A

summary of each procedure is presented in the following subsections.

2.2.1 Vialit Adhesion Test

The Vialit Adhesion Test was first introduced in France to measure the effect of binder and
aggregate type on performance (Louw et al. 2004). It consists of three component metal bases with
the vertical rod, a steel ball, and metal test plates. The steel ball is dropped over inverted chip seal
sample and aggregate loss is computed through chip seal weight measurement before and after the
test. Jordan and Howard (2010) studied applicability of the Vialit test on surface seal treatments
with respect to performance (Jordan & Howard 2010). It was concluded that results from the Vialit
test are always questionable and it is not sufficient to make conclusions regarding performance of
seal treatments. Another study by Epps-Martin et al (2001) also suggested that results from the
Vialit test are inconsistent and they cannot differentiate between good and poor performance of
the seal treatments (Epps-Martin et al. 2001). Nevertheless, it remains as one of the popular tests
for aggregate loss due to the ease of conducting this test. It was used as the major aggregate loss
performance test in the recent NCHRP study on performance specification for chip seals (Kim et

al. 2017)

11



2.2.2 Frosted Marble Test

The Frosted Marble Test (FMT) was developed to measure binder adhesion by applying
torque to marbles fixed to a base tray with the binder. The test setup consists of a torque wrench,
a hooked foot for applying shear and a tray on which binder is spread and marbles are placed,
respectively. Howard et al. (2009) made a modification to the FMT setup by including temperature
control using an environmental chamber. They also modified the curing procedure. Howard et al.
(2009) stated that although the results from the FMT seem to be valuable for evaluating the
performance of binder adhesion and curing, it is not enough by itself and other test methods should

be used to make comprehensive evaluation.

2.2.3 Australian Aggregate Pull-out Test

This test method was developed to measure the necessary pull-out force to separate
aggregates from the asphalt bitumen material in surface seal treatments. After the surface seal
treatment is prepared, the embedded aggregates are fixed by a crocodile clip and a 20 g/sec pull-
out rate is applied to the stone until it is detached. During this procedure, load measurements are
taken continuously. One of the uses of this test method can be found in determining the duration
of traffic control after construction. In addition, coated average area of the binder on the aggregate
was reported to correlate with the peak tensile stress needed to pull out the aggregate (Sendheera

et al. 2006).

2.2.4 Pennsylvania Aggregate Retention Test

The Pennsylvania Aggregate Retention Test (PART) was first developed by National
Center for Asphalt Technology (NCAT) at Auburn University (Kandhal & Motter 1991). The test
simulates the effect of traffic on surface seal treatments by using a laboratory sieve shaker. A

surface seal treatment sample is prepared within the pan and after the compression and curing
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process, initial aggregate loss is obtained by turning the pan upside down. Then, the pan is placed
in the sieve shaker upside down at an inclination of 45°. After 5 minutes of shaking, aggregate loss

is measured and calculated as a percentage.

2.2.5 Pneumatic Adhesion Tension Test

The Pneumatic Adhesion Tension Testing Instrument (PATTI) (ASTM D4541 2009) is
used for evaluating bond strength of an asphalt binder by applying direct tension. In this test tensile
force is applied to the asphalt binder in a gradual manner until a specified load value is reached or
either the asphalt binder layer gets detached from the loading fixture. With respect to general
application of this test to all materials, the two common uses of this test are test to fracture
(Protocol 1), and tensile bond strength (Protocol 2) as per ASTM D4541.But with respect to asphalt
binder, generally the tensile bond strength is measured and reported. This test has been generally
used for comparative evaluation of asphalt binders, generally with an intent to test the effects of

various PG grades and modifications on asphalt binder properties(Zhou et al. 2014).

2.2.6 ASTM D7000 Sweep Test

The sweep test (ASTM-D7000 2011) is one of the laboratory test methods suggested by
the NCHRP Report 680 (Shuler et al. 2011) for evaluation of the performance of asphalt chip seals
in terms of aggregate loss. The test procedure includes fabrication of asphalt chip seal samples and
testing by applying shear force to the surface of aggregates by using a nylon strip brush affixed to
the mixer. Before and after testing, the sample is weighed and the percentage of mass loss is
calculated (ASTM-D7000 2011). The goal of the sweep test is to measure the adhesive properties
of an emulsion just after the construction, not to simulate the effect of traffic. In other words, this
test method is designed to assess the curing characteristics of chip seals. However, researchers

have used this method to evaluate the aggregate loss performance of the chip seals.
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Among the different test methods mentioned above, sweep test was recommended to be
the best for aggregate loss characterization of chip seals. Previous studies compared different
asphalt emulsions and binders, and suggested the use of modified binders and emulsions for better
performance (Lee & Kim 2012; Aktas et al. 2013; Rizzutto et al. 2015; Abedini et al. 2017,
Gransberg & Zaman 2005b). Furthermore, studies analyzing the effect of binder and aggregate
application rates on the aggregate loss of chip seals have also been conducted (Lee & Kim 2008a;
Lee et al. 2013). These studies focused on chip seal aggregate loss performance from an empirical
perspective. The ASTM D7000 sweep test (ASTM-D7000 2011) was originally intended to
investigate the curing characteristics of emulsion-based chip seals to determine the amount time
required for the chip seal to sufficiently cure before traffic could be allowed on the surface.
Additionally, the sweep test has successfully been utilized (with slight modifications) by various
researchers to study the effect of several other factors on performance characteristics of chip seals,
including hot applied chip seals (Aktas et al. 2013; Rizzutto et al. 2015). The sweep test was found
to be effective in discerning the performance of chip seals due to differences in aggregate
minerology and gradation, curing temperature, humidity, type of emulsions, aggregate pre-coating
and moisture content (Miller et al. 2010; Wasiuddin et al. 2013; Howard et al. 2017; Johannes et
al. 2011). Ranking of field performances of emulsion-based and hot applied chip seals were also
evaluated based on the aggregate loss calculated from the sweep test. It was found that the sweep
test performed in the laboratory can properly rank specimens to match the field performance
(Wasiuddin et al. 2013). Moreover, the sweep test was recommended as the optimal aggregate
retention test method among other performance tests (the Vialit and FMT) for emulsion-based chip

seals (Howard et al. 2017).
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2.3 Bleeding tests for chip seals

Bleeding is one of the major chip seal distresses. It is the reduction in the surface texture
depth due to asphalt binder rising (or oozing) to the surface. Excessive bleeding can cause
significant reduction in skid resistance. This distress is usually observed along the wheel path and
around the areas of frequent loading such as intersections where slow traffic and turning
movements lead to high stresses. Also due to bleeding, oozed binder can adhere to tires (especially
at elevated temperatures), causing them to pick up aggregates and lead to further damage on chip
seals. High binder application rates or low aggregate application rates coupled with high
temperature conditions lead to bleeding. A survey of US public road agencies was conducted by
Gransberg (Gransberg 2005). This survey covered the agencies that use chip seals as an important
pavement preservation solution. It identified bleeding and aggregate loss as the two most common
distresses for chip seals. Further, bleeding was pointed out to be the most common distress by 81%
of respondents which was followed by aggregate loss (67%) (Gransberg 2005). This survey further
highlighted the importance of bleeding, as a major distress in chip seals. Susceptibility of chip
seals to bleeding depends on several factors described below:

e Aqggregate properties: Aggregate properties such as gradation, shape, size and toughness

are factors affecting bleeding performance (Chaturabong et al. 2015). Non-uniform
gradation (i.e., well graded aggregates) is an important concern in chip seals (Senadheera
et al. 2000). This is because aggregates with different sizes will embed into binder at
different extents. Some of the small aggregates may be fully embedded and others
(especially large aggregates) may be embedded insufficiently (Shuler et al. 2011). Such
non-uniformity in embedment creates localized distresses which later spreads to the whole

surface due to tire-pickup phenomenon.
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e Type of binder :Type and grade of asphalt binder significantly influences the susceptibility
of chip seals to bleeding (Shuler et al. 2011). Modified binders typically improve the
performance of chip seals with respect to bleeding. Recently, performance related
specifications have been developed to choose appropriate emulsion for particular climatic
conditions (Kim et al. 2017). Similar studies need to be performed for hot applied chip
seals as well.

e Binder application rate: Optimum binder application rate is extremely important to

adequate performance of chip seals. Very high content of binder leads to bleeding.
Furthermore, traffic volumes play an important role in selection of the binder application
rates. It has been reported by some studies that roads with high traffic volumes need lower
binder application rates. It is because the heavy traffic can cause aggregates to penetrate
into underlying surface after the road is opened to traffic (Texas Department of
Transporation 2010).

e Climate: Climate plays a key role in potential for chip seal bleeding. In order to properly
address the effect of climate on chip seals, an emulsion performance grading procedure has

been developed as part of a recent NCHRP study (NCHRP project 9-50) (Kim et al. 2017).

e Existing pavement surface: Existing pavement surface should not be treated with chip seals
during excessively hot days. Soft HMA surface may cause lead to aggregate penetration
into substrate.

It is clear that characterization of chip seal bleeding phenomenon is a complicated task.
Effect of all or most of the above factors must be taken into consideration. There has been a
comprehensive and successful attempt to develop performance related specifications for selection

of emulsions for different geographical regions and climatic conditions (Kim et al. 2017). Also,
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many chip seal design methodologies have attempted to suggest binder and aggregate application
rates based on many assumptions.
Few research studies have focused on characterizing bleeding in the laboratory. These

studies used several kinds of small scale loaded wheel tracking devices described below:

2.3.1 Accelerated Chip Seal Simulation Device (HSKSC)

Accelerated Chip Seal Simulation Device (abbreviated in Turkish language as HSKSC) is
a vehicle load simulator that was developed in Turkey (Aktas et al. 2013) to assess the chip seal
performance in the laboratory. The loading system is built inside a temperature-controlled cabin,
so that moving load can be applied under different temperatures. It provides back and forth
movement of the wheel through a pneumatic piston. The diameter of the tire is 48.5 cm, and it is
inflated to 70 psi. The wheel travels at a speed of about 1500-wheel application per hour. More
than one wheel can be fixed to the transverse shaft to allow for testing of multiple samples at the
same time. These units are operated by an external microprocessor-controlled, programmable
electronic panel. Although this device considers the effect of moving loads and temperatures, it
does not account for real field loads and loading pattern. It has been mostly used to understand

performance of surface treatments on a comparative basis.

2.3.2 Modified Loaded Wheel Test (LWT)

The loaded wheel test (LWT) has been specified in ASTM D6372 (ASTM-D6372 2005)
and is intended for use to assess bleeding potential in slurry seal and microsurfacing applications.
The test applies a rubber-tired wheel (7.62 cm in diameter) with a load of approximately 57 kg to
a microsurface for 1,000 cycles at a frequency of 44 cycles per minute. The weight of the dry
sample is recorded, and hot sand, heated to 85°C, is added to the sample. The sample is further

subjected to 100 cycles with the sand on top of it. The sand is dusted off the sample at the end of
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100 cycles, and the weight of the sample is recorded again. Bleeding is determined indirectly
through limitation of the amount of sand that adheres to the samples. In a study by Chaturabong et
al. (2015), LWT was modified in order to be applied to chip seal bleeding characterization. The
test was modified to better represent field conditions through the provision of a mechanism to
control. During initial testing, significant raveling (i.e., aggregate loss) was observed. This
behavior was attributed to the stiffness of the steel plate used to support the sample in the original
LWT device. One cause of bleeding was embedment of aggregate chips into the existing pavement.
For the representation of this condition and to provide a flexible support, a neoprene foam pad was

placed between the steel plate and sample.

2.3.3 Third scale model mobile loading simulator (MMLS3)

The third scale model mobile loading simulator (MMLS3) is one of accelerated pavement
testing devices for determining performance of different kinds of pavements by simulating traffic
effect in a determined scale. Lee (2003) first introduced the MMLS3 to measure hot mix asphalt
(HMA) performance with respect to fatigue cracking and rutting. This test machine consists of 4
bogies, 1 axle per bogie and 1 wheel/tire per axle (Bhattacharjee et al. 2004). Each wheel has a
diameter of 80 mm and can apply a maximum of 800 kPa pressure, and between 1.9 kN and 2.7
kN load. Since the MMLS3 is inside an environmental chamber, the desired temperature can be
sustained. In addition to applicability of MMLS3 to HMA pavements, this test is also applicable
to surface seal treatments. MMLS3 has been extensively used to characterize bleeding
performance of chip seals in recent years. The latest NCHRP project 9-50 (Kim et al. 2017) used
MMLS3 as the sole bleeding analysis tool for chip seal pavements.

The above studies developed customized equipment to test and analyze bleeding

performance. Although these studies showed promising results, it may not be economically
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feasible for the road agencies to buy a specialized equipment for chip seal bleeding evaluation.
Because chip seals are applied to low volume roads, road agencies and companies may not be keen
on investing additional money on such equipment. Thus, it is important to use readily available
equipment to save additional cost of procuring a new equipment. Hamburg wheel tracking device
(HWT) is one of the most popular pieces of equipment used to characterize rutting in asphalt
pavements. Many road agencies and laboratories have access to HWT. Consequently, it is a

feasible option to characterize chip seal bleeding through HWT.

2.4 Finite element analyses on chip seals

One of the first mechanistic analyses of chip seals was done by Huurman et.al. (Huurman
et al. 2003), where stress and strain development at the aggregate-binder interface was investigated
via a finite element (FE) model. Herrington and Henderson (Herrington & Henderson 2004)
developed a 2D FE model using cross-sectional images obtained from chip seal core slices.
Consistent with the observations from Huurman’s study (Huurman et al. 2003), Herrington and
Henderson (Herrington & Henderson 2004) showed that the critical stress and strain conditions
develop at the interface of binder and aggregate chips. Huurman (Huurman 2010) later developed
an improved model of chip seals, with better meshing of aggregate chips and more realistic spacing
between aggregate. Furthermore, a base layer was also included in this model to simulate real field
conditions. The study investigated changes of stress and strain in chip seal microstructure by
varying the shape of aggregates and load conditions. A study undertaken by Kathirgamanathan &
Herrington (Kathirgamanathan & Herrington 2014) focused on developing a 3D FE model to
predict the deformation behavior of chip seals for low-volume roads. 3D images obtained using
X-ray computed tomography of a real chip seal core was utilized in building the FE model. The

study revealed that aggregate interlock reduced the maximum stress levels developed in the binder.
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Gerber & Jenkins (Gerber & Jenkins 2017) analyzed individual failure mechanisms (adhesive
damage, cohesive damage, and surface texture loss) at a component level for single, double, and
cape seals using a 2D FE chip seal model. The results of the study quantified the changes in stress
and strain responses of chip seals with respect to changes in the traffic and material properties. The
percent embedment (PE) of aggregates is one of the most important parameters governing the chip
seal performance. Although its importance has been repeatedly indicated, there are a very limited
number of research studies focused on the PE as an important parameter for chip seal design,
analysis, and evaluation (Boz et al. 2019; Boz et al. 2018; Ozdemir et al. 2018; Y. S. Kumbargeri,
Kutay, et al. 2018; Y. Kumbargeri et al. 2018). While the previous studies have contributed
significantly towards the development of a mechanistic evaluation of chip seals, they were not able
to incorporate the effect of the PE on chip seal performance.

Another important characteristic that impacts the performance of chip seals is the shape of
aggregates. In the current state of practice, most designs do not adequately consider the shape
characteristics of aggregates used in chip seals. Additionally, the lever and wedge effect (see
Figure 2.1) in chip seal aggregate structure is hypothesized to be the cause of detrimental
performance of chip seals when high aggregate application rates are used (Boz et al. 2018; Ozdemir
et al. 2018; Y. S. Kumbargeri, Kutay, et al. 2018). Due to the lever and wedge effect, excessive
aggregate application rates lead to distortion of aggregate orientation. As a result, aggregates do
not necessarily lie on their flattest plane at the end of compaction.

On the other hand, since the mechanical response of an asphalt binder to loading highly
depends on temperature, understanding the effect of temperature on chip seal performance is also
of a great importance. Hence, in-depth understanding of the percent embedment, aggregate shape

characteristics, temperature, and aggregate application rates on the performance of chip seals

20



through a finite element approach are needed to further shed light on chip seal design

characteristics.

2.5 Evaluation of chip seal macrotexture

Pavement texture has often been defined as deviation of pavement surface from a true
planar surface (Bitelli et al. 2012). Characteristics related to texture have been reported to affect
several functions: safety, friction, noise emission, driving comfort, rolling resistance, wear of tires,
gas emissions (Pratico et al. 2013; Ejsmont et al. 2017; Sakhaeifar et al. 2018; Noyce et al. 2005;
Henry 2000). Hence pavement texture characterization is an important task. It becomes especially
important for chip seal treatments, because one of the primary functions of chip seal includes
providing well textured surface for adequate tire/pavement friction. Texture characterization can
be divided into 2 categories: micro texture and macro texture. Micro texture corresponds to
wavelengths less than 0.5 mm and peak-to-peak amplitudes of the profile ranging between 1
micron and 0.2 mm. Macro texture corresponds to wavelengths between 0.5 mm and 50 mm, with
peak-to-peak amplitudes between 0.2 mm and 10 mm (Pratico & Vaiana 2015; Bitelli et al. 2012).
For chip seal related surfaces macro texture characterization is performed.

Traditionally, volumetric measuring techniques have been adopted to indirectly compute
the texture related characteristics of chip seals. New Zealand sand circle test (TNZ 1981) and the
US Sand patch tests (ASTM-E965 2015) have been popular volumetric techniques for texture
characterization. In these methods, sand or glass beads are spread on a pavement surface in a
circular motion, and the diameter of the resultant shape is measured. The measured diameter and
initial volume of sand (or glass bead) are used to compute of the average depth of the sand, which
is equivalent to macro texture depth. There are two major disadvantages of these methods. Firstly,

itis an indirect way (based on assumptions) to compute texture. Secondly, they have been reported
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to not have a good repeatability, due to the strong dependency on the experience of the operator
(Flintsch et al. 2003; Bitelli et al. 2012).

In order to overcome these drawbacks, many laser-based techniques have been introduced.
Several research studies have been performed to either develop new laser scanning equipment or
algorithms related to analysis of laser related measurements for texture computations (Kim et al.
2013; Wang et al. 2011; Ran et al. 2015; Javon M. Adams & Kim 2014; Meegoda & Gao 2015;
Celko et al. 2016; PraticO et al. 2016; Bitelli et al. 2012). Also, commercial laser scanning
equipment are currently used in certain road agencies. The major drawback of these equipment is
that they are very expensive. There is a need to develop simple and low-cost techniques to compute

macro texture characteristics.

2.6 Summary and problem statement

Aggregate orientation and percent embedment (Seitllari & Kutay 2018) are two major
microstructural parameters affecting the performance of chip seals. Therefore, they need to be
considered in chip seal design. An ideal chip seal is the one whose aggregates embedded
adequately into the binder and aligned along their flattest sides. There have been many attempts to
develop rational approaches to design chip seals. Modified Kearby method and McLeod method
are the most popular design procedures that have been adopted by various agencies (McLeod 1969;
Texas Department of Transporation 2010). Also, researchers have modified the McLeod Method
(Johannes et al. 2011) to eliminate some of the basic assumptions, but didn’t go far enough to
correct for the assumptions related to aggregate alignment as well as the substrate surface
properties. The Modified Kearby method is used by Texas Department of Transportation and many
other road agencies. The so-called ‘Board test’ is used to find aggregate quantity that fit one-layer

thick aggregates in one square yard. All these methods have assumed formation of such an ideal
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(or close to ideal) microstructure to be achieved in the field. But there has been limited research
on designing chip seals by ensuring an ideal microstructure. There is a need to develop a design
procedure that addresses primary distresses (aggregate loss and bleeding) and directly considers
aggregate-binder microstructural characteristics (e.g., aggregate orientation and embedment). In
order to meet this need, it is important to evaluate the effects of different binder types, aggregate
types and application rates on the chip seal microstructure and performance. There have been
research studies in the past that evaluated aggregate loss and bleeding through empirical
perspective (laboratory tests). But, their relation to percent embedment and aggregate orientation
have not been quantitatively evaluated.

Furthermore, macro-texture characteristics of chip seal treatments have traditionally been
evaluated either using volumetric indirect methods (based on various assumptions) or using laser
scanning based approaches which are very expensive. Hence, there is a need for simple techniques
to compute macro texture characteristics and relate to bleeding potential for chip seals.

There is also a need to improve the understanding of chip seal performance via mechanistic
principles. There have been a few research studies focusing on analysis of chip seal properties
through 2D and 3D finite element analyses. All the chip seal design methodologies acknowledge
percent embedment as one of the most important microstructural parameters. However, an
investigation of the effect of percent embedment of aggregates in chip seals has not been conducted
till now. Furthermore, aggregate shape has a significant impact on chip seal performance. In the
current state of practice, limited attention was given to the type and shape of aggregates used in
chip seals. It is well known that flaky aggregates have a detrimental effect on hot mix asphalt
performance (Tutumluer et al. 2005; Escalada 1995). However, there is very limited information

on the effect of flaky aggregates on chip seal performance. Since asphalt binder performance
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highly depends on temperature, it is important to incorporate the effect of temperature on chip seal
performance in finite element analyses. Also, there is anecdotal evidence on the negative effect of
adding excessive aggregates on chip seal performance in literature. This issue needs to be

investigated via more mechanistic means, such as the finite element analyses.
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3. OBJECTIVES AND RESEARCH PLAN

Overall goal of this study was to develop a holistic approach to chip seal analysis and
design, encompassing various aspects of chip seal performance through aggregate-binder
microstructural perspective. In order to achieve this goal, the following specific objectives were
established:

e Development of advanced image-based parameters to quantify chip seal microstructure
(percent embedment and orientation)

e Evaluating effect of binder, emulsion and aggregate application rates on major
performance distresses in chip seals (aggregate loss and bleeding) through performance
(laboratory tests) and microstructural (image processing and finite element analysis)
perspective.

e Investigating effect of binder and aggregate type on chip seal performance

e Development of performance-based chip seal design procedure encompassing
microstructural analyses as well as empirical performance parameters.

A research plan was devised to materialize these objectives. The tasks for the research plan

are summarized in the sub-section below:

3.1 Task 1: Development of improved parameters based on image analysis and justification

via finite element modelling

As part of this task, several image analysis algorithms were developed to compute the

following new/improved parameters:
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e Effective percent embedment (ePE): This parameter was developed to normalize the effect
of non-uniform gradation on analysis of chip seal behavior through PE (Percent
Embedment) criteria.

e Cumulative percentage of aggregates lying on flattest side (CPAF): This parameter is
computed from the orientation distribution of chip seal aggregates. Ideal chip seals are the
ones that have all of their aggregate particles aligning on their flat sides, i.e., CPAF = 100%.

e Additionally, actual 2D chip seal images were converted into finite element meshes and
analyzed for the mechanistic parameters. These mechanistic parameters were evaluated for

different aggregate shapes and percent embedment conditions.

3.2 Task 2: Performance tests on chip seals

Aggregate loss and bleeding are the most important distresses for chip seals. Chip seal
samples were prepared at a range of binder and aggregate application rates. These samples were
tested for aggregate loss using sweep test at different temperatures. Also, Hamburg Wheel
Tracking tests (HWT) were run on a separate set of chip seal specimens to evaluate the bleeding
behavior of chip seals. Comparative analysis of hot applied and emulsion-based chip seals was

undertaken as part of this task.
3.3  Task 3: Analysis of performance through image processing and finite element modelling

approaches

The results from task 1 (image analysis and finite element methods) and task 2
(performance tests) were analyzed and correlated to yield important inferences regarding the effect

of chip seal microstructural parameters on its performance.

26



3.4 Task 4: Performance based design procedure for chip seals

The important inferences and insights obtained from task 3 were utilized to develop a
performance-based design procedure for chip seals. This procedure considers the actual chip seal
microstructure and its effect on performance without the assumptions that have been made by the

previous empirical design procedures.
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4. EXPERIMENTAL PROGRAM, MATERIALS AND METHODS

A laboratory experimental matrix was developed by varying binder/aggregate application
rates, using two types of aggregates (elongated/flaky and cubical) and two types of asphalt binders
(hot applied PG 70-28 and HFRS2M emulsion). Base binder used in both of the binders (before
modification) was a plain PG58-28 binder. Figure 4.1 illustrates the overall experimental
flowchart.

The experimental program can be broadly divided into two phases. In the first phase, effect
of binder type and aggregate and binder application rates was investigated. In this phase, the chip
seal samples were prepared using the commonly used flaky aggregates in Michigan (gerkin 29A).
The specimens prepared and tested in this phase were divided into five groups: Group I, I1, Il1, 1V,
and V. Group I and Il were used to study the effect of aggregate and binder application rates on
chip seal performance with hot applied binder. Group | specimens were produced with a constant
aggregate application rate (AAR) of 18 Ib/yd? at four different binder application rates, ranging
from 0.25 gal/yd?to 0.4 gal/yd? with increments of 0.05 gal/yd?. Group Il encompassed specimens
with a constant binder application rate (BAR) of 0.3 gal/yd? at the AARs of 16, 18, 20, and 22
Ib/yd?. These groups were further divided into sets: I-A, I-B, I-C, and 1I-A, 11-B, 11-C. Sets I-A and
I1-A specimens were sliced and used to determine the percent embedment and orientation of
aggregates through digital image processing methodology. Set I-B and Set I1-B specimens were
tested for aggregate loss using the sweep test. Set I-C and I1-C specimens were tested for bleeding
performance using the Hamburg wheel tracking (HWT). Two replicates were prepared for each
set. Group Il and IV specimens were prepared using HFRS2M emulsion. Group 11 specimens

consisted of a constant aggregate application rate (AAR) of 18 Ib/yd? at five different emulsion
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application rates, ranging from 0.25 gal/yd?to 0.45 gal/yd? with increments of 0.05 gal/yd?. Group
IV encompassed specimens with a constant emulsion application rate (EAR) of 0.3 gal/yd? at the
AARs of 16, 18, 20, and 22 Ib/yd?. These groups were further divided into sets similar to those in
the case of groups I and Il. Specimens belonging to Group | and Group Il have been referred to as
AAR specimens with binder and emulsion, respectively in the further sections. It is because these
specimens have change in AAR with a constant BAR or EAR. Similarly, specimens from Group
Il and Group IV have been referred to as BAR and EAR specimens respectively due to their
variations in BAR and EAR with constant AAR.

The second phase of this study was undertaken with an objective to evaluate effect of
aggregate type (cubical and flaky) and aggregate application rates on chip seal performance using
image based finite element approach. Group V consisted of FE meshes created by images of chips
seal samples prepared with AAR of 18 Ib/yd? and BAR of 0.3 gal/yd? binders. The FE analysis
was conducted stepwise, focusing on FE meshes of single aggregate, two aggregates and full chip
seal samples. This approach was undertaken to understand the contribution of a single aggregate
as well as aggregate interlock on chip seal performance. Furthermore, the images of group Il
specimens were converted to FE meshes and tensile strain results at various AARs were compared

against sweep test results to evaluate effect of AAR on chip seal aggregate loss performance.
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Figure 4.1 Experimental flow chart
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Chip seal samples were prepared in the laboratory by applying binder (or emulsion) and
aggregates on cylindrical asphalt specimens compacted in the laboratory using the Superpave
gyratory compactor. Asphalt concrete substrates had a diameter of 150-mm and a height of 30-
mm. The procedure outlined by Kutay et al. (2017) was generally followed while applying the
binder and aggregates on the chip seal substrates. The main deviation from the procedure outlined
by Kutay et al. (2017) was the binder and aggregate application temperatures, which were 175 and
45°C for the binder and aggregate, respectively.

Once the binder and aggregates were applied, the specimens were first compacted using
the hand-kneading compactor, as specified in ASTM D 7000, for three half cycles in one direction
and three half cycles in a perpendicular direction. Then, the specimens were subjected to an
additional compactive effort by a servo-hydraulic Material Testing System (MTS) to simulate the
cyclic pressure in the field. The pressure level used in the Superpave Gyratory Compactor (i.e.,
600kPa) was applied to the specimens in a cyclic haversine mode at a frequency of 0.1 Hz for 25
cycles.

The specimens for image analysis were cut using a small tile saw such that five (5) slices
were obtained for the image analysis. In addition, a blue playdough was applied on the top of slices
for the purpose of creating a color contrast. Images of the vertical cross section of each side of the
slices were acquired using a document camera. This process resulted in eight (8) images for each
specimen. Further details on sample preparation for image acquisition can be found elsewhere
(Kutay et al. 2017). The methods and terminologies developed for different aspects of this study

have been presented in the following subsections.
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4.1 Quantification of Aggregate Loss

Chip seal specimens prepared at various binder and aggregate application rates were tested
for aggregate loss using the sweep test. In this study, the sweep test was performed in general
accordance with ASTM D7000, with the following modifications:

e An asphalt mixture substrate was used instead of the felt disk

e Aggregate gradation representative of field aggregate was utilized rather than the required
fixed aggregate size in the standard

e Additional compactive effort was applied using a Material Testing System (MTS), in
addition to the hand-held compactor as prescribed by ASTM D7000

The surface abrasion procedure followed in this study was the same as described in ASTM
D7000. The specimens were subjected to abrasion for 60 seconds at a brush speed of 0.83 gyrations
per second, after specimen conditioning at 25°C for 60 minutes. Furthermore, these specimens
were analyzed using image analysis techniques to better understand the effect of percent
embedment and orientation on aggregate loss performance. Percent embedment and orientation of
aggregates were calculated for specimens of set I-A, 1I-A, 1lI-A, and IV-A. These terms have been
explained and illustrated in the next chapter.

Several parameters were developed as part of this study to better evaluate the aggregate
loss. These parameters include the residual aggregate rate (RAR), aggregate loss by hand brushing

(ALB), aggregate loss by sweep (ALS), and cumulative aggregate loss (CAL).

4.1.1 Residual Aggregate Rate (RAR)

Design application rate is defined as the amount (weight) of aggregates spread over a unit
area. A portion of the aggregates is always lost both in laboratory (by hand brush and sweep test)

and field-based (by brooming and initial trafficking) chip seal applications. The residual aggregate
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rate (RAR) is the amount of aggregates that is retained on the chip seal surface, and is the actual
component of aggregates that take part in chip seal performance. In order to understand the effect
of application rates on change in residual aggregate rate, the percent change in the RAR (ARAR)
was calculated and evaluated with respect to the change in consequent AARS. The ARAR was

calculated using the following equation:

RAR(2)—RAR(1)

x 100 (4.1)
AAR2)—AAR(q)

ARAR(1)_(2) =

where, ARAR(1)-2) is the change in the RAR from condition 1 (a given AAR) to condition
2 (subsequent AAR), RAR(y) is the RAR at condition 1 and RAR() is the RAR at condition 2. For
example, ARAR¢)-18) refers to change in RAR from AAR of 16 to 18 Ib/yd? In this case, AAR

of 16 Ib/yd? can be termed as condition 1 and AAR of 18 Ib/yd? can be termed as condition 2.

4.1.2 Aggregate Loss by Hand Brushing (ALB)

As a part of the sweep test procedure in ASTM D7000 (see Figure 4.2), the chip seal
specimen is turned upside down at the end of conditioning time and slightly hand brushed without
applying any remarkable amount of force. This is believed to ensure that the aggregates that have
no bond with asphalt layer are removed from the specimen without being stuck due to mere
aggregate interlocking. This procedure assures accurate results from the sweep test, where only
the aggregates embedded in asphalt layer take part in the test. The percent aggregate loss by hand

brushing (ALB) was calculated using Equation 4.2:
ALB = 100 x 222 (4.2)
A-C
where, A is the weight of chip seal specimen before hand-brushing, B is the weight of chip

seal specimen after hand brushing, and C is the weight of the substrate and added binder.
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4.1.3 Adqggregate Loss by Sweep (ALS)

Aggregate loss by sweep is the mass loss occurred after abrasion for 60 seconds at a brush
speed of 0.83 gyrations per second. The percentage of aggregate loss by sweep (ALS) was
calculated with Equation 4.3:

B-D
ALS = 100 X —— (4.3)
where D is the weight of the chip seal specimen after the sweep test, and B and C are the

same variables defined in Equation 4.2,

Figure 4.2 A picture of the sweep test device for chip seal aggregate loss testing
4.1.4 Cumulative Aggregate Loss (CAL)

The cumulative aggregate loss (CAL) is the total loss as a result of hand brushing and
sweep, and was computed by Equation 4.4:
CAL = 100 x 2=2 (4.4)
A-C

4.1.5 Residual binder application rate (RBAR)

The parameter residual binder application rate (RBAR) is defined herein to be able to hot

applied and emulsion-based chip seals. Since emulsions lose their water after construction, asphalt
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binder residue is the part of emulsion that actually interacts with aggregates during the service life

of a chip seal. Hence the accurate comparison between hot applied and emulsion-based chip seals

can be made when the emulsion application rates (EAR) are converted into corresponding RBAR
which is defined as follows:

RBAR = EAR X %residue (4.5)

where RBAR is the residual binder application rate, %residue is the percentage of asphalt

binder residue present in the emulsion. The %residue is typically about 65%, and it is measured in

accordance with (AASHTO:T59 2016)

4.2  Quantification of Bleeding

Hamburg Wheel Tracking (HWT) test was used to evaluate the bleeding susceptibility of
the chip seals. A series of modifications were made to the HWT device so that it is useful in
evaluation of chip seals. A picture of the modified HWT device for chip seal bleeding testing is
shown in Figure 4.3. As shown, an 8-inch diameter rubber wheel is used instead of the steel wheel.
The rubber wheel had a tire pressure of 34 psi, and the load on the wheel was 125 Ibs., which
corresponds to the weight of a loaded wheel track used for assessing bleeding of micro surfacing
mixtures (ASTM D 6372). HWT tests were run at a temperature of 54°C under wet condition. The
particular temperature was chosen since 54°C being the maximum summer pavement temperature
in Michigan. A total of 1500 HWT cycles (3000 passes) were applied and 2D images were captured
at start and end of the test. At first, the images were acquired using smart phones. These images
were cropped to obtain the portion of wheel path. Further, they were converted into binary images
to yield percent binder area. Due to the glare (from binder portion) in directly obtained images,
discrepancies were observed in the corresponding binary images and percent bleeding area results.

In order to solve this problem, a 3D photogrammetric software (3DF Zephyr®) was used. The
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images obtained from smartphone served as input for this software package, to yield a 3D image.
The problem of glare in the previous images was solved through 3DF Zephyr®. Figure 4.4
illustrates the image acquisition and processing phase using 3DF Zephyr®. These images were
cropped and processed to yield binary images. From the binary images, the parameter Percent

Binder Area (PBA) was calculated using the following equation:

PBA = 2k x 100 (4.6)

total

where Abiack 1S the area covered by black pixels (representing the binder), Atota iS the total

area of the image. The PBA is effective in understanding the 2D bleeding behavior of chip seal

samples. Higher the PBA, higher is the amount of bleeding for a particular chip seal specimen.

Figure 4.3 A picture of the modified HWT device for chip seal bleeding testing
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Figure 4.4 lllustration of image analysis steps to compute the bleeding area

Determination of chip seal macrotexture depth after subjecting to Hamburg Wheel
Tracking (HWT) tests is another way of quantifying the effect of bleeding. In this study, a low-
cost method to evaluate chip seal macrotexture was developed. Figure 4.5 illustrates the general
concept of this method. In order to obtain the 3D coordinates of surface of an object, at least two
cameras are needed, however, multiple images captured using a single camera from different fields
of view can also be used. By knowing the relative location and intrinsic parameters of the cameras,

3D coordinates of the object can be computed (Buttlar et al. 2014). This method was also
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successfully used in a previous study to characterize surface of the chip seals to compute mean
profile depth and percent bleeding (Boz et al. 2018). The images obtained from a smartphone
served as input for 3DF Zephyr® software package which used stereo algorithms to generate 3D
images.

These surface coordinates were extracted and input into an in-house algorithm using
MATLAB® to compute mean profile depths (MPD) using the following equation (Javon M

Adams & Kim 2014):

Peak level (first)+Peak level (second)
2

The peak level is defined as the maximum point along the profile of the chip seal surface.

MPD =

— Aggregate level 4.7)

MPD calculation method has been illustrated in Figure 4.6(a). In this study, MPDs were computed
along many profiles in a given sample and average value is reported. The single profile lines are
equivalent to each line of laser data in case of MPD computation using line lasers. At the end of
certain HWT cycles, this technique was utilized to compute mean profile depth (MPD) to
characterize the effect of aggregate application rate on bleeding behavior of chip seals.
Furthermore, MPD is inherently related to PE. MPD is generally inversely proportional to PE. The

relation between MPD and PE has been depicted in Figure 4.6(b).
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Before using the 3D MPD computation technique to characterize chip seal bleeding
behavior, a verification analysis was conducted. The chip seal samples of group Il (hot applied)
and IV (emulsion based) with different aggregate application rates were evaluated for
macrotexture properties. A commercial laser scanner was used to calculate MPDs of these samples.
They were compared against the corresponding MPD valued obtained by the innovative image
processing technique (with in house MATLAB based program). The results of this verification
study have been presented in Figure 4.7. Based on the limited data set that was available, it can be
seen that the values obtained by image processing technique are well in alignment with those
calculated using commercial laser scanning equipment. Although in a very few cases, the image
processing technique yielded slightly lower values of MPD than that of the laser scanning
equipment. But the difference in magnitudes in these cases were very small. This trend has also
been observed in a similar study by Puzzo et al. (2017) where a similar photographic MPD
evaluation method was compared to commercial scanners. But overall, the image processing
technique developed in this study can be used to compute MPD of chip seal specimens for

successful characterization of bleeding behavior of chip seals.
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Figure 4.7 Comparison of MPD values computed from the in-house MATLAB based algorithm to
the values obtained from commercial laser scanning equipment

4.3  Finite Element Analyses on Chip Seals

The Finite Element Analyses (FEA) on chip seal samples were performed in hree stages.
The scope of the first stage (stage 1) included the study of the effect of percent embedment and
temperature on the stability of a single aggregate with different shapes (cubical and flaky). In the
second stage (stage 1), a hypothetical case of perfectly bridged/interlocked two aggregates were
simulated. This case represented the best-case scenario in terms of aggregate interlocking. In the
last stage (stage I11), entire chip seal cross-section was modeled in FE. Finally, the observed trends

were compared to the trends in the results of aggregate loss tests (ASTM-D7000 2011).

4.3.1 Finite Element Model Development

Once chip seal specimens were prepared, they were cut using a small tile saw such that five
(5) slices were obtained for the image analysis step (see Figure 4.8a and Figure 4.8b). In addition,
a blue playdough was applied on the top of slices for the purpose of creating a color contrast at the

surface. Then, the images (Figure 4.8c) of each side of the slices were captured using a document
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camera. These images were further processed to specify certain pixel intensities to the different
zones of the cross section (Figure 4.8d). It is noted that the tire is not actually simulated in the FE
model. Instead, the load is applied at the surface nodes where the tire and the aggregate intersect.
The images were then converted into a finite element mesh as shown in Figure 4.8e, using an in-
house algorithm developed in MATLAB®. Material properties for the FE mesh were assigned
based on the pixel intensity shown in Figure 4.8d. Aggregates were modelled as an elastic material,
whereas the asphalt binder and substrate were assigned viscoelastic properties using Prony series
coefficients.

Table 4.1 shows the relaxation times (ti) and dimensionless elastic coefficients (gi) of the
generalized Maxwell model (Prony series) at a reference temperature of 25°C. The relaxation
modulus Prony series coefficients for the binder were obtained through interconversion from
dynamic shear modulus (|G*|) master curve. Similarly, the asphalt mixture substrate dynamic
modulus (|[E*[) master curve was measured in the laboratory and used to compute the Prony series
coefficients of the substrate. The shape of the tire loading was based on the functions recommended
from previous researchers (Huurman 2010). Figure 4.9 shows the stress functions, which are based
on actual stress measurements from a moving tire. The loading pulse was a combination of two
individual functions: 1) a step-like function representing the vertical (normal) load, 2) a sinusoidal
function representing the lateral (shear) load. Further details on these loading functions can be
found in elsewhere (Huurman 2010).

In order to evaluate chip seal performance through FE analysis maximum tensile strains
(e7***) have been computed and used in this study. Furthermore, in order to quantify change in
tensile strains for comparing between different conditions, percent change in tensile strains

(Ae7**) has been used and is computed as follows:
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where e ®* and e7;** are the max tensile strain at conditions T1 and T2, respectively
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Figure 4.8 Stepwise procedure for obtaining finite element model of chip seals

Table 4.1 Prony series coefficients for asphalt binder and substrate HMA

Asphalt Binder Asphalt Mixture
(substrate)
Go(Pa) = 8.42E+06 Go (Pa) = 6.20E+09
Ti () gi Ti (S) gi
1.000E-03 0.3952945 1.000E-07 0.1520131
4.642E-03 0.2456874 1.668E-06 0.1374991
2.154E-02 0.1745623 2.783E-05 0.1771304
1.000E-01 0.1004653 4.642E-04 0.1847754
4.642E-01 0.0520705 7.743E-03 0.1553424
2.154E+00 0.0213404 1.292E-01 0.1028287
1.000E+01 0.0079164 2.154E+00 0.0527216
4.642E+01 0.0020123 3.594E+01 0.0227300
2.154E+02 0.0005539 5.995E+02 0.0076755
1.000E+03 0.0000970 1.000E+04 0.0060309
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4.3.2 Stage |: Chip Seals with a Single Aggregate

Digital images of cubical and flaky aggregates were isolated and processed to create
multiple artificial images representing various percent embedment (PE) levels: 25, 50, 72, and
94%. The FE model results were analyzed to determine the maximum tensile strains at the
aggregate-binder interface at three temperatures: 25, 30, and 35°C. This theoretical exercise

represented the worst possible condition of chip seals, where the aggregate to aggregate interlock

is not present.

4.3.3 Stage Il: Chip Seals with Two Bridged Agaregates

In this stage, artificial images were generated out of two aggregates used in the previous
phase such that they create a stable bridge-like structure. This theoretical case represents one of

the best-case scenarios for flaky aggregates, where there is a bridging effect between the two
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aggregates, making them potentially more stable. The images were further processed to generate
multiple artificial images with the percent embedment levels of 25, 50, 72 and 94%. Similar to
stage I, the FE simulations for each aggregate type were performed on chip seals with two
aggregates to compute the maximum tensile strains at aggregate-binder interface at a temperature
of 25°C. The main objective was to study the effect of aggregate interlocking (i.e., bridging) on

the critical strain levels of chip seals with cubical and flaky aggregates.

4.3.4 Stage lll: Chip Seals with Multiple Aggregates

In the third stage of the study, cross sectional images of the entire chip seal specimens with
cubical and flaky aggregates were taken and converted to the FE meshes. The chip seal specimens
for this phase were prepared at an aggregate application rate of 18 Ib/yd? and the binder application
rate 0.3 gal/yd?. The FE simulations were conducted at a temperature of 25°C. Similar to the
previous phases, simulations were performed at several percent embedment levels. The maximum

tensile strains at the aggregate-binder interface were determined at each percent embedment level.

4.3.5 Evaluation of the Effect of Aggregate Application Rate via FE modelling and Sweep
Tests

The aggregate loss results of group Il specimens were compared with the FE results
obtained from the meshes created by the respective 2D images. The tensile strain results from FE
analysis were compared against Cumulative Aggregate loss (CAL) results from sweep test. The
negative effect of excessive aggregate application was confirmed analytically as well as

experimentally.
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5. NEW IMAGE-BASED PARAMETERS FOR CHIP SEALS

In order to be able to quantify chip seal microstructure, new parameters have been
developed in this study. These parameters are based on advanced image analysis techniques that

use 2D images of chip seal samples taken using a simple document camera.

5.1 Orientation distribution of chip seal aggregates

In a previous study (Kutay et al. 2017), a digital image analysis software (CIPS) was
developed to calculate percent embedment (PE) of chip seal aggregates into the asphalt binder.
The algorithms in the CIPS software were further improved to compute new parameters described
in this chapter. Figure 5.1(a) illustrates a screen shot of the chip seal analysis software (CIPS).
Orientation of aggregates is an important parameter for performance of asphalt mixtures. A well
compacted asphalt mixture has a uniformly distributed aggregate orientation. Similarly, in the case
of chip seal applications, it is important that all or most of the aggregates lie on their flattest side
forming a one-stone thick seal after compaction for achieving satisfactory performance. The
orientation angle of aggregates can be defined as the angle between major axis and the horizontal
axis as illustrated in Figure 5.1(b). In this study, the orientation angle of 20° was selected as a
threshold angle for determination of aggregates lying on their flattest side. In other words,
aggregates with angle of 20° and less are considered to be lying on their flattest side on the
pavement substrate. The cumulative percentage of aggregates lying on flattest side (CPAF) was
calculated by using the following equation:

20
CPAF = 100 x 2T (5.1)
where Ny is the number of aggregates with orientation angle 6, and N is the total number

of aggregates on the specimen. Higher the number of aggregates lying on flattest sides, higher the
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value of CPAF. If all the aggregates lie on their fattest sides, the CPAF will be equal to 100%,

indicating a well compacted chip seal.

5.2  Effective percent embedment (ePE)

In an ideal case, the chip seal aggregates should have uniform gradation. But, in practice,
road agencies don’t pay much attention to gradation of chip seal aggregates. During this study, it
was observed that the aggregates lost due to the hand brush procedure usually belonged to a coarser
fraction which, in turn, results in finer gradation on the specimen surface. Hence, in order to
effectively discern the effect of application rates on percent embedment of chip seals, it is
important to normalize the anomaly caused by differences in residual aggregate rate and gradation
for more proper analysis between the effect of percent embedment, aggregate loss and bleeding.
This could be achieved by taking the aggregate loss by hand brush into account.

Hence, a term named “Effective percent embedment (ePE)” was introduced in this study.
As discussed above, the aggregates lost due to hand brush had a coarser gradation. Thus, it was
assumed that the size of each lost aggregate be of a 4.75 mm equivalent diameter. With this
assumption, the weight of one aggregate particle was also calculated. Then, the number of
aggregate particles that are lost were calculated. It was also assumed that these aggregates have
zero (0) percent embedment. This way it is postulated that calculating a weighted average of the
PE of all aggregates that are retained and lost after hand brushing takes into account the changes

of residual aggregate rate and gradation. The ePE was calculated using the following equation:

_ PE|XN;+PE XN
N;+Np

ePE (5.2)

where, PE; is the Percent embedment for lost aggregates (assumed to be zero), N is the
number of lost aggregates, PE: is the percent embedment for the retained “on specimen”

aggregates, and N is the number of retained aggregates.
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Figure 5.1 (a) A screenshot of the CIPS software illustrating the computation of percent
embedment using each aggregate method, (b) illustration of orientation of the aggregates
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6. EVALUATING AGGREGATE LOSS IN CHIP SEALS

The objective of this part of the study was to evaluate the impact of binder and aggregate
application rates on aggregate loss. A series of hot-applied and emulsion-based chip seal
specimens with varying aggregate and binder application rates were prepared. Then, the percent
embedment (PE) and aggregate orientation of chip seal specimens were determined by digital
image analysis. Additionally, chip seal specimens were subjected to the modified sweep test to

determine the aggregate loss.

6.1 Modified sweep test results

6.1.1 Aggregate Loss by Hand Brushing

Figure 6.1(a) and depicts the percent aggregate loss by hand brushing (ALB) for hot-
applied chip seals (Set I-B). Percent ALB decreases and becomes relatively constant as the BAR
increases. The results suggest that once a certain binder application rate is achieved, or a certain
percent embedment threshold is achieved, any further increase in the BAR would have no
remarkable effect on the bond between the aggregates and the binder, and consequently on
aggregate loss by hand brushing. Figure 6.1(b) presents the percent ALB values for Set I1-B
specimens (with the constant BAR of 0.30 gal/yd? at varying AARs). The percent ALB exhibits a
steep increasing trend with an increase in the AAR from 20 to 22 Ib/yd?, thus revealing that there
is a certain aggregate rate threshold point, after which any further increase in the AAR results in
no bond with binder and subsequent drastic increase in aggregate loss during hand brushing. It can
be deduced from Figure 6.1(b) that such threshold exists around the AAR of 20 Ib/yd? for the

aggregate type and gradation used in this study. Moreover, similar trends were also reported in
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literature for the effect of binder and aggregate application rates on aggregate loss by hand
brushing for emulsion-based chip seals (Lee et al. 2006; Lee & Kim 2008a)

Figure 6.2(a) illustrates ALB results for emulsion-based chip seals (set 111-B). Similar to
the case of hot applied chip seals, ALB decreases with increase in EAR and a constancy is achieved
after reaching a threshold EAR of 0.4 gal/yd?. The ALB results for set I\V-B have been presented
in Figure 6.2(b). The magnitude of increase in ALB is higher after 18 lb/yd?, but the change is not
as steep as in the case of hot applied chip seal. The threshold seems to be shifting towards 18
Ib/yd?. The reason for such observation could be due to the fact that EAR of 0.30 gal/yd? (for set
IV-B) is slightly lower than the typical EARs. This results in less amount of aggregates bonding
to the residual binder and hence most of those non-bonded aggregates typically get lost during the

initial hand brushing stage.

6.1.2 Aaggregate Loss by Sweep

The specimens were subjected to the sweep test following the removal of loose aggregates
on the surface by hand brushing. The percent of aggregate loss by the sweep (ALS) is plotted in
Figure 6.1(c),(d), Figure 6.2(c), and (d) respectively for Set I-B ,Set 11-B, Set I11-B and Set IV-B
specimens. Overall, in case of hot applied binder, there is a general decreasing trend of aggregate
loss with an increase in the BAR, except the BAR of 0.35 gal/yd? in set I-B (Figure 6.1(c)). As
shown in Figure 6.1(d), the percent ALS, in general, increased as the AAR is increased (except at
AAR = 22 Ib/yd?). Very similar trend is observed in case of emulsion based chip seals as well
(Figure 6.2(c) and (d)). Despite the overall expected trend in the percent ALS, the results, at a first
glance, suggest that the sweep test may not be sensitive to changes in binder (or emulsion) and
aggregate application rates. In other words, the sweep test may not have the ability to identify an

optimum application rate based on aggregate loss, for both the BAR (or EAR) and AAR. A similar
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finding in the literature was reported on the sweep test’s ability to differentiate emulsion
application rates (Johannes et al. 2011). However, such finding can be explained by the changes
in residual aggregate rate (RAR) and gradation due to the aggregate lost by hand brush. In other
words, the ability of the sweep test to discern the performance of chip seals among the application

rates may have been affected by the RAR and gradation.

6.1.3 Cumulative Aggregate Loss

Cumulative aggregate loss (CAL) takes the combined aggregate loss into account from
hand brush and the sweep test. Figure 6.1(e) and (f) display the percent CAL for the set I-B and
set 11-B respectively in case of hot applied chip seals. Figure 6.2 (e) and (f) illustrate similar results
in case of emulsion-based chip seals. The expected trends in aggregate loss with respect to the
application rates are clearly visible, suggesting that the percent cumulative aggregate loss in the
sweep test is a good aggregate loss index when the performance of chip seals with respect to

aggregate loss is of concern.
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Figure 6.1 Aggregate loss by hand brushing (ALB) results for (a) set I- B and (b) set 11- B,
Aggregate lost by sweep (ALS) for (c) set I-B and (d) set I11- B, and Cumulative aggregate loss
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6.1.4 Residual Aggregate Rate

Figure 6.3(a) and Figure 6.3(b) show the residual aggregate rates respectively for the hot
applied and emulsion-based AAR specimens. As shown, there are variations in the RARS across
the application rates, with noticeable variations in the AAR specimens. In order to specify the
aggregate application rate threshold point, the percent change in the RAR (ARAR) was calculated
and evaluated with respect to the change in consecutive AARs (see equation 4.1).

The ARAR is shown in Figure 6.3 (c) and (d) respectively for the hot applied and emulsion-
based AAR specimens. This parameter represents, in a sense, the efficiency of application of
additional amounts of aggregates. If the increase in the AAR is the same as (or nearly same as) the
increase in corresponding RARs, then it is efficient to apply the higher AAR. If ARAR has a low
value, there is no reason of adding additional aggregates, as the specimen already achieved a
saturation in terms of the AAR. Any additional aggregate added after this saturation will be
brushed off by the broom, or will cause the so-called ‘lever and wedge’ effect (see Figure 2.1).

As it can be clearly seen from Figure 6.3 (c) that, there is a negligible change in the RAR
as the AAR was changed from 20 to 22 Ib/yd2. Similarly, in case of emulsion-based AAR
specimens (Figure 6.3 (d)) a negligible change is observed with the change in AAR from 18 to 20
Ib/yd?. It can be inferred from this observation that a mere increase in the AAR does not result in
a definitive change in the RAR. After a threshold AAR value, the higher AAR has a negligible

effect on the amount of retained aggregates.

6.1.5 Residual Aggregate Gradation

It was observed that the aggregates lost due to the hand brush procedure usually belonged
to a coarser fraction which, in turn, results in finer gradation on the specimen surface. For

comparison purposes, Figure 6.3 (€) shows a picture of aggregates lost due to the hand brush and
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Figure 6.3 (f) exhibits initial aggregate sample, where the difference in the gradation of the
aggregates is clearly visible. Hence, it is then anticipated that the on-specimen gradation would be
finer, for example, for the BAR of 0.25 gal/yd? compared to the BAR of 0.40 gal/yd?. Likewise, it
is anticipated that the on-specimen gradation would be finer with an increase in the AAR. On the
other hand, in the case of excessive aggregate application rates, the notion that coarser aggregates
are lost during hand brushing may not always hold true. This is because other variables, for
example, residual aggregate rate, spatial aggregate distribution and aggregate orientation can affect

the results due to potential complex interaction among them.
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6.2 Digital image analysis results

6.2.1 Percent Embedment and Aggregate Loss

Percent embedment (PE) was calculated for hot applied as well emulsion-based specimens
using ‘each aggregate method’ algorithm of the CIPS software. The ‘each aggregate method’
algorithm essentially computes the percent embedment of individual aggregates and reports the
average and standard deviation of the percent embedment distribution, based on eight slices per
chip seal sample. In this study, the PE was computed individually for aggregates belonging to size
fraction corresponding to 4.75-9.5 mm. This size range was selected because, as indicated in the
previous section, the aggregate loss was mostly noted for coarse aggregate fractions, and coarse
aggregates (i.e., aggregates within the range 4.75-9.5 mm) would reflect the effect of the PE on
the aggregate loss.

The correlation between PE and ePE respectively with aggregate loss by sweep (ALS) have
been presented in Figure 6.4(a) and Figure 6.4(b). Further, relation between PE and ePE
respectively with Cumulative aggregate loss (CAL) have been presented in Figure 6.4(c) and
Figure 6.4(d). It has to be noted that these relations were developed including data from hot applied
as well as emulsion-based chip seals. With the magnitude and range of PE measured, it is not
surprising to see that the sweep test did not provide definitive ranking with respect to the
application rates in the case of ALS (Figure 6.4(a)). As seen, the magnitude of the measured PE is
beyond a point, i.e. 70 percent, that aggregate loss is not likely to be dominating chip seal distress,
at least to a differentiable extent. Moreover, the measured PE for one application rate to another
one is within a close approximate, about 10 percent range, such that the aggregate loss is not within
differentiable range, especially considering the magnitude of the PE being larger than, for example,

70 percent. Although the trend is slightly better when ALS and ePE are correlated (Figure 6.4(c)),
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but overall ALS doesn’t seem to quantify aggregate loss very efficiently. Nevertheless, the
expected trend of ALS increasing with decrease of PE and ePE, is reflected in the Figure 6.4(a)
and Figure 6.4(c).

From the relation of CAL with PE (Figure 6.4(b) and ePE (Figure 6.4(d)), it can be inferred
that in general ePE is a better fundamental parameter for characterizing aggregate loss behavior.
And in terms of laboratory performance test parameters, CAL seems to provide the best relation.

Hence, ePE and CAL should be used to characterize chip seal aggregate loss behavior.

6.2.2 Orientation of Aggregates

Orientations of aggregates were calculated using the image analysis procedure explained
earlier and the CPAF values were computed using the Equation 5.1. The CPAF results for hot
applied chip seal samples as a function of BAR and AAR are presented in Figure 6.5(a) and Figure
6.5(b), respectively. For the BAR specimens, the CPAF increases as BAR increases until BAR =
0.35 gal/yd?, after which CPAF decreases. Overall trend is somewhat logical since aggregates can
move (rotate and translate) and compact easier because of higher amount of binder (working as
lubricating fluid). The reason for the decrease in CPAF when BAR = 0.4 gal/yd? was that when
there is too much binder, the binder oozes out the surface during compaction and sticks to rubber
pad as shown in the Figure 6.5 (g). Then, the action of removing the rubber pad after the
compaction exerts a pulling action on the stuck binder which, in turn, exerts an upward force on
the aggregates, and rotates them vertically. Similar trend is observed in case of emulsion-based
chip seals as well (Figure 6.5(c), and (d)).

There is an increase in CPAF as AAR increases from 161b/yd? to 18lb/yd?, then the CPAF
decreases as AAR increases. This indicates that the optimum aggregate application rate for these

specimens is about18lb/yd?, after which the aggregates ‘disorient’. This disorientation can be
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explained as follows: The increase in the AAR results in the ‘lever and wedge’ effect as noted by
previous researchers (Caltrans 2003), where the excessive aggregates bridge over the single layer
aggregates and push and disorient them from their flattest sides. This effect is illustrated in Figure

6.5(e) and Figure 6.5(f). Therefore, it is very important not to apply more aggregates than needed.
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6.3 Comparison of hot applied and emulsion-based chip seals in terms of aggregate loss

In order to properly compare the aggregate loss in hot-applied and emulsion-based chip
seals, specimens needed to be prepared at equivalent binder application rates. As mentioned
previously, since about 65% of the emulsion is actually binder, the equivalent binder application
rate, i.e., residual binder application rate (RBAR = EAR X %residue) was defined. Therefore,
the EARs of 0.4 and 0.45 gal/yd? approximately correspond to RBARs of 0.25 and 0.3 gal/yd?,
respectively.

The cumulative aggregate loss (CAL) results of the specimens are presented in Figure
6.6(a). As shown, the emulsion-based chip seals performed better than the hot-applied chip seals.
The ratio of CAL of emulsion and CAL of binder is about 3.35 in case of RBAR of 0.25 gal/yd?
(EAR of 0.4 gal/yd?) and 1.75 in case of RBAR of 0.3 gal/yd? (EAR of 0.45 gal/yd?). Hence it can
be said that, in terms of aggregate loss, emulsions outperform binders by anywhere between 75
and 200%. The reason for such a behavior is due to the physical interaction between emulsion-
aggregate and binder-aggregate interface. Emulsions have water in them which helps them better
spread and bind with the aggregates covering a larger part of aggregate area. It leaves a concave
shape at the surface as shown in Figure 6.6(b). Whereas, hot applied binder cools and sets faster
leaving a convex shape (see Figure 6.6(c)) that binds to lesser surface area of aggregates. Hence,

emulsions outperform binders in terms of aggregate loss.
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Figure 6.6 a) Comparison of Cumulative Aggregate Loss by sweep (CAL) for binder and emulsion-
based chip seals at RBARs, b) sketch showing concave shape of emulsion surface, c¢) sketch showing
convex shape of emulsion surface

6.4  Summary of chapter findings

The objective of this part of study was to investigate the effect of binder and aggregate
application rates on percent embedment (PE) and aggregate orientation of chip seal aggregates via
digital image analysis. In addition, the effect of the PE on aggregate loss calculated from the
modified sweep test was also quantified. The major findings have been summarized as follows:

e |t was observed that the cumulative aggregate loss from the sweep test should be used as a

criterion to properly evaluate chip seal performance. The “Effective Percent Embedment”
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(ePE) was introduced as a parameter to quantify the microstructure of the chip seals. This
parameter correlated well with the cumulative aggregate loss.

e A critical evaluation of the orientation distribution of the aggregates revealed that low
amounts of binder application rates or excessive amounts of aggregate application rates
can cause the aggregates to disorient from their flattest sides. This was especially true when
excessive aggregate application rate leads to multiple layers of aggregates, which leads to
the lever and wedge effect.

e Effect of binder type on aggregate loss was evaluated. In terms of aggregate loss
performance, emulsions were observed to outperform binders by anywhere between 75 and
200%.

Overall, this part of study shed light on important nuances of chip seal aggregate-binder
interaction and its effects on aggregate loss performance. Findings from this study provided
enhanced understanding of binder and aggregate application rates on aggregate loss as a function

of aggregate-binder interaction parameters.
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7. INVESTIGATION OF BLEEDING BEHAVIOR IN CHIP SEALS

The objective of this part of study was to evaluate the effect of binder and aggregate
application rates on bleeding behavior of chip seals. Bleeding tests as well as image analyses were
conducted on chip seal specimens prepared using hot applied binder as well as emulsion. The

results and discussion have been presented in the following subsections.

7.1 Effect of Binder Application Rates (BAR) and Emulsion Application Rates (EAR) on

Bleeding

The Percent Binder Area (PBA) results (see equation 4.6 for definition of PBA) for chip
seal samples prepared with hot-applied binder and subjected to Hamburg Wheel Tracking (HWT)
tests are presented in Figure 7.1(a). For samples at O cycle loading, it can be observed that there is
an increase in PBA with increase in BAR. Further, the overall increase in PBA (at this stage) might
not be very significant since the specimens were not yet loaded with HWT. It has to be noted that,
the change in PBA is solely related to amount of extra binder that fills the voids between aggregates
and attempts to ooze towards the top of the surface. For BAR of 0.25 and 0.3 gal/yd?, the increase
in PBA values with application of HWT cycles is gradual. A large transition in bleeding behavior
was observed between BAR of 0.35 and 0.4 gal/yd?, after 500 cycles. In case of chip seal specimen
with BAR of 0.4 gal/yd?, the samples were entirely bled with all the aggregates picked up from
the surface (PBA: 100%) at 1000 cycles. Figure 7.2 shows the condition where most of aggregates
in the wheel path are being picked up, (just prior to the condition mentioned above). This behavior
can be analogically linked to rutting in asphalt mixtures. Figure 7.1(b) presents the change in PBA
between 0 and 1500 cycles, termed as APBA. It is calculated by subtracting PBA values at 1500

and 0 cycles for each application rate. It can be observed that the bleeding behavior across binder
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application rates is similar to the transition from secondary to tertiary flow in asphalt mixtures,
leading to excessive rutting. From these results, it can be inferred that BAR of 0.4 gal/ yd? is very
high. Hence, for the given AAR of 18 Ib/yd? the threshold BAR should be 0.35 gal/yd?. This is an
important inference in relation to chip seal design.

The PBA results for chip seal samples prepared with emulsions and subjected to HWT
have been presented in Figure 7.3(a). At 0 cycle condition, the increase in PBA with increase in
EAR is extremely small as expected. For EARs of 0.25, 0.3, and 0.35 gal/yd? the increase of PBA
values with HWT cycles is very steady and gradual. There is a significant transition in PBA values
from EAR of 0.35 to 0.4 gal/yd?, especially after 1000 cycles. It is worth noting that lower
threshold of recommended EAR for emulsion as per MDOT is 0.39 gal/yd?, which is in close
vicinity of EAR of 0.4 gal/yd? in this case. The transition is also clearly visible in Figure 7.3(b)

where the APBA is presented.
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Figure 7.2 Aggregate pickup during HWT tests of high BAR (0.4 gal/yd?)
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7.2  Effect of aggregate application rate (AAR) on bleeding

7.2.1 Characterization of effect of AAR on bleeding through 2D PBA criterion

The PBA results for hot applied and emulsion applied chip seal samples are presented in
Figure 7.4(a) and Figure 7.5(a), respectively. Before HWT loading, (i.e. 0 cycle condition),
although there is a slight decrease in PBA with increase in AAR, it can be observed that PBA
generally remains constant. This is possibly because there was a very small difference between the
residual aggregate application rates for these AARs. Residual aggregate application rate (RAR) is
the amount of aggregates that is retained on the chip seal surface and is the actual component of
aggregates that take part in chip seal pavement performance. Figure 7.4(b) and Figure 7.5(b)
present RAR results for chip seal specimens respectively for hot applied and emulsion-based chip
seals, at four different AARs. In both the cases, RAR increases significantly in the transition
between AAR of 16-18 Ib/ yd? and less significantly in case of 18-20 Ib/yd?. No appreciable change
in RAR was observed between chip seal specimens with AAR of 20 and 22 Ib/ yd?. AAR of 16
Ib/yd? was not subjected to HWT since visual inspection revealed its extreme susceptibility to
bleeding behavior. The amount of aggregates (for AAR 16 Ib/yd?) were not enough to densely
cover the whole surface, leading to a higher bleeding susceptibility.

Change in PBA between 1500 and 0 cycles are presented in Figure 7.4(c) and Figure 7.5(c).
It can be clearly observed that PBA significantly decreased with increase in AAR. In order to
explain this behavior, it is important to consider the orientation of aggregates at these AARs.
Figure 7.4 (d) and Figure 7.5(d) present the Cumulative Percentage of Aggregates lying on Flat
sides (CPAF) for hot applied and emulsion-based chip seals, respectively. CPAF is the percentage
of aggregates that had orientation angle less than 20°. In other words, aggregates with angle of 20°

and less are considered to be lying on their flattest side on the pavement substrate. There is an
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increase in CPAF as AAR increases from 16lb/yd? to 18Ib/yd?, then the CPAF decreases as AAR
increases. This indicates that the optimum aggregate application rate for these specimens is about
18Ib/yd?, after which the aggregates “disorient’. The increase in the AAR results in the ‘lever and
wedge’ effect as noted by previous researchers (Caltrans 2003), where the excessive aggregates
bridge over the single layer aggregates and push and disorient them from their flattest sides.
Though the specimens with AAR of 20 and 22 Ib/yd? had very similar residual application
rates (RAR), the lever and wedge effect resulted in different orientation patterns for these AARs.
In case of chip seal specimens with high AAR (low CPAF), the initial HWT cycles might have
resulted in forcing the aggregate particles to align and lie to their flat sides. The real bleeding action
actually might have initiated and progressed only after all aggregates were aligned to their flat

sides. Hence, the PBA values at the end of HWT showed a significant difference across AARS.
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Figure 7.4 For hot applied chip seal samples: a) PBAs at different cycles b) APBA, ¢) CPAF for
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Figure 7.5 For emulsion applied chip seal samples: a) PBAs at different cycles b) APBA, ¢) CPAF
for different AARs



7.2.2 Characterization of effect of AAR on bleeding through 3D Mean Profile Depth (MPD)
criterion

The mean profile depth (MPD) results for hot applied and emulsion-based chip seal samples
for different AARs are presented in Figure 7.6 and Figure 7.7. For initial condition in all the cases,
MPDs slightly increase with increase in AAR. MPD at 0 HWT cycles for AAR of 18 and 20 are
nearly the same and MPD for AAR 22 Ib/yd? is slightly higher than the other two. This observation
aligns with the previous discussion on effect of addition of high amount of aggregates. Based on
previous observation in terms of RAR, it was inferred that 22 Ib/yd? being too high application
rate, the effect of lever and wedge effect was more pronounced in this case. The resulting adverse
effect on aggregate orientation has direct consequence on high initial MPD values. The trend of
MPD across AARs further highlights its inverse relation with PE as depicted in Figure 4.6(b). This
further assures that how chip seal micro-structure properties (PE) are very well correlated to the
macro-texture properties (MPD).

Furthermore, the change in MPD with HWT cycles seems to follow a specific trend. There
is drastic decrease in MPD values at the end of 500 cycles, which remains nearly same until the
end of 1000 cycles. A slight decreasing trend of MPD is observed at the end of 1500 cycles. It can
be inferred that, major change in macrotexture related characteristics of chip seals take place
during the initial service life of chip seal pavements. Furthermore, it has to be noted that these
aggregate application rates do not result in significant change in terms of increase in 2D binder
area, which is a positive outcome. But the change in MPD will result in formation of localized
rutting patterns in wheel path. This would cause adverse effect on safety. These effects will be
worsened with addition of high amount of aggregates, because of higher amount of change in MPD

resulting in deeper rut patterns at high AARSs.
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Figure 7.6 MPDs at different cycles for hot applied chip seal samples with AAR of 18 Ib/yd?, 20
Ib/yd?, and 22 Ib/yd?
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7.3 Relation between PE and bleeding

Figure 7.8(a) presents the PBA results for the chip seal specimens as a function of Percent
Embedment (PE), including hot applied as well as emulsion-based specimens. For the reasons
discussed before regarding normalization of PE (chapter 3), effective percent embedment (ePE)
was computed for these chip seal specimens. Figure 7.8(b) presents PBA results as a function of
ePE. It can be observed that there is a strong correlation between ePE and PBA, therefore ePE is
a good parameter to characterize bleeding behavior of chip seals. It can be observed that chip seal
specimens with BAR of 0.4 gal/yd? (ePE =78%) (in case of hot applied chip seal specimens) failed

with respect to bleeding behavior. Highest ePE without failure was observed at ePE = 72.5%.
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Hence, it can be inferred that maximum ePE threshold is somewhere between of 72.5% and 78%.

Conservatively, ePE =70% is perhaps a reasonable upper threshold.
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Figure 7.8 a) PBA vs ePE and b) PBA vs ePE at 1500 HWT cycles
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7.4  Comparative performance of binder and emulsion with respect to bleeding

In order to properly compare the bleeding performance in hot-applied and emulsion-based
chip seals, specimens needed to be prepared at equivalent binder application rates. As mentioned
previously, since about 65% of the emulsion is actually binder, the equivalent binder application
rate, i.e., residual binder application rate (RBAR = EAR X %residue) was defined. Therefore,
the EARs of 0.4 and 0.45 gal/yd? approximately correspond to RBARs of 0.25 and 0.3 gal/yd?,
respectively.

The PBA results of the specimens are presented in Figure 7.9(a). As shown, the emulsion-
based chip seals performed better than the hot-applied chip seals. The ratio of PBA of emulsion
and PBA of binder is about 0.93 in case of RBAR of 0.25 gal/yd? (EAR of 0.4 gal/yd?) and 0.83
in case of RBAR of 0.3 gal/yd?> (EAR of 0.45 gal/yd?). Hence it can be said that, in terms of
bleeding, emulsions outperform binders by anywhere between 10 and 20%. APBA results have
been depicted in Figure 7.9(b) showing similar trend of emulsions outperforming hot applied

binders in terms of bleeding performance.
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Figure 7.9 a) PBA and b) APBA for binder and emulsion applied chip seals
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7.5

Summary of chapter findings

Objective of this part of the study was to investigate effect of binder and aggregate

application rates on bleeding performance through percent embedment criteria using Hamburg

Wheel Tracking (HWT) test. Chip seal specimens with different BARs, EARs and AARs were

prepared and tested for bleeding susceptibility. Also, image analysis was performed to compute

PE and aggregate orientation. Important findings from this part of the study are presented below:

Evaluation of Percent Binder Area (PBA) during/after HWT tests was found to be effective
in characterizing the bleeding behavior of chip seals. PBA generally increased with
increase in binder application rates (BAR) (in hot-applied chip seal) and emulsion
application rates (EAR) (in emulsion-based chip seal). The bleeding behavior during a
HWT test was found to be analogous to the rutting behavior of asphalt mixtures,
specifically the concept of ‘flow number’ in repeated load permanent deformation (RLPD)
tests. Similar to the change in plastic strain in asphalt mixture during a RLPD test, there is
a steady increase in PBA as the HWT cycles increase. At high binder application rates, a
rapid increase in PBA is observed after certain number of HWT cycles, similar to the
tertiary flow in flow number tests.

Effective percent embedment (ePE) showed excellent correlation with PBA, therefore ePE
can be effectively used to characterize bleeding behavior of chip seals.

Effect of aggregate application rate on bleeding behavior was best observed in terms of
change in the aggregate orientation, which is quantified in this study using the CPAF
parameter. Good correlation was observed between PBA and aggregate orientation results

(CPAF).
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In terms of bleeding performance, emulsion-based chip seals outperformed hot-applied
chip seals, by anywhere between 10 and 20%.

Holistic evaluation of chip seal bleeding behavior needs 3D analysis. A unique low-cost
method to evaluate chip seal 3D macrotexture was developed. Mean profile depths (MPD)
at the end of various HWT cycles were computed. Results showed that there is a significant
change in macrotexture with bleeding. If excessive amount of aggregates is used, then
although change in PBA is negligible but a significant change in MPD (i.e. 3D
macrotexture) is observed. This essentially creates a rut pattern in the wheel path. The
change in MPD being high, it can potentially lead to hydroplaning and loss of friction.
Furthermore, localized rut patterns will lead to difficulty in maneuvering and potential

safety hazard.
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8. DEVELOPMENT OF A PERFORMANCE-BASED DESIGN METHODOLOGY
FOR CHIP SEALS

The objective of this part of the study was to develop a performance-based design
procedure for design of chip seals. The image analysis, sweep tests and bleeding tests on group |
and group 1l chip seal specimens (hot applied chip seals) were further analyzed to develop a
performance-based design methodology. The equations used for characterizing aggregate
orientation, loss and bleeding are presented in the previous chapters. These results have been

briefly summarized herein and the new design procedure is proposed.

8.1 Aggregate orientation

The CPAF results as a function of the AAR are presented in Figure 8.1. It can be observed
that there is an increase in CPAF with increase in the AAR until the AAR of 18 Ib/yd?, after which
the CPAF shows a decreasing trend. After the optimum AAR, the aggregates start to disorient. If
a higher amount of aggregates is added than required, then the excessive aggregates push each
other and disorient them from their flattest side. Hence, the optimum AAR is the one which gives

the highest CPAF value, which is 18 Ib/yd? for the dataset shown Figure 8.1.
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Figure 8.1 Variation of cumulative percentage of aggregates lying on their flat side (CPAF) for
samples of set I-A (hot applied) with different aggregate application rates (AARS)

8.2  Aggregate loss

Figure 8.2 shows the CAL results as a function of the BAR for Set I1-B samples. It has
been stated in previous studies that chip seal treatments perform efficiently with respect to the
aggregate loss if aggregate loss is less than 10% (Lee & Kim 2008b). As shown in Figure 8.2, the
CAL decreases drastically with increase in the BAR from 0.25 to 0.3 gal/yd?, after which it doesn’t
show an appreciable change. The CAL for the BAR of 0.25 gal/yd? being greater than 10% does
not meet the requirement, however the rates 0.3, 0.35 and 0.4 gal/yd?, all meet the aggregate loss

criterion. These rates need to be evaluated for bleeding susceptibility.
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Figure 8.2 Variation of the Cumulative Aggregate Lost by sweep (CAL) for Set 11-B (hot applied)
samples with different binder application rates (BARS)

8.3 Bleeding

Figure 8.3 shows the relation between percent binder area (PBA) and the BAR for Set I1-
C, at the end of 1500 HWT cycles. It can be seen that there is a steady increase in PBA as the
BAR increases, until the BAR of 0.4 gal/yd?, where a 100% bleeding was observed. At the BAR
0.4 gallyd?, the binder bleeding was excessive and started adhering to the tire of the HWT device.
Once the binder came into contact with the tire, the tire picked up the binder and the aggregates
attached to the binder, leading to a complete failure of the sample. These results indicate that BAR

< 0.35 gallyd? yield satisfactory results with respect to bleeding.
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Figure 8.3 The change in the Percentage Bleeding Area (PBA) for Set 11-C (hot-applied) samples
with different binder application rates (BARS)

8.4  Performance-based design procedure

The results of aggregate orientation, aggregate loss and bleeding was combined to develop
a performance-based design procedure, as illustrated in Figure 8.4. The first step consists of
preparing chip seal samples with a seed BAR value (based on experience) and varying the AARs.
The first step is to perform image analysis using the CIPS software to compute the aggregate
orientation distribution and the CPAF parameter. The AAR that yields highest value for CPAF
(i.e., optimal aggregate orientation) is the design AAR. The second step involves preparing several
samples with different BARs (at design AAR), then running the sweep test to calculate the CAL.
The BARs that yield the CAL values less than 10% can be pursued in the next step for the bleeding
analysis. The third step consists of preparing the samples and testing them for the PBA in the HWT

device. The lowest BAR that yields least PBA is the design BAR.
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8.5 Comparison with existing design methods

Table 8.1 shows the design binder and aggregate application rates produced by the current
popular design methodologies and the application rates produced by the performance-based design
method developed in this study. The values of the binder and aggregate application rates (of the
popular design methods mentioned below) were obtained by entering relevant aggregate and
binder related data in the nomographs/equations provided by these design methods. It can be seen
that the Modified Kearby design yields a BAR of 0.16 gal/yd?, which is quite low. Extrapolating
the CAL results from Figure 8.2, it can be seen that the BAR of 0.16 gal/yd? would result in a high
CAL value and aggregate loss in field. Similar arguments can be made for BAR values from the
McLeod Design. On the contrary, the Modified McLeod Design method yielded a higher BAR
value with respect to the bleeding criteria. The AAR value computed from the Modified Kearby
method was found to be very low with respect to the performance-based design rate. The McLeod
Design method yielded a high value of AAR, which can be detrimental to orientation (see Figure
8.1). The AAR and BAR values given by the Modified McLeod design seemed to be comparable
to those of the performance-based design methodology, but the former was a bit over-design (i.e.,

more expensive).
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Figure 8.4 Flowchart depicting the performance-based procedure for chip seal designs

Table 8.1 Comparison of BAR and AAR values obtained by following various Chip Seal design

methodologies

BAR AAR
Method (gallyd?®) | (Iblyd?)
Modified Kearby 0.16 11.8
McLeod 0.19 23.8
Modified McLeod 0.38 18.8
Performance based design 0.3 18

86




8.6  Acceptable Range of Percent Embedment

Figure 8.5(a) and Figure 8.5(b) show the relationship between the effective percent
embedment (ePE) and the cumulative aggregate loss (CAL) and percent bleeding area (PBA),
respectively. All the results for hot applied as well as emulsion-based chip seals have been included
in these figures. As indicated earlier, the literature indicated that the acceptable threshold for
aggregate loss is 10% (Lee & Kim 2012). Maximum acceptable PBA observed in this study was
30%, above which the bleeding was excessive and the binder oozed out the surface, stuck the tire
and caused the entire chip seal to be lifted up by the tire. Therefore, the results of this study suggest

that the acceptable range of ePE is from about 57% to 70%.

8.7  Summary of chapter findings

The objective of this part of research study was to develop a performance-based design
procedure for design of chip seal treatments. The experimental program involved preparation of
chip seal samples and subjecting them to image analysis, sweep test, and Hamburg Wheel Tracking
(HWT) test. The research findings can be summarized as follows:

e The methodology developed in this study is based on the major performance parameters
(aggregate loss and bleeding) and ensures that aggregates are oriented on their flattest side
during the design and laboratory testing stage.

e The comparative analysis with respect to the existing methodologies showed the rationality
of the developed design methodology.

e Based on comprehensive evaluation of hot applied binder as well as emulsion applied chip

seals, it was observed that the acceptable range of ePE is from 57% to 70%.
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Overall, this phase of research study helped understand the merits and drawbacks of the
popular chip seal design methodologies and provided a way to achieve more optimal design for

chip seals.
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Figure 8.5 Illustration of determination of acceptable range of percent embedment
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9. FINITE ELEMENT MODELLING OF CHIP SEALS

The objective of this part of the study was to evaluate the effect of percent embedment of
aggregates and aggregate shape characteristics on the performance of chip seals through a two-
dimensional (2-D) finite element (FE) analysis at multiple temperatures as well as the laboratory-
based sweep test. Also, the effect of aggregate application rates on the performance of chip seals
was investigated. Laboratory chip seal samples with cubical and flaky aggregates were prepared
and subjected to sweep tests. Further, 2D finite element (FE) analysis was performed on FE meshes
developed from actual chip seal specimens. Similar approach was taken to evaluate effect of
aggregate application rates as well. To achieve this particular sub-objective, laboratory tests as
well as FE analysis were conducted on chip seal samples with flaky aggregates (group II). It should

be noted that, only hot-applied chip seals were included in this part of the study.

9.1 Chip Seals with a Single Aggregate

As described previously, 2D FE analyses were conducted on single cubical and flaky
aggregates. This artificial scenario represents the worst-case scenario for chip seals where the
positive effect of aggregate to aggregate interaction (i.e., interlocking) on the overall chip seal
performance is not present. The FE analyses on chip seals with the cubical and flaky aggregate
were performed at four different, artificially generated, aggregate embedment levels (25, 50, 72,
and 94%) and three different temperatures (25, 30, and 35°C). The strain distributions around the
binder-aggregate interface were plotted for each aggregate embedment and temperature
combination for the chip seals with the cubical and flaky aggregates. Figure 9.1 shows the principal
strain contours at 25°C around the binder-aggregate interface at a range of percent embedment

levels for the cubical aggregate. As expected, the highest values of the tensile strains were observed
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at the lowest percent embedment, 25%. As the percent embedment level increases, the magnitude
of the tensile strains around the binder-aggregate interface decreases. Figure 9.2 depicts the
magnitudes of the maximum tensile strain (ef***) at a range of temperatures and percent
embedments for the cubical aggregate. It is evident from Figure 9.2 that the maximum tensile strain
doubles at every 5°C increments of temperature, regardless of the percent embedment levels. A
close examination of Figure 9.2 reveals that the magnitude of the maximum tensile strain exhibits
a relatively steady trend after the aggregate embedment level of 50%. Similar trend was also
observed in another study (Boz et al. 2019). This trend is somewhat consistent with a general rule
of thumb in chip seal practices that, for good aggregate retention, chip seal aggregates should be

embedded into emulsion/binder by at least 50 %.
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Figure 9.1 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment for the chip seal with the cubical aggregate
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Figure 9.2 Maximum tensile strain (e7***) at the binder-aggregate interface as a function of
temperature and percent embedment for the chip seal with the cubical aggregate
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The principal strain contours at 25°C around the binder-aggregate interface at a range of
percent embedment levels for the flaky aggregate are plotted in Figure 9.3. The magnitudes of the
maximum tensile strain (e7***) for the flaky aggregate is shown in Figure 9.4. It can be observed
that tensile strains at the binder-aggregate interface decrease (with increase in PE) at a higher rate
in case of flaky aggregates as compared to the cubical aggregates.

Figure 9.5 shows the Ae7*** values for cubical and flaky aggregates at 25 °C. It is evident
from Figure 9.5 that flaky aggregates are more susceptible to change in PE than the cubical
aggregates. This is because greater Ae7*** values are observed in flaky aggregates as compared to
that of cubical aggregates. Also, the change in Ae7*** values attain a steady state for PE values
greater than 50%.

It is also worth noting that the critical strain levels shown in Figure 9.4 for flaky aggregate
are significantly higher than those shown in Figure 9.2 for the cubical aggregate at all temperatures
and percent embedment levels. The ratio of the maximum tensile strain of the chip seal with the
flaky aggregate to the maximum tensile strain of the chip seal with the cubical aggregate ranges
from 2 to 4, depending on the temperature and percent embedment level combination. This is
expected since the flaky aggregate in Figure 9.3 is positioned about 45° from the horizontal, which
is possibly the worst possible scenario for this type of aggregate, and the cubical aggregate, due to
its shape, has a better stability and better bonding with the binder. As a result, the strain levels in
the flaky aggregate are quite high as compared to those in the cubical aggregate. This indicates
that, for flaky aggregates, if the aggregate application rate in the field is not enough, where some
of the aggregates do not have adjacent aggregates to provide lateral support (i.e. interlocking), chip

seal aggregates would be very susceptible to dislodging. Although such outcome is also most likely
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the case for chip seals with cubical aggregates, the extent of such outcome would be more severe

for chip seals with flaky aggregates.
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Figure 9.3 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment for the chip seal with the flaky aggregate
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Figure 9.4 Maximum tensile strain (e7***) at the binder-aggregate interface as a function of
temperature and percent embedment for the chip seal with the flaky aggregate
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9.2 Chip Seals with two Aggregates

In this phase, the effect of aggregate interlocking (i.e., bridging) on the critical strain levels
of chip seals was studied. The 2D FE simulations for each aggregate type were repeated on chip
seals with two aggregates standing side by side. The simulations were performed at a single
temperature (25°C) in this part of the study. Error! Reference source not found. and Figure 9.7
illustrate the tensile strain contours at 25°C around the binder-aggregate interface at a range of
percent embedment levels for the chip seal with two cubical and two flaky aggregates, respectively.
It can be seen from these figures that the interlocking (i.e., bridging) effect in the chip seal with
flaky aggregates is quite pronounced. Figure 9.8 shows the maximum tensile strain levels at the
binder-aggregate interfaces for the chip seals with cubical and flaky aggregates, where the critical
strain in the flaky aggregates are consistently lower than those of the cubical aggregates. This is
complete opposite trend as compared to the results shown in Figure 9.2 and Figure 9.4, where the
chip seal with the cubical aggregate exhibited lower strain levels. This essentially shows one of
best possible scenarios, where a very good aggregate interlock results in a stronger chip seal

sample, especially in the case of the flaky aggregates. Similar phenomenon has also been observed
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in another experimental research study (Boz et al. 2018), where aggregate bridging has been
attributed to be one of the main reasons for flaky aggregates showing better performance, apart
from other possible reasons. In the field, some of the aggregates will be standing alone and some
of them will be bridged. Therefore, the ranking of the performance of the flaky aggregates and
cubical aggregates can be reversed, depending on the aggregate interlocking. This emphasizes the

importance of microstructural configuration of compacted aggregates in chip seals.

e Principal (Abs)

Figure 9.6 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment levels for the chip seal with two cubical aggregates
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Figure 9.7 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment levels for the chip seal with two flaky aggregates
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Figure 9.8 Maximum tensile strain (e7***) at the binder-aggregate interface at 25°C as a function of
percent embedment for the chip seals with two aggregates
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9.3 Chip Seals with Multiple Aggregates (Full Spectrum)

9.3.1 Evaluation of Percent Embedment and Aqggregate Shape Characteristics

In the first two phases of the study, artificial scenarios representing extreme cases for chip
seals consisting of two distinct aggregate shape characteristics (cubical vs flaky) were analyzed.
In this phase of the study, the effect of percent embedment and aggregate shape characteristics on
the performance of chip seals were studied through the FE simulations on images obtained from
the cross-sectional planes of chip seal specimens.

The tensile strain distributions at the binder-aggregate interface at 25°C at various percent
embedment levels are shown in Figure 9.9 and Figure 9.10 for the chip seals with the cubical and
flaky aggregates, respectively. The average maximum tensile strains (e7*** ) at the binder-
aggregate interface at 25°C as a function of percent embedment are plotted in Figure 9.11 for both
chip seals. It is important to note that the error bars in Figure 9.11 represent one standard deviation
around the average maximum tensile strain, as calculated from the interface of each aggregate in
the chip seal cross section. Figure 9.11 indicates that the tensile strains decrease with an increase in
the percent embedment levels for both chip seals, as expected. Additionally, the magnitude of the
maximum tensile strain reaches a steady state for the chip seals with cubical aggregates after the
aggregate embedment level of 50% is achieved, an observation consistent with the observation
made on the chip seals scenarios with single and two aggregates. Also, the change in e*** is more
susceptible in the case of flaky aggregates than that of cubical aggregates. This observation is
consistent in case of single aggregate as well as the full specimen FE analysis.

An important observation from Figure 9.11 is that the maximum tensile strains are
significantly higher (about three times more in the magnitude) in the case of the chip seals with

flaky aggregates compared to that of the chip seals with cubical aggregates. In comparison with
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the previously exhibited worst-case (no interlock) and one of the best-case (excellent interlock,
especially in the case of flaky aggregates) scenarios, it can be stated that the ranking of the actual
full chip seal specimens is in alignment with the observations from the worst-case scenario. Also,
it has to be noted that, different scenarios of interlocking arrangements were not included in this

study. Different interlocking arrangements can lead to variations in the tensile strain results.

E, Max. In-Plane Principal (Abs)
(Avg: 75%)
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Figure 9.9 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment levels for the chip seal with multiple aggregates (cubical)
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Figure 9.10 Tensile strain distributions at 25°C around the binder-aggregate interface at various
percent embedment levels for the chip seal with multiple aggregates (flaky)
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Figure 9.11 Maximum tensile strain (e7*®*) at the binder-aggregate interface at 25°C as a function
of percent embedment for the chip seals with multiple aggregates

9.3.2 Evaluation of Aggregate Application Rate

One of the sub-objectives of this phase of study was to numerically evaluate the impact of
aggregate application rates (AAR) on the performance of chip seals. The digital images of chip
seals prepared at four different AAR (16, 18, 20, and 22 Ib/yd? respectively) using flaky aggregates

were obtained and processed for the FE analysis (see Figure 9.12).
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Figure 9.12 Snapshots of FEM meshes of chip seal samples prepared at several AARs.

The average maximum tensile strains (e}*** ) for each AAR are depicted in Figure 9.13. As
shown in the figure, the maximum tensile strain increases with an increase in AAR at all three
temperatures, with an especially significant jump in e7*** as the AAR transitions from 18 to 20
Ib/yd?. In a previous study (Y. Kumbargeri et al. 2018), it was reported that the optimum AAR for
this aggregate was 18 Ib/yd?. Any increase in AAR greater than the optimum AAR would result in
a trigger of the lever and wedge effect. Thus, as explained before, this would consequently lead to
an increase in tensile strains at aggregate-binder interface. This fact is clearly supported by the
data shown in Figure 9.13. The sudden increase at 30 and 35°C when the AAR transitioned from
18 to 20 Ib/yd? is due to the confounding effects of temperature and the lever and wedge effect,
where the binder becomes softer with an increase in temperature and, upon loading, the lever and

wedge effect exacerbates the chip seals’ ability to resist aggregate loss.

101



0.8 . -
® 16 Ib/yd2 o 18 Ib/yd2 I

1
1
220 Ib/yd2 222 |b/yd2 i
1

(_:?ax

A RIS

Figure 9.13 Maximum tensile strain (e7***) at the binder-aggregate interface as a function of
temperature for the chip seals with different aggregate application rates

In order to experimentally investigate effect of AAR on aggregate loss performance, sweep
tests were carried out for the chip seal samples with flaky aggregates at 25, 30, and 35°C. The
cumulative aggregate loss (CAL) results have been depicted in Figure 9.14. The figure indicates
that the CAL increases with an increase in AAR. Further, CAL values for AAR of 22 Ib/yd? are
much higher than the CALSs of the other AARs. This further supports the observation that adding
too much aggregates is detrimental to chip seal performance. Furthermore, CAL generally
increases with an increase in temperature, although the percentage change of CAL with

temperature is lower than that of the trend in FE simulation results.
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Figure 9.14 Cumulative Aggregate loss from the sweep test at a range of temperatures for the chip
seals with cubical and flaky aggregates.

It must be noted that the comparison between the tests results from the FE analyses and the
sweep test was done based on general trends observed in the two sets of data. This is due to the
fact that the aggregate loss from the sweep test is a result of the nylon brush abrading on the entire
chip seal specimens, where the interaction of multiple aggregates in all directions (3D) plays a key
role in aggregate loss behavior. On the other hand, the FE analyses were performed on an
aggregate-binder structure obtained from the 2D images of an actual truck traffic loading was
simulated. The induced strains due to abrasive forces from the nylon brush in the sweep test were
not as high as those in the FE analyses. Nevertheless, FE simulations as well as sweep test results
show that it is extremely important not to add more aggregates than the optimum. This will ensure

good performance of chip seals as well as lower the material costs associated with aggregates.

9.4  Summary of chapter findings

The part of the study presented in this chapter focused on investigation of the effect of

percent embedment and aggregate shape characteristics on chip seal performance via a two-
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dimensional (2D) viscoelastic finite element model simulations performed at multiple

temperatures. The scope also included laboratory sweep tests. Additionally, the effect of the

aggregate application rate on the performance of chip seals was also investigated. The simulations

were performed on actual aggregate images processed from laboratory-produced chip seal

specimens. The main findings can be summarized as follows:

The results indicated that the level of change in maximum tensile strains at the binder-
aggregate interfaces depends on the aggregate shape and interlocking. Both the FE
simulations and sweep test results revealed that chip seals with cubical aggregates provide
better aggregate retention characteristics; however, there might be cases in which chip seals
with flaky aggregates might form a good interlock structure and perform better than the
cubical aggregates.

Furthermore, chip seals with cubical aggregates exhibit more stable aggregate retention
characteristics (steady-state maximum tensile strain) for the aggregate embedment levels
higher than 50%. However, such a trend is not necessarily observed for chip seals with
flaky aggregates due to the lever and wedge effect. Flaky aggregates are more susceptible
to change in percent embedment than that of cubical aggregates. This probably means that
the performance of a chip seal with a flaky aggregate can be quite variable, depending on
the percent embedment distribution.

Excess aggregate application rate is detrimental to chip seal performance as it leads to
increase in tensile strains at the aggregate-binder interface. This was especially true for the
chip seals with flaky aggregates, primarily due to increased confounding impacts of

temperature and lever and wedge effect. Hence, it is crucial not to add excessive aggregates
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than the optimal amount. Therefore, careful design of chip seals to find the optimal

application rates is important.

105



10. CONCLUSIONS

The primary objective of this study was to investigate factors responsible for chip seal
performance and development of performance-based methods and related guidelines with a focus
on fundamental parameters to achieve efficiently performing chip seal pavements. Two types of
binders (hot applied and emulsion) and two types of aggregates (cubical and flaky) were used in
this study. Chip seal samples with various binder, emulsion and aggregate application rates were
prepared and tested for aggregate loss and bleeding performance. Image analysis was also
performed on these chip seal samples to investigate the effects of aggregate-binder interaction and
microstructural parameters (such as aggregate orientation) on performance. Furthermore, an
innovative image based finite element analysis approach was used to evaluate chip seal
performance. The findings of this study can be summarized as follows:

e New image analysis-based parameters for quantifying chip seal microstructure were
developed. These included Cumulative Percentage of Aggregates lying on Flattest side
(CPAF) and effective percent embedment (ePE).

e Interms of aggregate loss, it was observed that the cumulative aggregate loss (CAL) from
the sweep test is a reasonable criterion to evaluate chip seal performance. Also, the ePE
correlated very well with the cumulative aggregate loss.

e Evaluation of Percent Binder Area (PBA) during/after HWT tests was found to be
effective in characterizing the bleeding behavior of chip seals. PBA generally increased
with increase in binder application rates (BAR) (in hot-applied chip seal) and emulsion
application rates (EAR) (in emulsion-based chip seal). The bleeding behavior during a

HWT test was found to be analogous to the rutting behavior of asphalt mixtures,
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specifically the concept of ‘flow number’ in repeated load permanent deformation (RLPD)
tests. Similar to the change in plastic strain in asphalt mixture during a RLPD test, there is
a steady increase in PBA as the HWT cycles increase. At high binder application rates, a
rapid increase in PBA is observed after certain number of HWT cycles, similar to the
tertiary flow in flow number tests.
Effective percent embedment (ePE) showed excellent correlation with PBA, therefore ePE
can be effectively used to characterize bleeding behavior of chip seals.

Based on comprehensive evaluation of hot applied and emulsion-based chips seals,
performance-based percent embedment limits were established for chip seals. The
acceptable range of ePE was concluded to be between 57% and 70%.

A critical evaluation of the orientation distribution of the aggregates (i.e. CPAF) revealed
that low amounts of binder application rates or excessive amounts of aggregate application
rates can cause the aggregates to disorient from their flattest sides. This was especially
true when excessive aggregate application rate leads to multiple layers of aggregates,
which leads to the lever and wedge effect. Good correlation was observed between CPAF
and aggregate loss and bleeding results.

In terms of bleeding performance, emulsion-based chip seals outperformed hot-applied
chip seals, by anywhere between 10 and 20%.

A unique low-cost method (using smart phones) to evaluate chip seal 3D macrotexture
was developed. Mean profile depths (MPD) at the end of various HWT cycles were
computed. Results showed that there is a significant change in macrotexture with bleeding.
If excessive amount of aggregates is used, then although change in PBA is negligible but

a significant change in MPD (i.e. 3D macrotexture) is observed. This essentially creates a
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rut pattern in the wheel path. The change in MPD being high, it can potentially lead to
hydroplaning and loss of friction. Furthermore, localized rut patterns will lead to difficulty
in maneuvering and potential safety hazard.

A performance-based design methodology was developed as part of this research study.
The methodology based on major performance parameters (aggregate loss and bleeding)
and ensures that aggregates are oriented on their flattest side during the design and
laboratory testing stage. The comparative analysis with respect to the existing
methodologies showed the rationality of the developed design methodology.

A unique mechanistic approach to analyze chip seals was developed in this study. The
actual 2D images of chip seals were subjected to image processing and were converted to
FE meshes for further analysis. For efficient chip seal performance, the bond between
aggregate and binder is extremely important. In order to capture this aspect
mechanistically, maximum tensile strains at aggregate-binder interface was evaluated.
Furthermore, this approach was used to characterize effect of aggregate types and
aggregate application rates on chip seal performance.

Results from FE analysis indicated that the extent of change in maximum tensile strains at
the binder-aggregate interfaces depends on the aggregate shape and interlocking. Both the
FE simulations and sweep test results revealed that chip seals with cubical aggregates
provide better aggregate retention characteristics; however, there might be cases in which
chip seals with flaky aggregates might form a good interlock structure and perform better
than the cubical aggregates.

Furthermore, chip seals with cubical aggregates exhibit more stable aggregate retention

characteristics (steady-state maximum tensile strain) for the aggregate embedment levels
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higher than 50%. However, such a trend is not necessarily observed for chip seals with
flaky aggregates due to the lever and wedge effect. Flaky aggregates are more susceptible
to change in percent embedment than that of cubical aggregates. This probably means that
the performance of a chip seal with a flaky aggregate can be quite variable, depending on
the percent embedment distribution.

Excess aggregate application rate is detrimental to chip seal performance as it leads to
increase in tensile strains at the aggregate-binder interface. This was especially true for the
chip seals with flaky aggregates, primarily due to increased confounding impacts of
temperature and lever and wedge effect. Hence, it is crucial not to add excessive
aggregates than the optimal amount. Therefore, rigorous design of chip seals to find the

optimal application rates is important.
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