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This thesis studies the feasibility of using steel slag as aggregate to be a
pavement material. First, the strength development of these material was investigated,
both performance and general test of the using steel slag as aggregate in asphalt
concrete. Second, performance test on the effect of gradation of steel slag was
conducted. Test result shows that the steel slag replacement can improve the Marshall
stability of asphalt concrete mixtures. The Marshall stability of steel slag asphalt
concrete is higher than that of limestone asphalt concrete for both AC60/70 and PMA.
The flow value was found to be insignificantly affected by type of asphalt cement and
aggregate. The fatigue life, resilient modulus, and rut depth resistance of the L:S:S:S-
AC60/70 were found to be 1.6, 1.4, and 1.4 times higher than that of L:L:L:L-
AC60/70, respectively.-The fatigue life and. resilient-modulus values of the L:S:S:S-
AC60/70 concrete were found to be close to those of L:L:L:L-PMA concrete. The
resilient modulus of steel slag asphalt concretes were higher than the required value
(3,100 MPa) recommended by AASHTO, while limestone asphalt concretes did not
meet requirement. In addition, the dynamic creep and wileel tracking test results
showed that the steel slag asphalt concretes had superior resistance to permanent

deformation and rutting as compared to the limestone asphalt concretes. The



IV

aggregate size had a significant effect on the performance of both steel slag and
limestone asphalt concretes. The usage of medium-sized steel slag aggregate in
developing asphalt concrete was proved to be more sustainable in term of engineering
and economical perspectives than the usage of large-sized steel slag aggregate. From
a performance and chemical testing perspective, steel slag replacement was found to
be suitable for the sustainable development road pavement. This is concluded that the
steel slag asphalt concrete can be used as an alternative for limestone asphalt concrete
to provide a green and economical pavement surface for a high traffic volume. Also
steel slag can improve the service life of the pavement and or reduction in thickness

of pavement layers.
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CHAPTER

INTRODUCTION

1.1 Background and problem statement

Thailand is recognized as one of the fastest growing and most successful
developing countries, among ASEAN countries. The national economic expansion
causes a large of demands of road infrastructure (DOH, 2012; Nikomborirak, 2004).
Thisresults in significant demands of the quality of natural materials such asrock and
lateritic soils for use in road construction. Furthermore, using the local resources is
needed to minimize the transportation costs. High transportation costs moreover affect
total construction cost of the projects when there are no available natura materials
nearby the construction site. The transporting materials from a far distance also add
the carbon footprint to road construction and increase road wear (VicRoads, 2011).
Therefore, it demands the immediate attention of not only Thailand’s government, but
also all over the world looking for aternative construction materials. Using recycled
materials is a good aternative to solve this problem (Hendriks & Pietersen, 2000;
Sherwood, 2001).

In recent year, the Thailand’s government has encouraged all sectors to use
recycled materials to reduce the environmental pollution issues, which is sustainable
infrastructure. Sustainable infrastructure is a key initiative in many developed and
developing countries. Research on the use of aternative sustainable materialsis at the

forefront of country development. The utilization of recycled materials derived from



industrial waste materias is interesting issues. The recycled materials can be used
in pavement applications, which are considered as environmentaly friendly
construction (Arulrgjah et a., 2013; Arulrgiah et a., 2015; Disfani et al., 2011; Hu et
a., 2014; Jamshidi et a., 2016; Park, 2003). Using recycled materias alternative to
conventional waste disposal can help lower greenhouse gas emissions as well as
decreases construction cost of highway pavements. However, there is a low rate of
application of recycled aggregates in construction of pavement structure due to the
limitation of laboratory investigations as well as construction guidelines.

Recently, traffic volume has significanlly increased in Thailand, particularly
truck traffic, which becomes main concerns for highway agencies nationwide. Many
main roads received repetition overloads and finally permanent deformation (rutting)
occurred. Rutting is a problem occurring in asphalt concrete pavement at intersection,
where the speed is very low. Stopping and exiting of the car causes high horizontal
tensile strain.

The road pavement is separated into two major sections: surface and structure
of pavement. The surface is divided to two major types. flexible (asphalt concrete
pavements) and rigid (concrete pavements). The previous research reported
that recycled materials were able to use in structure pavement. Hoy et a. (2016)
informed that the low-carbon geochemical stabilization of RAP for pavement base/
subbase applications. Sas et at. (2015) and Aiban (2006) showed that the steel slag
commenced as embankment fill materials and pavement bases/subbase. This research
focused on the using of recycled materias on flexibke pavement, which is the most
popular pavement surface in Thailand. Asphalt concrete is a uniting of aggregate,

asphalt cement and air void (Ahmedzade et a., 2009). The aggregate, including



coarse and fine particles consist approximately 90% of volume of asphalt concrete
(Huang et a., 2007). The performance of asphalt concrete significantly depends on
the properties of aggregate (Kandhal et a., 1997). The aggregate acts as the structura
skeleton of the pavement and the asphalt cement as the glue of the mixture. Aggregate
in asphalt concrete involves the distress of asphalt concrete; therefore, the aggregate
must have high durability against the impact and crushing force, and resistance to
abrasion. There are several ways to improve the performance of asphalt concrete, such
as addition of mineral filler (gilsonite, lime, fly ash and cement), change of the size of
aggregate (Chen et a., 2016), change of the type of asphalt cement from grade 60-70
to 40-50 and modifying asphalt binders (Zhao et a., 2016; Ali et al., 2016; Takaikaew
et al., 2018). Some researchers investigated the effect of different types of aggregate
on skid resistance. The most commonly using aggregates for surface courses are
limestone, basalt, granite, river gravel, sandstone and steel slag. Limestone is very
susceptible to polishing and hence not recommended as aggregate in surfaces course
which is the most important course, but it can use in lower layers of pavement
construction (Dunford, 2013; Senga et a., 2013). Granites, basalt and crushed gravel
are reported to have similar polish resistance (Ongel et al., 2009).

Rapid growth of steel industries in Thailand results in growing amount of the
steel slag sharply. It constitutes of 13% of the steel output (Shen et al., 2009). There
are four broadly different types of steel slag: blast furnace slag (BFS), basic oxygen
furnace dag (BOFYS), dectric arc furnace acid slag (EAFS) and ladle furnace basic
dag (LFS), aso called as refining slag (Setién et al., 2009). Steel slag has been
applied in recent years in a wide range of applications in term of surface pavement.

Steel slag was reported to have higher skid resistance, compared with natura



aggregates (Beshears et a., 2013). The feasibility of using steel slag as coarse
aggregate in asphalt mixture has been well evaluated in literature (Xue et a., 2006;
Ahmedzade et a., 2009). Steel dlag as coarse aggregate in asphalt mixture can
improve mechanical properties and performance such as moisture susceptibility, skid
resistance, deformation and crack resistance of stone mastic asphalt (SMA) mixture,
porous asphalt mixtures, marshall design method (Wu et al., 2007; Shen et a., 2009;
Chen et a., 2012; Chen et a., 2014; Chen et al., 2015; Chen et al., 2016; Birgisson et
al., 2016; and Ahmedzade et a., 2009). Even though there are available research
works on mechanica properties of slag asphalt concrete, some gaps for optimum
designing of slag asphalt concrete are to be addressed (a) the effect of substitution of
steel slag at each Bin on the performance of asphalt concrete, (b) the effect of binders
on performance of asphalt concrete (AC60/70 and PMA) and (c) the effect of job mix
design on performance of asphalt concrete.

This research focuses on the study feasibility of using steel slag as aggregate
in asphalt concrete based on the performance tests on Marshall samples. Moreover,
the effect of job mix on the performance of asphalt concrete is investigated by the
comparison of the different gradation of asphalt concrete samples. This study is
significant as utilization of recycled materials is related to environmental concern as
well as sustainable development, making roadways more durable, conserving natural

resources, decreasing energy use, and reducing greenhouse gas emissions.

1.2 Research objectives and scope

The potential lack of using stedl slag as alternative materia is interesting. In

order to use steel slag in the road construction, a complete laboratory test has to be



carried out. The scope of the study is limited to the feasibility of using steel sag as
aggregate in asphalt concrete.

The two main objectives of this research are to inscription as follows:

1. To investigate the possibility of using steel slag as aggregate in asphalt
concrete based on performance tests (Marshall stability, flow value, strength index,
indirect tensile strength, resilient modulus, dynamic creep tests, indirect tensile
stiffness test and rutting test.)

2. To study effect of binder and job mix design on performance of steel slag

asphalt concrete.

1.3 Structureof thesis

Thisthesis consists of five chapters as follows:

Chapter | isthe introduction part that presents the objective and scope of the
study.

Chapter Il presents the literature review of the recent research papers that
involve the using of steel slag as aggregate in the asphalt concrete. A brief
introduction considering the specification of pavement structures, asphalt concrete

properties and performance tests are presented.

Chapter I11 presents the study of the performance of sted slag asphalt
concrete. The performance tests included indirect tensile, fatigue life, resilient
modulus, dynamic creep and wheel tracking tests. The properties of the steel slag
asphalt concrete were compared with those of limestone asphalt concrete. This
chapter aims to investigate the ability of these materials to retain their strength both

short-term and long-term on climatic conditions.



Chapter 1V presents the engineering and environmental laboratory evaluation
of steel slag asphalt concrete which provides a basis for assessing clearly the viability
of using these materials in road pavement application. Besides, the study is mostly
focuses on the effect type of gradation on the properties of steel slag asphalt concrete.

Chapter V concludes the research work and provides the suggestion as well
as recommendation as one of the road construction guidelines for the road decision

maker.
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CHAPTERII

LITERATURE REVIEW

2.1 Introduction

This chapter presents the literature on the using of steel slag as aggregate in
the asphalt concrete. First, a brief introduction considering the specification of
pavement structures, asphalt concrete properties and performance test are presented.

The experience tests have shown that aggregates is main key role of road
construction. Especially in asphalt concrete pavement and this was realized by SHRP
researchers. The properties of aggregate have directly and significantly effect on the
performance of asphalt concrete (Kandhal et al., 1997). Aggregate in asphalt concrete
must have high durability against the impact and crushing force and resistance to
abrasion. The asphalt concrete pavement mixtures design is composed of aggregate of
different sizes according to the defined standards. The stone carries the weight from

wheel load after that it distributes the weight to pavement structure. Asphalt cement

acts as a binder between aggregates. Currently, the used stones are mostly limestone,
which is derived from destroying the natural resource. If we replace limestone with
recycled aggregate, it benefits the environment.

As the environmental issue is a severe global concern, the trend to replace the
natural aggregate by industrial waste, known as steel slag are then presented. This part

provides an overview of using the steel slag as an aggregate in asphalt concrete.
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2.2  Specification for pavement structure

There are three maor types of pavements. flexible (asphat concrete
pavements), rigid (concrete pavements) and composite pavements (Huang, 1993). In
this section, only the flexible pavement is described. Flexible pavements are one of
the most popular type pavement which have better quality of materials on top, where
the stress is high and inferior materials at the bottom where the intensity of stress is
low. The maximum benefit to this design is made possible by using loca materials,
which makes it more economical. The normally practical in provincia part where
high-quality materials are expensive but local materials of poor quality are available.
Furthermore, far away resources using, results in increase of transportation costs and
also increases the carbon footprint during road construction and a increased rate of
road wear. Therefore, it demanded the immediate attention of not only Thailand’s
government, but also al over the world looking for aternate construction materials.
Using recycled construction materials is a good aternate to solve this problem. The
reuse and recycling of industry by-products, such as steel sag, as a replacing material
in limestone can reduce this problem and also reduce the disposal of steel slag.

The conventional flexible pavement is shown in Figure 2.1 (Typica cross
section of flexible pavement). Starting from the top, the pavement consists of sedl
coat, surface course, tack coat, binder course, prime coat, base course, subbase course,
compacted subgrade and natural subgrade respectively. The using of the various
courses is based on the economical situation and some of the courses may be omitted.

The seal coat is a treatment asphalt surface layer used to improve skid
resistance and or waterproof the surface, where the aggregates in the surface course

could be polished by traffic movement and become slippery. Department of Highways
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of Thailand commonly uses slurry seal and para slurry seal. The criteriafor slurry seal

and para slurry seal are 405/1999 and DH-S 415/2003, respectively.
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Figure 2.1 Typical cross section of flexible pavement

The surface course, sometimes was called the wearing course is the top course
of an asphalt pavement. It must be not only tough to resist distortion under loading of
traffic but also must be able to provide a smooth and skid-resistant riding surface. It
must also be waterproof, to protect the water from weakening the payment by
reaching the subgrade. If the above requirements cannot be met, the use of high
quality aggregate of asphalt concrete and seal coat are recommended. Sometimes the
wearing course using porous asphalt concrete to improve drainage system (FWA et
al., 1999). Department of Highways of Thailand commonly uses two type of asphalt
concrete mixture for surface course: asphalt cement penetration grade AC60/70 and
polymer-modified asphalt (PMA). The criteria of standard for asphalt concrete is DH-
S 408/1989 and standard for modified asphalt concrete is DH-S 409/2006.

The binder course, sometimes was called the asphalt base course, is the asphalt
layer below the wearing course. There are two reasons that a binder course is used in

addition to the surface course. First, the compacted asphalt concrete layer should not
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be more than 5-7 cm., so it must be placed in two layers. Second, the binder course
generaly consists of larger aggregates and less asphalt, so it does not require
materials as high-quality as the wearing course, so replacing a part of the wearing
course by the binder course results in a more economical design. The standard
commonly used for binder course in Thailand is the same as wearing course.

A tack coat is avery light application of asphalt, usualy asphat emulsion, the
most popular design used is CRS 1 binder grade, which is used to ensure a bond
between the surface being paved and the overlying course. It is an important layer in
the asphalt concrete pavement. The criteria of standard in Thailand is DH-S 403/1988.

A prime coat is an application of low to medium-viscosity cutback asphalt to a
granular base which is the initia surface course layer of asphalt concrete pavement.
The criteria of standard in Thailand is DH-S 402/2014.

The base course is the layer of material beneath the last surface or binder
course. It can consists of crushed stone, crushed slag, or other untreated or stabilized
materials.

The subbase course is the layer of pavement which builds beneath the base
course. Normally, the two different granular material layers are built for economy
and easy for compaction at high density. The cheaper and local materials can used as
a subbase course on top of the subgrade. The subbase and subgrade should be
scarified and compacted to the desirable density near the optimum moisture content.

The subgrade course is the in-situ soil normallty which was compacted or a
layer of selected material. Some researchers recommend that subgrade must be higher

than ground water content by 2 meters.
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The difference between a tack coat and a prime coat is that a tack coat does
not require the penetration of asphalt. The prime coat requires the penetration to plugs
the voids and forms a watertight seal surface but the track coat is not. However, the
type and quantity of asphalt used are quite different, both track and prime coat are
used by spray applications.

In the mechanistic-empirical design methods, the properties of materials must
be specified, so that the important parameter of the pavement structure( stresses,
strains and displacements ) in the critical components can be determined. These
parameters are used to predict failure criteria of whether failures will occur or the
probability that failures will occur.

The following general material properties should be specified for both linear
and nonlinear elastic pavement(Huang, 1993). When pavements structure are
considered as linear elastic and nonlinear elastic, the elastic modulus and Poisson
ratios of the subgrade and each component layer must be specified. The Poisson ratios
have relatively small effects on pavement responses, so their values can be reasonably
assumed because strength of subgrade and other layer is too high.

The resilient modulus, which was tested for determining the elastic modulus
under repeated loads of various material on pavement structure at each time of
loading, , must be selected as a load duration corresponding to the vehicle speed to
true simulation.

The hot mix asphalt concrete (HMA) is considered linear viscoelastic, the
creep compliance, which is the reciprocal of the modulus at various loading times,

must be specified. The temperature and loading time at the creep test must be same as
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the temperature and loading time used for pavement design which indicates the
sengitivity of asphalt mixtures.

If the design is based on fatigue cracking, the fatigue properties of asphalt
mixtures, must be specified.

If the design is based on rut depth, the permanent deformation parameters of
each layer by summing the permanent deformations over all layers must be specified.

If design is based on other distresses such as low-temperature cracking, the
appropriate properties which is the asphalt stiffness at the winter design temperature

of asphalt concrete are used evaluated as a basic for design.

2.3 Asphalt concrete properties

Asphalt concrete is a mixture of aggregates, binder and filler, which is used
for construction and maintenance of surface pavement. Asphalt concrete properties
depends on aggregate, binder and air void etc.

2.3.1 Agoregate

When natural materials and recycled materials such as steel slag
are used as highway construction, the material characteristics affecting the aggregate
behavior include mineralogy, particle size distribution, particle shape, surface
texture, angularity, durability (soundness, abrasion resistance) and other engineering
properties must be examined.

The used aggregates in highway construction are mostly obtained
from local supplies of natural rock. The natural rock occurs either outcrops at or
near the surface or gravel deposits usually along old stream beds. The natural rocks

are classified by geologists into three groups depending on their origin (igneous,



19

sedimentary and metamorphic). Other types of aggregate that are sometimes used for
hot mix asphalt concrete such as lightweight aggregate or steel slag provides good
skid resistance. The lightweight aggregate is produced by heating clay at high
temperatures and steel slag normally produced in the blast furnace during steel
production.

Igneous rocks are type of rocks which occurs from the cooling of molten rock
magma as it moves toward to surface of the earth. Igneous rocks was classified based
on the size of the crystal grains and composition.

Sedimentary rocks are type of rocks which primarily occurs either by the
deposition of insoluble residue from the disintegration of existing rocks or from
deposition of the inorganic remains of marine animals which was classified based on
the predominant mineral present as calcareous (limestones, chalks, etc.), siliceous
(chert, sandstone, etc.), or argillaceous (shale, etc.).

Metamorphic rocks are type of rocks which is sedimentary rocks that have
been occurs from heat and/or pressure sufficient to change their mineral structure so it
is different from the origina rock. Metamorphic rocks is generally crystalline in
nature with grain size from fine to coarse.

Gravel was occur from the breakdown of any natural rock. Gravel particles are
found in existing or ancient waterway and the particle are usually smooth and
typically rounded or subrounded by wear, as the materia is moved along the
waterway by the action of water. Gravel is usually required to be crushed prior to use
in hot mix asphalt concrete.

Steel dlag is a byproduct of metallurgic processing and is typically produced

from processing of steel, tin and copper. It constitutes of 13% of the steel output
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(Shen et al., 2009). There are four broadly different types of steel slag: blast furnace
dag (BFS), basic oxygen furnace slag (BOFS), electric arc furnace acid slag (EAFS)
and ladle furnace basic dag (LFS), also caled as refining slag (Setién et al., 2009).
Steel slag has been applied in recent years in a wide range of applications such as
embankment fills, pavement bases/subbase and building masonry units (Pellegrino et
al., 2013; Sakai et al., 2000; and Zhang et al., 2012) Steel slag has aso been used as a
raw material in cement production, road constructions, fertilizer and etc. (Sas et al.,
2015; Aiban, 2006; Kim et al., 2015; Li, 2010; Li et a., 2016) BOFS and EAFS have
been used in asphaltic mixes for road-base layers. The feasibility of using steel slag as
coarse aggregate in asphalt mixture has been well evaluated in literature. Steel slag as
coarse aggregate in asphalt mixture can improve mechanical properties and
performance such as moisture stability, skid resistance, deformation and crack
resistance of pavement (Chen et al., 2016; Ahmedzade et al., 2009; Chen et al., 2014).
Blast furnace slag produced during the processing of steel is the most widely used of
the slags for pavement construction applications. This aggregate produces a high
quality asphalt mix with good skid resistance. The absorption of slag is often high;
hence, the amount of asphalt binder required when slag aggregates are used is usually
higher than that for naturally occurring aggregates (Kogbara et a., 2016). Qiushi et
a., (2016) shows replacing 25% of asphalt concrete by steel slag, elastic deformation
can significantly reduce, the dynamic stiffness can remarkably increase and also the
ability to resist deformation can notably increase.

For highway construction purposes, the geologic information about the rocks
must be specified. The important characteristics of the rocks relate to how well the

materials serve in the various applications such as subbases, bases, or in the various
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surface courses used in pavement construction. Therefore, for the most part, it is the
mechanical properties of the rocks which are important for highway construction. The
chemical properties are less important, since the natural rock material coming from
different areas within a quarry or gravel pit can vary, so it is important to sample and
test the material on a regular basic to ensure that aggregate properties are consistent
and meet the specified standards.

The popular testing mechanical properties of the aggregate in Thailand include
Los Angeles abrasion test (LAA), soundness test, aggregate impact test (AlV),
aggregate crushing test (ACV) and polished stone test (PSV).

A majority of natural aggregates is composed of a combination of minerals.
The most important minerals found in aggregates are silica minerals (quartz),
feldspars, ferromagnesian minerals (vermiculite), carbonate minerals (calcite,
dolomite) and clay minerals (illites, kaolinites, montmorillonites). Since minerals
have definite chemical composition and usualy specific crystaline structure, the
physical and chemical properties of aggregates can be expected to be associated with
mineralogy of the aggregates.

The mineral composition of coarse aggregates also affects the skid resistance
of asphalt concrete mixture (Roberts et al., 1991). Quartz and feldspar are harder and
more polish resistant mineras, which are normaly found in igneous rocks such as
basalt. On the other hand, calcite and dolomite, which occur in limestone, are
examples of soft minerals. Limestone that have high percentage of soft materials tend
to polish more rapidly than most other aggregate types. The acid in soluble residue
test (ASTM D3042) has been used to measure the amount of harder materials present

in carbonate aggregates. Many highway agencies specify a minimum of 10 percent



22

acid in soluble to assure acceptable frictional properties. Other agencies use a
polishing test (ASTM D3319 or E660 and E303) or petrographic examination (ASTM
C295) to evauate the polishing potential of an aggregate. According to the criterion
of asphalt concrete in Thailand, PSV value should be > 47 for modified asphalt
concrete. Most aggregates are composed of several minerals, often with variable
compositions. Nevertheless, the aggregates have uniform mineralogy, the properties
may be altered by oxidation, hydration, leaching, weathering and foreign coatings.
Therefore, mineralogy cannot provide a basic for predicting the behavior of an
aggregate in service. The petrographic examinations can be helpful in evaluating
aggregates under similar environmental and |oading conditions.

Another factor, which affects an aggregate’s usefulness in HMA, somewhat
related to mineralogy, is the presence of surface coatings and other deleterious
substances. These deleterious substances may include clays, shale, silt, iron oxides,
gypsum, water-soluble salts, and other soft particles that affect proper bonding with
asphalt binder. Unfavorable materials may also increase the moisture susceptibility of
an asphalt concrete mixture. Aggregates with unfavorable substances are undesirable
for asphalt concrete mixture and should not be used unless the amount of foreign
matter is reduced by washing or other means.

One of the most important effects of aggregate mineralogy on the performance
of asphalt concrete mixture is its influence on adhesion and moisture damage. The
better bonds of asphalt cement with certain mineral types such as carbonate
aggregates (limestone) better bond than to siliceous aggregates (gravel).

The petrographic examination is a petrographic examination of an aggregate is

avisual investigation of individual aggregate particles by using an optical microscope,
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sometimes supplemented by X-ray diffraction, differential thermal analysis, electron
microscope, or chemical analysis (Chen et a., 2015). The petrographic examination
can be used to measure the relative abundance of rock and mineral type, the physical
and chemica attributes (such as particle shape, surface texture, hardness, pore
characteristics and chemical activity) and the presence of harmful contaminants. The
test has been used for many years to evaluate aggregates for use in concrete but has
not been widely used for aggregates for HMA. However, The mineralogy of an
aggregate has a greater effect on performance of concrete mixes than asphalt concrete
mixtures.

There has been evidence to indicate that some aggregates appear to have a
greater affinity for water than for asphalt cement and asphalt films on these aggregate
particles may become detached or stripped after exposure to water. These aggregates
are called hydrophilic (water-loving) and they tend to be acidic in nature. On the other
hand, aggregates having an affinity for asphalt cement are called hydrophobic (water-
hating) and they tend to be basic in nature. It is commonly accepted that water
significantly affects the adhesion between the aggregate and the asphalt cement and
its resistance to moisture damage. Most siliceous aggregates such as quartz,
sandstone, and siliceous gravel is become negatively charged in the attendance of
water, while limestone and other calcareous materials is a positive charge in the
attendance of water. Many aggregates contain both types of charges because they are
composed of minerals such as silica with negative charges and aso cacium,
magnesium, aluminum, or iron with positive charges. Since stripping is one of the
major distresses affecting HMA performance, the effect of aggregates on the moisture

sensitivity of HMA must be evaluated.
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The physical properties of aggregates for HMA are usually classified by size
of aggregate as coarse aggregate, fine aggregate or minera fillers. The asphalt
ingtitute defines the No.8 (2.36 mm) sieve or the No.10 (2.00 mm) sieve as the
dividing line between coarse and fine aggregates. ASTM defines coarse aggregate as
particles retained on a No.4 (4.75 mm) sieve, fine aggregate as that passing a No.4
sieve (4.75 mm) and minera filler as material with at least 70 percent passing the
N0.200 (75um) sieve which is same as the standard used in Thailand.

The required aggregate for HMA are generadly to be tough, hard, strong,
durable, clean, rough, hydrophobic surfaces and properly graded to consist of cubical
particles with low porosity.. The suitability of aggregates for use in asphalt concrete is
determined by evaluating material characteristics such as size and gradation,
cleanliness/deleterious materials, toughness/hardness, durability/soundness, surface
texture, particle shape, absorption and affinity for asphalt.

In addition, the various types of specific gravity of aggregates are discussed
since these are used to calculate voids in mix design. This is aso the most important
characteristics of aggregates for HMA.

The los angles abrasion (L.A.) test is most often used to indication of the
design toughness and abrasion characteristics of aggregate. The internal friction of
aggregate must support the wheel loads and aso be resistant to abrasion and polishing
of traffic. In addition, aggregate should be able to receive impact and crushing during
manufacturing. They must be hard and tough to resist degradation, crushing and
disintegration when stockpiled, fed through a HMA facility, placed with paver,

compacted with rollers and travelled over with trucks. In Thailand, the maximum
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wear for coarse aggregate used in HMA is typically limited by specifications of 35 to
40 percent (DH-S 408/1989 and DH-S 409/2006).

The soundness test (ASTM C88-13) is an empirical screening test that provide
an indication of durability due to weathering which is useful for evaluating new
sources of aggregate which is not records are avalable. Aggregate must be
breakdown resistant or disintegration under wetting and drying and/or freezing and
thawing (weathering) condition. This test involves submerging the aggregate in a
solution of sodium or magnesium sulfate. During this test salt crystals grows in the
aggregate pores and causes particle to disintegrate in some aggregates. The sulfate
soundness test has been an accepted method of testing for many years. Despite this
acceptance, it has been widely criticized and numerous reports have appeared which
describe its inability to accurately predict field performance for specific aggregates.
Many researchers believe that freezing and thawing cycles do not create problems
with aggregates in HMA (Roberts et al., 1991). The aggregate is initialy dried during
production and hence should have little or no moisture in the pores immediately after
production. During HMA production, the aggregates are coated with a film of asphalt
binder which should prevent the aggregate from absorbing a significant amount of
moisture during the life of the mixture. Since there is little or no moisture in the
aggregate, freezing and thawing it should not be a problem.

In terms of particle shape and surface texture, the suitable aggregate particles
for using in asphalt concrete should be select cubical rather than flat, thin or
elongated. The angular-shaped particles of asphalt concrete mixtures compaction
exhibits greater interlock and internal friction as a results the greater mechanical

stability than rounded particles. Furthermore, the mixture containing rounded particles
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such as most natural gravels and sands which have better workability and require less
compaction effect to obtain the optimum density. However, the rutting resistance
affects low voids and plastic flow which must be consider.

The surface texture also influences the workability, adhesion of asphalt
cement and strength of asphalt concrete mixture. A rough, sandpaper surface texture
such as found on most crushed stones which tends to increase strength and requires
additional asphalt cement to overcome the loss of workability as a result the high
voids of compacted mixture occurs. Smooth-textured aggregates may be not only
easier to coat with an asphalt film but also high void space and low interlocking.

Cleanliness and deleterious materials, Washing the dirty aggregates can
usually reduce the amount of this problem to an acceptable level. The typical
objective materials include shale, soft particles, clay coating on aggregate particle and
sometimes excess dust from the crushing operation. In addition to the petrographic
examination described earlier, the following tests can be used to identify and measure
the quantity of deleterious materials.

Sand equivalent test DH-T. 203/1972. (modifile from AASHTO T 176-70) is
used to determine the relative proportions of plastic fines and dust in fine aggregates.
The sand equivalent is the ratio of the height of sand to the height of clay times 100.
The cleaner aggregate will have a higher sand equivaent value. The specifications for
aggregates in asphalt concrete mixture often specify a minimum sand equivaent 60
percent for modified asphalt concrete.

One of the most important asphalt concrete properties is the specific gravity of
an aggregate, which is useful in terms of making weight-volume conversions and in

calculating the void content in a compacted asphalt concrete mixtures. The specific
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gravity of an aggregate is the ratio of the weight of unit volume of the material to the
weight of an equal volume of water at approximately 23°C. When the weight is in
grams and the volume is in ml. there are four different aggregate specific gravities
used for HMA base on the method used to define the volume of the aggregate
particles as following:

1. Apparent specific gravity;

2. Bulk specific gravity;

3. Effective specific gravity;

4. Bulk impregnated specific gravity;

The apparent specific gravity include only the volume of the aggregate
particle. It does not include the volume of any pores or capillaries which become
filled by water after a 24 hour soaking. The bulk specific gravity include the overal
volume of the aggregate particle as well as the volume of the pores that become filled
with water after a 24 hour soaking. The effective and bulk-impregnated specific
gravity include the overall volume of the aggregate, plus the pore that become filled
with water after a 24 hour soaking, minus the volume of the larger pore that absorb
asphalt. The volume of solids (Vs) contains internal pores that are impermeable to
both water and asphalt. Since the volume of the impermeable pores cannot be
accurately determined, for al practical purposes they are considered as part of the
volume of the solids. Reducing the aggregate size by crushing exposes some of these
internal voids and thus increase the apparent specific gravity of the aggregate.

Air voids in the compacted HMA appears throughout the mix as small pockets
of air between the asphalt coated aggregate particles. The choice of an aggregate

specific gravity to be used in asphalt mix calculation can have a substantial effect
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upon the calculated amount of air voids in the compacted HMA. The effect of specific
gravity of the aggregate in the mixture depends upon the degree to which the
aggregate absorbs asphalt. When the apparent specific gravity is used in the
calculations, the voids between the asphalt film and the aggregate (pores not filled
with asphalt) are included in the calculated voids. If bulk specific gravity isused, it is
assumed that no asphalt is absorbed by any of the water permeable pores, the
measured voids include the voids between the aggregate coated particles minus the
volume of the absorbed asphalt. Except in rare cases, neither the bulk or the apparent
specific gravity provides a correct measure of air voids in the HMA mixture. The
concept of effective specific gravity more nearly describes the true case for asphalt
absorption when calculating the voids in a compacted asphalt paving mix. In this case,
the calculated voids are truly those voids between the asphalt coated particles and do
not include the voids in the pores between the asphalt and aggregate. The effective
specific gravity is equal to or higher than the bulk specific gravity and equal to or
lower than the apparent specific gravity. When the aggregate absorption is zero, al
four types of aggregate specific gravity are theoretically equal.

The bulk and apparent specific gravities of coarse and fine aggregates can be
determined by ASTM C127 and C128, respectively. The effective specific gravity can
be calculated from the theoretical maximum specific gravity (rice specific gravity)
using ASTM D2041. The bulk-impregnated specific gravity is used by the U.S. Corps
of Engineers to design and control HMA when using aggregates with a water
absorption greater than 2.5 percent. The bulk-impregnated specific gravity is similar

to the effective specific gravity in concept but involves immersion of aggregate in
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asphalt, whereas the rice specific gravity is obtained by testing the actual HMA
mixture.

When the sample is tested in separate size fractions (for instance, coarse and
fine), the average specific gravity value can be computed, after than can be used to
calculate the average specific gravity of an aggregate blend.

Gradation is determined by sieve analysis each Bin of gradation. The passing
the materia through a series of sieves stacked with progressively smaller openings
from top to bottom, after then weigh of the material retained on each sieve was
weighed. The gradation of an aggregate is normally expressed as total percent passing
various sieve sizes.

The gradation of an aggregate can be plot in graphically which represented a
gradation curve for which the ordinate is the total percent by weight passing a given
size on an arithmetic scale, while the abscissa is the particle size plotted to a
logarithmic scale. Sieves typically used for sieve analysis and gradation specifications
for asphalt concrete mixtures are 2 inches, 1 %2 inches, 1 inch, % inch, ¥z inch, 3/8
inch, No.4, No.8, No.16, N0.30, No.50, No.100 and No0.200 (50.8 mm, 38 mm, 25.4
mm, 19mm, 12.5mm, 9.5mm, 4.75mm, 2.36mm, 1.18mm, 0.6mm, 0.3mm, 0.15mm
and 0.075 mm) respectively. A 3/8 inch sieve is openings equal to 3/8 inch. A No.8
sieve is 8 openings per inch. The openings in a No.8 sieve are smaller than 1/8 inch
since the diameter of the wire must be considered in determining the opening size.
The sizes of successive sieves usually differ by a factor of approximately 2 therefore,
when plotted on alogarithmic scale, the distances between near sieve sizes are usually
about equal. Type of gradation are described as dense or well-graded, uniformly-

graded (open) and gap-graded.
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Gradation is the most important property of an aggregate in asphalt concrete
mixtures. It affects directly to asphalt concrete mixtures including stiffness, stability,
durability, permeability, workability, fatigue resistance, frictional resistance and
resistance to moisture damage. Therefore, gradation is a primary consideration in
asphalt mix design and some state like limits specifications on the aggregate
gradations that can be used in asphalt concrete mixtures design.

Theoretically, it would seem reasonable that the best gradation for asphalt
concrete mixture is the dense particle packing. The dense gradation has maximum
density which provides increase of stability through increase interparticle contacts and
reduce voids in the mineral aggregate. However, there must be sufficient air void
Space to provice enough asphalt cement to ensure durability, while still leaving some
air space of the asphalt concrete mixture to avoid the bleeding and/or rutting. The
tightly packed aggregate in asphalt concrete mixture (low voids in mineral aggregate)
also results in a mixture has more sensitive to dight changes in asphat cement
content.

Gradations of maximum density may not provide sufficient voids in the
aggregate for enough asphalt cement to provide adequate film thickness for maximum
durability without bleeding. The maximum density curves are necessary in order to
increase the total voids in the mineral aggregate (VMA). The minimum VMA
requirements and the maximum nomina aggregate size have been suggested. The
asphalt paving agencies prefer that the gradation be approximately parallel to the
maximum density grading, but that it be offset a few percentage points either above or
below the line. The two lines will intersect at the nominal maximum size and be afew

percentage points different on the middle sieves. The Superpave mix design
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developed by the Strategic Highway Research Program (SHRP) requires a selected
number of control points on the gradation chart.

The maximum particle size in asphalt concrete mixture is important which
ensure good properties of asphalt concrete. If the maximum particle size is too small,
the asphalt concrete mixtures may be unstable. If they istoo large, the workability and
segregation may be a problem. There are two designation for maximum particle size
(ASTM C125) asfollowing:

1. Maximum size, which designated as the smallest sieve through which 100

percent of the aggregate sample particles pass.

2. Nomina maximum size, which designated as the largest sieve that retains

some of the aggregate particles, but generally not more than 10 percent.

Normally, the maximum aggregate size is normally limited to about one-
half of the lift thickness. In recent year, there has been an increase in the use of large
stone mixes (SMA) to minimize rutting resistance potential of asphalt concrete. The
larger stone size increases the volume concentration of the aggregate which was
designed to a reduction of both asphalt content and cost of the asphalt concrete
mixture. The large stone mixture shows more resistant to rutting than the smaller
aggregate size mixtures. The study to investigate the rutting of basalt and basalt—
l[imestone aggregate are done by a combination of coarser and finer of SMA mixtures
with a LCPC wheel tracking test (iskender, 2013). The decreasing of maximum
aggregate size is the most importance on rutting resistance, according to the gradation
and mineralogical factors of aggregate. Rutting resistance of SMA mixture relatively
decreased in the incorporation of limestone aggregate in the SMA mixture, but basalt

has high rutting resistance than limestone. However, the use of a maximum aggregate
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Size greater than 1 inch (25.4 mm) often results in harsh mixes that tend to segregate
during placement. Therefore, special attention must be given to mix design, mat
thickness, materia handling, mixing and paving procedures when these larger
maximum aggregate size mixtures are used.

The typical specification bands and tolerances of aggregate gradation
specifications for HMA have been developed through accumulated field experiences.
In many cases they are established by trial and error to reflect local conditions. The
generaly specifications for asphalt concrete mixtures in Thailand which require well
or dense-graded aggregate gradations with the middle portion of the curves
approximately parallel to the maximum density curves. Table 2.1 contains the

gradation limits recommended in DH-S 408/1992 and 409/2006.

Table2.1 Gradation requirements for aggregate and asphalt (DH-S 408/1992 and

409/2006).
mm 9.5 125 19.0 25.0
Standard sieve size
(in) (3/8) (/2 (3/4) Q)
Wearing Wearing Binder Base
Type course
Course Course Course Course
Thickness mm 25-35 40-70 40 - 80 70 - 100
sievesize (mm) (in) % passing
375 11v2 100
25.0 Q) 100 90 -100
19.0 (3/4) 100 90 - 100 -
125 (2 100 80 - 100 - 56 — 80
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Table 2.2 Gradation requirements for aggregate and asphat (DH-S 408/1992 and

409/2006).

95 (3/8) 90 - 100 - 56 - 80 -
475 (#4) 55-85 | 44-74 | 35-65 29 -59
2.36 (#8) 32-67 28-58 | 23-49 19-45
1.18 (# 16) - - - -
0.600 (# 30) - - - :
0.300 (#50) 7-23 5-21 5-19 5-17
0150 | (#100) - - - -
0075 | (#200) 2-10 2-10 2-8 1-7

Quantity of asphalt cement (%) | 40-80 | 30-70 | 30-65 | 3.0-6.0

The gradation of an aggregate is determined by a sieve analysis (ASTM C136
and C117). The aggregate blending are to meet the specifications. For various
reasons, mostly associated with achieving maximum density and desired void
properties, certain desirable gradation limits are usually required from aggregates for
HMA. Because it is unlikely that a single natural or quarried material will meet these
specifications, two or more aggregates of different gradations are typically blended to
meet specifications limits. The aggregates are aso separated into Ssizes to improve
handling characteristics. The mixing of coarse and fine aggregate in one stockpile
results in segregation hence, aggregates should be separated into sizes for example ¥
inch-3/8 inch (19 mm-9.5 mm), 3/8 inch-No. 4 (9.5 mm-4.75 mm) and minus 4 (4.75

mm) prior to hauling and stockpile. Another reason for bleeding aggregatesisthat it is



often more economica to combine naturally occurring and processed materials to
meet specifications than to use all processed materials.

The most common method of determining the aggregate proportions to meet
specification requirements is the trial-and-error method. The trial blend is considered
by experience and plots of individual gradation curves specification limits after that
calculation to determine the percent passing each sieve size for the blend which stay
in medium of specification limits. The grading that is calculated from this trial is
compared with the specification requirements. Adjustments are made for the second
trial blend and the calculations repeated for the critical sieves until a satisfactory or
optimum blend is obtained. This method, guided by a certain amount of reasoning,
mathematics and experience is the most widely used method and is the easiest
procedure to determine a satisfactory blend.

The trial-and-error method involves the following steps:

1. Selecting critical sieves for the aggregates in the blend.

2. Determining an initial set of proportion a, b, ¢, etc., which will meet the

specification requirements for the critical sieves.

3. Checking the calculated blend using the proportions determined for all

sieves in the specification requirements.

4. Adjusting the proportions, as necessary, to ensure that the percentages for

all sieves are within specification limits.
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2.3.2 Asphalt cement

Asphalt concrete is brown to black material that is either naturally
occurring or produced by petroleum distillation which is used principaly in the
United States in pavement applications.. In different parts of the world, the term
“asphalt” has different meanings. In Europe, asphalt is synonymous with what is
called hot mix asphat (HMA) or asphalt concrete (AC). In the U.S., asphalt is
“bitumen” sometime is called asphalt cement or asphalt binder. In this thesis it will
be called “asphalt cement”. Asphalt cement and tar are considered bituminous
materials. Tar is primarily manufactured from the destructive distillation of
bituminous coal and has a very distinct odor which is hardly ever used in paving
because of (&) some undesirable physical characteristics such as very high
temperature susceptibility and (b) significant health hazards such as severe eye and
skin irritation when exposed to its fumes. Its adhesive and waterproofing properties
are known from the very early ages. However, asphalt cement and tar are two
distinctly different materials with different origins and different chemical and physical
characteristics. The commercia types of asphalt cement can be classified into two
categories:

1. Natural Asphalts:

2. Petroleum Asphalts

Some agency defines asphalt concrete that have been used in paving like,

1. Native asphalts obtained from asphalt lakes in Trinidad and other
Caribbean areas, these were used in some of the earliest pavement in North America.

2. Rock asphalts. These are rock deposits containing bituminous

materia that have been used for road surfaces in localities where they occur.
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3. Tarsare bituminous materials obtained from the distillation of coal.

4. Petroleum asphalts. These are products of the distillation of crude
oil. These asphalts are by far the most common bituminous paving materials in use
today and are the only type discussed in thisthesis.

The performance of asphalt cement as a binder in asphalt concrete pavements
is determined by its physica properties which effect directly by chemical
composition. An understanding of the chemical composition factors effect physical
properties which controls asphalt concrete performance.

Asphalt cement is refined from the crude petroleum which is primarily formed
by nature from plant life. The process of transformation from plant life to crude oil
occurs over millions of years under varied temperature and pressure conditions.
Although all petroleums are basically hydrocarbons (chemical combinations of carbon
and hydrogen), the amount and nature of hydrocarbons varies from crude to crude.
Since the asphalt cement is obtained by distillation from the crude, its chemical
composition and properties also vary from source to source.

The asphalt cement composition are genrally considered to be made up from
asphaltenes, resins and oils as following:

Asphaltenes are insoluble (or precipitated) which are generally brown dark,
brittle solids. The asphatenes is a mgjor role as the viscosity-building component of
asphalt cements.

Resins are generaly dark and semi-solid or solid in character. They are fluid
when heated and become brittle when cold. They work as agents that disperse.

Oils are usually colorless or white liquids. They are soluble in most solvents.
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The asphaltenes is mixed with oil to provide a homogeneous liquid. The
asphalt cement is dissolved in a nonpolar solvent such as pentane, hexane, or heptane.
The component which is dissolved is called “maltenes” or “petrogenesis” and it is
comprised of resins and oils. The type of nonpolar solvent used to precipitate the
asphaltenes affects the determination of itstotal amount in the asphalt cement.

Asphalts most commonly used in flexible pavement construction in Thailand
can be divided into the following four types:

1. Asphalt cements

2. Emulsified asphalts

3. Cutback asphalts

4. Polymer modified asphalt concrete.

Physical testing of asphalt cements can be categorized as follows: consistency
tests, durability tests, purity tests, safety tests and other tests.

2.3.3 Asphalt cement grading system

The penetration grading system has the following advantages:

1. Grading is based on the consistency of the asphalt cement at 7°F
(25°C), which is close to the average pavement service temperature. Testing at 7°F
(25°C) may provide a better correlation with low temperature properties than the
viscosity grading system test whichis measured at 140°F (60°C).

2. Testing timeisrelatively short.

3. Penetration testing is adaptable to field conditions.

4. Equipment costs are relatively low.

5. Precision limits for the penetration test are well established.
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6. Temperature susceptibility (change in asphalt cement consistency
with corresponding change in temperature) of the asphalt cement can be determined
by measuring penetration at temperatures other than 7°F (25°C).

However, the penetration grading system has the following disadvantages:

1. Penetration is an empirical test and does not measure the consistency of
asphalt cement in fundamental units such as viscosity.

2. Shear rate is high during the test.

3. Shear rate is variable because it depends on the consistency of the asphalt
cement.

4. Similitude at 7°F (25°C) can be deceptive to performance at higher and
lower service temperatures.

Viscosity Grading System, which is based on the viscosity of origina (as
supplied) asphalt cement, is most widely used in the United States. The poise is the
standard unit of measurement for viscosity. The lower the number of poises shows the
less viscous the asphalt cement. AC-2.5 shows asphalt cement with a viscosity of 250
poises at 140°F or 60°C is "softer" than AC-40 which is an asphalt cement with a
viscosity of 4000 poises at the same temperature. AC-20 grade is most commonly
used for paving in the United States. AC-30 grade was recently added to the
specifications and is used by some southeastern states. Other test requirements such as
penetration at 77°F (25°C), viscosity at 275°F (135°C), viscosity at 140°F (60°C) and
ductility at 7°F (25°C) of the residue from thin film oven test (TFOT) and flash point
are aso given in the specifications. The penetration a 7°F (25°C) controls the

consistency of the asphat cement near the average service temperature and the
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viscosity at 275°F (135°C) controls its consistency near the mixing and compacting
temperatures.

The viscosity grading system has the following advantages:

1. Viscosity is a fundamental property, rather than an empirical test and
therefore is independent of the test system and the sample size.

2. It is suitable to awide range of environments (pavement temperatures 77 to
140°F or 25 to 60°C).

3. It is based on viscosity at 140°F (60°C) which is near the maximum
pavement surface temperature generally experienced in the United States. This
temperature is critical for pavement performance during hot summer days.

4. Test standards are available with established precision limits.

5. Temperature susceptibility of the asphalt cement can be determined since
the consistency is measured at three temperatures.

The disadvantages of the viscosity graded system are listed below:

1. It is not adequate to safeguard against low temperature cracking although
within the specifications are superior to those. The test system is dightly more
expensive than the penetrometer.

2. Testing time islonger.

3. TFOT residue viscosity can vary considerably within the same grade. For
example, AC-20 asphalt cements from two different sources can have TFOT residue
viscosities of 3,500 and 10,000 poises. These asphalts are likely to behave differently
during and after construction.

There are mainly two type of additives used to improve asphalt concrete

mixture, they are fiber and polymer. Fiber such as polyester fiber, carpet fibers, waste
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tire, mineral fiber, algea, carbon fiber, glass fiber and cellose fiber ect. Those change
the viscoelasticity of mixture to improve performance while significantly lower the
amount of draindown of asphalt concrete mixture (Mokhtari et al., 2012). Polymer
such as styrene butadiene styrence (SBS), ethylene vinyl acetate (EVA), aramid,
gilsonite and polyethylene or polypropylene ect. Those helps decrease the binder
draindown. Mokhtari et al., (2012) examined the laboratory properties and service life
of different SMA mixtures using SBS, cellulose and mineral. The result showed that
using SBS is the highest Marshall stability and service life. SBS could significantly
improve the performance and service life of SMA mixture. Mario Manosalvas
Paredes et a., (2016) using cellulose fiber has precautions for construction, asphalt
binder show flow behavior and high cost. Some researcher used algea fiber, whichisa
new stabilizer additive to enhance the SMA mixture but using algea increases the cost
of construction (Teresa Real Herraiz et a., 2016). As presented by Takaikaew et al.,
(2018), investigated the effect of fiber reinforcement (a combination of polyolefin and
aramid fiber 0.05% by mass of total mixture) with AC60/70 to improve the
performance of asphalt concrete which is successfully for the utilization of fiber

reinforcement in asphalt concrete, can be used instead of PMA mixture.

2.4 Performance pavement related to asphalt concrete

Previous section explained in terms of how selection aggregate and binder
increases the performance of asphalt concrete. This section will explain the related
effect on asphalt concrete.

Ravelling is one type of distress in asphalt concrete which usually caused by

one or a combination of the following factors, such as insufficient amount of both
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coarse aggregate to handle the fine aggregate particles together, inadequate asphalt
content (lean mix), lacking of compaction (high air void content) and excessively
aged (oxidized/brittle) asphat cement binder. It was mentioned earlier that age
hardening of asphalt cement in pavement results in progressively lower penetration or
higher viscosity, this causes a progressive increase in the brittleness of asphalt
cement, thus causing ravelling. High air void contents in the HMA pavements, when
constructed, accelerate the age hardening and premature ravelling results. Increased
asphalt film thickness can significantly reduce the rate of aging and offset the effects
of high air voids.

Over the years, engineers have been able to categorize cracking under two
broad groups. load associated and nonload associated (changing of temperature),
although most pavement cracks can be described according to their geometry such as
longitudinal, transverse, polygon (also alligator and map)blocks or by the mechanism
that causes the cracking such as slippage, shrinkage and reflection. Load-associated
cracking principal class of |oad-associated cracking has been described as fatigue
cracking (aligator cracking), the occurring of fracture under repeated load have a
maximum value less than the tensile strength of the material. Numerous researchers
have conducted fatigue tests on HMA mixes. However, laboratory test results have
been influenced by the mode of testing (constant stress or constant strain) and the
failure criteria. In general, constant stress tests will respond with an increasing fatigue
life which shows an increases in the stiffness of HMA. For thin asphalt pavement,
mixture of low stiffness should be evaluated by the fatigue life in the constant strain
mode of testing. For thick pavements (more than 5 cm), the mixture of high stiffness

should be evaluated by the fatigue life in the constant stress mode of testing (Freddy
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L et a., 1991). Obvioudly, the stiffness should not be too low to cause rutting in the
surface courses. Nonload associated cracking such as low temperature cracking which
is of considerable interest and concern to highway engineers. It shows by itself such
as transverse shrinkage cracking in the pavement layer. In field measurements and
observations have indicated the cracking starts at the surface and progresses down
with time because surface pavements are in high cooling rates and low temperatures
develop tensile stresses due to shrinkage. If these stress exceed the fracture strength of
the pavement layer, transverse cracking develops. Lopes et a., (2015) found that the
present of RAP improves the fatigue life of asphalt concrete mixture.

Rutting is one important type of distress which is caused by the progressive
movement of aggregate and asphalt cement under repeated |oads either in the asphalt
pavement layers or the other layer (Abdulshafi, 1988). It can occur either through
consolidation or through plastic flow. In terms of consolidation, it occurs when
compaction is poor. The rutting can occur if very thick asphalt layers are consolidated
by the repeated load of traffic in contract areas. Rutting also results from plastic flow
(permanent deformation) of the asphalt concrte under the wheel tracking. The using of
excessive asphalt cement is the most common cause for this. If it istoo much asphalt
cement in the mixture, it causes the loss of internal friction between aggregate
particles. The plastic flow can be solved by using large size of aggregate. Several
laboratory tests exist to evaluate characterize of rutting performance of asphalt
concrete mixture, such as the Hamburg wheel tracking, Asphalt pavement analyzer,
Superpave shear, Georgia loaded whed tester (GLWT), LCPC (French) wheel
tracking and the Asphalt mixture performance tester (AMPT) tests. Each of these

laboratory rutting tests has its own advantages and disadvantages in predicting the
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field performance of a mix (iskender, 2013). Haifang et a., 2013 shows that the
indirect tensile test can also be used to predict rutting potentia, if the mixture is tested
at high temperatures and using a single load test to evaluate more than one primary
distress of asphalt concrete would significantly reduce the time and costs. Hui, (2009)
shows that the studying of pavement design in Chana, the asphalt surface course is 4
cm thick with anomina maximum aggregate size of 16 mm. The asphalt intermediate
course is 6 cm thick with a nominal maximum aggregate size of 19 mm and the
asphalt base course is 6 cm thick with a nominal maximum aggregate size of 26.5
mm. The semirigid base consists of a 20 cm thick 6% cement-stabilized aggregate
base course and a 36 cm thick 4% cement-stabilized aggregate subbase course. It is
recommended that modified asphalt mixes with great resistance to rutting should be
used in the construction of the asphalt intermediate course for freeway pavements in
regions with heavy truck traffic and hot weeather. Therefore, special attention should
be paid to the design, material selection and construction of the asphalt intermediate
course.

Stripping can be defined as the weakening or eventua loss of the adhesive
bond usualy in the presence of moisture between the aggregate and the asphalt
cement in the asphalt concrete mixture. The strength of the mixture depands on the
cohesiona resistance of the binder and aggregate which makes the interlock and
frictional resistance of the aggregate and binder. Stripping depend on many variables
including the type asphalt cement and aggregate, environment, traffic, construction
practice. Some research use antistrip additives to improve stripping. The chemistry of
both the asphalt and aggregate at the asphalt aggregate interface plays an important

and primary role in the stripping phenomenon. The high viscosity binders have



generaly been observed to resist displacement by water, better than those of low
viscosity because the low viscosity fluid has more wetting power than one of high
viscosity.

Objectives of mix design

Asphalt concrete mixture design should be developed as the following.

1. Permanent deformation resistance

The mix should not distort when receiving heavy traffic loading. The
resistance to permanent deformation (or rutting) becomes critical at elevated
temperatures during hot summer months when the viscosity of the asphalt cement
binder is low and the traffic load is primarily carried by the mineral aggregate
structure. The permanent deformation resistance was controlled by selecting quality
aggregates with proper gradation and selecting the asphalt cement content so that
adequate voids exist in the mix. Test methods such as static or dynamic creep may be
more suitable for predicting permanent deformation.

2. Fatigue resistance.

The mix should not crack when receiving repeated loads over a period of time.
Complex repeated load (either constant stress or constant strain controlled) tests can

be run to estimate the number of cyclesfailure cracking in asphalt concrete mixtures.

3. Low temperature cracking.

Low temperature cracking is usually associated with flexible pavements which
happen when asphat cement becomes harder by aging. The most occurs at
temperatures as below as -10°F (-23°C) Durability.

The asphalt concrete mixture must contain asphalt cement to ensure an

adequate film thickness around the aggregate particles, thus the consideration must



45

evaluate asphalt cement hardening or aging during production and in service. The
compacted mixture should not have very high air voids which is increased
permeability.

4. Moisture damage resistance

Moisture damage is when subjected to moisture or water, adhesion loss occurs
between the aggregate surface and asphalt cement binder. The aggregate properties
are primarily responsible for this occurring, although some asphalt cements are more
moisture damage (stripping) than others. If a asphalt concrete mixture is stripping,
then anti-stripping agents should be used to make the mix impermeable to water and
also minimizes the problem.

5. Skid resistance.

This requirement is only applicable for pavement surface which must be
designed to provide sufficient resistance skidding in normal turning and braking
movements. Aggregate characteristics such as texture, shape, size and resistance to
polish are primarily responsible for skid resistance. However, the mixture should aso
not contain too much asphalt cement binder which cause the asphalt concrete mixture
to flush and create a slippery surface. Skid resistance is discussed by Kogbara et al.,
2016 that the coefficient of friction is significantly affected by the gradation of
aggregates which is used in the production of asphat concrete mixtures. The
pavement surface will provide adequate skid resistance, which depends largely on the
aggregate polishing properties. There are some aggregates for pavement surface
courses such as basalt (trap rock), dolerite, granite, greywacke, river gravel, glacia
gravel, dolomite, sandstone, quartzite and steel slag. The limestone is not included

here as it is very susceptible to polishing and hence it is not used as an aggregate in
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surfaces courses. Nevertheless, it is used in lower layers of pavement construction.
Granites, basalts and crushed gravels are reported to have similar microtexture and
comparable polish resistance. Sandstone has a uniform and high texture and is able to
retain its microtexture (recovery to its origina asperity) with time. In contrast,
aggregates such as dolomite and dolerite, which include minerals of similar hardness
are more prone to polishing than gabbro (a type of trap rock) and sandstone. It was
observed that sandstone possesses the most uniform texture and higher skid
resistance, compared with quartzite and river gravel. Steel slag is a recycle aggregate,
often added when high frictional properties are required. Gap-graded or Stone matrix
asphalt (SMA) aimed at creating stone-to-stone contact within mixture, to improve
skid resistance. It contains more durable aggregates, higher (polymer-modified)
asphalt content (6-9%), fillers and fibers. Hence, it is more expensive than others.
The larger coarse aggregate sizes in the mix gives better performance. Open-graded
HMA or Open-graded friction course (OGFC), which are designed to be water
permeable. Hence, It uses mostly coarse aggregates, small percentage of sand/mineral
filler and 3-6% asphalt binder and contain more than 15% air voids (As, I.M., 2007).

6. Workability.

The mixture must be capable of placing and compacing to easy for
workingwith reasonable effort. It don’t have testing method. The workability
problems are most frequently discovered during the paving operations. However,
suitable for the working is made quickly to overcome the workability problems. There
are many technologies to produce sustainable asphalt pavements that may affect
various phases (raw material processing, manufacturing, utility to recycling) of

pavement life. Therefore, it is difficult to choose the most appropriate technology that



a7

addresses all the engineering requirements, especialy if the technologies produce

identical outputs.

25 Summary

The widely great detall literature reviews, including existing theories and
applications of asphalt concrete and steel slag are illustrated in this chapter. It covers
al from the past to recent research publications. It not only concerns with the
engineering properties and engineering construction application, but aso the
perspectives of the environmental and sustainable development are included. The
structure of this chapter (literature review) is summarized and demonstrated as the
following:

Initially, the basic properties and characteristic of asphalt concrete is briefly
descripted. Furthermore, both existing traditional and modified methods are reviewed.
Then, the green technology of using steel slag for construction applications is reported
by many researchers. The literature, lastly concludes by the pavement performance
related to asphalt concrete to assess the possibility of steel slag utilization in the
pavement structures.

All in all, based on the review of literatures, it is observed that there are till
knowledge gaps in the current understanding of properties of stee dag for their
proper applications in construction such as the high asphalt absorb, bleeding at high
temperature. This shortcoming, hence encouraged the author to develop a novel

mechanical properties of asphalt concretes using limestone and steel slag blend as an

aggregate.
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CHAPTER 11

PERFORMANCE IMPROVEMENT OFASPHALT

CONCRETESUSING STEEL SLAGASAGGREGATES

3.1 Introduction

The increased proportion of traffic volumes results in distress (rutting,
cracking) to al elements of the pavement structure, inclusive of the wearing course,
binder course, base, subbase and subgrade layers (Tayfur et al. 2007). Rutting is one
of the most common forms of distress on asphalt concrete pavements (flexible
pavement). Rutting occurs from traffic volume loads as indicated by the rut depth
along the wheel paths (Abdulshafi 1988; Balghunaim et al. 1988; Matthews and
Monismith 1992). Fatigue cracking on the other hand occurs from tensile strain, which
develops from the bottom of asphalt concrete. Solutions to pavement distress include
adding filler (Ali et a. 1992; Zhao et a. 2016), changing the type and size of
aggregates (Chen et a. 2016; Iwanski and Mazurek 2016; Matthews and Monismith
1992; Wu et a. 2007) and modifying the asphalt cement (Herréiz et al. 2016; Kaloush
et a. 2010; Manosalvas-Paredes et al. 2016; Mokhtari and Nejad 2012; Putman and
Amirkhanian 2004). Takaikaew et al. (2018) reported that fiber reinforcement (a
combination of polyolefin and aramid fiber 0.05% by mass of total mixture) in asphalt

concrete penetration grade AC60/70, improved the performance (indirect fatigue life,
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resilient modulus, dynamic creep, and rutting resistance) of asphalt concrete
comparable to the polymer modified asphalt (PMA).

Some research applications of solid waste materials in road construction
projects have been conducted in recent years (Kandha and Hoffman 1997; Robinson
Jr et al. 2004; Su and Chen 2002; Tam and Tam 2006; Wu et al. 2007). Steel slag (S)
is a by-product obtained during the steel making procedure and comprises 13% waste
materials generated from the production of steel (Shen et a. 2009). Steel is a vauable
resource material required for economic development of developed and developing
countries alike, however, the manufacture of steel from iron ore results in waste, such
as S which requires disposal. The usage of S as a construction material in civil
infrastructure projects would significantly reduce the landfilling of this waste material
and furthermore lead to an avoidance of landfill levies. In recent year, S has been used
asaraw material in civil engineering applications such as embankment fills, pavement
bases/subbase, building masonry units, cement production, road constructions,
fertilizer, etc. (Aiban 2006; Kim et a. 2014; Li et a. 2016; Li 2010; Pellegrino et al.
2013; Saka and Hiraoka 2000; Sas et a. 2015; Zhang et al. 2012). The utilization of S
as a coarse aggregate in asphalt concrete pavements results in pavements with
enhanced properties, particularly in terms of durability and stability (Ahmedzade and
Sengoz 2009; Setién et al. 2009; Xie et a. 2012; Zhu et al. 2012). S has aso been
found to possess the required high friction properties often required for pavement
materials (Beshears and Tutumluer 2013).

The chemica composition of S mainly comprises CaO, SiO2, Al203, MgO and

FexOs. S has high strength and other desirable properties required for road surfacing
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applications (Feng et a. 2015). Using S as a coarse aggregate in asphalt mixtures can
improve the mechanical characteristics and performance of pavements, in terms of
moisture, stability, skid resistance, permanent deformation and crack resistance (Chen
et a. 2014; Chen et al. 2014; Wang et a. 2009; Zhao et a. 2016). The heat retention
characteristics of S can be advantageous for repair work in cold weather conditions
(Ahmedzade and Sengoz 2009). The principal issue associated with S is volume
expansion due to the hydration of free [ime or magnesia which can result in pavement
cracking. This can however be effectively mitigated by aging and washing S before
placement of this material in pavements (Kneller et al. 1994). The magnesia content in
S of Thailand was however found to be 1.38%, which is very low and eliminates this
issue (Hasita et al., 2019), which can be considered as low volume expansion and is
possibly used as aggregate in asphalt concrete (Wang et al. 2011).

The performance of asphalt concrete depends essentialy on the type of
aggregate, asphalt cement and gradation (Kandhal and Hoffman 1997). In Thailand,
most asphalt concrete uses limestone (L) and granite (G) as the source of aggregates.
Asphalt cement of penetration grade 60/70 (AC60/70) is mostly used as the asphalt
binder. For some highways with heavy traffic loads, polymer modified asphalt (PMA)
is normally specified as an asphalt binder, though this binder is relatively costly.
To minimize cost, strong and durable S can be used as a replacement aggregate in
AC60/70 concrete, to develop a high performance pavement surface comparable to
limestone-PMA (L-PMA) or granite-PMA (G-PMA) concretes. Kara et al. (2004)
reported that the S asphat pavement can be used as a bitumen base, and binder

and wearing courses whose mechanical properties satisfied the road authority
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requirements. Currently, the rapid growth of steel industries in Thailand results in
increasing amounts of the steel slag waste. The Iron and Steel Institute of Thailand
(2018) reported that the annual output of steel product is close to 22 million tons in
Thailand, which results in the generation of 2.86 million tons of S waste. The rate of
using steel slag in asphalt concrete is quite low in Thailand, therefore affects the
disposal of steel slag, occupies a significant portion of landfills and causes many
serious environmental problems.

Even with the available research on the performance of blended S asphalt
concrete, there has been little attempt to investigate the role of S replacement at
various aggregate sizes which is the focus of this study. This research will also use the
unique characteristics of L and S to enhance the development of L/S asphalt concrete
when using conventional AC60/70.

This study ams to evaluate the performance of limestone-AC60/70 concrete,
limestone-PMA concrete, granite-AC60/70 and granite-PMA concrete, and compared
with L/S blends-AC60/70 concrete and L/S blends-PMA concrete. The advantage of S
replacement was evaluated by performance tests which included indirect tensile
strength, resilient modulus, dynamic creep, indirect tensile fatigue and rutting tests. To
avoid the effect of gradation and to consider unique characteristics of L and S in
development of better performance of L/S asphat concrete using conventiona
AC60/70, all mixed aggregates (L, G and L/S blends) were prepared with similar
gradation, in accordance 154 with the Department of Highways’ standard, Thailand.

To the authors’ best knowledge, the comparison of the performance of L and G

asphalt concretes has not been previously evaluated for Asian countries, including
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Thailand. The performance of asphalt concrete using S as a replacement material has
aso yet to be reported on to date. This research is novel, innovative and of
international significance, as it seeks to promote the usage of S to develop sustainable
asphalt concrete pavement systems, resulting in the conservation of natural resources,

decreased energy use, and reduced greenhouse gas emission.

3.2 Materialsand methods

321 Materials
3.2.1.1 Aggregates

The aggregates used in this research were limestone (L), granite
(G) and steel slag (S). The asphalt cement comprised a penetration grade of 60/70 and
polymer modified asphalt (PMA). Table 3.1 presents the mechanical properties of L,
G and S including Los Angeles (LA) abrasion [ASTM C131/C131M-1 (ASTM
2014)], soundness [ASTM C88-13 (ASTM 2013)], aggregate impact value (AlV) [BS
812: Part 112: 1990 (BS 1990a)], aggregate crushing value (ACV) [BS 812: Part 110:
1990 (BS 1990b)] and polished stone value (PSV) [BS 812: Part 114 (BS 1989)].
These results indicated that most properties of the aggregates used were in accordance
with the criteria for asphalt concrete and modified asphalt concrete in Thailand [DH-S
408/1989 (DOH 1989); DH-S 409/2006 (DOH 2006)]. The PSV value of limestone

was found to be slightly lower than the requirement for PMA.
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Table 3.1 Basic properties of the tested aggregate.

o Criteriafor
Criteriafor o
halt modified
> asphalt
Type of aggregate concrete
Test type concrete
(AC60/70
_ (PMA
binder) .
binder)
_ _ Steel
Limestone | Granite o (DOH 1989) | (DOH 2006)
ag
Los Angeles 22.90 19.70 17.10 40%max 35%max
abrasion value,
LA (%)
Soundness (%) 1.60 1.70 0.60 9%max 9%max
Aqggregate 13.60 18.20 13.90 - 25%max
impact  value,
AlV (%)
Aggregate 18.90 18.30 18.40 - 25%max
crushing value,
ACV (%)
Polished stone| 45.80 50.50 50.60 - 47min
value, PSV

3.2.1.2 Asphalt cements
The properties of asphalt cement are summarized in Table 3.2

and these were compared with the specific requirements for asphalt cement in
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Thailand [DH-SP 401/1988 (DOH 1988); DH-SP. 408/1993 (DOH 1993)]. Both the
asphalt cements used met the requirements for asphalt cement specified by road

authorities in Thailand.

Table 3.2. Test results for asphalt cement.

AC60/70 PMA
Requirementsin Requirementsin
Result PMA
Parameter Thailand [42] Thailand [43]
Penetration at
65 60-70 64 55-70
25°C (0.1 mm)
Ductility (cm) >100 >100 at 25°C 95.4 >55 at 13°C
Flash point
326 >232 326 >220
(°C)

3.22 Mix design
In order to evauate the performance of asphalt concrete with different
asphalt cements, aggregate types and S replacement, 10 mixtures of asphalt concrete
were prepared according to the Marshall mix design method [ASTM D6927 (ASTM
2015); DH-T. 604/1974 (DOH 1974)] which is also specified in Thailand. To avoid
the effect of gradation, all mix proportions were prepared to have essentially the same

gradation. The mix proportions were prepared by separating each origina aggregate:
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S, L and G into 4 bins including bin No.1 (<4.75 mm), bin No.2 (<12.50 mm), bin
N0.3 (<19.00 mm) and bin No.4 (<25.00 mm) and trial mixing them together. Bin
No.1 is the stone dust which is commonly made up from L, as its particles are suitable
for milling when compared to granite (G) and stedl dlag (S). The milled particles of L
are smaller than those of G and S because of their low abrasion resistance. As such,
when trial mixed with materials from other bins, the final aggregates produced can
meet the DOH requirements (DH-$408/1989), whereby % finner than sieve #200 is
between 2% and 8%. As such, aggregate of bin No.1 for all studied mixtureswas L.
Five types of aggregate evaluated included L:L:L:L, L:G:G:G, L:S:S:S,
L:L:S:Sand L:L:L:S where the 1s, 2nd, 3rd and 4 letters are the types of aggregates
present in bins No. 1 to 4, respectively. Particle size distribution curves of all
aggregates used in this study are shown in Fig. 3.1 which was prepared according DH-
$408/1989 (DOH 1989). In this study, air void was fixed at 4% for all mix proportions
because in Thailand, asphat concretes are designed at 4% air voids according to
Department of Highways Standards. Roberts et al. (1991) reported that the physical
property and permanence of asphalt concrete is dependent upon air voids in mixture.
When the air voids vaues decrease to less than 3-4 percent, rutting of the asphalt
mixture is likely to occur, due to plastic flow. The mix proportions prepared are
shown in Table 3.3. The samples for Marshall test were prepared at optimum asphalt
cement content in accordance with ASTM D6927 (ASTM 2015) and DS-T. 604/1974

(DOH 1974). The sample dimension was 63.5 mm height and 101.5 mm diameter.
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Figure 3.1 Particle size distribution curves of all aggregate.

Table 3.3 Type aggregate and binder in this research.

Type of aggregate
Optimum
i Pronort Fine Coarse Tg? © asphal:
ix Proportion : cemen
. . . . Binder content
Binl | Bin2 Bin 3 Bin 4
filler) | (/27 | @147 | (17
L:L:L:L+AC60/70 L L L L AC 60/70 5.00
L:G:G:G+AC60/70 L G G G AC 60/70 5.00
L:S:S:S+AC60/70 L S S S AC 60/70 5.00
LL:SSRC6070 | L S S AC 60/70 5.00
L:L:L:S+AC60/70 L L L S AC 60/70 5.00
L:L:L:L+PMA L L L L PMA 5.00
L:G:G:G+PMA L G G G PMA 5.00
L:S:S:S+tPMA L S S S PMA 5.00
L:L:S.S+PMA L L S S PMA 5.00
L:L:L:S+PMA L L L S PMA 5.00

Note: L = Limestone, G = Granite and S = Steel Slag
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The aggregates were first heated at 160 °C. Subsequently, the heated
asphalt cement at 160 °C for AC60/70 and 170 °C for PMA binder was added into the
aggregate and mixed thoroughly to get a well coated and evenly distributed mixture.
The mixture was next placed in a Marshall mold and compacted with the standard
hammer, with 75 blows imparted on each side of the sample at 145 °C. After being
cooled at room temperature for 1 day, the samples were next soaked in water at a
constant temperature of 60 °C for 30 min prior to Marshall compactor testing.
Compressive loading was applied on the sample at a rate of 50.8 mm/minute until it
was broken. Two values were measured: the stability which is the required load to fail
the sample, and the flow, which is the vertical distortion at the time of failure. The
reported results were obtained from an average of three test samples. The results of

laboratory Marshall test for various aggregates are presented in Table 3.4.



Table 3.4 Summary of Marshall design resultsin thisresearch

AC 60/70 PMA
Parameter
L:L:L:L L:G.G.G L:S:S:S L:L:SS L:L:L:S L:L:L:L L:G.G.G L:S:S.S L:L:S:S L:L:L:S
Asphalt cement content
5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
(%)
Stability (kN) 10.10 10.30 14.83 13.90 10.85 14.37 14.55 21.56 17.42 14.33
Flow (mm) 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Density (g/cm®) 2.43 2.37 2.70 2.61 2.61 2.43 2.38 2.70 2.61 2.51
Void content (%) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Voids mineral aggregate
14.73 14.43 15.31 15.31 15.31 14.67 14.39 15.24 15.30 14.91
(%)
Voidsfilled asphalt (%) | 73.24 71.78 74.04 73.89 74.22 72.78 72.23 73.58 74.01 73.17

99
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3.2.3 Test methods

The indirect tensile strength (ITS) test was conducted according to
ASTM D6931 (ASTM 2017). The sample preparation method was the same as that
used for the Marshall test. The ITS test was conducted with a loading rate of 50.80
mm/minute at 25 °C. The peak load at failure was recorded. The ITS test is related to
cracking properties and is the prescribed method to measure the tensile characteristics
of asphalt concrete (Takaikaew et a. 2018).

Indirect tensile fatigue test was conducted according to BS-EN-12697-
24 (BS-EN 2004) standard at 25 °C, to investigate the fatigue characteristics of each
mixture. The load was applied through a 12.5 mm wide stainless steel curved loading
strip. A haversine load was imposed on sample, using a repeated controlled stress
pulse to damage the sample and the accumulation of vertical deformation was plotted.
Thetarget |oad pulse rise time was 120 ms. The uniaxial and dynamic load of 400 kPa
(58.4 psi) was applied on the samples to represent axle loads applied on the pavement
surface, according to the recommendation of Mokhtari and Nejad (2012). Poisson’s
ratio was assumed to be 0.4. The applied forces on the sample as well as its counting
pulses were recorded automatically by the software until sample failed.

The resilient modulus (Mr) test is important for the determination of
pavement performance of asphalt concrete mixture when using the mechanistic design
procedure, as it measures the pavement response in terms of dynamic stress and the
corresponding strain. The Mr test can be used to evaluate the elastic properties of
asphalt concrete mixtures (Jiang et al. 2015). The test procedure followed ASTM
D4123 (ASTM 1995). The Mr was determined using cylindrical samples (101.6 mm

in diameter and 63.5 mm in height) under the indirect tension mode. The test was
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carried out using the universal testing machine (UTM). Applied loading for each
mixture was 15% of ITS on the vertical diameter of the Marshall-prepared samples.
The frequency of the load and rest duration was adjusted as 1 Hz: loading for 0.1 s
along with arest period of 0.9 s. The number of repetitions was set at 200 pulses. All
samples were kept at 25 °C for 4 h prior to the test for distributing the temperature
throughout the samples evenly. The average last five values of elastic stiffness after
the first 150 cycles is defined as Mr. Three samples for each set were tested and the
average was presented as Mr.

Dynamic creep and wheel tracking tests are normally used to assess the
potential of permanent deformation (rutting) of asphalt mixture (Kaloush et al. 2010).
The permanent deformation (rutting) has an important impact on the serviceability
index of the pavements during their life service. Dynamic creep test is known as the
repeated load axial test and is increasingly used in preference to the uniaxial creep
test, as the pulsed load is more simulative of the repeated axle loads applied on the
pavement surface. The test can be run at various temperatures and loads. The dynamic
creep test was conducted by applying a dynamic load to sample and then measuring
the sample’s permanent deformation by linear variable differential transducers
(LVDT) after unloading. The loading conditions were selected in order to evaluate the
relative performance of different asphalt concrete mixtures in accordance with BS-
DD-226 (BSI 1996) for determining the resistance to permanent deformation. The
testing conditions and requirements for the dynamic creep test were: conditioning
stress = 10 kPa, conditioning period = 30 s, test stress = 100 kPa and test period =

1,800 pulses. All samples were prepared with a Marshall compactor, at 4% air void.
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The load shape was rectangular with aloading and rest period of 1s; all samples were
placed at 45°C for 4 h before testing.

The wheel tracking test results can predict rutting characteristic with
good correlations with actual field performance. The test was performed in
accordance with British and European standard [BS-EN12697-22 (BS-EN 2002)].
The test slabs were prepared using a roller compactor in accordance with British and
European standard [BS-EN-12697-33 (BS-EN 2004)]. The dab dimensions are
typically 18 cm wide, 50 cm long, and 5 cm thick and compacted to attain 94% of the
Marshall density. The test slabs were heated in a 60 °C temperature controlled
chamber for 12 hr prior to the wheel tacking test. The repeated loading in the chamber
was applied on the slabs by a steel wheel with rubber tire at a speed of 0.2 m/s forth
and back. The tire has 5,000 N loading with a tire pressure of 600 kPa (87 psi). The
rut depth on the slabs was measured at various loading wheel passes (N) = 1000,
3000, 4000, 14,000 and 34,000 cycles. The rut depth versus cumulative number of

wheel passes was then plotted.

3.3 Testresults

Test samples were evaluated with Marshall stability, indirect tensile strength,
resilient modulus, indirect tensile fatigue, dynamic creep and wheel tracking tests to
investigate the advantage of S replacement in L asphalt concrete. The test results of
L/S asphalt concrete were compared with those of G (L:G:G:G) asphalt concrete and
L (L:L:L:L) asphalt concrete with both AC60/70 and PMA binders. The effect of
asphalt cement was aso investigated with two types of asphalt cement including

AC60/70 and PMA. The mix proportions of the aggregates studied are presented in
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Table 3.3. The Marshall stability test results are shown in Table 3.4. The stability of
the each mix proportion is defined as the maximum load carried by a asphalt concrete
sample at a standard test temperature of 60 °C. The Marshall stability values of all mix
proportions are above the standard (= 8.16 kN), and PMA asphalt concrete has higher
stability than AC60/70 asphalt concrete with the same aggregate types of between
25.3% - 45.4%. For a given AC60/70 or PMA, the Marshal stability vaue of
L:L:L:L-asphalt concrete and L:G:G:G-asphalt concrete are almost the same. The
Marshall stability of L:S:S:S-, L:L:S:S-, and L:L:L:S-AC60/70 concretes is 46.8%,
37.6%, and 7.4% higher than that of L:L:L:L- AC60/70 concrete. The Marshal
stability of L:S:S:S- and L:L:S:S-PMA concretes is 50.0% and 21.2% higher than that
of L:L:L:L-PMA concrete. The S replacement content improved significantly the
Marshall stability, with results similar to those reported by Ahmedzade and Sengoz
(2009). Ahmedzade and Sengoz (2009) evaluated the influences of S as a coarse
aggregate on the properties of gap graded asphalt concrete and concluded that the
strength and stiffness of aggregates control the Marshall stability. It is evident from
Table 3.1 that L has higher LA and ACV of L than S, hence S has higher deformation
resistance than L. The results aso show that the L:S:S:S-AC60/70 concrete is
comparable to L- and G-PMA concretes which have a higher cost and consume more
natural resource.

The Marshall flow values of al asphalt concretes are shown in Table 3.4. The
Marshall flow is the ability to resist the settlements without cracking and plastic flow
of bituminous mixtures (Mokhtari and Nead 2012). The flow vaues of all mix

proportions are amost similar at 3.05 mm. Therefore, all the samples meet the
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requirement of Department of Highways standards [ DH-$408/1989] whereby the flow
values of asphalt concrete must be between 2.032-4.064 mm.

ITS of al samples at 25 °C is shown in Fig. 3.2. For a particular asphalt
cement, L:L:L:L asphalt concrete has the highest ITS while L:G:G:G asphalt concrete
has the lowest ITS. Unlike the Marshall stability, the S replacement results in the
decrease of ITS value. Figure 3.2(a) shows that for a particular aggregate type, the
PMA concrete has greater ITS vaue than the AC60/70 concrete between 13.6% -
53.3%, depending upon the aggregate proportion. Figure 3.2(b) shows that the ITS of
L:S:S:S, L:L:S:'S- and L:L:L:S-AC60/70 concretes is 28.6%, 20.4%, and 31.6% lower
than that of L:L:L:L-AC60/70 concrete, respectively. Figure 3.2(c) shows that the ITS
of L:S:S'S-, L:L:S:S- and L:L:L:S-PMA concretes is 40.0%, 8.0% and 12.5% lower
than that of L:L:L:L-PMA concrete, respectively. Even with the reduction in ITS with
S replacement, the ITS values of L:S:S:S, L:L:S:Sand L:L:L:S asphalt concretes are
still higher than 0.44 MPa, which is the recommended by Christensen et al. (2000) for

pavement design.
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Fig. 3.3 shows the indirect tensile fatigue modulus test (ITFT) results of al
mixtures. The fatigue life values of PMA asphalt concrete are higher than those of
AC60/70 asphalt concrete for the same aggregate types. Without S replacement, the
fatigue life values of L:L:L:L- AC60/70 and L:L:L:L-PMA concretes are higher than
those of L:G:G:G-AC60/70 and L:G:G:G-PMA concretes which is associated to the
higher ITS of L:L:L:L-AC60/70 and L:L:L:L-PMA concretes. This implies that the
mineralogy in L can react better with asphalt cements rather than G (Siriphun et al.
2019). For a particular asphalt cement, the fatigue life of the asphalt concretes with S
replacement are higher than L:L:L:L asphalt concrete and L:G:G:G asphalt concrete
whereby the L:S:S:S-asphalt concrete possesses the highest fatigue life. The fatigue
life of L:S:S:SAC60/70 concrete (370 pulses) is 1.6 times higher than that of
L:L:L:L-AC60/70 concrete (230 pulses). The fatigue life of L:S:S:S-PMA concrete
(2230 pulses) is 5.2 times higher than that of L:L:L:L-PMA concrete (430 pulses). It

isevident that S can work well with both asphalt cements, especially PMA.
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Figure 3.3 The fatigue life of the ten mix proportion.

Figure 3.4 shows relationship between the Mr and mix proportion. Figure
3.4(a) shows that the Mr of PMA concrete is 22.7% — 38.6% higher than that of
AC60/70 concrete at the same aggregate types, which is similar to the Marshall
stability results. The Mr values of L:G:G:G-AC60/70 and PMA concretes are higher
than those of L:L:L:L-AC60/70 and PMA concretes. This implies that L:G:G:G-
AC60/70 and PMA concretes have higher rutting resistance than L:L:L:L-AC60/70
and PMA concretes at the service stage but have lower service life. However, the Mr
values of L:G:G:G-AC60/70 and PMA concretes are lower than those of L:S:S:S-

AC60/70 and PMA concretes.
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For a particular asphalt cement, Figure 3.4(b) shows that the Mr values of
L:S:S'S, L:L:S'S and L:L:L:S-AC60/70 concretes are 43.3%, 25.3%, and 6.5%
higher than the Mr value of L:L:L:L-AC60/70 concrete, respectively. Figure 3.4(c)
shows that the Mr values of L:S.S'S-, L:L:S:S- and L:L:L:S-PMA concretes are
36.2%, 10.9% and 4.1% higher than the Mr value of L:L:L:L-PMA concrete,
respectively. The S replacement content increases the voids mineral aggregate (VMA)
of the asphalt concrete (see Table 3.3). The high VMA causes the mixtures to have
higher deformation resistance and higher strength which causes these mixtures appear
to be capable of withstanding stress prior to failure (Neham et a., 2018). As such, the
Mr increases with S replacement ratio. Moreover, Mr of L:S:S:S-AC60/70 concrete is
3,681.67 MPa, which is higher than that of L:L:L:L-PMA concrete (3,560.33 MPa)
and L:G:G:G-AC60/70 concrete (3,289.75 MPa). In other words, the S replacement
improves Mr of L:S:S:S-AC60/70 concrete to be superior to the L:L:L:L-PMA
concrete which has a higher cost. The higher Mr leads to the higher rutting resistance
of asphalt concrete. Comparing with the requirement of American Association of
State Highway and Transportation officials (AASHTO, G. 1993) where Mr > 3,100
MPa, L:L:L:L-PMA, L:G:G:G-AC60/70 and L:G:G:G-PMA concretes met the
requirements, while the L:L:L:L-AC60/70 concrete did not. However, the L:S:S:S-
AC60/70 and L:L:S:SAC60/70 concretes meet the requirement, showing the

advantage of S replacement.
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Figure3.4 Resilient modulus test results: (a) the comparison of binder (b) for

AC60/70 and (c) for PMA.

The dynamic creep test is a high reliability test to predict permanent

deformation of asphalt mixtures. Figure 3.5(a) shows the permanent axia strain of

L:S:S:S-AC60/70 concrete compared with L:L:L:L-AC60/70 concrete.
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The permanent axial strains of L:S:S:S-AC60/70 and L:L:L:L-AC60/70
concretes are 0.45% and 0.72%, respectively. In other words, the L:S:S:S-AC60/70
concrete has lower permanent axial strain than the L:L:L:L-AC60/70 concrete
approximately 1.62 times which is in agreement with higher Mr value of L:S:S:S-
AC60/70 concrete. Figure 3.5(b) shows the relationship between accumulated
permanent deformation (u strain) versus the number of load cycles for L:L:L:L
asphalt concrete and L:S:S:S asphalt concrete. The L:L:L:L-AC60/70 concrete has the
highest permanent deformation. The results of dynamic creep tests show that the S
replacement content leads to lower rut depth which could be attributed to the
roughness, hardness and high bearing strength of S aggregates. Therefore, the S
replacement improves the machanica interlocking between asphalt cement and
aggregates. Though accumulated permanent strain of the tested asphalt concretes
increases with the number of load cycles in the similar pattern, the L:S:S:S-AC60/70
concrete has higher resistance to permanent deformation than L:L:L:L-AC60/70

concrete for the same number of load cycles.
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The whed tracking test is widely used to evaluate the rutting potential of
pavements. During the testing, the wheel tracking device produced rutting by rolling a
steel wheel across the surface of slab samples which is a general description of rutting
under traffic loading. The amount of the depression significantly depends on the
quality of asphalt concretes (Tapkin 2008). The rut depths that occurred after
specified number of wheel passes (N); 1,000, 4,000, 14,000 and 34,000 cycles are
presented in Fig.3.6. The L:S:S:S-AC60/70 concrete exhibits smaller rut depth than
L:L:L:L-AC60/70 concrete. The rut depth is 0.92, 1.15, 1.66 and 2.24 mm at N =
1,000, 4,000, 14,000 and 34,000 cycles, respectively for L:L:L:L-AC60/70 concrete.
While the rut depth is smaller of 0.61, 0.81, 1.22 and 1.60 mm at N = 1,000, 4,000,
14,000 and 34,000 cycles, respectively for L:S:S:S-AC/70 concrete. In other words, at
N = 1,000, 4,000, 14,000 and 34,000 cycles, the rut depth of L:S:S:S asphalt concrete
is 50.8%, 42.0%, 36.1% and 40.0%, respectively lower than the L:L:L:L asphalt
concrete. The wheel tracking and dynamic creep test results show that the Mr is
directly related to rutting resistance. The Mr of L:S:S:S-AC60/70 concrete is 43.3%
higher than L:L:L:L-AC60/70 concrete (Figure 3.4) and the rut depth of L:L:L:L-
AC60/70 concrete is an average of 42.2% higher than L:S:S:S-AC60/70 concrete for
al N tested. The rut depth is directly related to the adhesive damage, which is caused
by the stripping of asphalt cement at aggregate surface. The mineralogy of L is very
susceptible to polishing and the S replacement can improve such a unfavorable
characteristic. The L/S blend is therefore recommended as aggregates in the pavement
surface courses for heavy traffic load (Dunford 2013; Senga et al. 2013) whereas the

L alone can be used in the binder course.
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Figure 3.6 Pavement rutting test results.

The ANOVA (F-test) was performed to determine statistical significance of
influence factors on the performance of asphalt concrete and the results are shown in
Table 3.5. The result shows that the type of binder has a significant effect on stability,
ITS, fatigue life and Mr at 95% confidence level, but insignificantly affects the

Marshall flow.



Table 3.5 Summary of ANOVA (F-test) for type of asphalt cement.

Sum of Squares df Mean Square F Sig.
Stability (kN) Between Groups 49.51 1 49.51 6.721 0.03
Within Groups 58.93 8 7.37
Tota 108.43 9
Flow (mm) Between Groups 0.00 1 0.00 1.000 0.347
Within Groups 0.00 8 0.00
Total 0.00 9
Indirect tensile strength Between Groups 1.31 1 1.31 5.385 0.049
(MPa) Within Groups 1.95 8 0.24
Total 3.26 9
Fatiguelife (No. of Pulses)  Between Groups 1536640.00 1 1536640.00 4.638 0.063
Within Groups 2650560.00 8 331320.00
Total 4187200.00 9
Resilient Modulus (M Pa) Between Groups 2275919.68 1 2275919.68 9.927 0.014
Within Groups 1834065.24 8 229258.16
Total 4109984.92 9

* statistical significance at the level of 0.05 (a = 0.05)

T8
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3.4 Conclusons

In this research, the performance tests on asphalt concretes using limestone
(L), granite (G) and stedd dlag (S) as coarse aggregate in asphalt mixture were
performed to determine the advantage of replacement with S. The following
conclusions can be drawn from this study:

3.4.1 For a particular asphalt cement, the stability of both L:L:L:L-asphalt
concrete and L:G:G:G-asphalt concretes was essentially 403 the same. The S
replacement enhanced significantly the stability of asphalt concrete. The stability of
L:S:S:S-AC60/70 concrete was 46.8% higher than that of L:L:L:L-AC60/70 concrete
and the stability of L:S:S:S-PMA concrete was 50% higher than that of L:L:L:L-PMA
concrete. Furthermore, the stability of L:S:S:S-AC60/70 concrete was as high as the
L:L:L:L- PMA and L:G:G:G-PMA asphalt concrete, which is more expensive and
consumes more natural resources. The improvement of Mashall stability by Sis due
to the lower LA and ACV of Sthan L, improving the deformation resistance of the
asphalt concrete. The flow value was found to be independent of asphalt cement and
aggregate.

3.4.2 Indirect tensile strength (ITS) of L:G:G:G asphalt concretes was lower
than that of L:L:L:L asphalt concretes for both AC60/70 and PMA. The S
replacement reduced the ITS and the L:S:S:S-AC60/70 concrete had the lowest ITS.
The ITS of L:S:S:S- AC60/70 concrete was 28.6% lower than that of L:L:L:L-
AC60/70 concrete while the ITS of L:S:S:S-PMA concrete was 40.0% lower than that
of L:L:L:L-PMA concrete. Even with the reduction in ITS, the ITS values of L:S:S:S,
L:L:S:S and L:L:L:S asphalt concretes were still higher than 0.44 MPa, which was

recommended by Christensen et a. (2000) for pavement design.



83

3.4.3 The fatigue life of L:L:L:L-AC60/70 and L:L:L:L-PMA concretes was
higher than that of L:G:G:G-AC60/70 and L:G:G:G-PMA concretes, respectively.
The S replacement improved the fatigue life significantly. The fatigue life of L:S:S:S-
AC60/70 concrete (370 pulses) was 1.6 times higher than that of L:L:L:L-AC60/70
concrete (230 pulses). The fatigue life of L:S:S:S-PMA concrete (2230 pulses) was
5.2 times higher than that of L:L:L:L-PMA concrete (430 pulses). In other words, the
S replacement content improves the service life of asphat concrete for the same
traffic loads.

3.4.4 The resilient modulus, Mr of L:L:L:L-AC60/70 and L:L:L:L-PMA
concretes was lower than that of L:G:G:G-AC60/70 and L:G:G:G-PMA concretes,
respectively. The Mr of L:L:L:L-AC60/70 was 2569.25 MPa, which is lower than
3100.00 MPa, recommended by AASHTO. With the S replacement, the Mr of
L:S:S:S-AC60/70 concrete was 3681.67 MPa, which met the recommendations and
was also higher than that of L:L:L:L-PMA concrete. This implies that the S
replacement can enhance the Mr of the AC60/70 concrete comparableto the L:L:L:L-
PMA concrete. The Mr improvement by S replacement is possibly due to the higher
void mineral aggregate (VMA) content of S mixture. The high VMA content causes
the mixtures to have higher deformation resistance and higher strength which causes
the asphalt concretes appear to be capable of withstanding stress prior to failure.

3.4.5 Due to the rougher and stronger aggregates of S, the degree of
mechanical interlocking is higher with the S replacement ratio, leading to higher
resistance to creep. As such, the L:S:S:S-AC60/70 concrete had higher resistance to

permanent deformation than L:L:L:L-AC60/70 concrete for the same number of load
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cycles. The L:S:S:S-AC60/70 concrete had lower permanent axial strain than the
L:L:L:L- AC60/70 concrete approximately 1.62 times at the end of test.

3.4.6 The whedl tracking test results showed that the rut depth of L:S:S:S-
AC60/70 concrete had approximately 42.2% lower than that of the L:L:L:L-AC60/70
for al number of wheel passes. The rut depth is associated with Mr as seen that the
Mr of L:L:L:L-AC60/70 concrete was 43.3% lower than that of L:S:S:S-AC60/70
concrete. In other words, the L:S:S:S-AC60/70 concrete has a longer service life than
conventional L:L:L:L-AC60/70 concrete.

3.4.7 S replacement improves the performance of the asphalt concrete. The
fatigue life, Mr and rut depth resistance of the L:S:S:S-AC60/70 was 1.6, 1.4 and 1.4
times higher than those of the L:L:L:L-AC60/70, respectively. In other words, the
L:S:S:S-AC60/70 concrete has a longer service life than L:L:L:L-AC60/70 concrete
with the same thickness. S is therefore suggested as sustainable aggregate in asphalt

concrete, which has a significant engineering, economic and environmental impact.
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CHAPTER IV
EVALUATION OF DENSE-GRADED ASPHALT

CONCRETESUSING STEEL SLAG ASAGGREGATES

41  Introduction

Over decades, a significant amount of waste is generated by industries world-
wide due to the growth of the modern industrial sectors. This results in increasing
transportation and landfilling costs and negative environmental impacts. The usage of
recycled materials in construction projects is a sustainable practice to reduce both the
demand for natural resource and reduce waste disposal.

Severa researchers have attempted to use recycled waste materias as
substitutes to virgin materias in the infrastructure applications, such as in pavements,
footpaths, concrete and embankments. The waste materials such as recycled crushed
glass (Arulrgjah et al. 2014, Disfani et al. 2012; Grubb et a. 2006), melamine debris
(Donrak et al. 2016), recycled concrete aggregate (Poon and Chan 2006; Y aowarat et
al. 2018; Yaowarat et a. 2019), recycled asphalt pavement (Arulrgah et a. 2014;
Tahaet a. 2002) have been evaluated for this application.

A large amount of recycled waste materials is often used for road maintenance
and reparation work (Asi et a. 2007). Current research and practice concentrates on
the usage of waste materialsin pavement applications for base and subbase (Hoy et al.

2016; Hoy et a. 2018; Mohammadinia et al. 2016; Sudla et al. 2018) and surface
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layers (Yaowarat et a. 2020; Yaowarat et a. 2019; Hasita et a. 2019; Hasita et 4.
2020), as these courses require large quantities of materials.

The steel industry is crucia to the Thailand economy. As a by-product, 13%
of stedl dlag (S), is generated from the stedl output (Shen et a. 2009). S accounts for
approximately 2.86 million tons produced annually in Thailand (The Iron and Steel
Institute of Thailand 2018). S can be reprocessed into both coarse and fine aggregate
materials and used in the road construction. However, not al types of steel slag are
suitable for processing as aggregates. Some of them contain high percentages of free
lime and magnesium oxides, which are not reacted with the silicate structures and
besides can hydrate and expand in humid environments (JEGEL 1993). This problem
can be mitigated by aging and washing of steel slag prior to using them in pavements
(Kneller et al. 1994).

The performance of asphalt mixtures with S has been investigated via
laboratory experimental programs including stability, skid resistance, deformation and
crack resistance of pavement. It was reported that the mechanical properties and
performance of asphalt concrete can be improved by using S as coarse aggregate
(Ahmedzade and Sengoz 2009; Chen et a. 2016; Chen et a. 2015; Chen et a. 2016;
Chen et a. 2014).

Ove the years, severa pavement engineers and agencies worldwide have
reported that the escalating proportion of traffic volumes causes distress to the
pavement surface course, mainly due to rutting and fatigue cracking. Permanent
deformation (rutting) and fatigue tensile tests are therefore important for flexible

pavement design. Most of the permanent deformations occur in the pavement surface
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course, rather than in the base and subbase courses. Fatigue cracking occurs from the
tensile stress developed from the bottom of the asphalt concrete.

Ahmedzade and Sengoz (2009) studied the influences of coarse S on the
mechanical properties and electrica conductivity of asphalt concrete mixtures in
which the asphalt cement (AC-5 and AC-10) mixed with limestone (L) aggregates
were used as control materials. The results indicated that mechanical properties of
asphalt mixtures were improved by S replacement. The electrical conductivity of steel
was also better than that of the controlled mixtures. Similar study conducted by Asi et
al. (2007) reported that 25% of S was an optimal replacement of the limestone coarse
aggregate for improving the mechanical properties of the asphalt concretes. The
mechanochemistry and physical observation of S as aggregate in stone mastic asphalt
(SMA) mixtures were studied by Wu et a. (2007), who stated that the utilization of S
can contribute to construction cost effectiveness. The high polish stone value (PSV)
of steel slag asphalt mixtures exhibited good skid and wear resistance compared to
natural aggregates including sandy dolomite and limestone (Parker and Brown, 1992).
A recent study reported that S can be used as coarse and fine aggregates in the
induction of healing asphalt concrete (Xu et al. 2020). Oluwasola et a. (2016)
conducted a feashility study on dense-graded and gep-graded asphalt mixture
consisting of steel slag and copper mine tailings. The Superpave mix design method
was employed in the study at a fixed void content of 4%. The experimental program
including moisture susceptibility, indirect tensile strength, dynamic creep, rutting test,
and leaching test. The combination of S and copper mine tailing asphalt concrete
exhibited better rutting resistance and less susceptible to permanent deformation when

compared to control granite asphalt mixtures.
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Although many research works have studied the possibility of S utility as
asphalt concrete aggregate, the comparative performance studies between S- and L-
asphalt concretes at different gradations and air voids via complete laboratory are very
limited, especially in Southeast Asia and this aspect is the focus of this research. The
results will fulfil the gap knowledge on the usage of S in road construction in
Thailand. The typical limestone, which contains high CaO and SiO,, was used as the
controlled aggregate and the asphalt AC 60/70, which typical in road construction in
Thailand was used as asphalt binder in this study. The asphalt concretes were
prepared using dense-graded aggregates according to ASTM D6927 but with different
sizes. The complete laboratory performance tests included those simulating fatigue
cracking and rutting failures commonly occur in asphalt concrete pavement. The
performance tests for fatigue cracking were indirect tensile strength (ITS), indirect
tensile fatigue life (ITFL) and indirect tensile resilient modulus (M), while in order
to assess the rutting behavior dynamic creep and wheel tracking testes were
conducted. In addition, an environmental experiment program was carried out to
detect the heavy metal of the mixtures and benchmarked with the internationa
specification. The outcome of this research will lead to guidelines for the usage of S
to develop sustainable asphalt concrete pavement with long service life and cost-

effectiveness in Thailand and other countries.
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4.2 Materialsand methods

421 Materials
4.2.1.1 Aggregates

The aggregates used in this research were limestone and steel
slag. Their basic and engineering properties are summarized in Table 4.1. Properties
of these aggregates were in accordance with the criteria for asphat concrete and
modified asphalt concrete in Thailand [DH-S 408/1989 (DOH 1989)]. The mineral
and chemical composition of S and L were obtained by X-Ray Fluorescence (XRF)
and X-Ray Diffraction (XRD) analyses and are presented in Table 4.2 and Figure 4.1,
respectively. The main chemical compositions detected in steel slag are Fe,O; CaO,
MnO. The magnesia content of steel slag in this research was found to be 1.38%,
which can be considered as low volume expansion and used as aggregate for asphalt

concrete (Wang et al. 2011).
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Table 4.1 Basic properties of aggregates.

Test Parameters

Type of aggregate Criteriafor

Limestone Granite Sted AC60/70 binder

dag (DOH 1989)
Los Angeles abrasion value, 22.90 19.70 17.10 40%max
LAA (%)
Soundness (%) 1.60 1.70 0.60  9%max
Aggregate impact value, AlV  13.60 18.20 13.90 -
(%)
Aggregate crushing value, 18.90 18.30 1840 -
ACV (%)
Polished stone value, PSV 45.80 50.50 50.60 -

Table 4.2 Chemical compositions of steel slag.

Chemica

formula

Fe,0

Ca0

MnO

Cr,04 Si O, | NaO A|203 M gO Ti O, | SO; | CuO

Percentage

51.25

28.08

8.64

284 | 246 | 216 | 190 | 1.38 | 0.76 | 0.14 | 0.02
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Figure 4.1 X-Ray Diffraction (XRD) pattern of steel slag.

4.2.1.2 Asphalt cements
The asphalt cement AC60/70 obtained from Tipco Asphalt Co.,
Ltd was used in this study. The physical properties of AC60/70 were penetration 65
(0.1mm) at 25°C, Ductility > 100 cm and flash point 326°C, which are in compliance
with the specific requirements for asphalt cement specified by the Department of
Highway (DOH), Thailand [DH-SP 401/1988 (DOH 1988)].
422 Mixdesign
The Marshall mixture design method ASTM D6927 (ASTM 2015)
procedure is commonly used to establish the job mix in Thailand, in accordance with
the Department of Highways (DOH) specification (DH-T 604/1974, 1974). The steel
dlag and limestone were prepared by separating each original aggregate into four bins:

bin No.1 (<4.75 mm), bin No.2 (<12.50 mm), bin No.3 (<19.00 mm) and bin No.4
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(<25.00 mm) and then trial mixed. To investigate the influence of the aggregate type
and gradation on asphalt concrete, four different mixtures were prepared within the
aggregate boundaries (ASTM D6927), including large-sized limestone (LL), medium-
sized limestone (ML), large-sized steel dag (LS) and medium steel slag (MS). Due to
the crushing process of S into fine particle takes much effort, the L aggregate smaller
than 4.75 mm (bin No.1) was used to mix in LS and MS. The particle size distribution
curves of ML, LL, MS, and LS are shown in Figure 4.2 compared with the upper and
lower boundaries. The gradation curves of ML and MS were in the middle of the
boundaries while the gradation curves of LL and LS were close to the lower

boundary.
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Figure 4.2 Particle size distribution curves of all aggregate.
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The aggregates were first heated at 160°C. Subsequently, the heated asphalt binder at
160°C was added into the aggregates and mixed thoroughly to attain well coated and
uniformly distributed mixture. The mixture was then placed in a Marshall mold (63.5
mm in height and 101.5 mm in diameter) and compacted with the standard hammer
for 75 blows on each side of the sample at 145°C to attain Marshall specimen namely:
ML-AC60/70, LL- AC60/70, MS-AC60/70, and LS-AC60/70. The material behavior
such as granular interlocking and material density is significantly influenced by the air
void content (Dubois et a. 2010). Previous research work indicated that an air void
increase of 1% led to a 10% reduction in pavement life (Khan et a. 1998; Linden et
al. 1989). However, the mechanical performance of the mixtures could be worse with
excessively low air void. Brown and Cross (1991) reported that an air void content of
below 3% can lead to premature rutting of the pavement structure. In practice, lower
air void was recommended for large- sized aggregate to minimize the effect of large
pore space of the aggregate (Kota et a. 2018). Therefore, the air voids were designed
to be 4% and 3% for medium-sized and large- sized aggregate mixtures, respectively.

Table 4.3 summaries the properties of aggregate for AC 60/70 job mix design.
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Table 4.3 Summary the properties of aggregate for Marshall mix design.

AC 60/70
Parameter ML MS LL LS
Asphalt cement content (%) 5.00 5.00 6.10 5.20
Density (g/cm®) 2454  2.649 2.418 2.622
Void content (%) 4.00 4.00 3.00 3.00
Voidsfilled mineral aggregate (%) 15.0 151 15.3 154
Voidsfilled asphalt cement (%) 75.3 735 78.00 74.54

The Marshall specimens were cured at room temperature (25 + 2°C) for 1 day
and then soaked in water at a constant temperature of 60°C for 30 min prior to the
Marshall test in accordance with the DOH speciation. The compressive loading was
applied on the specimen at a rate of 50.8 mm/min until the specimen was broken and
the maximum loading at failure is the Marshall stability. In addition, the resistance to
plastic flow of cylindrical samples was also measured; the associated plastic flow
(deformation) of the sampleisthe flow vaue.

4.2.3 Test methods

The indirect tensile strength (ITS) test was conducted in accordance
with ASTM D6931 (ASTM 2017). The ITS of asphalt mixtures was measured by
loading a cylindrical specimen across its vertical diametrica plan at a rate of
deformation of 50.80 mm/min at 25°C. The specimen thereby fails along the vertical
plane. The peak load at faillure was recorded and used to calculate the ITS of the

specimen. Three specimens, with a height of 63.5 mm and a diameter of 101.5 mm,
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were prepared for testing to confirm the consistency. The value of ITS can be used to
evauate the relative quality of asphalt mixtures in job mix design testing and to
estimate the potential for rutting or racking in road pavement.

The long-term performance of the asphalt concrete can be evaluated by the
characteristics of fatigue properties of the asphalt mixtures. The high fatigue property
of the mixture exhibits along service life of the pavement. The indirect tensile fatigue
test (ITFT) was carried out on the studied specimens in accordance with BS-EN-
12697-24 (BS-EN 2004c). The specimen (101.5 mm in diameter and 63.5 mm in
height) was prepared in accordance with Marshall specimen preparation method.
Fatigue test is a specialized mechanical testing method performed by applying cyclic
loading to the asphalt mixtures. Fatigue life and crack growth were then observed in
the critical locations, which illustrates the safety of the mixtures that may be
susceptible to fatigue. The cyclic load test method was performed instead of the static
load test as it provides a precise estimation of the fatigue cracking of asphalt mixtures
(Moghaddam et al. 2014). The haversine load was imposed on the specimens through
a12.5 mm wide stainless-steel curved loading strip using a repeated controlled stress
pulses to damage the specimen. The target load pulse rises time of 120 ms, the target
test stress of 400 kPa (axle loads on the pavement surface), and assumed Poisson’s
ratio of 0.4 at 25°C were the standard test conditions recommended by Mokhtari and
Nejad (2012). The minimum load was set for 0.15 kN in order to attest the data
measurement consistency (Guo et a. 2015) The applied forces and the counting
pulses were recorded automatically, and the accumulation of vertical deformation
against the number of load pulses was then plotted. The total number of the pulses

was defined as the fatigue life when the specimen was completely cracked.
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Resilient modulus (Mg) is a fundamental material property used to
characterize the stiffness of pavement materials under different conditions, including
moisture and temperature, density, and stress distribution. The value of Mg is used to
evauate the relative quality of materials and to generate input for pavement design or
pavement evaluation and analysis. Mg is aso one of the most important properties of
the material used in the mechanistic design procedure for pavement structure (Huang
2004).

The procedures for laboratory preparation and testing method based on ASTM
D4123 (ASTM 1995) were performed to determine Mg of the studied asphalt
mixtures. The prepared Marshall specimens (101.6 mm in diameter and 63.5 mm in
height) were cured at 25°C for 4 h prior to M test. The repeated load indirect tension
test for determining Mr was conducted by applying compressive loads in the vertical
diametral plane of the specimens with a haversine frequency of 1 Hz. The target peak
pulse compressive load was 15% ITS. The loading period of the pulses, 0.1 s was
followed by a rest period of 0.9 s. The number of repetitions was 200 pules. The
average last five values of eastic stiffness after the first 150 cycles is defined as Mg.
The Mg value was presented by the average triplicated samples.

The permanent deformation has an important impact on the serviceability
index of the pavements during ther life service. The specimens were prepared by
Marshall compactor. The test procedure was in accordance with BS-DD-226 (BSI
1996) with the following test conditions: loading level conditioning stress = 10 kPa,
test loading stress = 100 kPa, conditioning period = 30 s, terminal pulse count = 1800
pulses. The specimen’s skin and core temperatures during testing were monitored by

two thermocouples inserted in a nearby dummy specimen at 45°C. The dynamic creep



105

test applies a repeated pulsed uniaxial stress on an asphalt concrete specimen and uses
linear variable different transducers (LVDT) to measure the resulting deformations in
the same direction as the unapplied load. It represents the simulative pulsed load of
the repeated axle loads applied on the pavement surface.

The French whedl tracking test was designed to qualify bituminous mixtures
according to their capacity to resist rutting. This test has been successfully used in
France for over 20 years to study the rutting behavior in asphalt concrete. The
prediction of rutting characteristic of the pavement using this wheel tracking test
indicated the good correlation with the actual field performance (Gabet et al. 2011). In
this study, the test was performed in accordance with British and European standard
[BS-EN12697-22 (BS-EN 2004a)]. The test slab specimens with dimensions of 18 cm
in width, 50 cm long and 5 cm thick were prepared using a roller compactor to attain
94% of Marshall density in accordance with British and European standard [BS-EN-
12697-33 (BS-EN 2004b)]. The test slab specimens were heated at 60°C in a
controlled chamber for 12 h prior to the wheel tracking test. The repeated loading in
the chamber was applied on the slabs by a steel wheel with rubber tire at a speed of
0.2 m/s forth and back. The tire had 5,000 N loading with atire pressure of 600 kPa
(87 psi). The rut depths on the slabs were measured at various loading wheel passes
(N) = 1000, 3000, 4000, 14,000 and 34,000 cycles. The relationship between rut depth
versus the cumulative number of wheel passes was then plotted.

The Toxicity Characteristic Leaching Procedure (TCLP) is an anaytical
method to simulate leaching through a landfill. This method was prescribed by the
Environmenta Protection Agency, the United State (US. EPA) standard (EPA 1992).

The Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES) tool
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was used to detect the present heavy metals of S asphalt concrete. The specimens
obtained from the studied mixtures were crushed and screened with 9.5 mm sieve. It
was then extruded by using an acetic acid solution at a liquid to solid ratio of 20:1 on
aweight basis and agitated in arotary extractor at 30 rpm for a period of 18 h at room
temperature (22°C). The suspended solids in the leachate were removed by filtering
through a 0.45-micron membrane filter. The results were reported based on the
triplicated specimens to ensure data consistency. The total contents of eight heavy
metals including arsenic, cadmium, chromium, lead, mercury, selenium, silver, and

barium in steel slag asphalt concrete mixtures were examined.

43 Test results

Figure 4.3 presents the Marshall stability and flow test results of the S and L
asphalt mixtures with different gradations. The Marshall stability values of all studied
mixtures are greater than the minimum requirements specified by DOH (stability >
8.16 kN) (DH- $408/1989). The Marshall stability of ML-AC60/70 and LL-AC60/70
are approximately the same, indicating that the gradation has an insignificant effect on
the Marshall stability. It was noted that the S replacements in bin 2 to 4 can improve
the stability of the controlled mixtures; the stability of MS-AC60/70 and LS-AC60/70
mixtures are 29.0% and 20.1% higher when comparing to the ML-AC60/70 and LL-
AC60/70 mixture, respectively. This finding is consistent with previous research in
that the asphalt mixture mixed with S indicated the high performance (Chen et al.

2014).
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Figure 4.3 Marshall stability and flow test results

Unlike the L asphalt mixture, the gradation affects the Marshall stability of S asphalt;
the MS-AC60/70 mixture exhibits higher Marshall stability than the LS-AC60/70
mixture. The higher Marshall stability of the mixtures indicates a higher rutting
resistance under traffic load. The flow values of all mixtures are not significantly
different and are within the alowable flow requirement (2.032 mm < flow values <
4.064) specified by DOH (DH- $408/1989). This indicates that S can be used to
replace the high-quality natural aggregate to resist the gradual deformation of the
pavements. The higher Marshall stability isfound for medium-sized aggregate.

The indirect tensile strength (ITS) test results of all mixtures are shown in
Figure 4.4. ITS vaues of the mixtures are found to be dependent upon the type of
aggregate and gradation. Similar trends of L- and S-asphalt mixtures are observed in

that the medium-sized aggregate provides higher ITS values than the large-sized
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aggregate. Thelower ITS in the mixtures with large-sized aggregate was due to higher
voids, causing higher deformation, even with a lower air void. ITS of ML-AC60/70
and MS-AC60/70 mixtures are 15.2% and 13.0% higher than that of LL-AC60/70 and
LS-AC60/70 mixtures, respectively. It isworth mentioning that the ITS values of MS-
AC60/70 and LS-AC60/70 are 29.0% and 26.5% lower than the ML-AC60/70 and
LL-AC60/70 mixtures, respectively. This finding is different from that reported in
previous research which showed that the S mixtures had higher ITS than the L
mixtures (Masoudi et a., 2017). This might be because L from various sources in
Thailand consists of high CaO and SO, (Siriphun et a. 2019), which contribute to the
strong chemical compounds of asphalt concrete. Although the ITS vaues of MS-
AC60/70 and LS-AC60/70 are lower than those of ML-AC60/70 and LL-AC60/70
respective, the ITS values of MS-AC60/70 and LS-AC60/70 are found to be higher
than the minimum recommended value (0.44 MPa) for pavement design (Christensen

et al. 2000).
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Figure 4.4 Indirect tensile strength test results.

Figure 4.5 shows the indirect tensile fatigue life of al studied asphalt mixtures. It is
evident that the fatigue life of S asphalt mixtures is higher than L asphalt mixtures.
Even with lower ITS, the fatigue life of MS-AC60/70 and LS-AC60/70 mixtures are
1.27 and 1.95 times greater than that of ML-AC60/70 and LL-AC60/70 mixtures,
respectively. In other words, fatigue life is not directly related to the ITS. This better
performance might be attributed to S having a lower LAA and soundness properties
than L, resulting in higher fatigue load capacity and durability of aggregate. In
addition, the low ACV of S can aso resist the high impact of crushing force. This
finding is similar the previous research conducted by (Marco and Nicola 2013).

For an aggregate, it is evident the fatigue life is governed by the gradation. For
instance, the fatigue life of MS-AC60/70 is 17% higher than LS-AC60/70 while the

fatigue life of ML-AC60/70 is 46.2% higher than that LL-AC60/70. In other words,
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even with large air voids, the asphalt mixtures with medium-sized aggregate exhibit

the best fatigue life than those with large-sized aggregate.
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Figure 4.5 The fatigue life of the asphalt mixtures.

The indirect tensile resilient modulus (Mg) values of all studied asphalt
mixtures are presented in Figure 4.6. For a particular type of aggregate, the gradation
insignificantly affects the My values of L asphalt concrete as seen that ML-AC60/70
and LL-AC60/70 mixtures are more or less the same and the DS-AC60/70 mixture
has Mg value of only 7.4% higher than the MS-AC60/70 mixture. However, S asphalt
mixtures have higher Mg values than L asphalt mixtures for both gradations. These
results are in good agreement with the Marshall stability and fatigue life test results,
which indicates that S has good basic properties to resist the fatigue cracking under a

high traffic load. Masoudi et al. (2017) reported that the high mechanical properties
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and angularity physical shape of steel slag enhances interlocking, leading to a higher
Mg of the asphalt mixtures. Once this aggregate mixed with the cohesive asphalt
binder, it results in better stiffness and higher bearing capacity of mixtures. The S
asphalt mixtures have Mg values higher than the requirement (Mg > 3100 MPa)
according to AASHTO (1993) for high volume traffic road, whereas L asphalt
mixtures do not. This can confirm the advantage of S replacement in the road

construction.
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Figure 4.6 Resilient modulus test results.

Dynamic creep test is considered as one of the best procedures to assess the
permanent deformation of asphalt concrete mixture (Kayoncuoglu and Tigdemir
2011; Valkering et a. 1990). The axia strains at the terminal pulse (1800 pulses) for

each asphalt mixture are illustrated in Figure 4.7. Figure 4.7a shows that the S asphalt
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mixtures have lower axia strain than the L asphalt mixtures. For the same gradation,
S has higher resistance to permanent deformation; the axia strains of MS-AC60/70
and LS-AC60/70 mixtures are approximately 37.5% and 39.4% lower when compared
with ML-AC60/70 and LL-AC60/70 mixtures, respectively. The medium-sized
asphalt mixture exhibited better axial strain performance; i.e., the axial strains of ML-
AC60/70 and MS-AC60/70 mixtures are 23.4% and 21.1% lower when compared
with the LL-AC60/70 and LS-AC60/70 mixtures, respectively. In other words, the
mixtures with medium-sized aggregate exhibit better performance than those with
large-sized aggregate. Figure 4.7b shows that the mixtures with medium-sized

aggregate have higher resistance to permanent deformation under the same number of

load cycles.
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Figure 4.7 Dynamic creep test results. (a) Axial strain (strain rate) and (b) Permanent

deformation (ustrain).

The whedl tracking test is widely used to evaluate the rutting potential of pavement
materials (Arulrgjah et al. 2020). The rolling steel wheel was used to simulate the
wheel tracking across the surface of the slab specimens. The rut depths of the
mixtures occurred after the specified number of wheel passes (N): 1,000, 4,000,
14,000 and 34,000 cycles are recorded by a wheel tracking device. The relationships
between rut depth and the number of load cycles of all mixtures are presented in
Figure 4.8. The results show that the S asphalt mixtures have lower rut depth than the
L asphalt mixtures. For the same N, the MS-AC60/70 mixture has the lowest rut depth
and followed by LS-AC60/70, ML-AC60/70, and LL- AC60/70. The rut depths of S

mixtures are gradually increased with N, whereas the sharp increase is observed for
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the L asphalt mixtures after N = 1,000. For a particular type of aggregate, the asphalt
mixtures with large-size aggregate might have fewer fine particles to fill the void,
leading to increased deformation after cyclic loading, even with reduced air voids.
While the lower rut depth of the S asphalt mixtures can be explained by the strong
interlocking and greater adhesion in the mixture (Masoudi et al., 2017). This finding
shows the best performance of S replacement in asphalt concrete for a high traffic

volume road.
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Figure 4.8 Pavement rutting test results.

The leaching assessment of both organic and inorganic are commonly
analyzed by the Toxicity Characteristic Leaching Procedure (TCLP) test in the form
of solid, liquid and multiphasic materials. The leaching test of the industrial-like steel

slag is recommended when it used as the pavement materials (Oluwasola et a. 2016).
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Table 4.4 presents the comparison of TCLP results with U.S. EPA requirements and

hazardous waste designation (Wartman et al. 2004). Wartman et a. (2004) reported

that a certain material is designed as a hazardous waste in according to U.S. EPA if

any detected metal is present concentrations > 100 times the drinking water standards.

Based on this criterion, the detected concentrations of the heavy metalsin S mixtures

are within the acceptable limits. Similar findings have been reported by (Nikolic et al.

2016; Oluwasola et a. 2016).

Table 4.4 Comparison of TCLP resultswith U.S. EPA Requirements.

Contaminant  Drinking water Hazardous waste L eachate analysis
standards (EPA ~ designation (Wartman of steel slag

1999) (mg/l) et al. 2004) (mg/l) asphalt concrete

Arsenic 0.05 5.0 0.001

Barium 2.0 100.0 4.35

Cadmium 0.005 1.0 <0.001

Chromium 01 5.0 <0.001

Lead 0.015 5.0 <0.002

Mercury 0.002 0.2 <0.001

Selenium 0.05 10 0.001

Silver 0.05 5.0 <0.001

From a geoenvironmental perspective, it is evident that S replacement can be safely

used in asphalt concrete pavement. In addition, the performance test results aso

confirm that the S asphalt mixtures have superior performance against fatigue
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cracking and rutting of to the L asphalt mixtures. The medium-sized aggregate
provides better performance than the large-sized aggregate at larger air void (lesser
asphalt binder). This indicates that the usage of medium-sized S aggregate in
developing asphat concrete is more sustainable in term of engineering and

economical perspectives than the usage of large-sized S aggregate.

44 Conclusions

This research evaluated the feasibility of using S as aggregate in asphalt
concrete pavement by using high-quality limestone as a controlled aggregate material.
The following conclusions are made based on data, analyses, and discussion. The
basic mechanical properties of S and L can be used as coarse aggregate for asphalt
concrete pavement as it meets the criteria for asphalt concrete of Department of
Highways standards. The Marshall stability test results indicated that the S asphalt
mixtures have higher stability than the L asphalt mixtures. The L asphalt concretes
had higher ITS values than the S asphalt mixtures for both medium-sized and large-
sized aggregates, which diverted from previous studies. This is possibly due to the
strong chemical bonds generated from high calcium and silica in Thailand’s
limestone. Although lower ITS values of S asphalt concretes were observed, their
values were dramatically higher than the requirement (0.44 MPa) for pavement
design. Unlike ITS, the indirect tensile fatigue life of the S concrete is significantly
higher than that of the L asphalt concretes. The advantage of using S on the fatigue
cracking resistance is also noticed from the indirect tensile resilient modulus. The Mg
of S asphalt mixtures were higher than the required value (3100 MPa) recommended

by AASHTO, while the L asphalt mixtures did not meet this required value.
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The dynamic creep and wheel tracking test results showed that the S asphalt
concretes had superior resistance to permanent deformation and rutting to the L
asphalt concretes. The coarse and rigid S aggregates in asphalt concrete led to higher
stiffness and resistance to permanent deformation. The performance test results
confirmed that the S asphalt concretes exhibited better performance against fatigue
cracking and rutting failure than the L asphalt concretes. The usage of medium-sized
S aggregate in developing asphalt concrete is more sustainable in term of engineering
and economical perspectives than the usage of large-sized S aggregate.

From a cyclic performance perspective (i.e., indirect tensile fatigue life, Mg
and rut depth resistance) and heavy metal |eachate properties, it is evident that S can
be used as a coarse aggregate for the sustainable development of pavement
construction projects in Thailand. The outcomes of this research will have significant
contributions in reducing natural resources required for asphat paving materials,
while promoting the sustainability of natural and non-renewable resources with the

usage of waste by-product in the road construction projects.
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CHAPTERV

CONCLUSIONSAND RECOMMENDATIONS

51 Summary

Environmental perspective concerns, which strongly focus on the green
technology, is the motivation leading to the study of the possibility of using steel slag
as aggregate in the asphalt concrete. This thesis consists of two main objectives. The
first is to investigate the possibility of using steel slag as an aggregate in asphalt
concrete, based on performance tests. The second is to study effect of binder and job
mix design on performance of steel slag asphalt concrete. Chapter 3 focuses on
performance improvement of asphalt concretes using steel slag as aggregates. Two
types of asphalt cements AC60/70 and polymer-modified asphalt (PMA) were utilized
in this research. The mix proportions were prepared by separating each original
aggregate (S, L, and G) into four bins, Bin No.1 (<4.75 mm), Bin No.2 (<12.50 mm),
Bin No0.3 (<19.00 mm), and Bin No.4 (<25.00 mm), and trial mixing them together.
Five types of aggregate included L:L:L:L, L:G:G:G, L:S:S:S, L:L:S:S, and L:L:L:S
where the first, second, third, and fourth letters denote the types of aggregatesin Bins
1-4, respectively. The asphalt concretes were prepared at 4% air voids by using the
Marshall compaction method. The performance tests included indirect tensile strength
(ITS), indirect tensile fatigue life (ITFL), resilient modulus (MRg), dynamic creep, and

wheel tracking tests.
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In chapter 4, to investigate the influence of the aggregate type (L and S) and
gradation on performance of asphalt concrete, four different mixtures were prepared
within the aggregate boundaries (upper limit and lower limit).The asphalt concrete
samples included large-sized limestone (LL), medium-sized limestone (ML), large-
sized steel slag (LS) and medium steel slag (MS). The gradation curves of ML and
MS were in the middle of the boundaries while the gradation curves of LL and LS
were close to the lower boundary. A simulation of laboratory performance tests
included those simulating fatigue cracking and rutting failures, which occur in asphalt
concrete pavement. The performance tests for fatigue cracking were indirect tensile
strength (ITS), indirect tensile fatigue life (ITFL) and indirect tensile resilient
modulus (Mg), while in order to assess the rutting behavior dynamic creep and wheel
tracking tests were conducted. Though the utilization of recycled waste materials in
highway applications can be considered as having significant impacts on resource
management, the hazardous compounds can leach out and pollute the water resource.
Therefore, this research aso be considered as an environmental assessment which is
undertaken to verify the risk of using the recycled waste material. The Toxicity
Characteristic Leaching Procedure (TCLP) test prescribed by the US Environmental
Protection Agency (EPA) guidelines to estimate the contaminant concentration in the
seepage water were evaluated on steel dag asphat concrete, which provide
information about the impacts on groundwater in the life cycle of the road

construction projects. The conclusions can be drawn as follows:
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5.1.1 Chapter 3. performance improvement of asphalt concretes using
steel slag as aggr egates.

Test results indicated that S replacement improves the stability of
limestone asphalt concrete. The flow value was found to be insignificantly affected by
type of asphalt cement and aggregate. The fatigue life, resilient modulus, and rut
depth resistance of the L:S:S:S-AC60/70 were found to be 1.6, 1.4, and 1.4 times
higher than that of L:L:L:L-AC60/70, respectively. The fatigue life and resilient
modulus values of the L:S:S:S-AC60/70 concrete were found to be close to those of
L:L:L:L-PMA concrete. The performance of L:S:S:S-AC60/70 concrete was found to
be comparable to that of the costly L:L:L:L-PMA concrete, and had a longer service
lifethan L:L:L:L-AC60/70 concrete with the same thickness.

5.1.2 Chapter 4. toxic leaching evaluation of dense-graded asphalt
concretes using steel slag as aggr egates.

The S asphalt concretes had better Marshall’s stability than the
limestone asphalt concretes even though they had slightly less ITS values. The ITFL
and Mg of S asphalt concretes were higher than those of limestone asphalt concretes,
indicating higher fatigue cracking resistance. The Mr of S asphalt concretes was
higher than the required value (3,100 MPa) recommended by AASHTO, while
limestone asphalt concretes did not meet requirement. In addition, the dynamic creep
and whedl tracking test results showed that the S asphalt concretes had superior
resistance to permanent deformation and rutting as compared to the limestone asphalt
concretes. The aggregate size was found to have a significant effect on the
performance of both steel slag and limestone asphalt concretes. The usage of medium-

sized S aggregate in devel oping asphalt concrete was proved to be more sustainable in
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term of engineering and economica perspectives, than the usage of large-sized S
aggregate. From a performance and chemical testing perspective, S replacement was
found to be suitable for the sustainable development road pavement. The outcome of
this research promotes the usage of waste by-product which replaces the natural and

non-renewable resources in road construction projects.

5.2 Recommendation for futurework

This study had used only limestone to compare with S. The other natural
aggregates such as basalt, and granite can be considered for further study.
The performance improvement of S asphalt concrete can be considered by
scanning electron microscopy (SEM) at different ages for further study.
The mix design method of S asphalt concrete pavement by Superpave
method can be considered by for further study.
Field research is recommended for further study.
Thelife cycle cost analysis and CO, equivalent emission is recommended

for further study.
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L))
Performance Improvement of Asphalt Concretes Using
Steel Slag as a Replacement Material

Saowarot Hasita'; Runglawan Rachan, Ph.D.?; Apichat Suddeepong, Ph.D.% Suksun Horpibulsuk, Ph.D.*;
Arul Arulrajah, Ph.D.%; Alireza Mohammadinia, Ph.D.%; and Ramli Nazir, Ph.D.”

Abstract: The increased proportion of traffic volumes on roads is often the cause of distress to the pavement structure, The use of
strong and durable steel slag (5) as an aggregate material in asphalt concrete can enhance the load-bearing capacity while at the same
time conserving natural resources, resulting in a sustainable asphalt pavement system. This research evaluated the feasibility of using
S to replace natural limestone (L) at various aggregate sizes in asphalt concrete. The measured performance of the L-S asphalt
concretes was compared with that of L asphalt concretes and granite (G) asphalt concretes. Two types of asphalt cements, Pen-
etration Grade ACH0/70 and polymer-modified asphalt (PMA), were utilized in this research project. The mix proportions were
prepared by separating each original aggregate (S, L, and G} into four bins, Bin | (<4.75 mm), Bin 2 (<12.50 mm), Bin 3
(<19.00 mm), and Bin 4 {<25.00 mm), and trial mixing them together. Five types of aggregate included L:L:L:L, L:G:G:G, L:
5:5:5, L:L:8:8, and L:L:L:S, where the first, second, third, and fourth letters denote the types of aggregates in Bins 1-4, respec-
tively. The asphalt concretes were prepared at 4% air voids using the Marshall compaction method. The performance tests included
indirect tensile, fatigue life, resilient modulus, dynamic creep. and wheel tracking tests. 5 was found to improve the Marshall sta-

bility properties of the asphalt concrete by a maximum of 50%. The fatigue life. resilient modulus, and rut depth resistance of the L:
5:8:5-AC60/T0 were found to be 1.6, 1.4, and 1.4 times higher than that of L:L:L:L-AC6(/70, respectively. The fatigue life and
resilient modulus values of the L:8:5:8-AC60/70 concrete were found o be close to those of L:L:L:L-PMA concrete. The perfor-
mance of L:S:3:5-AC60/70 concrete was found to be comparable to that of the costly L:L:L:L-PMA concrete, and had a longer
service life than L:L:L:L-AC60/70 concrete with the same thickness. The research outcomes of this study will promote the use of §
as a sustainable aggregate for pavement conerete consttuetion. DOI: 10,106 1/(ASCE)MT.1943-5533.0003306. © 2020 American
Society of Civil Engineers.

Author keywords: Asphalt concrete; Resilient modulus; Indirect tensile fatigue; Wheel tracking: Dynamic creep; Steel slag.
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Increased traffic volumes result in distress (rutting, cracking) to
all clements of the pavement structure, inclusive of the wearing
course, binder course, base, subbase, and subgrade layers (Tayfur
et al. 2007). Rutting is one of the most common forms of distress on
asphalt concrete pavements (flexible pavement). Rutting occurs
from traffic volume loads, indicated by the rut depth along the
wheel paths (Matthews and Mc ith 1992; Balgt im et al.
1988: Abdulshafi 1988). Fatigue cracking, on the other hand, oc-
curs from tensile strain, which develops from the bottom of as-
phalt concrete, Solutions to pavement distress include adding filler
(Ali et al. 1992; Zhao et al. 2016), changing the type and size
of aggregates (Chen et al. 2016: Iwanski and Mazurek 2016;
Matthews and Monismith 1992; Wu et al. 2007), and modifying
the asphalt cement (Mokhtari and Nejad 2012; Kaloush et al, 2010;
Manosalvas-Paredes et al. 2016; Herrdiz et al, 2016, Putman and
Amirkhanian 2004). Takaikaew et al. (2018) reported that fiber
reinfe (a combination of polyolefin and aramid fiber (.05%
by mass of total mixture) in asphalt concrete Penetration Grade
ACH070 improved the performance (indirect fatigue life, resilient
modulus (Mg), dynamic creep, and rutting resistance) of asphalt
concrete comparable to that of pelymer-modified asphalt (PMA).

Some research applications of solid waste materials in road con-
struction projects have been conducted in recent years (Wu et al.
2007 Su and, Chen 2002; Kandhal and Hoffman 1997; Tam and
Tam 2006; Robinson et al. 2004). Steel slag (S) is a by-product
obtained during the steel making procedure which comprises 13%
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of waste materials generated from the production of steel (Shen
et al. 2009). Steel is a valuable resource material required for
economic development of developed and developing countries
alike; however, the manufacture of steel from iron ore results in
waste, such as S, which requires disposal. The use of § as a con-
struction material in civil infrastructure projects would significantly
reduce the landfilling of this waste material and lead to an avoid-
ance of landfill levies. In recent years, S has been used as a raw
material in civil engineering applications such as embankment fills,
p t fsubt building masonry units, cement produc-
tion, road constructions, fertilizer, and so forth (Pellegrino et al.
2013; Sakai and Hiraoka 2000; Zhang et al. 2012; Sas et al. 2015;
Aiban 2005; Kim et al. 2015: Li 2010; Li et al. 2016), The utiliza-
tion of § as a coarse aggregate in asphalt concrete pavements results
in pavements with enhanced properties, particularly in terms of
durability and stability (Zhu et al. 2012; Ahmedzade and Sengoz
2009; Setién et al. 2009; Xie et al. 2012). S also has been found to
possess the required high-friction properties often required for
pavement materials (Beshears and Tutumluer 2013).

The chemical composition of § mainly comprises CaQ, Si0,,
Al O3, MgO, and Fe,05. S has high strength and other desirable
properties required for road swfacing applications (Feng et al
2015). Using S as a coarse aggregate in asphalt mixtures can im-
prove the mechanical characteristics and performance of pave-
ments, in terms of moisture, stability, skid resistance, permanent
deformation, and crack resistance (Wang et al. 2009; Zhao et al.
2016; Chen et al. 2014a, b). The heat-retention characteristics of
S can be advantageous for repair work in cold-weather conditions
(Ahmedzade and Sengoz 2009). The principal issue associated with
§ is volume expansion due to the hydration of free lime or mag-
nesia, which can result in pavement cracking. This can be effec-
tively mitigated by aging and washing S before placement of
this material in pavements (Kneller et al. 1994). The magnesia con-
tent of $ in Thailand was found to be 1.38%, which is very low and
eliminates this issue (Hasita et al. 2020); therefore 5 from Thailand
can be considered to have low volume expansion, so it possibly can
be used as aggregate in asphalt concrete (Wang et al. 2011}

The performance of asphalt concrete depends essentially on the
type of aggregate, asphalt cement, and gradation (Kandhal et al,
1997). In Thailand, most asphalt concrete uses limestone (L} and
granite ((5) as the source of aggregates. Asphalt cement of Penetra-
tion Grade 60/70 (ACAHO/T0) mostly is used as the asphalt binder.
For some highways with heavy traffic loads, polymer-maodified
asphalt normally is specified as an asphalt binder, although this
binder is relatively costly. To minimize cost, strong and durable
S can be used as a replacement aggregate in AC60/70 concrete
to develop a high-performance pavement surface comparable to
limestone-PMA (L-PMA) or granite-PMA (G-PMA) concretes.
Kara et al. (2004) repotted that S asphalt pavement can be used
as a bitumen base and as binder and wearing courses the mechani-
cal properties of which satisfied the road authority requirements.
Currently, the rapid growth of steel industries in Thailand results

Table 1, Basic properties of tested aggrepates

in increasing amounts of § waste. The Iron and Steel Institute of
Thailand (2018} reported that the annual output of steel product is
close to 22 million tons in Thailand, which results in the generation
of 2.86 million tons of § waste. The rate of using S in asphalt con-
crete is quite low in Thailand, and therefore the disposal of § oc-
cupies a significant portion of landfills and causes many serious
environmental problems.

Even with the available research on the performance of blended
S asphalt concrete, there has been little attempt to investigate the
role of S replacement at various aggregate sizes, which was the
focus of this study. This research also used the unique character-
istics of L and § to enhance the development of L-8 asphalt con-
crete when using conventional AC6(/70.

This study evaluated the performance of limestone-AC60/70
concrete, limestone-PMA concrete, granite-AC60/7(), and granite-
PMA concrete, and compared them with L-S-AC60/70 concrete
and L-S-PMA concrete. The advantage of S replacement was evalu-
ated by performance tests, including indirect tensile strength (1TS},
resilient modulus, dynamic creep, indirect tensile fatigue, and rutting
tests. To avoid the effect of gradation and to consider unique char-
acteristics of L and § in the development of better performance of
L-8 asphalt concrete using conventional ACG0/70, all mixed aggre-
gates (L, G, and L-8 blends) were prepared with similar gradation, in
accordance with the Department of Highways® standard, Thailand.

To the authors” best knowledge, the compatison of the perfor-
mance of L and G asphalt concretes previously has not been evalu-
ated for Asian countries, including Thailand. The performance of
asphalt concrete using S as a replacement matetial also has yet to
be reported on to date. This research is novel, innovative, and of
international significance, because it seeks to promote the use of §
to develop sustainable asphalt concrete pavement systems, result-
ing in the conservation of natural resources, decreased energy use,
and reduced greenhouse gas emissions.

Materials and Methodology

Materials

The aggregates used in this research were limestone, granite, and
steel slag. The asphalt cement comprised a Penetration Grade 60/70
and a polymer-modified asphalt. Table 1 presents the mechanical
properties of L, G, and 8, including Los Angeles (LA) abrasion
{ASTM 2014), soundness (ASTM 2013), aggregate impact value
(AIV) (BSI 1990a), aggregate crushing value (ACV) (BSI 1990b),
and polished stone value (PSV) (BS1 1989). These results indicated
that most properties of the aggregates used were in accordance with
the criteria for asphall concrete and modified asphalt concrete in
Thailand (DOH 1989: DOH 2006). The PSV value of the limestone
was found to be slightly lower than the requirement for PMA.
The properties of asphalt cement are summarized in Table 2,
and these were compared with the specific requirements for asphalt
cement in Thailand (DOH 1988: DOH 1993). Both the asphalt

Criterion for asphalt Criteriom for modified asphalt

Type of aggregate concrete (ACH0T0 binder) concrete (PMA binder)
Test type Limestone Granite Steel slag DOH (1989} DOH (2006)
Los Angeles abragionvalue, LA (%) 2200 19.70 17.10 A0% max 35% max
Soundness (%) 1.60 1.70 0.60 B max 9% max
Aggrepate impact value, ATV (%) 13.60 18.20 13:90 - 25% max
Apgregate cmishing value, ACV (%} 18.50 1530 1840 - 25% max
Polished stone value, PSV 45.80 S0.50 50.60 - 47 mun
& ASCE D4020227-2 J. Mater, Giv. Eng.
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Table 2. Test results for asphalt cement

ACHNT0 PMA
Requirement Requirement
Parameter Result by DOH PMA by DOH
Penetration at 25°C 65 60-70 64 55-70
(0.1 mm)
Ductility (cm} =100 2100 at 25°C 954 255 a1 13°C
Flash peint {°C) 36 =231 326 =220

Note: DOH = Department of Highways, Thailand,

cements used met the requirements for asphalt cement specified by
road authorities in Thailand.

Mix Design and Sample Preparation

To evaluate the performance of asphalt concrete with different as-
phalt cements, aggregate types, and 5 replacement, 10 mixtures
of asphalt concrete were prepared according to the Marshall mix
design method (ASTM 2015: DOH 1974), which is specified in
Thailand. To avoid the effect of gradation, all mix proportions were
prepared to have essentially the same gradation. The mix propor-
tions were prepared by separating each original aggregate (S, L,
and G) into four bins, Bin 1 (<4.75 mm), Bin 2 (<12.50 mm),
Bin 3 (<19.00 mm), and Bin 4 (<25.0( mm), and trial mixing them
together. Bin 1 was stone dust, which commonly is made from L,
because its particles are more suitable for milling than are granite
and steel slag. The milled particles of L were smaller than those of

-0~ Upper i

TS T ST

0.01

Sieve Sizes (mm)

Fig. 1. Particle-size distribution curves of all aggregates.

Table 3. Types of aggregate and binders

G and S because of their low abrasion resistance. Therefore, when
trial mixed with materials from other bins, the final aggregates pro-
duced met the DOH requirements (DH-S408/1989), for which the
percentage finer than Sieve #200 is between 2% and 8%. Therefore,
aggregate of Bin 1 for all studied mixtures was L.

Five types of aggregate i mcluded Lil:L:L, L:G:G:G,
L:8:8:8, L:1:8:8, and L:1:1.:8 where the first, second, third, and
fourth letters denote the types of aggregates in Bins 1-4, respec-
tively, Particle-size distribution curves of all aggregates used in this
study are shown in Fig. 1 which were prepared according DH-
S408/1989 (DOH 1989} This study investigated the role of S
replacement in asphalt concrete at a particular air voids content
and similar gradation of blended aggregates. In this study, the air
voids content therefore was fixed at 4% for all mix proportions be-
cause asphalt concretes in Thailand are designed at 4% air voids
according to Department of Highways standards, Roberts et al.
{1991) reported that the physical properties and permanence of as-
phalt concrete is dependent upon the air voids in the mixture. When
the air voids decrease to less than 3%-4%, rutting of the asphalt
mixture is likely to occur due to plastic flow. The effect of air voids
on the performance of asphalt conerete with the blended aggregates
can be studied in the future research. The mix proportions prepared
are listed in Table 3. Samples for Marshall tests were prepared at
aptimum asphalt cement content in accordance with ASTM D6927
{ASTM 2015) and DS-T. 604/1974 (DOH 1974). The sample di-
mensions were 63,5 mm height and 101.5 mm diameter.

The aggregates first were heated at 160°C. Subsequently, the
heated asphalt cement at 160°C for AC60/70 and at 170°C for PMA
binder was added into the aggregate and mixed thoroughly to pro-
duce a well-coated and evenly distributed mixture. The mixture was
placed in a Marshall mold and co d with the fard ham-
mer with 75 blows imparted on each side of the sample at 145°C.
After being cooled at room temperature for 1 day, the samples were
soaked in water at a constant temperature of 60°C for 30 min prior
to Marshall testing. Compressive loading was applied on the sam-
ple at arate of 50.8 mm/minute until the sample broke, Two values
were measured: the stability, which is the required load to fail the
sample; and the flow, which is the vertical distortion at the time of
failure. The reported results were obtained from an average of three
test samples, The results of laboratory Marshall test for various ag-
gregates are presented in Table 4,

Performance Tests

In this study, the indirect tensile strength (1T'S) test was conducted
according to ASTM D693 1 (ASTM 2017). The sample preparation

Type of aggregale

Fine Coarse

Optimum asphalt
Mix proportion Bin 1 {filler) Bin 2 (1/2in.} Bin 3 (3/4 in.) Bin 4 (1 in.) Type of hinder cement content
LLAL:L+ACAOT0 L. L L L AC 6070 500
L:G:GeG+ACH0TO E G G G AC 60070 500
L:8:5:8+A060/70 E ] S 5 AC 6070 500
L:L:S:S-ACANT0 L L 5 5 AC 6070 5.00
LLA-S=ACOHTH L L L 5 AC 6070 5.00
L:L:L:L+PMA L L L L FMA 500
L:G:G:G+PMA L G G G EMA 5.00
L:8:8:5+PMA ' s s § PMA 5.00
LiL:S:5+FMA E L § 8 FPMA 500
L:L:L:S+PMA L. L 5 S PMA 5.00
Note: L = limestone; G = granite; and § = seel slag.
& ASCE 04020227-3 J. Mater, Giv. Eng.
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Table 4. Summary of Marshall design results

AC 60470 PMA
Parameter LLLL LGGG LiS:S8§ LSS LLL:S LLLL LGGG LSSS LLS:S LLLS
Asphalt cement content (%) 5.00 5.00 .00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Stability (KN} 1010 10.30 14.83 13.50 10.85 14.37 14.55 21.56 17.42 1433
Flow {mm) 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Density {g,.frmg) 243 2.37 270 261 261 243 138 270 261 2351
Voids content (%) 4.00 4.00 4.00 4.00 A.00 4.00 4,00 4.00 4,00 4.00
Voids mineral aggregate (%) 14.73 14.43 1531 1531 1531 14.67 14.39 1524 15.30 149
Voids filled asphalt (%} 7324 TL.78 74.04 73.89 4.2 7278 7223 73.58 74,01 317
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method was the same as that used for the Marshall test. The ITS test
was conducted with a loading rate of 50.80 mm/minute at 25°C.
The peak load at failure was recorded. The ITS test is related to
cracking properties and is the prescribed method 1o measure the
tensile characteristics of asphalt concrete { Takaikaew et al. 2018},

The indirect tensile fatigoe test was conducted according to the
BS-EN-12697-24 (BSI 2004C) standard at 25°C to investigate the
fatigue characteristics of each mixture. The load was applied
through a 12.5-mm-wide stainless steel curved loading strip. A
haversine load was imposed on the sample using a repeated con-
trolled stress pulse to damage the sample, and the accumulation of
vertical deformation was plotted. The target load pulse rise time
was 120 ms. A uniaxial and dynamic load of 400 kPa (58 4 psi) was
applied to the samples to represent axle loads applied on the pave-
ment surface, according to the recommendation of Mokhtari and
Nejad (2012). Poisson’s ratio was assumed to be 0.4, The applied
forces on the sample and the number of pulses were recorded auto-
matically by software until the sample failed.

The resilient modulus test is important for the determination of
pavement performance of asphalt concrete mixtures when using the
mechanistic design procedure, because it measures the pavement
response in terms of dynamic stress and the corresponding strain,
The My, test can be used to evaluate the elastic properties of asphalt
concrete mixtures (Jiang et al. 2015), The test procedure followed
ASTM D4123 (ASTM 1995). The My, was determined using eylin-
drical samples (101.6 mm in diameter and 63.5 nun in height) under
the indirect tension mode. The test was carried out using a universal
testing machine (UTM). The applied loading for each mixture was
15% of ITS on the vertical diameter of the Marshall-prepared sam-
ples. The frequency of the load and rest duration was 1 Hz: loading
for 0.1 s, and a rest period of 0.9 s. The number of repetitions was
200 pulses. All samples were kept at 25°C for 4 h prior to the test to
distribute the temperature throughout the samples evenly. The aver-
age of the last five values of elastic stiffness after the first 150 cycles
is defined as Mg. Three samples for each set were tested, and the
average was presented as Mg.

Dynamic creep and wheel tracking tests normally are used to
assess the potential for permanent deformation (rutting) of an as-
phalt mixtwre (Kaloush et al. 2010). The permanent deformation
(rutting) has an important impact on the serviceability index of
the pavements during their life service. The dynamic creep test
is known as the repeated load axial test, and it increasingly is used
in preference to the uniaxial creep test, becaunse the pulsed load is
more simulative of the repeated axle loads applied on the pavement
surface. The test can be run at various temperatures and loads. The
dynamic creéep test was.conducted by applying a dynamic load to a
sample and then measuring the sample’s permanent deformation
using LVDTs after unloading. The loading conditions were selected
to evaluate the relanve performeance of different asphalt concrete
mixtures in accordance with BS-DD-226 (BS1 1996) to determine
the resistance to permanent deformation. The testing conditions and
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requirements for the dynamic creep test were conditioning stress =
10 kPa, conditioning period = 30 s, test stress = 100 kPa, and test
period = 1,800 pulses. All samples were prepared with a Marshall
compactor at 4% air voids, The load shape was rectangular, with a
loading and rest period of 1 s; all samples were placed at 45°C for
4 h before testing.

The wheel tracking test results can predict rutting characteristics
with good correlation with actual field performance, The test was
performed in accordance with British and European standards (BS1
2004a). The test slabs were prepared using a roller compactor in
accordance with British and European standards (BSI 2004b). The
slab dimensions typically are 18 cm wide, 50 cm long, and 5 cm
thick, and the slabs are compacted to attain 94% of the Marshall
density. The test slabs were heated in a 60°C temperature-controlled
chamber for 12 h prior to the wheel tacking test. The repeated back-
and-forth loading in the chamber was applied to the slabs using a
steel wheel with a rubber tire at a speed of 0.2 m/'s. The tire had
5,000 N loading with a tire pressure of 600 kPa (87 psi). The mt
depth of the slabs was measured at vanous loading wheel passes
(N} = L00G, 3,000, 4,000, 14,000, and 34,000 cycles. The rut
depth versus the cumulative number of wheel passes was plotted.

Test Results and Discussion

Test samples were evaluated with Marshall stability, indirect tensile
strength, resilient modulus, indirect tensile fatigue, dynamic creep,
and wheel tracking tests to investigate the advantage of § replace-
ment in L asphalt concrete. The test results of L-§ asphalt concrete
were compared with those of G (L:G:G:G) asphalt concrete and L
{L:L:L:L) asphalt concrete with both AC&0/70 and PMA binders.
The effect of asphalt cement also was investigated with two types
of asphalt cement, AC60/70 and PMA. The mix proportions of
the aggregates studied are presented in Table 3. The Marshall sta-
bility test results are listed in Table 4. The stability of the each mix
propartion was defined as the maximum load carried by an as-
phalt concrete sample at a standard test temperature of 60°C. The
Marshall stability values of all mix proportions were above the
standard (=8.16 KN}, and PMA asphalt concrete had 25.3%454%
higher stability than AC60/70 asphalt concrete with the same ag-
gregate types. For a given AC60/70 or PMA, the Marshall stability
values of L:L:L:L-asphalt concrete and 1.:G:G:G-asphalt concrete
were almost the same. The Marshall stability of L:8:8:5-, L:L:8:8-
and L:L:L:S-AC60/70 concretes was 46.8%, 37.6%, and 74%
higher than that of L:L:L:L-AC60/70 concrete. The Marshall sta-
bility of L:8:8:8- and L:L:S:S-PMA concretes was 50.0% and
21.2% higher than thar of L:EL:L-PMA concrete. The S replace-
ment content signilicantly improved the Marshall stability, with re-
sults similar to those reported by Ahmedzade and Sengoz (2009),
Ahmedzade and Sengoz (2009) evaluated the influences of § as a
coarse aggregate on the properties of gap-graded asphalt concrete
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and concluded that the strength and stiffness of aggregates control
the Marshall stability. L had higher LA and ACV than did S, and
hence § had higher deformation resistance than did L. (Table 1). The
results also show that the L:8:8:5-AC60/70 concrete is comparable
1o L- and G-PMA concretes, which have a higher cost and consume
more natural resources.

The Marshall flow values of all asphalt concretes are listed in
Table 4. The Marshall flow is the ahility to resist settlement without
cracking and plastic flow of bituminous mixtures (Mokhtari and
Nejad 2012). The flow values of all mix proportions were similar,
3.05 mm. Therefore, all the samples met the requirement of Depart-
ment of Highways standards (DH-5408/1989) which specifies that
the flow vahies of asphalt concrete must be between 2.032 and
4.064 mm.

The TS of all samples at 25°C is shown in Fig. 2. For a par-
ticular asphalt cement, L:L:L:L. asphalt concrete had the highest
ITS, whereas L:G:G:G asphalt concrete had the lowest 1TS. Unlike
the Marshall stability, the S replacement resulted in the decrease of
ITS value, For a particular aggregate type, the PMA conerete had
13.6%-53.3% greater ITS value than the ACG0/70 concrete, de-
pending upon the agg proportion [Fig. 2(a)]. The ITS of
L:S:8:8-, L:L:S:S-, and L:L:L:S-AC60/70 concretes was 28.6%,
20.4%, and 31.6% lower than that of L:L:L:L-AC60/70 concrete,
respectively [Fig. 2(b)]. The ITS of L:5:5:5-, L:L:S:S-, and L:L:L:
S-PMA concretes was 40.0%, 8.0%, and 12.5% lower than that
of L:L:L:L-PMA concrete, respectively [Fig. 2(c)]. Even with the
reduction in ITS with S replacement, the ITS values of L:$:5:58, L:
L:8:8 and L:L:1:S asphalt concretes were higher than 0.44 MPa,

which was the value recommended by Christensen et al. (2000) for
pavement design.

Fig. 3 shows the indirect tensile fatigue modulus test (ITFT)
results of all mixtures. The fatigue-life values of PMA asphalt con-
crete were higher than those of AC60/70 asphalt concrete for the
same aggregate types. Without S replacement, the fatigue-life val-
ues of L:L:L:L-AC60/70 and L:L:L:L-PMA concretes were higher
than those of L:GiG:G-ACGH/ 70 and L:Gi(GeG-PMA concretes,
which was associated with the higher ITS of L:L:L:1-AC60/70
and LiL:L:L-PMA concretes. This implies that the mineralogy in
L can react better with asphalt cements than can G (Siriphun et al.
2019). For a particular asphalt cement, the fatigue life of the asphalt
concretes with § replacement was higher than that of L:L:1.:L as-
phalt concrete and L:G:GeG asphalt concrete, and L:8:S:8-asphalt
concrete had the highest fatigue life. The fatigue life of L:5:8:8-
ACE0/70 concrete (370 pulses) was 1.6 times higher than that of
LiL:L:L-ACA0/ 70 concrete (230 pulses). The fatigue life of L:S:S:
S-PMA concrete (2,230 pulses) was 5.2 times higher than that of L:
L:L:L-PMA concrete (430 pulses). It is evident that 8§ can work
well with both asphalt cements, especially FMA.

Fig. 4 shows relationship between the My and mix proportion.
The Mg of PMA concrete was 22.7%-38.6% higher than that of
AC0T0 concrete with the same aggregate types [Fig. 4(a)], which
was similar to the Marshall stability results. The My, values of L:G:
GG-ACHVT0 and PMA concretes were higher than those of L:L:L:
L-ACGO/7(h and PMA concretes. This implies that L:G:G:G-ACGV
T0 and PMA concretes have higher rutting resistance than L:L:L:1-
AC6DT0 and PMA concretes at the service stage but have lower
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Fig. 2. Indirect tensile strength test results: {a) comparison of binders: (b) for AC60/70; and (c) for PMA
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service life, However, the My values of L:G:G
PMA concretes were lower than those of L:S:
PMA concretes.

For a particular asphalt cement, the My, values of L:5:5:8-, L.L:
8:8- and L:L:L:8S-ACG0M0 concretes were 43 3%, 25.3%, and
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6.5% higher than the My value of L:L:L:L-AC60/70 concrete,
respectively [Fig: 4(b)]. The My values of L:5:8:8-, L:L:8:5- and
L:L:L:S-PMA concretes wete 36.2%, 10.9%, and 4.1% higher than
the My vahe of Lil:L:.L-PMA concrete, respectively [Fig. 4(c)].
The § replacement content increased the voids mineral aggregate
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Fig. 5. Dynamic creep test results: (a) axial strain (strain rate); and
(b) permanent deformation {ustrain},

(VMA) of the asphalt concrete (Table 3). The high VMA caused the
mixtures to have higher deformation resistance and higher strength,
which caused these mixtures to be capable of withstanding stress
prior to failure (Neham et al. 2018). Therefore, the My, increased
with § replacement ratio. Mareover, the My of L:S:5:8-AC&0/70
concrete was 3,681.67 MPa, which was higher than that of L:I:1:
L-PMA concrete (3,560.33 MPa) and L:G:G:G-ACA0/T( concrete
(3,289,75 MPa), In other words, the S replacement made the My
of L:S:8:5-AC60/70 conerete superior to that of the L:L:1L:L-PMA
concrete, which has a higher cost. Higher My leads to higher mt-
ting resistance of asphalt conerete. The L:L:L:L-PMA, L:G:G:G-
ACA0T0. and L:GiGiG-PMA concretes met the AASHTO re-
quirements of Mg > 3,100 MPa, wheteas the L:L:L:L-AC60/70
concrete did not. However, the L:S:8:5-AC60/70, and L:L:S:S-
ACH0/70 concretes met the requirement, showing the advantage
of § replacement.

The dynamic creep test is a high-reliability test to predict
permanent deformation of asphalt mixtures. Fig. 5(a) shows the
permanent axial strain of L:5:5:5-AC60/70 concrete compared
with that of L:LiL:L-AC6(/70 concrete. The permanent axial
strains of L:S:8:8-AC60/70 and L:L:L:L-AC60/70 concretes were
0.45% and 0.72%, respectively, In other words, the L:5:8:5-AC60/
70 concrete had approximately 1,62 tites lower permanent axial
strain than the L:L:L:L-ACG60/70 concrete; which is in agreement
with the higher My, value of L:8:5:8-AC6/70 conerete. Fig. 5(b)
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Fig. 6. Pavement rutting test results.

shows the relationship between accumulated permanent deforma-
tion (ustrainy versus the number of load cycles for L:L:L:L asphalt
concrete and L:5:8:S asphalt concrete, The L:L:L:L-AC60/70 con-
crete had the highest permanent deformation. Although the accu-
mulated permanent strain of the tested asphalt concretes increased
with the number of load cycles in a similar pattern, the L:8:5:5-
ACH0/70 concrete had higher resistance to permanent deformation
than did L:I1:1:L-AC60/70 concrete at the same number of load
cycles.

The wheel tracking test is widely used to evaluate the rutting
potential of pavements. During the testing, the wheel tracking de-
vice produces rutting by rolling a steel wheel across the surface of
slab samples, which is a general description of rurting under traffic
loading. The depth of the depression significantly depends on the
quality of asphalt concretes (Tapkin 2008). The rut depths that oc-
curred after speeific numbers of wheel passes (1,000, 4,000, 14,000,
and 34,000} are presented in Fig. 6. The L:8:5:5-AC60/70 concrete
had shallower rut depth than the L:L:T:1.-AC60/(} concrete. The mut
depth was 0.92, 1.15, 1.66, and 2.24 mm at N = 1,000, 4,000,
14,000, and 34,000 cycles, respectively. for L:LL:L-AC60/70 con-
crete, whereas the rut depth was 0,61, 0.81, 1.22, and 1.60 mm at
N = 1,000, 4,000, 14,000, and 34,000 cycles, respectively, for L:5:
$:8-AC/70 concrete. In other words, at N = 1,000, 4,000, 14,000,
and 34,000 cycles, the rut depth of L:5:5:8 asphalt concrete was
50.8%, 42.0%, 36.1 %, and 40.0%, respectively, less than that of the
L:L:L:L asphalt concrete. The wheel tracking and dynamic creep
test results showed that the My was directly related to rutting resis-
tance, The Mg of L:S:5:8-AC60/70 concrete was 43.3 % higher than
that of L:L:L:L-AC60/70 concrete (Fig. 4), and the rut depth of L:L:
L:L-ACG0f70 concrete was an average of 42 2% greater than that of
L:8:8:S-ACH0/70 concrete for all N tested. The rut depth is directly
related to the adhesive damage, which is caused by the stripping of
asphalt cement at the aggregate surface, The results of performance
tests showed that the 8 replacement led to the improvement of
fatigue resistance, which could be atwibuted to the roughness, hard-
ness, and high bearing strength of 8 aggregates. The S replacement
thus improved the mechanical interlocking between asphalt cement
and aggregates. The mineralogy of L is very susceptible to polish-
ing, and the S replacement can improve this unfavorable character-
istic, The L-S blend therefore is recommended as aggregates in
pavement surface courses for heavy traffic loads (Dunford 2013;
Senga et al. 2013}, whereas L alone can be used in the binder course,

ANOVA version 25 (F-test) was performed to determine the star-
istical significance of influence factors on the performance of
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Table 5. Summary of ANOVA (F-test)

‘Type of tests Population Sum of squares df Mean square F Significance
Stability (kN} Between groups 4%.51 1 49.51 6.721 0.032
Within groups 58.93 8 Y g — —
Total 108,43 9 = == =
Flow {mm) Between groups 0.00 1 0.00 1.000 0347
Within groups 0.00 H 0.00 = =
Total 0.00 9 = = —
Indireet tensile strength (MPa) Between groups 131 1 131 5385 0.049
Within groups 195 B 024 i e
Total 326 ) =5 — ==
Fatigne life (No. of pulses) Between groups 1.536.640.00 1 1,536.640.00 4.638 0.063
‘Within groups 2,650,560.00 B 331.320.00 — —
Tolal 4,187.200.00 9 —_ — =
Resilient maodulus (MPa) Between groups 2,775.919.68 1 2.775.919.68 9.927 (LI
Within groups 1,834.065.24 8 228.258.16 — —
Total 4,109,984,92 9 e — -

Note: Statistical significance at the level of 0.05. df = degrees of freedom.

asphalt concrete (Table 5). The results showed that the type of
binder had a significant effect on stability, ITS, fatigue life, and
Mg at the 95% confidence level, but insignificantly affected the
Marshall flow.

Conclusions

In this research, performance tests of asphalt concretes using lime-

stone, granite, and steel slag as coarse aggregate in asphalt mixtures

were performed to determine the advantage of replacement with 8.

The following conclusions can be drawn from this smdy:

1. For a particular asphalt cement, the stability of both LiL:L:L
asphalt concrete and L:G:(G:G asphalt concretes was essentially
the same. The S replacement enhanced significantly the stability
of asphalt concrete. The stability of L:S:5:3-AC60/70 concrete
was 46.8% higher than that of L:L:L:L-AC60/70 concrete, and
the stability of 1:5:5:5-PMA concrete was 50% higher than that
of L:L:L:L-PMA concrete, Furthermore, the stability of L:$:5:
S$-AC60/70 concrete was as high as that of the LiL:L:L-PMA
and L:G:G:G-PMA asphalt concretes, which are more expen-
sive and consume more natural resources. The improvement
of Mashall stability by § is due to the lower LA and ACV of
S than of L, improving the deformation resistance of the asphalt
concrete, The flow value was found to be independent of asphalt
cement and aggregate.

2. The indirect tensile strength of L:G:G:G asphalt concretes was
lower than that of L:L:L:L asphalt concretes for bath AC60/70
and PMA. The S replacement reduced the ITS, and the L:S:5:
S-AC60/70 conerete had the lowest ITS. The ITS of L:S:S:
S-AC60/70 concrete was 28.6% lower than that of LiL:L:L-
ACE0F70 concrete, whereas the ITS of L:5:5:8-FPMA concrete
was 40.0% lower than that of L:L:L:L-PMA concrete. Even
with the reduction in ITS, the ITS values of L:5:8:8, L:L:S:S,
and L:zL:S asphalt concretes were higher than 0.44 MPa,
which was recommended by Christensen et al. (2000) for pave-
ment design.

3. The fatigue life of LoL:L:L-AC60/70 and L:L:L:L-PMA con-
cretes was higher then that of L:G:G:G-ACEHT0 and L:G:G:
G-PMA concretes, respectively. The S replacement improved
the fatigue life significantdy. The fatigue life of 1:5:5:5-AC60/
10 concrete (370 pulses) was 1.6 times higher than that of
L:LL:L-AC60/70 concrete (230 pulses). ‘The. fatigue life of
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L:5:5:5-PMA concrete (2230 pulses) was 5.2 times higher than
that of L:L:L:L-PMA concrete (430 pulses). In other words, the
S replacement content improved the service life of asphalt con-
crete for the same traffic loads.

. The resilient modulus of LiLL:L-AC60/70 and L:L:L:L-PMA

concretes was lower than that of L:G:G:G-AC60/70 and L.G:
G:G-PMA concretes, respectively. The My of L:L:L:L-AC60/
70 was 2,569.25 MPa, which is lower than the value of
3.100.00 MPa recommended by AASHTO. With the § replace-
ment, the Mg of L:8:5:85-AC60/70 concrete was 3,681.67 MPa,
which met the recommendations and also was higher than that
of LiL:L:L-PMA concrete. This implies that the § replacement
can enhance the My, of the ACG0/70 concrete comparable to the
L:L:L:L-PMA concrete. The My improvement by § replace-
ment possibly was due to the higher void mineral aggregate
(VMA) content of § mixture. A high VMA content causes mix-
tures to have higher deformation e and higher 1

which makes asphalt concretes capable of withstanding stress

prior to failure.

. Due to the rougher and stronger aggregates of S, the degree of

mechanical interlocking increases with the S replacement ratio,
leading to higher resistance to creep. Therefore, the L:S:3:8-
ACA0/70 concrete had higher resistance to permanent deforma-
tion than did L:L. ACGE0T0 concrete at the same number of
load cyeles. The L:S:5:5-AC60/70 concrete had approximately
1,62 times lower permanent axial strain than the L:L:L:L-ACG60/
70 concrete at the end of the test,

. The wheel tracking test results showed that the rut depth of L:5:

5:5-AC60/70 concrete was approximately 42.2% less than that
of L:L:L:L-AC60/70 for all number of wheel passes. The mt
depth is associated with Mg the My, of L:L:L:L-AC60/70 con-
crete was 43.3% lower than that of L:8:5:5-AC60/70 concrete.
In other words, the L:5:5:S-ACG60/70 concrete had a longer ser-
vice life than conventional L:L:L:L-AC60/70 concrete.

. S replacement improves the performance of the asphalt con-

crete. The fatigue life, Mg, and rut depth resistance of the L:5:
5:5-AC60/70 was 1.6, 1.4, and 1.4 times higher than those of
the LiL:L:L-AC60/70, respectively. In other words, the L:S:5:
S-AC60/70 concrete had a longer service life than the L:L:L:L-
ACH070 concrete with the same thickness. S therefore is sug-
gested s a sustainable aggregate in asphalt concrete, which has
a significant engineering, economic, and environmental impact.
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